RESUME

Les composés nitroaromatiques sont des contaminants environnementaux associés a des activités anthropiques. Le p-nitroaniline
(PNA) est 'un des composés important de cette classe. C’est une substance chimique brute extrémement importante qui occupe
une place non substituable dans la synthése d'une grande variété de produits chimiques, notamment divers colorants organiques,
des pesticides, des médicaments, des agents antivieillissement, des photo-stabilisateurs, des antioxydants et des agents de
développement. Cependant, le PNA est fortement toxique, comparable au trinitrotoluéne (TNT) et trinitrophénol (TNP), et peut étre
rejeté dans I'environnement directement sous forme de déchets industriels ou indirectement sous forme de produits de dégradation
des herbicides et des pesticides. En raison de la présence de puissants groupes attracteurs d'électrons, le PNA est peu
biodégradable dans I'environnement, il pénétre facilement dans le sol et contamine les eaux souterraines. Les recherches
scientifiques, ont montré qu’il peut causer des dommages aux humains et aux systemes aquatiques. Ainsi, les capteurs hautement
sensibles et sélectifs permettant une détection rapide et efficace de PNA constituent une guestion extrémement urgente concernant
la sécurité intérieure, la protection de I'environnement et les préoccupations humanitaires. Ces dernieres années, les électrodes
chimiguement modifiées ont été utilisées pour la quantification voltampérométrique de diverses espéces organiques et inorganiques
aprés accumulation en circuit ouvert. De nombreux travaux dans ce domaine ont été consacrés a l'exploitation de la réactivité
chimique du modificateur envers un analyte cible a des fins électrocatalytiques et électroanalytiques. De nombreux agents
modificateurs ont été utilisés soit comme revétement sur la surface d'électrodes solides, soit dispersés dans une matrice
conductrice. Les électrodes modifiées sont fréquemment utilisées dans la détermination voltampérométrigue des composés
organiques en raison de leur efficacité, de leur sélectivité et de leur sensibilité. Dans ce contexte, le présent travail décrit I'utilisation
de diverses électrodes synthétiques a pate de carbone a base d'argent pour la quantification voltampérométrique de PNA.

La premiere partie de ce travail a été dédiée a I'étude de I'efficacité catalytique de I'argent pour la réduction de PNA a l'aide d'une
électrode en argent métallique, aprés comparaison de ses performances avec d'autres électrodes, notamment en or, en graphite et
en carbone vitreux. En effet, ce matériau posséde des propriétés électrochimiques supérieures pour I'étude du comportement
électrochimique de PNA et sa détermination. La mise en évidence de cette méthode a été évaluée en utilisant la voltampérométrie
cyclique, la chronoamperométrie, les courbes de Tafel et la spectroscopie d'impédance électrochimique.

Dans la deuxieme partie, la modification chimique des surfaces d'électrodes par dépdt thermique et électrochimique pour des
applications électroanalytiques a ensuite été utilisée, ouvrant de nouvelles voies dans le domaine de la détection en permettant un
meilleur contréle du comportement de la surface des électrodes et en résolvant divers problemes liés soit a I'électrocatalyse, soit a
I'électroanalyse liés aux surfaces non modifiées. Ces modifications ont permis d'améliorer considérablement la sensibilité, la
reproductibilité, la stabilité et la sélectivité. La morphologie et la distribution de I'argent sur la surface de I'électrode ont été évaluées
par diffraction des rayons X et par microscopie électronique a balayage. La surface électro-active des électrodes préparées a été
estimée en utilisant [Fe(CN)6]3-/4- comme une sonde d'oxydoréduction par voltampérométrie cyclique. En outre, la détermination
analytiqgue de PNA a été effectuée pour les deux méthodes proposées en utilisant la voltampérométrie a impulsions différentielles. Il
a été constaté que lintensité du courant du pic de réduction de PNA par dép6t thermique est trés faible par rapport au dépét
électrochimique ; cela peut confirmer la formation d'oxyde d'argent a la surface des électrodes a pate de carbone. Enfin, I'électrode
modifiée par déposition électrochimique a été appliquée avec succes pour la détermination de PNA dans les échantillons d'eau
potable. La simplicité de la préparation, la bonne reproductibilité et le faible colt de I'électrode modifi€e, la surface active élevée
ainsi que la large gamme de concentration linéaire, la faible limite de détection et la bonne répétabilité constituent les principaux
avantages pour la détermination de PNA.

Dans la troisieme partie, un matériau composé de nanoparticules d'argent stabilisées au chitosane sur I'électrode a pate de carbone
(CS@AgNPs-CPE) est utilisé pour la détermination électrochimique de PNA. Un procédé chimique est utilisé pour synthétiser des
nanoparticules d'argent stabilisées par Chitosane dans de I'acide acétique (2%) en utilisant du borohydrure de sodium comme
agent réducteur. La caractérisation du produit final par la spectroscopie UV-Vis a permis de vérifier la présence de nanoparticules
d'argent. L'analyse par diffraction des rayons X a montré que les nanoparticules d'argent avaient une taille moyenne de 50 nm. La
caractérisation électrochimique a prouvé que les CS@AgNPs-CPE présentent une activité électrocatalytique et électroanalytique
élevée qui peut étre exploitée pour la construction de capteurs et les applications correspondantes. Le capteur développé a révélé
une limite de détection inférieure de 5 nM envers la réduction du PNA dans la gamme allant de 7 nM a 1 uM (R2 = 0,986). Le
CS@AgNPs-CPE a ensuite été étendu pour la détermination de PNA dans des échantillons réels tels que les eaux usées. Toutes
ces études ont confirmé que les nanoparticules d'argent a la surface de I'électrode a pate de carbone constituent des alternatives
prometteuses pour la détection électrochimique.
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Composés nitroaromatiques, p-nitroaniline, argent, déposition thermique, déposition électrochimique, nanoparticules, détermination

électrochimique, électrocatalyse.
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Abstract

Nitroaromatic compounds are environmental contaminants associated with anthropogenic activities. One important
compound of this class is p-nitroaniline (PNA). PNA is an extremely important raw chemical that holds a non-
substitutable place in the synthesis of a great variety of chemical products, including various organic dyes, pesticide,
medicines, antiaging agents, photo-stabilizers, antioxidants and developing agents. However, PNA is strongly toxic
comparable totrinitrotoluene (TNT) and trinitrophenol (TNP) and can be released into the environment directly as
industrial waste or indirectly as breakdown products of herbicides and pesticides. Due to the strong electron-
withdrawing groups, PNA is poorly biodegradable in the environment. Furthermore, PNA exists in natural world
with readily permeating through soil and contaminates groundwater. Research showed that PNA can cause damage
to humans and aquatic systems. So, the highly sensitive and selective sensors for rapid and effective detection of
PNA are an extremely urgent issue concerning homeland security, environmental protection, and humanitarian
concerns. In recent years, chemically modified electrodes (CMESs) have been used in the voltammetric quantification
of various organic and inorganic species after open-circuit accumulation. Much work in this field has been directed
to exploit the chemical reactivity of the modifier towards a target analyte for both electrocatalytic and
electroanalytical purposes. Many modifying agents have been used either as coatings on solid electrode surfaces or
dispersed within a conductive matrix. Modified electrodes are frequently used in the voltammetric determination of
organic compounds because of their efficiency, selectivity, and sensitivity, which is equivalent to that reached in
anodic and cathodic stripping. In this context, the present research work describes the use of various synthetic silver-
based carbon paste electrodes for the voltammetric quantification of PNA.

The first part of this work was devoted to study the catalytic efficiency of metallic silver electrode in the reduction of
PNA by comparing its performance with other electrodes including gold, graphite and glassy carbon. This material
has superior electrochemical properties for the study of the electrochemical behavior of PNA and its determination.
The demonstration of this method was evaluated by using cyclic voltammetry, chronoamperometry, Tafel plots, and
electrochemical impedance spectroscopy.

In the second part, chemical modification of electrode surfaces using thermal and electrochemical deposition for
electroanalytical applications was subsequently used, opening new avenues in the field of detection by allowing
better control of electrode surface behavior and solving various problems either electrocatalytic or electroanalytic
related to unmodified surfaces. These modifications have made it possible to greatly in enhancing sensitivity,
reproducibility, stability, and selectivity. The morphology and the distribution of silver on the electrode surface were
evaluated by XRD and Scanning electron microscopy. The electroactive surface area of the as-prepared electrodes
was estimated using [Fe(CN)g]*"* as redox probe by cyclic voltammetry. In addition, the analytical determination of
PNA was performed for both proposed methods using differential pulse voltammetry (DPV). It was found that the
current height of the PNA reduction peak by thermal deposition is very low compared to electrochemical deposition;
this may confirm the formation of silver oxide on the surface of carbon paste electrodes. Finally, the modified
electrode by electrochemical deposition has been successfully applied for the determination of PNA in drinking
water samples. Simplicity of preparation, good reproducibility and low cost of the modified electrode, high active
surface area as well as wide linear concentration range, low detection limit and good repeatability for PNA
determination are the important advantages.

In the third part, a material comprised of chitosan stabilized silver nanoparticles on the carbon paste electrode
(CS@AgNPs-CPE) is used as an electrochemically active material for the determination of PNA in neutral medium.
A chemical process is used to synthesis silver nanoparticles protected with Chitosan in acetic acid (2%) using sodium
borohydride as reducing agent at room temperature. Characterization of the end product using UV-Vis spectroscopy
verified the presence of silver nanoparticles. The silver nanoparticles were shown to have an average size of 50 nm
by X-ray diffraction analysis. The electrochemical characterization showed that the CS@AgNPs-CPE exhibits high
electrocatalytic and electroanalytic activity that can be harnessed for sensor construction and related applications.
The as developed sensor exhibited a lower detection limit of 5 nM towards the PNA reduction in the linear range of 7
nM - 1 uM (R?= 0.986). The CS@AgNPs-CPE was then extended for the determination of PNA in real samples such
as wastewater. All these studies confirmed that the chitosan stabilized silver nanoparticles on the carbon paste
electrode are potential alternatives in the field of electrochemical sensing.

Keywords: Nitroaromatics compounds, p-nitroaniline, silver, thermal deposition, electrochemical deposition,
nanoparticles, electrochemical determination, electrocatalysis.



Résume

Les composés nitroaromatiques sont des contaminants environnementaux associés a des activités anthropiques. Le p-
nitroaniline (PNA) est I’'un des composés important de cette classe. C’est une substance chimique brute extrémement
importante qui occupe une place non substituable dans la synthése d'une grande variété de produits chimiques, notamment
divers colorants organiques, des pesticides, des médicaments, des agents antivieillissement, des photo-stabilisateurs, des
antioxydants et des agents de développement. Cependant, le PNA est fortement toxique, comparable au trinitrotoluene
(TNT) et trinitrophénol (TNP), et peut étre rejeté dans I'environnement directement sous forme de déchets industriels ou
indirectement sous forme de produits de dégradation des herbicides et des pesticides. En raison de la présence de puissants
groupes attracteurs d'électrons, le PNA est peu biodégradable dans I'environnement, il pénétre facilement dans le sol et
contamine les eaux souterraines. Les recherches scientifiques, ont montré qu’il peut causer des dommages aux humains et
aux systémes aquatiques. Ainsi, les capteurs hautement sensibles et sélectifs permettant une détection rapide et efficace de
PNA constituent une question extrémement urgente concernant la sécurité intérieure, la protection de I'environnement et
les préoccupations humanitaires. Ces derniéres années, les électrodes chimiquement modifiées ont été utilisées pour la
quantification voltampérométrique de diverses espéces organiques et inorganiques apres accumulation en circuit ouvert. De
nombreux travaux dans ce domaine ont été consacrés a I'exploitation de la réactivité chimique du modificateur envers un
analyte cible a des fins électrocatalytiques et électroanalytiques. De nombreux agents modificateurs ont été utilisés soit
comme revétement sur la surface d'électrodes solides, soit dispersés dans une matrice conductrice. Les électrodes modifiées
sont fréquemment utilisées dans la détermination voltampérométrique des composés organiques en raison de leur
efficacité, de leur sélectivité et de leur sensibilité. Dans ce contexte, le présent travail décrit l'utilisation de diverses
électrodes synthétiques a pate de carbone a base d'argent pour la quantification voltampérométrique de PNA.

La premiére partie de ce travail a été dédiée a I'étude de I'efficacité catalytique de I'argent pour la réduction de PNA a I'aide
d'une électrode en argent métallique, aprés comparaison de ses performances avec d'autres électrodes, notamment en or, en
graphite et en carbone vitreux. En effet, ce matériau posséde des propriétés électrochimiques supérieures pour I'étude du
comportement électrochimique de PNA et sa détermination. La mise en évidence de cette méthode a été évaluée en
utilisant la voltampérométrie cyclique, la chronoamperométrie, les courbes de Tafel et la spectroscopie d'impédance
électrochimique.

Dans la deuxiéme partie, la modification chimique des surfaces d'électrodes par dép6t thermique et électrochimique pour
des applications électroanalytiques a ensuite été utilisée, ouvrant de nouvelles voies dans le domaine de la détection en
permettant un meilleur contr6le du comportement de la surface des électrodes et en résolvant divers problémes liés soit a
I'électrocatalyse, soit a I'électroanalyse liés aux surfaces non modifiées. Ces modifications ont permis d'améliorer
considérablement la sensibilité, la reproductibilité, la stabilité et la sélectivité. La morphologie et la distribution de I'argent
sur la surface de I'électrode ont été évaluées par diffraction des rayons X et par microscopie électronique a balayage. La
surface électro-active des électrodes préparées a été estimée en utilisant [Fe(CN)e]*™* comme une sonde d'oxydoréduction
par voltampérométrie cyclique. En outre, la détermination analytique de PNA a été effectuée pour les deux méthodes
proposées en utilisant la voltampérométrie a impulsions différentielles. Il a été constaté que I’intensité du courant du pic de
réduction de PNA par dép6t thermique est tres faible par rapport au dépdt électrochimique ; cela peut confirmer la
formation d'oxyde d'argent a la surface des électrodes a pate de carbone. Enfin, I'électrode modifiée par déposition
électrochimique a été appliquée avec succés pour la détermination de PNA dans les échantillons d'eau potable. La
simplicité de la préparation, la bonne reproductibilité et le faible codt de I'électrode modifiée, la surface active élevée ainsi
que la large gamme de concentration linéaire, la faible limite de détection et la bonne répétabilité constituent les principaux
avantages pour la détermination de PNA.

Dans la troisieme partie, un matériau composé de nanoparticules d'argent stabilisées au chitosane sur I'électrode a péte de
carbone (CS@AQgNPs-CPE) est utilisé pour la détermination électrochimique de PNA. Un procédé chimique est utilise
pour synthétiser des nanoparticules d'argent stabilisées par Chitosane dans de l'acide acétique (2%) en utilisant du
borohydrure de sodium comme agent réducteur. La caractérisation du produit final par la spectroscopie UV-Vis a permis
de vérifier la présence de nanoparticules d'argent. L'analyse par diffraction des rayons X a montré que les nanoparticules
d'argent avaient une taille moyenne de 50 nm. La caractérisation électrochimique a prouvé que les CS@AgNPs-CPE
présentent une activité électrocatalytique et électroanalytique élevée qui peut étre exploitée pour la construction de capteurs
et les applications correspondantes. Le capteur développé a révélé une limite de détection inférieure de 5 nM envers la
réduction du PNA dans la gamme allant de 7 nM & 1 pM (R? = 0,986). Le CS@AgNPs-CPE a ensuite été étendu pour la
détermination de PNA dans des échantillons réels tels que les eaux usées. Toutes ces études ont confirmé que les
nanoparticules d'argent a la surface de I'électrode a péate de carbone constituent des alternatives prometteuses pour la
détection électrochimique.

Mots Clés : Composés nitroaromatiques, p-nitroaniline, argent, déposition thermique, déposition électrochimique,
nanoparticules, détermination électrochimique, électrocatalyse.
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Silver modified carbon paste electrode using thermal deposition
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Britton Robinson
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Chitosan-silver nanoparticles

Chitosan modified carbon paste electrode
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SEM Scanning electron microscopy
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SPR Surface plasmon resonance
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SWV
WE
XRD
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Single-walled carbon nanotube
Square wave voltammetry
Working electrode

X-Ray diffraction

Gibbs free energy change
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KCI containing 1mM of K4Fe(CN)s and 1mM KsFe(CN)s (1:1) at dE/dt = 100 mV s™. (B)
Nyquist plots of [Fe(CN)s]* ™" species resulting from CPEs modified by different amount of
silver, 2% (i), 9% (ii), 10% (iii) and 15% (iv). Inset represent Simple equivalent circuit model.
(C) Bode plots of phase angle vs. logarithm of frequency for the CPEs modified by different
amount of silver, 2% (i), 9% (ii), 10% (iii) and 15% (iv) performed between 100 mHz and 1 kHz
using amplitude of 10 mV in 0.1 KCI containing 1mM of K4;Fe(CN)g and 1mM K3Fe(CN)g. (D)
CV profile of Agimp-CPE and Agep-CPE in 0.1M KCI containing 1mM [Fe(CN)e]* ™. (dE/dt) =
50 mV s™.

Figure 4: Blank for Agimy-CPE, 1.0x10° mol L™*PNA for CPE and for Ag;m,-CPE at scan rate of
100 mV s in 1.0x10 mol L™ B-R (pH 2).

Figure 5: CVs of 1.0x10mol L*PNA in 0.1 mol L™ B-R buffer (pH 2.0); (A) CVs at scan rates
of 10, 30, 50, 100, 150, 200, 300, 400 mV s™. (B) Variations of Ip vs. square root of scan rate.

Figure 6: (A) CVs (at 50 mV s™) of 1.0x10"% mol L™* PNA at different values of buffered pH. (B)
Plot of E versus pH.

Figure 7: (A) Chronoamperograms obtained for PNA concentrations at Agim,-CPE of 1 (1), 0.1

(2), 0.05 (3), 0.01 (4) and 0.001(5) mmol L™ at reduction potential (-0.5 V). (B) Insets; plots of |
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versus t'“ obtained from chronoamperograms (A) and (C) dependence of Ic/ I on t™.
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Figure 8: (A) DPVs for different PNA concentrations in 0.1 mol L™ B-R buffer (pH 2). (B) Plot

of electrocatalytic peak current as a function of PNA concentration.

Figure 9: (A) Calibration curve of PNA in drinking water in the concentration range of 1.0x10®
mol L™ to 1.0x10™° mol L™ using DPV method at Agep-CPE. (B) Plot of peak current as a

function of PNA concentration.
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Figure 1: (A) UV-Vis absorption spectra of freshly prepared CS@AgNPs solution. Inset
photographic images. (B) Photographic images of CS@Ag NPs solution at different amount of
NaBH.. (C) UV-Vis absorption spectra of freshly prepared CS@AgNPs solution at different
concentration of AgNO3; and (D) UV-Vis absorption spectra of freshly prepared CS@AgNPs
solution at different quantity of NaBH,.

Figure 2: (A) XRD pattern of synthesized CS@AgNPs (B) SEM images of synthesized chitosan-
AgNPs and (C) The FTIR spectra of synthesized CS@AgNPs.

Figure 3: EIS spectra of unmodified (i) chitosan modified carbon CS-CPE (ii) and CS@AgNPs-
CPE (iii) in 0.1M KCI containing 5mM [Fe(CN)s]* “performed between 100 MHz and 1 kHz
using amplitude of 10 mV.

Figure 4: CVs voltammograms of CPE (A), chitosan modified carbon CS/CPE (B) and
CS@AgNPs-CPE(C) in 0.1M KCI containing 5mM [Fe(CN)g]* " at scan rate 50 mV s™.

Figure 5: DPV voltammograms of unmodified CPE and CS-CPE at 0.1 mM PNA containing 0.1
M PBS pH 7.0.

Figure 6: Optimization of the experimental parameters (A) Chitosan percentage (%), (B)
Accumulation time, and (C) pH of buffer solution recorded by DPV technique in 55 UM PNA
containing 0.1 M PBS pH 7.0.

Figure 7: (A) DPV voltammograms obtained at CS@CPE for different concentrations of PNA.
(B) Calibration curve and (Inset B) Zoom of calibration curve at lower concentration.



Experimental conditions: 0.1 M PBS pH 7; 10 mVs™, 170 ms, 450 mV and 500 ms for step,
pulse, width and period, respectively.

Figure 8: CV voltammograms of CS@AgNPs-CPE (a) and CPE (b) at 1.0 mM PNA containing
0.1 M B-R pH 2.0.

Figure 9: (A) CVs of CS@AgNPs in 0.1 M B-R pH 2.0 containing 1.0 mM PNA different scan
rates between 5 mV s and 500 mV s™. (B) Plot of the linear relationship between current and
square root of scan rate and (C) Plot between peak potential (Ep) and log v.

Figure 10: (A) Plot of 1 vs. t*? of CS@AgNPs-CPE obtained from chronoamperogrammes at
various PNA concentrations by setting reduction potential at -300 mV. Slopes of straight lines
against PNA concentration showed in insert. (B) Plot of current vs. t*? of CS@AgNPs-CPE
derived from the data chronoamperogrammes at various PNA concentrations.

Figure 11: (A) DPV voltammograms of the concentration of the Ag® ions on the reduction peak

of PNA. (B) Preconcentration time effect on the reduction peak of PNA.

Figure 12: (A) DPV voltammograms obtained at CS@AgNPs-CPE for different concentrations
of PNA in the range from 7.0x10™ to 7.0x10°. (B) Calibration curve. Experimental conditions:
0.1 M PBS pH 7.0; 12 mV s, 170 ms, 450 mV and 500 ms for step, pulse, width and period,

respectively.

Figure 13: (A) DPV voltammograms obtained at CS-AgNPs-CPE for different concentrations of
PNA in wastewater within the range 0.1uM — 10 uM. (B) Calibration curves. Experimental
conditions: 12 mV s, 170 ms, 450 mV and 500 ms for step, pulse, width and period,

respectively.
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- Introduction -




Nlitro-aromatic compounds are organic materials used as precursors for the manufacturing of

organic products such as pharmaceuticals, pesticides, explosives, and other industrial chemicals
[1]. However, the presence of nitro-aromatic compounds such as PNA and m-nitroaniline in
water would be dangerous to aquatic life and human health because of their toxicity, potentially
carcinogenic and mutagenic effects. Recently, reports suggested that the presence of even low
concentrations of PNA in water has resulted in environmental contamination and public health
problems [2-4]. In particular, PNA is a notorious industrial pollutant exhibiting high solubility
and stability in water. It is therefore important to develop effective methods for their removal. To
date, various processes have been developed for the disposal of these nitro-compounds including
microbial degradation, photocatalytic degradation, microwave-assisted catalytic oxidation,
electro-Fenton method, electrocoagulation, and electrochemical treatment [5-7]. However, the
reduction of nitro group to amino group is considered to be the most efficient, green, and
economical approach to dispose nitro-compounds [8], and the reduction products namely, p-
aminophenol (p-AP) and o-phenylenediamine(o-PDA) can be reused because they are important
intermediates for the synthesis of drugs and dyes [9, 10]. Therefore, the development of low-cost,
stable, and highly effective catalysts for the reduction of nitro-compounds in aqueous solutions
under mild conditions is highly desirable. Several works have explored its determination using
voltammetric methods that exhibit low cost per analysis, possibility of multi-analyte detection,
easy miniaturization, and high sensitivity when compared to other methods of determination,
such as, e.g., chromatographic and fluorescence methods [11-13]. Electrochemical methods offer
the possibility to study this process directly by determining the number of electrons involved.

Electrochemical techniques provide efficient tools for surface modifications. Very simple
experiments can be performed where species from solution can be physically adsorbed,
electropolymerized, or covalently attached onto the electrode surface at a certain controlled
potential.

The fundamental process of electrochemistry is the transfer of electrons between the electrode
surface and the molecules in the interfacial region, either in solution or immobilized on the
electrode surface. The kinetics of this heterogeneous process can be significantly affected by the
microstructure and roughness of the electrode surface, the blocking of active sites on the



electrode surface by adsorbed materials, and the nature of the functional groups (e.g., oxides)
present on the electrode surface [14, 15]. Hence, chemically modified electrodes (CMESs) have
attracted great attention in recent years and many interesting studies have been carried out in this
field. In detail, chemically modified electrodes comprise an approach to electrode system design.
They showed great interest in a wide spectrum of basic electrochemical investigations, including
the relationship of heterogeneous electron transfer and chemical reactivity of electrode surface
chemistry, electrostatic phenomena at electrode surface, and electron as well as ionic transport

phenomena in polymers.

There has been an increasing interest in the creation of modified electrode surfaces that differ
from the corresponding bare surfaces and produce an electrode that generates a reproducible
result, which has been particularly important to electroanalytical chemistry [16, 17]. Modification
has provided routes to providing selectivity, resisting fouling, concentrating species, improving
electrocatalytic properties [18] and limiting access of interferences in a complex sample [19],
such as a biological fluid, but has also had major impact for research into energy conversion [20,
21] and storage, corrosion protection [22], molecular electronics [23-25], electrochromic devices
[26] and fundamental research into phenomena that influence electrochemical processes [23]. In
recent years, this revolution in adapting electrode surfaces so that the electrode has unique
properties has continued at an even faster pace, with unprecedented control of the modification
process through advances in nanofabrication. Taken in their broadest context, nanostructured
electrodes can be seen to control electrode architecture at the nanoscale, whether it is the use of
nanomaterials, modeling methods, modification of electrode surfaces by polymers, or composites
and nanomaterials. These different electrode modification strategies offer the possibility of
imparting a unique range of properties to electrode surfaces, from ultra-high surfaces obtained
with model electrodes to electrocatalytic properties with metal nanoparticles, strategies to
perform electrochemistry in places too small for conventional electrodes, and to give electrodes

with switchable properties.

The work covered by this thesis aims at controllably modifying the properties of carbon surfaces
so that these surfaces can be used for the desired sensor applications. Carbon was chosen because
it is highly conductive and has a large potential window. Structurally stable, relatively

inexpensive and stable modifier layers can be attached to the surface in a controllable manner. In



this thesis, carbon powder was selected and was applied to study the electrochemical properties
of the selected hazardous nitro-compound PNA and the process taking place a cross the interface
of the electrode surface and the electrolyte. A species capable of undergoing electron transfer
process is called an electroactive species. In order to carry out electron transfer process with the
electrode, the electroactive species comes from the bulk solution and approaches the electrode
surface. Hence, the electron transfer plays a fundamental role in governing the pathways of
chemical reactions. Measuring the rate of the electron transfer process and the number of
electrons involved is difficult in traditional experimental methods such as spectral and
chromatographic methods [27]. Consequently, knowledge of the driving force of many reactions

remains elusive.

The effect of silver-based modified carbon paste electrodes on the reduction properties of PNA in
aqueous media has also been studied. Firstly, the catalytic efficiency of silver in the reduction of
PNA was studied using a metallic silver electrode following comparison of its performance
against other electrodes including gold, graphite and glassy carbon. This material has superior
electrochemical properties for the study of the electrochemical behavior of PNA and its
determination. Chemical modification of electrode surfaces for electroanalytical applications was
subsequently used, opening new avenues in the field of detection by allowing better control of
electrode surface behavior and solving various problems either electrocatalytic or electroanalytic
related to unmodified surfaces. These modifications have made it possible to greatly in enhancing

sensitivity, reproducibility, stability, and selectivity.

This thesis is presented in five roughly chapters. The first chapter is devoted to fundamental
aspects of electrode reactions and the structure of the interfacial region. The objective is to
provide a sound understanding of the fundamentals of electrode reactions and the principles of
electrochemical methods and to demonstrate their potential for solving real-life analytical
problems. Then, there are discussions of thermodynamics and potential, electron-transfer
kinetics, and mass transfer. Next are discussions of electrodeposition and impregnation. Special
attention is paid for nanoparticles, focuses on the roles and effects of stabilizing agents such as
surfactants, silica, biomolecules, and polymers. Possible methods for the synthesis of silver

nanoparticles with specific shapes are also discussed.



The second chapter aims for providing a detailed overview of different chemicals and procedures,
which were used to carry out the present work. Experimental section is divided into different
parts comprising of detailed list of chemicals, electrodes, and their preparation, protocols for

electrodes modification and electrochemical setup, and analytical techniques used in this study.

The third chapter devoted to the electrocatalytic effect of metallic silver electrode towards the
reduction of PNA and their sensitive determination in aqueous medium. Emphasis was put on the
comparison of the performances of metallic silver electrode with different other electrodes
including gold, graphite and glassy carbon. Reported research works on electrochemical
application of unmodified/modified electrodes for the determination of PNA are considered.

In the fourth chapter, our approach is the modification of carbon paste electrode with silver using
thermal and electrochemical deposition, emphasizing there electrocatalytic activity towards the
reduction of PNA with determination of kinetic parameters. The effect of electro-active surface

area and particle size are also discussed.

The fifth chapter seeks to emphasize how the modification of carbon paste electrodes with silver
nanoparticles offers the possibility of gaining higher electrocatalytic activities, sensitivities, and
selectivity’s in reducing PNA. Eventually, a chemical process has been used to synthesis silver
nanoparticles. Through this chapter, the relationship between the kinetics of the reaction and the
concentration of Ag” ions and the concentration of NaBH, is discussed. The effect of silver
nanoparticles as modifier was treated separately with chitosan modified carbon paste electrode in

such a way that it provides a comparative view of the responses of both electrodes.
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I. Fundamentals in electrochemistry

The word electrochemistry is derived from two words “clectricity” and “chemistry”. It can be
defined as, “the domain of science associated with studies of interactions between chemistry and
electricity”. The more precise definition for electrochemistry would be "The science that analyses
and describes the charge transfer reaction of matter at atomic level carried out by applying
electric current or voltage with the help of electronic devices” [1].

The science of electrochemistry is concerned with electron transfer at the solution/electrode
interface. Most of the basic principles and relationships, however, were described prior to the
discovery of the electron by J. J. Thompson in 1893. In 1800, Alessandro Volta invented the first
battery, and then known as a voltaic pile, by alternating stacks of copper and zinc disks separated
by paper soaked in acid solutions. With the discovery of a sustainable source of electrical current,
the stage was set for the rapid development of the area of science now known as
electrochemistry. By 1835, Michael Faraday had already defined the anode, cathode, electrode,
electrolyte, and ion: concepts without which any definitive description of electrochemistry is
virtually impossible. The positive and negative mathematical convention for electrical charge is
attributed to Benjamin Franklin [2]. Charles-Francois de Cisternay du Fay had earlier theorized
the existence of only two types of electrical charge. Du Fay had named the charge generated by
rubbing a glass rod as “vitreous,” while the equivalent charge generated by rubbing amber, or
resin, as “resinous.” Franklin, however, envisioned electrical charge as being attributed to the
level of a single invisible fluid present inside objects (i.e., a negatively charged object had a
lesser amount of this fluid and a positively charged one had an excess amount). Franklin
accordingly renamed resinous charge as negative and vitreous charge positive, thereby
establishing the convention that would eventually demand the electron to be defined as a negative

charge.

I.1. Potential conventions

Although the work of Faraday had established early on the relationship between the current
generated during electrolysis and the amount of generated species, the dependence of cell
potential on the concentration of electroactive species remained theoretically elusive until the
advent of thermodynamics. Let us consider the following reduction reaction (Eq. 1):



O+ne —> R (1)
Where O is the oxidized species, R is the reduced species, and n is the number of electrons
exchanged between O and R. The relationship between the concentration of oxidized species [O],

concentration of reduced species [R], and free energy (AG [J mol™]) is given as (Eq. 2):

AG = AG® + RTlﬂ,% )

where R is the gas constant (8.3145 J mol™ K™) and T [K] is the temperature. The critical aspect
of this equation is that the ratio of reduced/oxidized species can be related to the Gibbs free

energy change (AG), from which we can then derive the potential (E [V]) (Eq. 3):
AG= -nFE (3)

Here E is the maximum potential between two electrodes, also known as the open-circuit
potential (OCP) or the equilibrium potential, which is present when no current is flowing through
the cell, and F is Faraday’s constant (1F = 96,485.3 C mol™). If the reactant and product have unit
activity, and E is for the reaction in the direction of reduction (left to right in equation (1)), then

equation (3) can be written as (Eq. 4):
AG°=-nFE°  (4)

In this case, the potential is known as the standard electrode potential (E°[V]) or the standard
potential and it relates to the standard Gibbs free energy change (AG® [J mol™]). It should be
noted here that due to the minus sign in equation (4), all spontaneous reactions (i.e., with AG°< 0)
will have a positive standard electrode potential (E° > 0). The mathematical expression
describing the correlation between potential and concentration for a cell reaction is a central
tenant of electrochemistry and is known as the Nernst equation (obtained by combining equations
(2)-(4)):
[R]

E=Fo+ 0 5
B nF 0] (%)
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In addition to the use of the standard potential (E°), reaction potentials may also be reported with
the convention of electromotive force (emf or E [V]). The convention of emf was adopted to
make the calculation of cell potentials, from the combination of two half reactions, more

straightforward.

1.2. Thermodynamic functions and electrode potential

The well-known tools of chemical thermodynamics are used in electrochemical systems to
describe equilibrium and processes, but some special features arising from the presence of
charged particles and potential differences between the phases must be taken into account.
Electrochemical systems are usually discussed under conditions of constant temperature T and
pressure p [1,2]. Under these conditions, the most convenient thermodynamic functions are the
Gibbs energy G, given by U + PV - TS, and the enthalpy H, given by U + PV (where U is the

internal energy, V is the volume, and S is the entropy).

The values of these functions change when thermodynamic processes take place. Processes in
which the Gibbs energy decreases (i.e., for which AG<0), will take place spontaneously without
specific external action. The Gibbs energy is minimal in the state of equilibrium, and the

conditions for equilibrium are given as (Eq. 6):

AG=00rdG=0 (6)

In systems with different components, the values of the thermodynamic functions depend on the
nature and number of these components. One distinguishes components forming independent
phases of constant composition (the “pure” components) from the components that are part of
mixed phases of variable composition (e.g., solutions) [1].

The thermodynamic conditions of equilibrium for an isolated biphasic system include the
equality of the chemical potential in the two phases. The conventional thermodynamic definition

of chemical potential of a component (i) in a macroscopic system is (Eq. 7):

dG

“avi D)

et
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where N is the quantity of species i in moles, G the Gibbs free energy, and the derivative is taken
under the conditions that T, p and the concentrations of the other components are kept constant.
According to this definition, pi corresponds to the partial molar Gibbs free energy [1,2]. In
practice, ; is the change in Gibbs free energy when one mole of this component is added to a
large amount of the mixture, so that the concentration of the other components is unchanged. It is

usually assumed that pi depends on the thermodynamic activity (ai) of the species i as (Eg. 8):

pi = pi(0) + RTInai (8)

Wi maintains its physical meaning only in the absence of electric fields.
When dealing with charged species, which always appear in electrochemistry, a more convenient

quantity is introduced, namely the electrochemical potential y; defined as (Eg. 9):

ui =i +zFp (9)

The second term on the right side represents the work done against a potential difference ¢ when
transferring the charged species from infinity to inside the solution (“Galvani potential”).

When the two phases (i.e. the metallic electrode and the solution) are in thermodynamic
equilibrium their electrochemical potentials are equal (Eq. 10):

ul +zF o1 =u2 + zF 2 (10)

Inversely, the electrochemical equilibrium is attained when the electrochemical potentials are

equal. This implies that (Eq. 11)
ZFAp1?=p2-ul (11)
where the pi are the chemical potentials in the two phases. The symbol Agj=denotes the potential

drop between the two phases, otherwise called Galvani potential difference. In general, the
Galvani potential difference between two phases is determined by the difference of chemical
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potentials of the ions and/or electrons in the metal and in the electrolyte; the thermodynamic
equilibrium in fact must be attained both for ions and electrons.

It is impossible to experimentally measure the Galvani potential between liquid and solid phases.
In fact, if we were to perform this measurement, we would need to immerse another metallic
electrode in the liquid, effectively introducing an additional interface. For this reason the
potential of the solid electrode is conventionally measured with reference to some other electrode
which has a strictly defined Galvani potential relative to the solution. Such a measurement gives
the emf generated by the electrochemical cell consisting of this reference electrode and the
electrode under study. By using this method the solution drops out of the problem because the

voltage measurement can now be performed between two metallic phases [1,2].

The second electrode is termed reference electrode. Many types of electrodes are feasible as
reference electrodes; the most important property of a good reference electrode is the stability
over time and reproducibility of its potential. Calomel and silver chloride electrodes are used
most often in practice. Due to its unequaled stability and precision, the Standard Hydrogen
Electrode (SHE) is chosen as the standard reference. This electrode consists of a platinized
platinum surface immersed in an acidic solution having a hydrogen ion activity a (H") = 1 in
contact with hydrogen gas at atmospheric pressure. The Galvani potential difference of this
electrode is set equal to zero at any temperature. This electrode configuration allows formulation
of the following definition for the electrode potential: Electrode potential E is the EMF of the
electrochemical cell consisting of the SHE and the electrode of interest, at which the redox

process takes place.

Just like the emf values of galvanic cells, the electrode potentials depend on the composition of
the electrolyte and other phases of variable composition. The electrode potential corresponds to
the Galvani potential of the electrode-electrolyte interface, up to a constant term E = ¢ + const.
Such an objective is accomplished by monitoring the transfer of electron(s) during the redox

process of the analyte (Eq. 12):
RT . "
E=E"+ E[Eﬂx’l{j InC; — X,.¢ Vi InC;) (12)

The partial pressures pj will appear here for gaseous substances instead of concentrations C;.
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E° is a constant that depends on the nature of the electrode reaction; it is equal to the electrode
potentials for values cj=1. The value of the electrode potential E depends primarily on the value
of this constant, since the second term of this equation, which is the correction term for
concentrations, is relatively small, although in certain cases it becomes the major term. The
components that are involved in the electrode reaction and therefore influence the value of the
electrode potential are called potential-determining substances. It follows from this equation that
the potential will shift in the positive direction when the concentration of the oxidizing agent or
components entering the reaction together with it is raised, but it will shift in the negative
direction when the concentration of the reducing agent or components entering the reaction

together with it is raised.

The combination of constants RT/F often appears in electrochemical equations; it has the
dimensions of voltage. At 25°C (298.15 K) it has a value of 0.02569 V (or roughly 25 mV).
When including the conversion factor for changing natural to common logarithms, we find a
value of 0.05916 V (about 59 or 60 mV) for 2.303 (RT/F) at 25°C. Values for other temperatures
can be found by simple conversion, since this parameter is proportional to the absolute

temperature.

At an electrode which is brought about through the application of a suitability negative potential
to the electrode. Note that a second electrode will be needed somewhere in the solution to
facilitate the passage of the required electrical current through the solution and a reference

electrode will also be required.

1.3. Factors affecting electrode reaction rate and current
Consider an overall electrode reaction, O + ne- = R, composed of a series of steps that cause
the conversion of the dissolved oxidized species, O, to a reduced form, R, also in solution (Fig.
1). In general, the current (or electrode reaction rate) is governed by the rates of processes such as
1, 2):

1. Mass transfer (e.g., of O from the bulk solution to the electrode surface).

2. Electron transfer at the electrode surface.
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3. Chemical reactions preceding or following the electron transfer. These might be
homogeneous processes (e.g., protonation or dimerization) or heterogeneous ones (e.g.,
catalytic decomposition) on the electrode surface.

4. Other surface reactions, such as adsorption, desorption, or crystallization

(electrodeposition).

7% Electrode surface + Bulk solution
Electrode Chemical EMass
OO0 S0
/ reactions ‘transfer
'
’ '
O ads -
]
o
ne 4——1 Electron transfer E
'
’
8 ﬂd\ :
'
\ Chemical \Mass
y——’ [—— T ———
R ‘_Rsurf ‘.: .............. : Rhulk
2 reactions transfer

Figure 1: Pathway of a general electrode reaction.

The rate constants for some of these processes (e.g., electron transfer at the electrode surface or
adsorption) depend upon the potential [3-10].

The simplest reactions involve only mass transfer of a reactant to the electrode, heterogeneous
electron transfer involving nonadsorbed species, and mass transfer of the product to the bulk
solution. This general electrochemical process shows that the observed electrode current is
dependent upon mass transport, which usually occurs in series with other processes, such as
chemical reactions, adsorption/desorption and also the heterogeneous rate constant for the
electron transfer reaction. The working electrode is immersed into an electrolyte usually
containing the electroactive species under investigation and a supporting electrolyte salt to
achieve the required conductivity and to minimize the IR drop. The electric double layer at the
working electrode occurs over a distance of ca. 1 nm. Fig. 2 shows a schematic representation of
the composition of the solution phase close to the (working) electrode surface where the compact
layer is also termed the ‘‘inner Helmholtz’* layer that is closest to the surface in which the

distribution of charge, and hence potential, changes linearly with the distance from the electrode
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surface and the diffuse layer, known as the ‘‘Gouy-Chapman’’ layer, in which the potential

changes exponentially.
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Figure 2: Schematic representation of the composition of the electrode | solution interface

The solvated ions are nonspecifically adsorbed and are attracted to the surface by long range
coulombic forces. Both Helmholtz layers represent the compact layer. Such a compact layer of
charges is strongly held by the electrode and can survive even when the electrode is pulled out of
the solution. The Helmholtz model does not take into account the thermal motion of ions, which
loosens them from the compact layer [11].

16



Reversibility also can affect the rate of the reaction. Reversibility is a key concept when dealing
with electrochemical reaction mechanisms. An electrochemical cell is considered chemically
reversible if reversing the current through the cell reverses the cell reaction and no new reactions
or side products appear. An electrochemical cell is considered chemically irreversible if reversing
the current leads to different electrode reactions and new side products. This is often the case if a
solid fall out of solution or gas is produced, as the solid or gaseous product may not be available
to participate in the reverse reaction.

The concept of thermodynamic reversibility is theoretical; it applies to adiabatic changes, where
the system is always at equilibrium. An infinitesimal change causes the system to move in one
particular direction, resulting in an infinitesimal response; the analogy in electrochemistry is that
a small change in potential could result in the reversal of the electrochemical process. In
electrochemistry, the researcher is concerned with practical reversibility. In reality,
electrochemical processes occur at finite rates, and as long as the experimental parameters are set
in a manner that allows for the reversal of the reaction to regenerate the original species, the
processes are deemed practically reversible [12].

1.4. Mass transport-Controlled reaction
The faradaic current that flows at any time is a direct measure of the rate of the electrochemical
reaction taking place at the electrode. Further, the current itself is dependent upon two things:

1. The rate at which material gets from the bulk of solution to the electrode, known as mass
transport;

2. The rate at which electrons can transfer across the interface, or charge transfer kinetics.

Mass transport occurs by three different modes [13]:

e Diffusion—the spontaneous movement under the influence of concentration gradient,
from regions of high concentrations to regions of lower ones, aimed at minimizing
concentration differences.

e Convection—transport to the electrode by a gross physical movement; the major driving
force for convection is external mechanical energy associated with stirring or flowing the
solution or rotating or vibrating the electrode (i.e., forced convection). Convection can

also occur naturally as a result of density gradients.
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e Migration—movement of charged particles along an electrical field (i.e., where the
charge is carried through the solution by ions according to their transference number).

These modes of mass transport are illustrated in Fig. 3.
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Figure 3: The three modes of mass transport.

I1. Overview of electrochemical experiments

11.1. Electrochemical techniques

The electrochemical techniques can be divided into two major groups: static (i=0) and dynamic
(i£0) [14]. Potentiometry is a static method, and it measures the rest potential vs. time; the most
common applications in potentiometry are the use of ion-selective electrodes and pH meters. The
dynamic methods comprise mostly all the other electrochemical techniques [15]. Table 1 lists the

most commonly used methods.
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Table 1: General classification of electrochemical dynamic methods

Chronoamperometry
Amperometry Double Potential

Step Chronoamperometry

Potential step Chronocoulometry; Double Potential Step
Chronocoulometry

Sampled Current Voltammetry; Differential Pulse

Voltammetry; Square Wave Voltammetry

Linear Scan
Voltammetry

Stationary :
Controlled Cyclic

potential Voltammetry

Stirred Solution/

Potential sweep | Voltammetry Flow Cell

Rotating Disk
Hydrodynamic Electrode;
Rotating Ring-

Disk
Electrode
Constant Bulk Stirred Solution
Potential Electrolysis Flow Electrolysis

Constant-Current

Chronopotentiometry Linearly Increasing Current
Controlled
Current Reversal
current _
Coulometry Coulometric Titrations
Electrolysis
Controlled )
Charge Step Coulostatic Methods
Charge
Impedance ac Voltammetry (ac Polarography)
Techniques Electrochemical Impedance Spectroscopy
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The distinction between various electroanalytical techniques reflects the type of electrical signal
used for the quantitation. The two principal types of electroanalytical measurements are
potentiometric and potentiostatic. Both types require at least two electrodes (conductors) and a
contact sample solution (electrolyte), which make up the electrochemical cell. The surface is

therefore a junction between an ion conductor and an electronic conductor.

One of the two electrodes responds to the target analyte(s) and is therefore called the indicator (or
working) electrode. The second, called the reference electrode, is at a constant potential (i.e.
independent of the properties of the solution). Electrochemical cells can be classified as
electrolytic (when they consume electricity from an external source) or galvanic (when they are

used to produce electrical energy).

Potentiometry, which is of great practical importance, is a static (zero-current) technique in which
the information about the sample composition is obtained from measurement of the potential
established across a membrane. Different types of membrane materials, possessing different ion
recognition processes, have been developed to impart high selectivity. The resulting
potentiometric probes have thus been widely used for several decades for direct monitoring of

ionic species.

Controlled-potential (Potentiostatic) techniques deal with the study of charge transfer processes at
the electrode—solution interface and are based on dynamic (non-zero-current) situations. Here, the
electrode potential is being used to derive an electron transfer reaction and the resultant current is
measured. The role of the potential is analogous to that of the wavelength in optical
measurements. Such a controllable parameter can be viewed as “electron pressure,” which forces
the chemical species to gain or lose an electron (reduction or oxidation, respectively).
Accordingly, the resulting current reflects the rate at which electrons move across the electrode—
solution interface. Potentiostatic techniques can thus measure any chemical species that are
electroactive, that is, that can be made to reduce or oxidize. Knowledge of the reactivity of a
functional group in a given compound can be used to predict its electroactivity. Nonelectroactive
compounds may also be detected in connection with indirect or derivatization procedures [16,
17]. The advantages of controlled-potential techniques include high sensitivity, selectivity toward
electroactive species, a wide linear range, portable and low-cost instrumentation, speciation

capability, and a wide range of electrodes that allow assays of unusual environments.
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11.1.1. Linear sweep voltammetry and cyclic voltammetry

Linear Sweep Voltammetry (LSV) and Cyclic Voltammetry (CV) were the first reported in 1938
and described theoretically in 1948 by Randles and Sevick. In effect rather than monitoring the
response of an electrochemical system to a small amplitude periodic potential change, as AC
impedance, in LSV and CV, a large periodic potential change is imposed on the system. Cyclic
voltammetry is the most widely used technique for acquiring qualitative information about
electrochemical reactions. The power of cyclic voltammetry results from its ability to rapidly
provide considerable information on the thermodynamics of redox processes and the kinetics of
heterogeneous electron transfer reactions and on coupled chemical reactions or adsorption
processes. CV is often the first experiment performed in an electroanalytical study. In particular,
it offers a rapid location of redox potentials of the electroactive species and convenient evaluation
of the effect of media on the redox process. CV consists of linearly scanning the potential of a
fixed working electrode (in a non-stirred solution), using a triangular potential waveform (Fig. 4).
Depending on the information sought, single or multiple cycles can be used. During the potential
sweep, the potentiostat measures the current resulting from the applied potential. The resulting
current—potential plot is termed a cyclic voltammogram. The cyclic voltammogram is a

complicated, time-dependent function of a large number of physical and chemical parameters.
Cycle 1—
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Figure 4: Potential-time excitation signal in a cyclic voltammetric experiment.
The cyclic voltammogram is characterized by several important parameters. Four of these

observables, the two peak currents and the two peak potentials, form the basis of the diagnostics

developed by Nicholson and Shain [18] for the analysis of the cyclic voltammetric response. The
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cyclic voltammetric response can be discovered by solving the transport equations (in three-

dimensions, x, y and x) [19]:

a[4] _ 2
o DaVZ[A] (17)

and

98] _ e
—~ =DgVIA]  (18)

with Daand Dg are the diffusion coefficients of A and B, respectively.

It is important to note that in the plotting of voltammetric data, i.e. current versus potential, there
are a number of different axis conventions. In the conventional (or polarographic convention
using mercury), negative potentials are plotted in the positive "x" direction, so the cathode
currents (due to reductions) are positive. In the IUPAC convention, the opposite applies where
positive potentials are plotted in the positive ‘x’’ direction, thus anodic currents (due to
oxidations) are positive (in other conventions, current is plotted along the axis and/or a
logarithmic current scale is used). In reality, the plotting is dictated by the software that is
installed on your potentiostat and your geographic location (for example the USA and related
countries favor the classical convention). However, one needs to become familiar with this
concept as the literature presents voltammograms in mixed styles and one should ensure on first
encountering a voltammogram that clarification is sought upon which potential sweep has been

applied and understand which currents are anodic and which are cathodic.

In the ‘reversible’ limit the electrode kinetics are so ‘fast’ (relative to the rate of mass transport)
that Nernstian equilibrium is attained at the electrode surface throughout the voltammogram with

concentrations of A and B at the electrode surface governed by the Nernst equation (Eg. 19):

— E° BT 1n Bl
E—Ef(A/B)+F1n[A] (19

where E is now the applied potential which defines the ratio of the surface concentrations [A]o
and [B]o once E:°(A/B) is specified.
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In the case of an electrochemically reversible process with fast electron transfer, the peak-to-peak
separation AEp = (E,” - E,) is relatively small at the reversible limit, where AEp =
2.218RT/nF, corresponding to a value of ca. 57 mV (at 298 K where n = 1). For the case of n

electrons, the wave-shape of the voltammogram can be characterized by (Eq. 20):

Ey-Eip=2218=  (20)

Where Ej/, corresponds to the potential at which half the peak current is observed. The magnitude

Rev

of the voltammetric current Ip™" observed at a macroelectrode is governed by the following

Randles—Sevc ik equation (Eq. 21):
IBeY = +0.446 nFAC(nFDv/RT)z (21)

where the =+ sign is used to indicate oxidation or reductive process respectively though the
equation is usually devoid of such sign. The voltammetric diagnosis that the electrochemical
process is undergoing a reversible heterogeneous charge transfer process is given by Equation 21

where AEp is independent of the applied voltammetric scan rate and: Ig*/ [7¥¢ = 1.

The question is; how can you determine if your observed voltammetry corresponds to this range?
A key diagnostic is a scan rate study. As shown in Equation 21, the peak height (IP) is

proportional to the applied voltammetric scan rate and a plot of I5°* against v¥2 should be linear

[3-10].

It is important to note that when the position of the current maximum occurs at the same
potential; this peak maximum, which does not shift in potential with scan rate, is characteristic of
electrode reactions that exhibit rapid electron transfer kinetics, usually termed reversible electron
transfer reactions.

The formal potential can be found as the mid-way between the two voltammetric peaks

comprising the voltammogram (Eqg. 22):

Lo (e )

. : (22)
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Assuming that the diffusion coefficient of the reagent and the product are equal, the cyclic
voltammetric response for an irreversible electrochemical couple (in which the AEp is larger than
that observed for the reversible and quasi-reversible case) where appreciable over-potentials are
required to drive the reaction, as evidenced by the peak height (maxima) occurring at a greater
potential than that seen for the reversible case. It is evident that as the standard electrochemical
rate constant, k°, is either fast or slow, termed ‘electrochemically reversible’ or
‘electrochemically irreversible’ respectively, changes in the observed voltammetry are striking.
Since the electrochemical process, that is reversible or irreversible, reflects the competition
between the electrode kinetics and mass transport, (k°<<ms) indicating electrochemical

irreversibility. Where my is the rate of mass transport and given by Eq. 23:

mr—D(RT/Fv)  (23)

The distinction between fast and slow electrode kinetics relates to the prevailing rate of mass
transport given by ‘k°# mT’ indicating electrochemical reversibility or ‘k°<< my’ indicating
electrochemical irreversibility. Matsuda and Ayabe [20] introduce the parameter, &, given by Eq.
24:

E=ko (FDv /RT)1/2 (24)

where the following ranges are identified at a stationary macroelectrode: § =15 corresponds to
the reversible limit *15 >&> 10 corresponds to the quasi-reversible limit and ‘€<10%

corresponds to the irreversible limit.

Reversible, quasi-reversible, and irreversible, all of which are linked to the mass transport rate.

In reversible reactions, the electron transfer rate at all potentials is higher than the mass transport
rate and the peak potential is independent of the applied voltammetric scan rate. In the case of
quasi-reversible, the electron transfer rate becomes comparable to the mass transport rate. In this
regime, the peak potentials increase with the scan rate applied. Finally, it is obvious that for the
irreversible case, the electron transfer rates are lower than the mass transport rate; the summary
by Matsuda and Ayabe is extremely useful [20]. The above conditions given by Matsuda and
Ayabe show that the observed electrochemical behavior depends on the applied voltammetric
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scan rate. In applying various scan rates the diffusion layer thickness dramatically changes, in the
case of slow scan rates, the diffusion layer is very thick while at faster scan rates the diffusion
layer is relatively thinner. Since the electrochemical process, that is, reversible or irreversible,
reflects the competition between the electrode kinetics and mass transport, faster scan rates will
encourage greater electrochemical irreversibility.

At macroelectrodes the Nicholson method is routinely used to estimate the observed standard
heterogeneous electron transfer rate constant (k°, cm s™) for quasi-reversible systems using the

following equation (Eq. 24) [21];
W =K [xDnoF / (RT)]Y?  (25)

Where ¥ is a kinetic parameter, D is the diffusion coefficient, n is the number of electrons
involved in the process, F is the Faraday constant, R is the gas constant and T is the temperature
(K). The kinetic parameter (V) is tabulated as a function of peak-to-peak separation (AEpcxn) at
a temperature (298 K) for a one electron process (where the charge transfer coefficient, o = 0.5).
A plot of ¥ against [xDnvuF / (RT)] ™2 allows the standard heterogeneous rate transfer constant, k°

to be readily deduced.

The kinetic parameter was deduced as a function of AEpc by utilizing the Nicholson method.
Note that there are some restrictions, in that the above method is based on the assumption that
electron transfer kinetics are described by the Butler—\Volmer formalism, a is 0.5, that the
switching potential is 141 mV above the reversible Ey/, and that the temperature is 298 K. Failure
to strictly observe most of these factors will result in only minor errors. However, there is one
experimental problem that can be serious: incomplete compensation of the solution resistance.
Thus, the measurement error will be small at slow scanning speeds where currents and IR errors

are generally low; however, potentiostats help to overcome this problem.
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Table 2: Variation of AEp with y at 25 °C [21]

v AEp x n/mV
20 61
7 63
6 64
5 65
4 66
3 68
2 72
1 84
0.75 92
0.50 105
0.35 121
0.25 141
0.10 212

Beyond the limits of the Nicholson method, that is where the AEP is >200 mV (see Table 2), a
suitable relationship has been reported by Klingler and Kochi [22]:

- 2
K°=2.18 || [Drxm:F] exp l— (aRT;F) [ng — EEM)] (26)

Thus two procedures are available for different ranges of AEP X n values, that is for low
(Nicholson) and high values (Klingler and Kochi). Lavagnini et al. [23] proposed the following
function of vy (AEP), which fits Nicholson’s data, for practical usage (rather than producing a
working curve) (Eq. 27):

Y= (-0.6288 + 0.021X) / (1- 0.017X)  (27)

Where X = AEp in mV used to determine the ¥ as a function of AEp.
The Randles—Sevc ik equation for a quasi-reversible system (at 298 K) is given by Eq. 28:
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I3

174 = 1(2.65 x 10° )n¥2 ACDY2 412 (28)

For an irreversible system (those with slow electron exchange), the individual peaks are reduced
in magnitude and widely separated. Totally irreversible systems are quantitatively characterized
by a shift in the peak potential with scan rate as given by Eq. 29:

E _=E? RT 0.78+1 DE—I—DEI
- f aniF[' ﬂK'C " n(

T
I

Fv
1 (29)

where a is the transfer coefficient, n’ is the number of electrons transferred per mole before the

rate determining step and where EJP is the formal potential. Hence, Ep occurs at potentials higher
thanE7, with the over-potential related to k° and a (the voltammogram becomes increasingly

‘drawn out’ as an decreases). For the case of a fully irreversible electron transfer process, the

Randles—Sevc ik equation is Eq. 30:
Iir** = +0.496 [cxﬂjiﬂFAC[nFvaRT]i (30)

where A is the geometric area of the electrode (cm?), a is the transfer coefficient (usually
assumed to be close to 0.5), n is the total number of electrons transferred per molecule in the
electrochemical process and »’ is the number of electrons transferred per mole before the rate

determining step.

11.1.1.1. Study of reaction mechanisms

One of the most important applications of cyclic voltammetry is the qualitative diagnosis of the
chemical reactions that precede or follow the redox process [18]. To classify these reaction
mechanisms, the letters E and C (for redox and chemical steps, respectively) are generally used in
the order of the steps in the reaction scheme. The occurrence of such chemical reactions, which
directly affect the available surface concentration of electro active species, is common to the
redox processes of many important organic and inorganic compounds. Changes in the shape of

the cyclic voltammograms, resulting from chemical competition for the reagent or
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electrochemical product, can be extremely useful in elucidating these reaction pathways and in
providing reliable chemical information on reactive intermediates. For example, when the redox
system is perturbed by a following chemical reaction using the notation of Testa and Reinmuth
[24] this is described as EC mechanism (Eqg. 31).

O+ne />R ——»Z (31)
The cyclic voltammogram will display a smaller reverse peak (because the product R is
chemically removed from the surface). The peak ratio of the forward and reverse peaks will thus
be less than 1 (not equal); the exact value can be used to estimate the rate constant of the
chemical step. In some (extreme) cases, the chemical reaction may progress so rapidly that all of
R is converted to Z, resulting in no reverse wave being observed. Note that by varying the scan
rate, further information on the rates of these coupled reactions can be obtained. In particular, the
scan rate controls the time spent between the switching potential and the peak potential (during
which time the chemical reaction occurs).

A specific example worth exploring is the EC’ reaction defined as (Egs. 32, 33):

A+eg—>B (32

B+X K, A+P (33)

It is known that under certain conditions, a cyclic voltammogram of an EC’ system will show two
distinct peaks in the forward sweep [25]. This typically occurs when the initial concentrations of
species ‘A’ and species ‘X’ are similar and when the second-order rate constant, K,, is above a
certain value. For low K, the voltammetry is similar to that observed for a simple one-electron
reduction (the E mechanism) [26], as expected; however, as the rate constant increases, so too
does peak current response. The explanation is as follows: a faster rate constant means a more
rapid regeneration of ‘A’ within the diffusion layer and hence greater current. As K is increased
further, the waveform begins to split into two distinct peaks with greater K, resulting in a more

obvious separation.
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For a fast scan rate, this also leads to a decrease in peak height with increasing peak-to-peak
separation, although the peak currents tend toward limiting values as K increases and the peaks

become more distinct. As illustrated in Fig.5.

E Step

(reversible)

Sensor

Figure 5: Schematic of the EC’ catalytic reaction mechanism.

The net result of the process is the transformation of reactant species ‘X’ to product species ‘P’,
catalyzed by species ‘A’ (which is regenerated). It is important to distinguish this form of
catalysis from the case where the particle catalyzes the electron transfer ‘A + e «— B’; rather
in this case, the A/B redox couple catalyzes the transformation of X to P. A series of papers by
Saveant et al. [27-32] examining the ‘homogeneous catalysis of electrochemical reactions’
explored systems similar to the EC” mechanism resulting from a high second-order rate constant
in experiment [30]. Following this, Compton et al. studied the EC’ mechanism theoretically and
experimentally at the channel electrode [33, 34] and at the rotating disk electrode [35-37].
Additionally, Dimarco et al. [38] studied the second-order EC’ reaction on a planar surface. An
example of such a catalytic EC process is the oxidation of dopamine in the presence of ascorbic
acid [39]. The dopamine quinone formed in the redox step is reduced back to dopamine by the
ascorbate ion. The peak ratio for such a catalytic reaction is always unity. Some other reaction
mechanisms can be elucidated in the same way. For example, for a CE mechanism, where a slow
chemical reaction precedes the transfer of electrons, the current ratio is generally greater than

one, and approaches unity as the scan rate decreases. The reverse peak is rarely affected by the
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coupled reaction, while the forward peak is no longer proportional to the square root of the scan

rate [40]. ECE processes, with a chemical step being interposed between electron transfer steps.

Many anodic oxidations involve an ECE pathway [41]. For example, the electrochemical
oxidation of aniline is another classical example of an ECE pathway [42]. The cation radical thus
formed rapidly undergoes a dimerization reaction to vyield an easily oxidized p-
aminodiphenylamine product. Another example (of industrial relevance) is the reductive coupling
of activated olefins to yield a radical anion, which reacts with the parent olefin to give a reducible
dimer [43]. If the chemical step is very fast (in comparison to the electron transfer process), the
system behaves as an EE mechanism (of two successive charge transfer steps). Powerful cyclic
voltammetric computational simulators, exploring the behavior of virtually any user-specific
mechanism have been developed [44]. Such simulated voltammograms can be compared with
and fitted to the experimental ones. The new software also provides “movie” like presentations of

the corresponding continuous changes in the concentration profiles.

11.1.1.2. Effect of pH
Consider the following process involving the uptake of m-protons and consumption of n-
electrons (Eq. 24):
A+mH"+ne —> B (34)
The limiting cases correspond to those of electrochemical reversibility and irreversibility.

Here we consider the electrode process being fully electrochemically reversible, thus for the

relevant Nernst equation we can write [45]:

RT [Al[H*]™
E=ENAg)+ EIH[JET]] (35)

RT RT [B
E=EN4/g)+ —n [H+]m—ﬁiﬂ,% (36)
E=El(4/5)—2303 R—FPH —%m% (37)

Leading to:
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RTm RT _ [B]
E=E%4/.)—2303 —pH ——In— (38

RTm
Eferr = Ef(Y/p) — 2303 —pH (39)

where Ef“fﬂ #¢ Is an effective formal potential. Provided Da = Dg the potential midway between the
peaks for the reduction of (A) and the oxidation of (B) corresponds to Ef“jﬂ #¢ With the shape of the
voltammogram being otherwise unaffected.Accordingly the midpoint potential varies by an

amount of 2.303 f—Fm per pH unit. In the commonly seen case where m = n, this corresponds to

ca. 59 mV per pH unit at 25 °C as in the following case. Experimentally, the cyclic voltammetric

response is recorded over a range of pH’s with the E’JEE #¢ (or more commonly ‘peak potential”)

plotted as a function of pH. Fig.6 shows a typical response where the deviation from linearity is
due to the pKa of the target analyte and the gradient from the linear part allows information on
the number of electrons and protons transferred in the electrochemical process.

Ep
A

\/-\ pKa

» pH
Figure 6: A typical plot of peak potential, Ep versus pH.
A real example reported by Laghrib et al. which utilizes a metallic silver electrode for the

electrocatalytic reduction of PNA in 0.1 M Britton Robinson (B-R) buffer solution pH 2.0 [10].

The effect of buffer pH on cyclic voltammetric responses of the silver electrode was further
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investigated in the pH range from 1.07 to 11.8. It was found that with the decrease of buffer pH
bellow 2.0, the reduction peak potential shifted to the positive direction, implying that protons
were involved in the electrode process. Once the pH of the solution exceeds pH 2.48, the peak
potential of PNA reduction returns to its initial position —0.8 V obtained at carbon paste electrode
(i.e. no catalytic effect of silver towards the reduction of PNA was observed). It is evident that
there are two slopes; the first corresponds to 176.3 mV/pH over the pH range of 1-2.48 which is
higher than the theoretical value of =59 mV/pH at 25 °C and elucidated that the transfer-electron
numbers were fewer than those of the proton numbers taking part in this reaction [8]. The second
slope is evident in the pH range of 2.48—7; a slope of 35 mV/pH is obtained which is very close
to the Nernstian value. Additionally, it has been reported that a gradual decrease in the peak
currents in this pH range which they attribute to the deprotonation of PNA molecules, which
leads to an increase in the charge on the PNA molecules where the charged species is more
soluble than the former species. Clearly, the use of pH measurements can help provide insights

into electrochemical mechanisms.

11.1.1.3. Adsorption

In some instances, rather than having the analyte under investigation undergoing simply
diffusional processes, the species of interest might adsorb onto the electrode surface and will give
rise to different voltammetry. Fig. 9 shows a typically voltammetric profile where a unique shape
is observed. Since the adsorbed species does not have to diffuse to the electrode surface, the
observed voltammogram is symmetrical. The peak current can be related directly to the surface

coverage (I") and potential scan rate for a reversible process (Eq. 40):

1, n?Fi Ay (40)
4RT

Recall that a Nernstian behavior of diffusing species yields v dependence. In practice, the ideal

behavior is approached for relatively slow scan rates, and for an adsorbed layer that shows no

intermolecular interactions and fast electron transfers. The peak area at saturation (i.e., the

quantity of charge consumed during the reduction or adsorption of the adsorbed layer) can be

used to calculate the surface coverage (Eq. 41):
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O = nFAI' (41)

This can be used for calculating the area occupied by the adsorbed molecule and hence to predict

its orientation on the surface.

FWHM

A\

Figure 7: Cyclic voltammetric response for the reversible reaction of an adsorbed species

As shown in Fig. 7, the full width at half of the peak maximum height (FWHM) is given by (Eq.
42):

FWHM = 3.53RT/nF  (42)

The diagnosis of an adsorbed species is to explore the effect of scan rate on the voltammetric
response, which should yield a linear response for the case of Ip versus scan rate v. In real
situations, the absorbed species may be weakly or strongly absorbed. In these contexts, one
usually refers to the reactants that are adsorbed, but four scenarios can be encountered. Of note is
that in the case of a strongly absorbed reactant there is a pre-peak before the solution phase
voltammetric peak while in the case that the product is strongly adsorbed, the adsorption wave is
seen following the solution phase peak. The effect of varying the voltammetric scan rate can be

highly illuminating, for the case of a strongly adsorbed product, where at slow scan rates the
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adsorption wave is large relative to the first diffusional peak. As the scan rate is increased, the
current of the adsorption peak decreases in magnitude while the diffusional peak current
increases. At very high scan rates the adsorption wave is absent [46, 47]. There is also another
scenario which can give rise to unigue voltammetry. In the context of studying new materials,
such as carbon nanotubes and indeed graphene, researchers usually disperse their chosen
nanotubes into a non-aqueous solvent and put aliquots onto the working electrode of their choice.
This modified surface is allowed to dry to enable the solvent to evaporate leaving the nanotubes
immobilized upon the electrode surface, which is now ready to be electrochemically explored
(the so called drop-coating method). It has been shown that the nanotube modified electrode
exhibits a porous surface where ‘pockets’ of the electroactive species are trapped in-between
multiple layers of nanotubes and the trapped species act akin to that of a thin layer cell [48]. The
porous nanotubes layer has a large surface area and the electrode is thought to be in contact with
a finite, ‘thin-layer’ of solution (the species is trapped within the nanotube structure). In this case,

a mixture of diffusional regimes exists.

11.1.1.4. Residual current

While applying a potential sweep, the current flowing through the cell before the charge transfer
takes place is called the residual or background current. It is composed of the following
components [49].

e Faradaic Current
It is generated from the faradaic process which is a non-adsorptive process arising from electron
transfer across the metal or electrolyte interface. The redox reaction of solution species that takes
place is controlled by Faraday's laws [50], that is, the amount of electricity which is passed
(charge) is proportional to the number of moles of reactant converted. Electrode process where
Faradaic process takes place is classified as charge transfer electrodes since the extent of reaction

depends on the measured charge passing through the electrode surface.
e Non-Faradaic Current

It arises when the adsorption and desorption of ions from the electrode surface results in an

electric current due to charging of double layer. The interface between the electrolyte and the
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working electrode acts as a capacitor. Therefore, a current is required to change the potential
applied to the working electrode and this is referred to as non-faradaic current. Since the potential
in a CV experiment is constantly changing, there is an approximately constant charging current,
which makes a major contribution to the background current. As there is no charge transfer
across the double layer, it is not governed by faraday's laws and hence is called non-faradaic
current. The charging current is directly proportional to the sweep rate whereas the faradaic
current is directly proportional to the square root of scan rate.

11.1.2. Square Wave Voltammetry

Among the various voltammetric techniques, exceptional versatility is found in a method called
square wave voltammetry, which was invented by Ramaley and Krause, and developed
extensively by the Osteryoungs and their co-workers [12]. It’s a differential technique in which
potential waveform composed of a symmetrical square wave of constant amplitude is
superimposed on a base staircase potential [40, 51]. More significant than each of its two
components is the difference between the two, the net current, in the region of the peak which is
centered on the half-wave potential. Capacitive contributions can be effectively discriminated
before they disappear, since over a small potential range between the forward and reverse pulses,
the capacitance is constant and is therefore canceled out by subtraction. It is the plot of the
difference in the current measured in forward (if) and reverse cycle (ir), plotted against the
average potential of each waveform cycle. In this technique, the peak potential occurs at the E;p,

of the redox couple because the current function is symmetrical around the potential [52, 53].

Detection limits of ca. 10°® M or lower are readily achievable under optimum conditions. The
advantages over cyclic voltammetry are as follows: faster scan rates are possible (faster reactions
can be studied), higher sensitivity (lower concentrations can be used) and a higher dynamic range
(a larger range of concentrations can be investigated). Usually, in electrochemistry, solutions are
vigorously degassed with; for example, nitrogen to remove oxygen which is electrochemically
reduced and can interfere with the voltammetric measurement under investigation. A different
way of greatly diminishing or eliminating the interference of oxygen, with no need for its
removal, is by the use of the high frequencies employed in SWV. In fact, due to the irreversibility
of oxygen reduction, the increase of its signal with frequency is small at high frequencies, and

becomes negligible eventually, when compared with the response of the determinant [54].
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11.1.3. Differential pulse voltammetry

As introduced earlier, voltammetry so far has been concerned with applying a potential step
where the response is a pulse of current which decays with time as the electroactive species near
the vicinity of the electrode surface are consumed. This Faradaic process (IF) is superimposed
with a capacitative contribution (IC) due to double layer charging which dies away much more
quickly, typically within microseconds. This technique was proposed by Barker and Gardner
[55]. In pulse techniques such as differential pulse and square wave voltammetry, the capacitative
contribution is eliminated via subtraction. Differential pulse voltammetry (DPV) measures the

difference between two currents just before the end of the pulse and just before its application.

DPV is useful due to eliminations in the contribution of non-faradaic (capacitive) processes,
which are effectively subtracted out. Additionally, DPV is useful for resolving the voltammetric
signals due to two species with close half-wave potentials, producing easily quantifiable peak

shaped responses.

11.1.4. Chronoamperometry

Chronoamperometry is commonly used either as a single potential step, in which only the current
resulting from the forward step (as described above) is recorded, or double potential step, in
which the potential is returned to a final value following a time period, usually designated as s, at
the step potential. The electrochemical technique of chronoamperometry involves stepping the
potential applied to the working electrode, where initially it is held at a value at which no
Faradaic reactions occur before jumping to a potential at which the surface concentration of the
electroactive species is zero, where the resulting current-time dependence is recorded. In this
method, a pulse potential is applied to a working electrode and the current passing through the
cell is determined versus time [56]. Changes in the current appear in response to rises or
decreases in the diffuse layers of the analyte at the surface of the working electrode. According to
the definition by the IUPAC, the diffuse layer is equal to the surrounding region of an electrode
in which analyte concentrations are different from those in the bulk solution. By applying an
appropriate potential to the system, the local concentration of the analyte drops to zero. Under
these conditions, a concentration gradient is generated that provides analyte transfer through

diffusion from a higher concentration section (bulk solution) to the electrode surface [57].
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Chronoamperometric experiments are performed in either of two general forms: a single potential
step (applying a forward potential step and recording the resulting current) or a double potential
step (applying a forward potential and returning the potential to the initial value during a given
period of time). Cottrell’s equation captures the current obtained at each point in time after a high
single potential step (or large overpotential) is applied in a reversible redox reaction (Eq. 43)
[58]:

nFAC =D
Ip=————

(43)

Vvt

where n is the stoichiometric number of the electrons transferred in the redox reaction, F is the
Faraday’s constant (96,485 C/equivalent), A denotes the electrode surface area (cm), and C and D
are the concentration (mol cm™) and diffusion constant, respectively, of the electroactive species

(cm s in the solution [58].

11.1.5. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) or alternative impedance method has seen a
considerable increase in its popularity in recent years [59]. We call impedance when current flow
a circuit containing resistors, capacitors or inductors or any combination of these. Among the
most attractive aspects of (EIS) as a contrivance for investigating the electrical and
electrochemical properties of materials and systems is the direct connection that frequently exists
between the behavior of a real system and that of an idealized model circuit consisting discrete
electrical components [60]. The investigator generally compares or corrects the impedance data
to an equivalent-circuit, which is representative of the physical processes taking place in the
system being investigated. This method studies the response of the system to the application of a
low amplitude periodic AC signal. The measures are performed at different AC frequencies. The
analysis of the system response contains information about the interface, its structure and the
reactions that occur there. EIS at first applied to the determination of the double-layer capacitance
[61-63] and in ac polarography [64-66]. It is also useful to investigate the Kinetics of surface
reactions [67]. This technique considered that it is non-invasive and can be applied in-situ [68].

Moreover, the frequency response tests are simple to perform and can be easily turned for greater
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accuracy, using readily available sinusoidal generators and accurate measurement equipment.
Impedance is basically the time-dependent resistance Z= V (t)/1 (t) and contains both a real and

imaginary part (Eq. 44):

Z(0)=Zre—jZim Withj=j= -1  (44)
Usually, the impedance varying with frequency is of interest and can be displayed in various
ways. In a Bode phase plot, while, the phase angle (¢) is plotted as a function of the logarithm of
the frequency (w = 2xf). The phase angle is the difference between the sinusoidal current and the

potential response of the system.

~
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The most common plot is called a Nyquist plot, which displays Zge on the x-axis and -Z,, on the

y-axis for different frequency values.
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With reference to the Nyquist, the frequency is highest to the left and lowest to the right. The
intercept with the x-axis gives the resistance. If the system was purely a resistor, the Nyquist plot
would just be a dot on the x-axis at the resistance value - and consequently. The four elements of
ohmic resistance, capacitance, constant phase element, and Warburg impedance (W) are used in

the EIS analysis of electrolyte-based systems.
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Figure 8: The typical Nyquist plot of an electrochemical cell containing working electrode into the

electrolyte containing electroactive species and inset is the Randles’ equivalent circuit.

To investigate the impedance behavior of each particular system, it is necessary to select an
appropriate equivalent circuit.

Equivalent circuits are useful tools for approximating experimental impedance data, as they
provide good descriptions of impedance components in parallel and/or in series. Randles circuit
is most commonly used for electrodes immersed in electrolytes; it includes solution resistance
(Rs), charge (electron) transfer resistance (Rct), capacitance of double layer (Cdl), and mass
transfer element, shown as Warburg impedance (W) [15].

As seen in Fig. 8, in a typical Nyquist plot, the equation ® = 2xf = 1/R¢ Cq IS used to calculate
the double-layer capacitance based on the frequency on the maximum point of the semicircle. A
line at an angle of 45 degrees represents the Warburg limited behavior, which can be extrapolated

from the real axis. Also, the intercept at this section is equal to Rs + R¢ -20Cq;, in which s
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represents the diffusion coefficient whose value can be subsequently calculated. In this method,
Rs and Rct can be straightforwardly obtained from the points (A) and (B), respectively.

AC alternative impedance method is an analytical method frequently used in applied and
fundamental electrochemical studies [69-70] as well as in some other domains [72]. The powerful
aspect of the technique can be attributed to its ability to distinguish interfacial processes with
different time constants [73]. It is a widespread and useful technique for characterizing electrode
surfaces [74-78]. EIS has been widely used to investigate the procedures for biosensor
fabrication. It also plays an essential role in the study of such different kinds of bioanalytical

species as whole cells, proteins, microorganisms, nucleic acids, antigens, and antibodies [79-81].

Ismail et al. [82] used the EIS technique to examine clustered mineral ions. In the pathological
calcification of the cardiovascular system, this agent is known to be a cause of high mortality.
Inhibition of ectopic calcification is based on two modes: (1) formation of various acidic serum
proteins, calciprotein particles, nanospherical complexes of calcium phosphate mineral, and
fetuin-A and (2) stability of calcium phosphate prenucleation clusters using a fetuin-A monomer
[82, 83] designed a monoclonal antibody immunosensor based on AgNPs to determine the
presence of doxorubicin, an important anticancer drug, in human serum samples using the EIS-
based technique. The results indicate that the immunosensor served as a useful tool in a clinical

laboratory for screening picogram quantities of doxorubicin [83].

11.2. Introduction to electrochemical cells

The vessel used for a cyclic voltammetry experiment is called an electrochemical cell. A
schematic representation of an electrochemical cell is shown in Fig.9. The cell is usually a
covered beaker of 5-50mL volume, and contains the three electrodes (working, reference, and
auxiliary), which are immersed in the sample solution. The exact cell design and the material
used for its construction are selected according to the experiment at hand and the nature of the
sample. The various designs differ with respect to size, temperature control capability, stirring
requirement, shape, or number of cell compartments. The following sections describe the role of
each component and how to assemble an electrochemical cell to collect data in voltammetry

experiments.
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Figure 9: Schematic representation of an electrochemical cell for electrochemical experiments.

11.2.1. Supporting electrolytes

All ionic salts or ionisable compounds in a solvent are defined as supporting electrolytes. It is
very important to realize that they can influence the electrochemical processes in a number of
ways. These electrolytes impart conductivity to the solvent and hence enable continuous current
flow in solution. The salient features of supporting electrolyte are, they must remain electroactive
in the potential region of interest, the concentration of the supporting electrolyte should be very
high, in order that they do not form space charges near the surface and hence the space charge
potential do not influence the charge transfer kinetics. They should not get adsorbed on the
surface, in which case they can catalyze or inhibit other reactions. They should neither form ion
pairs with anion radicals formed in the electrode process nor form complexes with the reactants
or products. Supporting electrolytes are required in controlled-potential experiments to decrease
the resistance of the solution, eliminate electromigration effects, and maintain a constant ionic
strength (i.e., “swamping out” the effect of variable amounts of naturally occurring electrolyte)
[84]. H2SO4, HCIO4, and HCI are normally employed for studies in acidic aqueous solutions and
NaOH or KOH are employed for alkaline media. In neutral region, if buffering is important,
acetate, citrate, pyrophosphate and phosphate buffers are usually employed. B-R buffer is used
over a wide pH range. If the redox process does not involve acid-base reactions, no buffer is
needed and any electrolyte may be used. Buffer systems are used when a pH control is essential.
The composition of the electrolyte may affect the selectivity of voltammetric measurements. For

example, the tendency of most electrolytes to complex metal ions can benefit the analysis of
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mixtures of metals. In addition, masking agents [such as ethylene-diamine-tetra-acetic-acid
(EDTA)] may be added to “remove” undesired interferences [85]. The supporting electrolyte
should be prepared from highly purified reagents, and should not be easily oxidized or reduced
(hence minimizing potential contamination or background contributions, respectively). The usual
electrolyte concentration range is 0.1-1.0 M, i.e., in large excess of the concentration of all

electroactive species.

11.2.2. Type of electrodes

The advent of modern electrochemistry has created the need for new electrodes and electrode
setups. The most common arrangement today is the electrochemical cell with three different
electrodes: a working electrode (WE), a counter electrode (CE), and a reference electrode (RE).
While the current flows between the working electrode and the counter electrode, the reference
electrode is used to accurately measure the applied potential relative to a stable reference

reaction.

11.2.3. Reference Electrode

A reference electrode has a well defined and stable equilibrium potential. It is used as a reference
point against which the potential of other electrodes can be measured in an electrochemical cell.
The applied potential is thus typically reported as “versus” a specific reference.

There are a few commonly used (and usually commercially available) electrode assemblies that
have an electrode potential independent of the electrolyte used in the cell. Some common
reference electrodes used in aqueous media include the saturated calomel electrode (SCE),
standard hydrogen electrode (SHE), and the AgCI/Ag electrode. These reference electrodes are
generally separated from the solution by a porous frit. It is best to minimize junction potentials by
matching the solvent and electrolyte in the reference compartment to the one used in the

experiment.

At 25°C, the formal potential for the SCE half reaction lies 0.2415 volts more positive than the
SHE reference electrode. A potential measured against using an SCE can be reported versus the
SHE simply by adding 0.2415 volts to it. For work in aqueous systems, the "silver-silver
chloride™ or "Ag/AgCI" reference is quite popular. The half reaction for this reference electrode is
as follows (Eqg. 45):
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AgCly+€ -----> Age+Clug (45)

The actual potential assumed by an Ag/AgCI reference depends only on the activity of the
chloride anion. (The other two species appearing in the half reaction are solids which always
have unit activity.). To serve as a reference, the chloride activity needs to be held constant. To
accomplish this, a silver wire (coated with a layer of silver chloride) is immersed in an internal
solution saturated with potassium chloride. The chloride ion concentration remains fixed at the
saturation limit. The shorthand notation for this reference electrode half cell is given below (Eqg.
46):

Ag )/ AgCl) / KCI (aq, sat'd), AQNOs @) /| (46)

Electrical contact is made by a direct connection to the silver wire, and the internal electrode

solution is placed in ionic contact with the test solution via a salt bridge or porous glass frit.

11.2.4. Counter Electrode

In traditional two electrode cells that have only a working electrode and a reference electrode,
current is necessarily forced to flow through the reference electrode whenever a measurement is
made. If enough current flows through a reference electrode, its internal chemical composition
may be significantly altered, causing its potential to drift away from the expected standard value.
For this and other reasons, it is desirable to make electrochemical measurements without current
flowing through the reference electrode. Modern three and four electrodes potentiostats use a
feedback circuit to prevent this from happening, but this feedback circuit requires that an
additional auxiliary electrode be introduced into the electrochemical cell. This auxiliary (or
counter) electrode provides an alternate route for the current to follow, so that only a very small

current flows through the reference electrode.

Because current flows at the auxiliary electrode, electrochemical processes will also occur there.
If the working electrode is reducing something, then the auxiliary electrode must oxidize
something and vice versa. The products generated at the auxiliary electrode, if allowed to diffuse
to the working electrode, may interfere with the experimental measurement. When this is a

problem, the auxiliary electrode is placed in a separate compartment containing an electrolyte
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solution that is in ionic contact with the main test solution via a glass frit. In most cases, however,
the auxiliary can be placed right in the test solution along with the reference and working
electrodes.

When studying a reduction at the WE, oxidation occurs at the CE. As such, the CE should be
chosen to be as inert as possible. Counter electrodes can generate byproducts depending on the
experiment; therefore, these electrodes may sometimes be isolated from the rest of the system by
a fritted compartment [86].

11.2.5. Working Electrode

The working electrode carries out the electrochemical event of interest. A potentiostat is used to
control the applied potential of the working electrode as a function of the reference electrode
potential. The most important aspect of the working electrode is that it is composed of redox inert
material in the potential range of interest. The type of working electrode can be varied from
experiment to experiment to provide different potential windows or to reduce/promote surface
adsorption of the species of interest.

The ideal working electrode is very clean metal surface with a well-defined geometry that is in
direct contact with an electrochemical test solution. Working electrodes intended for general
purpose work are usually made from a metal that is electrochemically inert over a wide range of
potentials. The most widely used metals are mercury, platinum, gold, and various forms of
carbon. Solid metals are typically fashioned into disks surrounded by a chemically inert shroud
made from Teflon, glass, or epoxy. Mercury, being a liquid, tends to be used as a spherical
droplet in contact with the solution. For cleaning electrodes, the polishing procedure varies
according to the type of electrode and may vary from one laboratory to another. When using
electrodes such as glassy carbon or platinum; clean electrode surfaces can be prepared by
mechanical polishing (Fig. 10). To remove particles, the electrode is then sonicated in high-purity
water [87]. It is often necessary to perform several CV scans in a single electrolyte through a
large potential window to remove any remaining adsorbed species from the polishing procedure.
This can be repeated until the scans overlap and no peaks are observed. This procedure is

sometimes referred to as "pre-treatment” of the electrode [88].
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Figure 10: Schematic illustration of the mechanical polishing procedure

It is necessary to polish the electrode prior to measurements, and often, electrodes need to be
repolished between measurements over the course of an experiment because some analytes are
prone to electrode surface adsorption. To determine if an analyte is adsorbed to the electrode
surface, a simple rinse test can be performed: after recording a voltammogram, the WE is rinsed
and then transferred to an electrolyte-only solution. If no electrochemical features are observed
by CV, this rules out strong adsorption (although not weak adsorption). Since electrodes are
capable of adsorbing species during an experiment, it is good practice to polish them after every
experiment. Ideally, separate polishing pads are used before and after experiments to avoid
contamination. The size and shape of the electrode surface also affects the voltammetric response
of the electrode. Different electrode materials can also lead to varying electrochemical responses,
such as when electron transfer kinetics differ substantially between electrode types, when
adsorption occurs strongly on only certain electrode materials, or when electrode specific
reactivity with substrates occurs. As such, changing the electrode material is a good first step to

diagnose and assess these issues [89].

11.2.5.1. Mercury Electrodes

For many years, mercury electrodes have been considered preferred electrodes because of their
wide range of cathodic electroactivity, reproducibility and high sensitivity, allowing the detection
of a high number of trace elements with long term unmatched performance [90-92]. However,
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these electrodes are mechanically unstable, which proves to be very limiting, particularly for
redissolution voltammetry analyses during which they are subjected to convection forces
(agitation, ultrasound, etc.) [93, 94]. Furthermore, these electrodes have a restricted anodic range
which excludes the analysis of certain metals. With regard to the toxicity caused by mercury,
mercury electrodes have been subjected to restrictions by health organizations and their use is

now undesirable, even in reduced quantities.

11.2.5.2. Platinum Electrodes

The platinum electrode is very frequently used because it has a high resistance to oxidation. In
aqueous solution, in the absence of dissolved oxygen, the platinum electrode can work,
depending on the pH, from -1.1 V to +1 V (compared to the normal hydrogen electrode, (NHE).
It overlaps at positive potentials (E > 1 V/NHE) with platinum oxide which only redissolves
below 0.65 V / ENH. In addition, it can adsorb many substances, which leads to a high residual
current and surface blocking phenomena. Some applications for platinum electrodes include the
determination of cadmium [95], silver ions [96] and mercury [97].

11.2.5.3. Gold Electrodes

The Gold working Electrode has similar properties to the Platinum Electrode but is more inert at
positive potentials and allows slightly more negative potentials to be reached than those reached
by the Platinum Electrode. The gold electrode currently occupies an important place in the
electroanalytical field due to its electrochemical performance in organic and inorganic analysis
[98]. Several researchers have shown that the gold electrode can be used as a carrier for a thin

film of mercury for the simultaneous determination of lead, cadmium, and copper [99, 100].

11.2.5.4. Carbon Electrodes

Solid electrodes based on carbon are currently in widespread use in electroanalysis, primarily
because of their broad potential window, low background current, rich surface chemistry, low
cost, chemical inertness, and suitability for various sensing and detection applications. In
contrast, electron transfer rates observed at carbon surfaces are often slower than those observed
at metal electrodes. Electron transfer reactivity is strongly affected by the origin and history of
the carbon surface [101, 102].
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Numerous studies have thus been devoted for understanding the structure—reactivity relationship
at carbon electrodes [101]. The type of carbon, as well as the pretreatment method, thus has a
profound effect on analytical performance. The most popular carbon electrode materials are those
involving glassy carbon, carbon paste, carbon fiber, screen-printed carbon strips, carbon films, or
other carbon composites (e.g., graphite epoxy, wax-impregnated graphite, Kelgraf). The surface
of a carbon electrode usually needs to be polished quite frequently, and the surface sometimes
has to be "activated" by various empirical methods in order to obtain maximal performance from

the electrode.

11.2.5.5. Chemically Modified Electrodes

Chemically modified electrodes (CMEs) represent a modern approach to electrode systems.
These electrodes rely on the placement of a reagent onto the surface, to impart the behavior of
that reagent to the modified surface. Such deliberate alteration of electrode surfaces can thus meet
the needs of many electroanalytical problems and may form the basis for new analytical
applications and different sensing devices. Such surface functionalization of electrodes with
molecular reagents has other applications, including energy conversion, electrochemical
synthesis, and microelectronic devices. There are different directions by which CMEs can benefit
analytical applications. These include acceleration of electron transfer reactions, preferential
accumulation, or selective membrane permeation. Such steps can impart higher selectivity,
sensitivity, or stability on electrochemical devices. These analytical applications and
improvements have been extensively reviewed [103-105]. Many other important applications,
including electrochromic display devices, controlled release of drugs, electrosynthesis, fuel cells,
and corrosion protection, should also benefit from the rational design of electrode surfaces.

In the last 30 years, considerable progress has been made in the development of ‘tailor-made’
electrode surfaces by chemical modification [106-110, 103, 111-113] of electrodes surfaces with
electroactive polymer films. A comprehensive description of electroactive polymer-modified
electrodes can be found in the book edited by M. Lyons [114]. The redox groups can be
introduced by coordination, electrostatic binding or covalent attachment to the polymer
backbone. Many of these systems employ charged polymers or polyelectrolytes that confer on
them particular properties due to the existence of electrical charges in the polymer structure.

Oyama and Anson [115, 116] introduced polyelectrolytes at electrode surfaces by using
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poly(vinylpiridine), PVP, and poly-(acrylonitrile) to coordinate metal complexes via the
pyridines or nitrile groups pending from the polymer backbone. Thomas Meyer’s group at North
Carolina [117] also employed poly(vinylpyridine) to coordinate Ru, Os, Re and other transition-

metal complexes by generating an open coordination site on the precursor-metal complex.

Oyama and Anson [118] introduced in 1980s ion-exchange polymers on electrodes by
incorporating redox-active counter ions to an electrode modified with polyelectrolytes by

‘electrostatic binding’. The polycation poly(vinylpyridine) (PVP) was used to bind Fe(CN)63/4

and deprotonated poly(acrylic acid) to bind Ru(NH3)e?>"

[118]. Other cationic polyelectrolytes
besides poly(vinylpyridine) such as poly(lysine) and several anions with multiple charges like
Fe(CN)e¥, IrCls®, Mo(CN)g*, and so on were employed. Among the polyanions, poly(styrene
sulfonate), PSS was one of the first choices with redox-active cations such as Ru(bpy)s*** and,
Co(bpy)s>* . Of special interest is the use of perfluoro sulfonated poly(ethylene), Dupont de
Nemours’ Nafion, with fluorocarbon hydrophobic backbone and sulfonates that provide
hydrophilic environment. The third approach has been to graft the redox couple by means of a
covalent bond to the polyelectrolyte backbond as described early in 1965 in the book of Cassidy
and Kun [119]. Several of these systems are charged polymers in at least one oxidation state, like
poly(viologen), poly(vinylferrocene), and so on. Examples of polyelectrolytes like polyacrylic
acid with covalently bound viologen were reported by Fernandez, Katz and coworkers [120],

hydroquinone [121] and Anson et al. with bound ferrocene [122].

The latter method offers precise control of the film thickness (and often the morphology) and is
particularly attractive in connection with miniaturized sensor surfaces. These materials may also
include other additives, such as DNA, polysaccharide, activated carbon, phosphate-based
materials, clay, and metal or metal oxide particles, among others, to gain sensitivity and
selectivity toward the desired analyte. In general, the resulting materials are usually packed into
polypropylene syringes, Teflon, plastic, or glass tubes. The electrical contact is made through a
copper wire inserted in the paste or a stainless steel screw, and the surface is renewed by
expelling an excess of paste and then polishing it into a soft paper. Surfactants, such as sodium
dodecyl sulfate (SDS) and Triton X-100, have been lately used as binders, since the latter
improve the conductivity of the paste material and, depending on the molecular structure, can

also provide catalytic properties or selectivity toward certain compounds. The electrodes can be
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modified by immersion, drop coating, impregnation, electrodeposition of different molecules,

polymers, biomolecules or metals, or using metals nanoparticles.

I11. Surface modification methods

I11.1. Electrodeposition

Electrodeposition is a technology for the production of metals, alloys or composite films,
characterized by a unique simplicity of implementation, low capital cost, and high versatility.
This technique has been in use since the nineteenth century for the deposition of decorative films,
as well as coatings that impart better corrosion resistance, or improved mechanical or wear
properties [123, 124].

However, over the past 40 years, electrodeposition has been applied to various aspects of
manufacturing in electronics, leading to revolutionary advances; with an increased understanding

of its fundamentals, it is being utilized today in an ever wider set of applications.

Electrodeposition refers to a film growth process which consists in the formation of a metallic
coating onto a base material occurring through the electrochemical reduction of metal ions from
an electrolyte. The corresponding technology is often known as electroplating. Besides the
production of metallic coatings, electrochemical metal reduction is also used for the extraction of
metals starting from their ores (electrometallurgy) or for the reproduction of molds to form
objects directly in their final shape (electroforming). In most cases, the metallic deposit thus
obtained is crystalline; this process can therefore be called also electrocrystallization [124]. In
principle, metal deposition is possible from simple solutions of some salt or other soluble
compound containing the metal in the form of cation, anion or complex (electrically charged or
uncharged). One component solutions are however rarely used in practice since they do not
provide high-quality deposits. Electrolytes used in practice do contain some additional
compounds, each playing a specific role. To increase the electrical conductivity of the solution,
inorganic acids or alkali are added; more conductive electrolytes permit to decrease voltage (and
therefore save energy) and to increase the uniformity of deposit thickness. Substances taking no
part in electrode processes are called “supporting electrolytes”. Moreover, acids and alkali are
also used for adjusting pH; the standard recipes of plating solution compositions indicate

optimum pH values. Acidity has to be stable and constant throughout the entire bath (the cell
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volume) including the region near the electrode; this is achieved by addition of buffering agents
(e.g. boric acid in nickel deposition). Buffering is especially necessary when hydrogen evolution
occurs because the latter leads to higher pH near the electrode as a consequence of H+
consumption, resulting eventually in metal hydroxide precipitation. The value of acidity near the
electrode can differ from that of the bulk by several pH units [123, 124].

Along with these most important components, so-called ‘additives’ are also widely used in
practice. Examples of this sort of substances are surfactants added to the solution to decrease the
surface energy of the electrode and facilitate the detachment of hydrogen bubbles from the
surface. Adhesion of hydrogen bubbles to the electrode leads to undesirable ‘pitting, which is the

occurrence of macroscopic point defects (pits or pores) at the plated surface [125].

The selection of the most appropriate material to be used in the electrodeposition of the coating
of interest is based first of all on the functional requirements imposed on the coating; in some
cases, a unique material is suitable to perform the function sought for, while in other cases
alternatives may exist. For any metal or alloy that can be deposited from aqueous solutions, there
usually exist several types of electrolytes that permit to obtain a deposit with a suitable

microstructure and properties. This raises the question of selection of the optimum solution.

Common rules in this respect do not exist so we shall restrict our consideration to some typical
examples. In choosing a particular deposition process, we must start from the distinction between
acid and alkaline electrolytes. Acidic solutions allow very high current densities to be used and
can therefore produce thick coatings in a short time; however, they generally have a low power of

attraction and are therefore only satisfactory for simple shaped articles.

From the point of view of alkaline cyanide or ammonia electrolytes, they tend to be much better.
In most cases, cyanide solutions give more uniform and protective deposits. Cyanide solutions,
on the other hand, have several disadvantages that discourage their use. Most importantly, these
solutions are highly toxic and their use is strongly discouraged and regulated by law. In addition,
the deposition rate and current efficiency are much lower than those of other electrolytes. Finally,
cyanide and non-cyanide alkaline solutions contain organic additives in the presence of which

hydrogenation of steel can occur.
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111.1.1. Chemical and Electrochemical Degreasing

In the preliminary cleaning process, various operations are carried out to remove greasy

compounds and oxide films from the surface to be metalized, which can prevent adhesion and

affect the appearance of the deposit. Indeed, the metal may only be successfully deposited on a

sufficiently clean surface, which in practice is contaminated by several types of greases, namely

fatty compounds (oils and fats of vegetable or animal origin) and mineral oils. A metal surface is

also covered with oxide layers or scale that must also be removed. Overall, the type and amount

of foreign matter usually present on the surface depends on the history of the item.

In order to clean the surfaces, degreasing, which may be chemical or electrochemical, must first

be carried out.

Chemical Degreasing—alkaline degreasing is done in an aqueous solution of an alkaline
degreasing agent, usually with a mixture of surfactants. The main components of alkaline
agents are sodium hydroxide and potassium phosphate. The degreasing action consists of
the dissolution of the grease and its emulsification. In order to obtain the effectiveness of
the degreasing, the temperature of the degreasing bath must be maintained above 50°C.
This method of degreasing therefore has a high energy demand.

During its service life, the bath gradually fills up with emulsified grease and when a
certain level of saturation has been reached, it is then filled with emulsified grease.
Alkaline degreasing should always be followed by rinsing to avoid damage to the acid
pickling bath. Acid degreasing is becoming increasingly popular. Commonly used agents
that also utilize surfactants usually involve the action of phosphoric acid in a mixture with
nitric, sulfuric or hydrochloric acid. Acidic degreasing agents work at the ambient
temperature; thus they do not require costly heating and reduce the production of
hazardous waste. However, they may have lower efficiency than alkaline agents.

Electrochemical Degreasing— (Both cathodic and anodic) is very effective and widely
used along with chemical cleaning. The solutions are the same as with chemical
degreasing (with the exception of sodium silicate). These processes are characterized by
the evolution of gas bubbles—hydrogen or oxygen, respectively— whereby the bubbles

capture the impurities when they separate from the surface.
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These processes are carried out at 70°C, and using cathodic or anodic current densities of 3-6
A/dm?. The duration of cathodic degreasing is about 1min; that of the anodic process 5-20s.

(In the case of steel up to 5min). Electrochemical degreasing however presents some drawbacks
[123, 124, 126].

e Pickling—oxides and some other compounds present at the surface and capable to reduce
adhesion of a deposit, or even to prevent deposition, cannot be removed with cleaning
procedures. These substances can form either a thick scale or a thin tarnishing film, which
are usually removed by pickling in a sufficiently acidic or sometimes alkaline solution.
This is often done in combination with mechanical removal methods: grinding, brushing,
etc [123]. The specific process to be used depends to a large extent on the substrate
material but the majority of solutions consist of a mixture of acids (H,SO,4, HCI, HNOs,
HsPO,4, and HF) or NaOH. The acidic solutions are usually preferred but the alkaline ones
may be used for a previous treatment of heavily oxidized surfaces, in order to loosen the
oxide layer. Furthermore, the addition of inhibitors, which do not affect the rate of oxide
dissolution while simultaneously inhibiting chemical dissolution of the metal, is very
useful [124].

I11.2. Impregnation

The term impregnation can be defined as the distribution of chemicals and or/metals in the pores
of electrodes. Recently, the impregnation of metals is one of emerging fields of research. In the
impregnation method, the chemicals species are blended inside the pores physically to modify the
surface. The preparation technique is simple and generally carried out in two steps. Reported
research works on the impregnation of carbon pate electrode with silver [9, 127], alumina oxide
[128], and nickel oxide [129] are gaining wide interest because of their significantly high
sensitivity and electrocatalytic capacity towards nitroaromatics, phenolic, and pharmaceutical

compounds, and pesticides. Impregnation can be made by different methods:
11.2.1. Impregnation by soaking, or with an excess of solution

Excess liquid is eliminated by evaporation or by draining. Deposition of the active element is

never quantitative. The quantity deposited depends on the solid/liquid ratio. Deposition is slow,
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requiring several hours or days. Extensive restructuring of the surface (loss of surface area, etc.)
may occur. However, the method allows the distribution of the species to be very well controlled
and high dispersions may be obtained. The method works best if ion/solid interactions are

involved.

11.2.2. Dry or pore volume impregnation

The required amounts of components are introduced in the volume corresponding to the pore
volume of the support. The method is best suited to deposition of species which interact very
weakly with the surface, and for deposition of quantities exceeding the number of adsorption sites
on the surface. If the number of species which can adsorb on the surface is smaller, a
chromatographic effect may occur, i.e. attachment to the mouth of the pores. Redistribution

inside the pores is very slow.

11.2.3. Incipient wetness impregnation
A procedure similar to dry impregnation, but the volume of the solution is more empirically

determined to correspond to that beyond which the catalyst begins to look wet.

11.2.4. Solid-Solid reactions
In certain cases it is possible to use a solid salt of the active element, e.g. a nitrate, to impregnate
the support. This is done by dry mixing. The method is well adapted to industrial production but

is difficult to use reproducibly in a laboratory.

111.3. Noble metal nanoparticles

The real explosion of work on nanosciences, particularly on nanomaterials, does not prevent us
from going back in time and observing that nanomaterials were previously prepared and regularly
used for heterogeneous catalysis more than 60 years ago [130-132]. Effectively, the supported
metal catalysts were based on near-nanometer size metal crystallites, and catalytic reactions with
zeolite materials occurred in nanopores smaller than 1 nm, where strong confinement effects had
an impact on reactivity [133, 134]. The structure-reactivity correlations for metallic catalysts
have already been established by previous researchers using available techniques such as

transmission electron microscopy and gas chemisorption.
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The relative activities of the metal atoms on the edges, corners, and facets of crystals during
different catalytic reactions were then investigated, and the reactions on the metal catalysts were
classified into structure-sensitive and non-structure-sensitive reactions [135]. These studies
showed that it was possible to rationalize the impact of the size of the supported metal
nanoparticles on their catalytic reactivity [136]. With the characterization techniques available at
that time, it was obvious that it was not possible to visualize metal particles below 1 nm.
Nevertheless, the electronic properties of metal particles are expected to change significantly
when they fall below 1 nm (see Fig. 11). Therefore, subnanometric metal particles could be
expected to interact differently with reagents, showing distinct reactivity to larger nanoparticles
[137].

The most frequently and widely used metals are silver and gold nanoparticles (AgNPs and
AuUNPs), though metal plasmonic nanoparticles can also be fabricated from aluminum, copper,
palladium, and platinum [138]. On the basis of the dielectric properties, copper should also have
good performance, but its propensity to oxidize limits the use of copper nanoparticles. Typically,
the surface plasmonic qualities of transition metals, such as titanium, cobalt, and nickel, are less

compelling than those of the coinage metals [139].

There are multiple reasons for the dominance of AgNPs and AuNPs in plasmonic nanoparticle
research. AgNPs and AuNPs can be tuned to absorb and scatter light throughout the visible and
near-infrared regions (i.e., Ag LSPRs can range from 300 to 1200 nm). AuNPs are chemically
inert, oxidation-free, and show high biocompatibility, which is critical for biomedical
applications [140]. Moreover, various synthetic strategies to produce different shapes and sizes of
AuNPs and AgNPs have been explored, thereby addressing their application in the areas of
energy, catalysis, sensing, and biotherapy [141-146].
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Figure 11: Geometric and electronic structures of single atom, clusters, and nanoparticles.

The life of nanoparticles, including plasmonic nanomaterials, can be divided into three stages:
preparation, storage, and application. Especially for plasmonic nanoparticles, whose size,
morphology, and chemical stability determine the overall level of plasmonic and application
performance; conservation of particles’ physical and chemical characteristics is critical and must
be carefully controlled. In most cases, how the nanoparticles are prepared is deeply associated
with how the nanoparticles are stabilized. The methods for generating Ag and AuNPs can be
categorized into two major classes: wet chemical synthesis and lithographic fabrication.

Nanoparticles in the wet chemical synthesis method can be adjusted in size and morphology by
various reaction parameters, such as choice of precursor chemical, temperature, pH, or reaction
time. To provide colloidal stability to the nanoparticles, stabilizing agents should be present
during and after nucleation and growth. Without suitable stabilizers, neither Ag nor AuNPs can
maintain their structures and will aggregate or dissolve, resulting in loss of plasmonic
functionality [147-151]. These initial stabilizing agents can be replaced by other more robust
stabilizers specific to an application’s needs. Choosing appropriate protecting materials is
especially important for in vivo applications, where the nanoparticles must maintain their
plasmonic properties until the nanoparticle arrives at a site of action and performs the desired
function within a complex biological matrix. In current research, many studies exploit more than

one stabilizing approach to set up a platform that can maximize the nanoparticles’ plasmonic
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abilities and perform other critical functions (Fig. 12). In lithographic fabrication, metal
nanoparticles are usually deposited using various patterning methods, under vacuum, [150] and
immobilized on supporting substrates to form nanoparticle arrays. Different from colloidally
synthesized Ag or AuNPs, these plasmonic nanoparticle arrays do not always require stabilizing

agents during the preparation step, but their stability during long-term storage and use is still

important.
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Figure 12. Description of different stabilizing agents in colloidal plasmonic nanoparticles preparations

and related functions/characteristics. Sizes of the nanoparticles and ligands/shells are not drawn to scale.

111.3.1. Synthesis of nanoparticles and Stabilization

The importance of controlled synthesis and fabrication of nanostructures has grown along with
development of increased applications for nanomaterials. It is now well-appreciated that the
plasmonic properties and, thus, the performance in various applications are largely determined by
the size, shape, and composition of nanoparticles. Solution phase synthesis of Ag and AuNPs is
the most common way to generate monodisperse particles with intentionally varied size and
shape [138, 152]. In this variety of solution-phase synthesis methods (Figure 13), the stabilizer
(also known as the capping agent) must be present to control the size and morphology, prevent

aggregation, and facilitate long-term storage. Both AgNPs and AuNPs have shared some

56



common and popular stabilizers for synthesis, and each particle’s synthetic history is discussed
herein. AuNPs were first introduced into the research field in 1857 when Michael Faraday
reported the preparation of colloidal AuNPs by the reduction of chloroauric acid by phosphorus
[153]. Since that discovery, 20th-century scientists have made large efforts to control
nanoparticle size and shape with tailored synthetic designs. Through the work of Turkevitch and
Frens, who have been among the most important in the field of AUNP synthesis, the reduction of
HAUCI4 in citrates has been improved [154, 155]. For the synthesis of colloidal gold
nanomaterials, this method is very often used, in which citrate acts both as a reducing agent and a
stabilizer. In 1993, Mulvaney and Giersing reported the stabilization of AuNPs with alkenethiols
of various chain lengths [156]. This two-phase, thiolate-stabilized method was more clearly
illustrated by the Schiffrin group in 1994 [157], to allow researchers to synthesize AuNP at lower

temperatures with relatively high stability and easy size control.
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Figure 13: Schematic of the formation of nanomaterials processes.
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In the same year, Reetz et al. also reported an electrochemical synthetic strategy for metal
nanoparticles [158]. This electrochemical technique involves non-aqueous media where the
dissolved metals from the anode and the intermediate metal salts are reduced at the cathode. The
stabilizer, usually a tetra-alkyl-ammonium salt, is required to avoid indiscriminate aggregation in
solution as well as to prevent all particles from plating at the surface of the cathode [159].
Electrochemical synthesis of metallic nanoparticles is an important avenue to keep in mind
because of the advantages of low cost, modest equipment, and the ease of controlling the yield
and size of the nanoparticles by adjusting the current density [160—164].

In colloidal synthesis, also commonly called chemical synthesis, of AgNPs, the basic synthetic
approach is similar to that of AuNPs. The synthesis of AgNPs generally requires three chemical
functional compounds: a silver precursor, solvent, and a reducing/stabilizing agent. As the
synthesis of AuNPs, the reduction of AgNO3 with citrate in water was first reported in 1982
[165]. However, relying on citrate-stabilized AgNPs synthesis usually produces nanoparticles
with poor control of size and shape [138]. Rather than this citrate reduction method, the reduction
of the silver precursor in multivalent alcohols-so-called polyols is a more popular chemical
approach to synthesize various shapes of mono-disperse silver nanoparticles [166]. In a typical
synthetic process, ethylene glycol (EG), AgNO3, and poly(vinylpyrrolidone) (PVP) serve as the
solvent/reducing agent, silver precursor, and stabilizing/capping agent, respectively. This polyol
method can achieve a high degree of control over the morphology of the final products by
controlling the types and amounts of capping agents and oxidative etchants, the availability of
Ag+ ions, or reaction Kinetics with temperature [167]. Other methods, such as seed-mediated

growth or light-mediated growth, have received great attention as well [168—171].

The general synthetic strategies described above for both AuNPs and AgNPs mainly focus on
solution-based synthesis. These are “bottom-up” methods whereby particles are produced by
chemical reductions. Furthermore, mechanical grinding of bulk metals, thermal decomposition,
and evaporation are other manufacturing methods to produce gold and silver nanoparticles. The
solution-based chemical approaches are advantageous due to their low cost, high yield, and ease
of production. As described, under these chemical approaches, the metal precursors or seeds are
treated with surfactants or other molecules as stabilizing agents during growth, such as citrate,

CTAB, and PVP in previous examples. Those loosely bound molecules are somewhat limited in
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their ability to maintain the colloidal stability of nanoparticles, so in the final products, these
stabilizing agents can still be present in their original role or they can be replaced with other
functional groups via substitution. In this section, the roles of those stabilizing surfactants and

other replacement stabilizing molecules and ligands will be discussed.

I11.3.2. Metal-Support Interaction

The concept of Strong Metal-Support Interaction (SMSI) has been recognized since the 1970s
[172]. Unfortunately, it is too complicated to elucidate the fundamental mechanism behind
practical metal-supported catalysts. Metal-support interactions have therefore been studied by
surface science techniques in order to understand the structures and properties of metal species
supported at the atomic level. By depositing metal species on a solid support, their location can
be expected to be related to the local surface structure of the support. One of the important roles
of the support in supported metal catalysts is to stabilize the sintered metal species, which is a
fairly common phenomenon in the preparation and application of metal catalysts. Nevertheless, it
is difficult to model the sintering process quantitatively. In past years, on the basis of concepts
from surface chemistry, Campbell et al. have studied the influence of particle size on the stability
of supported metal species [173, 174]. For metallic species, an increase in particle size from 1 to
6 nm significantly increases thermal stability, i.e. metallic nanoparticles become relatively stable
to sintering when the particle size is as large as 6 nm. Using similar concepts, Campell et al. also
studied the effects of supports on the thermal stability of metal species [175].

111.3.3. Different Shapes of Nanoparticles Synthesized

111.3.3.1. Synthesis of Cubic Nanoparticles

Sun and Xia could synthesize cubic silver nanoparticles by the reduction of silver nitrate using
ethylene glycol in the presence of poly(vinyl pyrrolidone) (PVP) [176]. The results of this study
have shown that the morphology of the product is strongly influenced by the reaction conditions
such as temperature, AgNO3 concentration and molar ratio of the units of PVP and AgNO3. For
example, when the temperature reduced from 161 °C to 120 °C or increased to 190 °C, the shapes
of produced silver nanoparticles were irregular. Moreover, the input concentration of AgNO3, as
the next effecting factor should be higher than 0.1 M. Otherwise, silver nanowires will be the

main product. If the molar ratio of the repeating unit of PVP and AgNOj3 increases from 1.5 to 3,
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the main product would be multiply twinned particles (MTPs) [177]. Im et al. could synthesize
uniform silver nanocubes by reduction of silver nitrate using ethylene glycol at 140°C in the
presence of poly(vinyl pyrrolidone) (PVP) and HCI [178].

In polyol process, alcohol containing hydroxyl groups such as ethylene glycol and pentanediol
act as both solvent and reducing agent. A capping agent, poly(vinyl pyrrolidone) (PVP) was used
to build the cubic shape. Finally, molar ratio of the repeating units of PVP and silver ions
determines the morphology of the product [164]. High molar ratio is used for nanocubes and low
molar ratio is used for nanowires. In addition, very small amounts of chloride ions due to
precipitation of the low-solubility of AgCl salt prevents the rapid reduction of metal ions, it
eventually leads to the formation of nanocubes [179]. Tao et al. have successfully synthesized
silver nanocubes using an experimental procedure [164], in which silver nitrate acted as
precursor, PVP was used to control the shape, and pentanediol (PDO- 1.5 H) was used as both
solvent and reducing agent.

The synthesis of three different forms of silver nanoparticles by the chemical polyol method, in
which ethylene glycol (EG) acted both as a solvent and a reducing agent was carried out [180].
The interesting point was that the reduction ratio could be controlled by changing the reaction
temperature. In the experiment, PVP acted as a stabilizer to prevent the aggregation of
nanoparticles, as a reducing agent and also as a substance to control the shape of nanoparticles.
The group was able to synthesize silver nanocubes with controllable corner truncation using CI’
(NaCl) [180].

111.3.3.2. Synthesis of Nanoprisms

Generally, chemical reduction of metal salts and photochemical growth are two methods which,
have been used for the synthesis of silver nanoprisms [181-183]. It is proved that the former
chemical reduction method is better than the photochemical method for mass production of silver
prisms, which is necessary for industrial applications. Métraux and Mirkin used a unique simple
chemical reduction method for the preparation of silver nanoprisms. They used a mixture of
AgNOs/NaBH./polyvinylpyrrolidone(PVP)/trisodium citrate (NasCA)/H,O, in an aqueous
solution as reagents to prepare silver nanoprisms at room temperature [181]. Darmanin et al.
could produce high concentrations of silver nanoprisms with controllable size ((height) of the

pyramid) and size disparity. In this study, they showed that synthesis of silver nanoprisms can be
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performed by careful selection in the parameters of polyol method especially in the reducing
agent [184].

111.3.3.3. Synthesis of Spherical Nanoparticles

Li et al. could synthesize spherical silver nanoparticles via convenient (quick and easy) method at
room temperature and by chemical reduction method and finally used transmission electron
microscopy and UV-visible spectrophotometer in order to observe and investigate the produced
nanoparticles. If silver nitrate, polyvinyl pyrrolidone, and sodium borohydride are used as the
reagent, stabilizing factor and reducing agents respectively, spherical and monodisperse silver
nanoparticles of 9.0 nm sizes are synthesized [185]. As it can be seen in Table 3 for the synthesis
of spherical and cubic silver nanoparticles regarding the size range, either physical, chemical or
biological methods can be used, but for synthesis of other shapes (nanorods, nanowires, and
nanobars) due to the underdevelopment of biological methods, using either chemical or physical
methods is inevitable. Although chemical and physical approaches have the high ability to shape-
controlled synthesis of nanoparticles, they have some disadvantages using toxic chemicals in the
synthesis process and the biological hazards are the main disadvantages of chemical methods and
the high cost of equipment to prepare the nanoparticles and also consuming a lot of energy can be
mentioned for physical methods. Since the biological methods are cheaper, environmentally
friendly, and easy to use, further studies in order to shape-controlled synthesis of silver

nanoparticles using biological methods are needed.
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Table 3: Synthesis of Ag nanoparticles with different shapes through chemical, physical and biological methods.

Particle size

Method Reducing agent or solvent Stabilizer or surfactant (nm) Shape Reference
nm
Trisodium citrate Trisodium citrate 30-60 nm [186]
NaBH4 Dodecanoic acid (DDA) 7nm [187]
Ethylene glycol Polyvinyl pyrrolidone (PVP) 17 nm [188]
Chemical method Parafin Oleylamine 10-14 nm [189]
_ Bis(2-ethylhexyl)
Hydrazine hydrate ) 2-5nm [190]
(sulfosuccinate AOT)
_ Spherical
NaBH,4 Chitosan 35 nm [5, 6]
Electrochemical Electrolysis cathode Polyvinyl pyrrolidone (PVP) 11 [191]
Electrical arc discharge Sodium citrate 14-27 [192]
Physical synthesis
TX-100, UV TX-100 30 nm [193]
Bacillus sp. Bacillus sp. 5-15 [194]
Biological synthesis Lactobacillus Lactobacillus Proteins 6-15.7 [195]
Shewanella oneidensis Shewanella oneidensis 2-11 [196]

62



Chemical method
Chemical method

Chemical method

Photochemical

Wet-chemical

Chemical method

Chemical method (soft,

solution-phase)
Wet chemical
Microwave technique

Chemical method (polyol)

Fungus T. viride
Aspergillus niger
Ethylene glycol
Pentanediol (H-1.5 PDO)
Ethylene glycol

Carboxymethylated chitosan
(CMCTS)

Sodium borohydride in the
presence of sodium citrate

Potassium tartaric

Ethylene glycol

Ascorbic acid
Ethylene glycol

Ethylene glycol

Trichoderma viride
Aspergillus niger
Polyvinyl pyrrolidone (PVP)
Polyvinyl pyrrolidone (PVP)
Polyvinyl pyrrolidone (PVP)

Carboxymethylated chitosan
(CMCTS)

PVP

PVP

PVP

5-40

1-20

30-40

30-40

Cubic

Nanorods

Nanowires

Nanobars

[197]
[198]
[176]
[166]

[199]

[200]

[201]

[202]

[177]

[203]
[204]

[167]
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Chemical reduction Hydrazine hydrate PVP 50-200 Triangular [185]

) ) Ethylene glycol monoalkyl )
Microwave-assisted i PVP Nanoprisms [184]
ethers
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111.3.4. Factors affecting the synthesis of nanoparticles

111.3.4.1. Temperature

Temperature is the most common reaction parameter used to control the reaction kinetics for
nanoparticle formation. In general, for exothermic reactions, the reaction rate decreases with
increasing temperature, whereas the opposite is the case for endothermic reactions. Normally,
temperature is not an important parameter for reductions or sol-gel reactions [205] or wire
electrical explosions, but it is in fact a very important parameter for thermal decompositions,
polymerizations, or precipitation reactions. Generally, higher temperature is required for thermal
decomposition reactions, but for exothermic polymerization reactions, a low temperature is much

better for the conversion. In the case of precipitation reactions, the situation is little bit different.

For particle formation through precipitation, a reaction can be divided into three different steps:
(i) nucleation, (ii) growth, and (iii) agglomeration. As a result, the size of the particles depends on
the relative rate of these three different steps. The nucleation process involves the nature of the
chemical reaction, whether endothermic or exothermic, whereas the growth process is more
complicated and may depend on the nature of the reaction and the diffusion of the atoms or
embryo from the mass to the surface of the nuclei. As the temperature rises, the diffusion
coefficient of the atoms or embryo increases, or the concentration of the product depends on the
nature of the reaction. However, an endothermic reaction is one in which diffusion increases due
to an increase in the concentration of the product in the mass since the rate of endothermic

reaction increases with temperature and vice versa for exothermic reaction.

111.3.4.2. Reactant concentration

The reactant concentration is another important parameter for the control of core size or shell
thickness. To reach equilibrium of the reaction and thus the final particle size, two steps are
probably required: (i) reaction between the reactants to form nuclei and (ii) collision between
nuclei or diffusion of molecules to the nuclei surface and deposition to create a final particle size
[206]. The first step may be considered the reaction step, which is then followed by growth. The
first step can be very fast. If the reaction rate is fast, then the result is that the final particle size
depends totally on the growth process. There appears to be no particular trend reported in the

literature relating to the change in particle size with increasing reactant concentration. On the
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other hand, increasing trends, [207-211] decreasing trends [212, 213] or both [214] on particle
size are found to be dependent on the types of particles and the synthesis media. In general, an
increasing trend is quite common because of increases in the total amount of the product. When
there is more than one reactant present, at low reactant concentration, the number of nuclei
formed will be less, probably because of the slow reaction rate. The atoms (embryo) formed at a
later period will collide with the nuclei that have already formed instead of forming new nuclei;
this, in turn, leads to larger sized particles. When the reactant concentration is increased because
of an increase in reaction rate, a greater number of nuclei will form. This leads to smaller sized
particles [206].

111.3.4.3. Effect of pH

The effect of pH on the particle size depends mainly on the reaction mechanism involved. This is
especially true when H+ or OH- ions are directly involved in the reaction. In addition, changes in
the pH of the medium also have an important effect on reduction and precipitation reactions. In a
redox reaction, the compound with the highest reduction potential is reduced by oxidizing the
compound with the lower reduction potential. The half-cell reduction potential of a redox couple
depends on the pH of the media. Hence a favorable pH is highly desirable for controlling the
reaction. The extent of surface modification can also be controlled by adjusting the pH of the
media. When the core is hydrophilic, the surface charge depends on the pH.

111.3.5. Toxicity of nanoparticles

Beside many industrial and medical applications, there are certain toxicities which are associated
with NPs and other nanomaterials [215-217] that require basic knowledge for these toxic effects
to be properly addressed. Through various human activities, nanoparticles enter the environment
surreptitiously through water, soil, and air. However, the application of nanoparticles for
environmental treatment deliberately injects or dumps engineered nanoparticles into the soil or
aquatic systems. This has led to a growing concern on the part of all stakeholders. The
advantages of magnetic NPs such as their small size, high reactivity, and great capacity, could
become potential lethal factors by inducing adverse cellular toxic and harmful effects, unusual in
micron-sized counter-parts. Studies also illustrated that NPs can enter organisms during ingestion

or inhalation and can translocate within the body to various organs and tissues where the NPs
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have the possibility to exert the reactivity being toxicology effects. Although some studies have
also addressed the toxicological effects of NPs on animal cells and plant cells the toxicological
studies with magnetic NPs on plants to date are still limited. The uses of Ag NPs in numerous
consumer products lead them to their release to the aquatic environment and become a source of
dissolved Ag and thus exert toxic effects on aquatic organisms including bacteria, algae, fish and
daphnia. The respiratory system represents a unique target for the potential toxicity of NPs due to
the fact that in addition to being the portal of entry for inhaled particles, it also receives the entire

cardiac output.

NPs are used in bio-applications widely but despite the rapid progress and early acceptance of
nanobiotechnology the potential for adverse health effects due to prolonged exposure at various
concentrations levels in human in the environment has not yet been established. However, the
environmental impact of NPs is expected to increase in the future. One of the NPs toxicity is the
ability to organize around the protein concentration that depends on particles size, curvature,

shape and surface characteristics charge, functionalized groups, and free energy.

111.3.6. Applications of nanoparticles
The great current interest in nanoparticles is partly due to the fact that these materials often have
unusual physical (structural, electronic, magnetic, and optical) and chemical (catalytic)

properties.

Many studies have been conducted on catalysis, which is the most important chemical application
of metallic nanoparticles. Transition metals, especially precious metals, show very high catalytic
abilities for many organic reactions (See figure 14). These materials present properties of both
heterogeneous and homogeneous catalysts. The catalysis takes place on the active sites of the
surface of metal nuclei, that is, the mechanism is similar to conventional heterogeneous catalysts.
However, nanoparticles perfectly melt in reaction medium as conventional homogeneous
catalysts. Another advantage is that nanoparticles can be easily recovered from the reaction
medium when the catalysis finishes.

All these properties and those described above make nanoparticles suitable for application in

different fields of analytical chemistry, such as optoelectronics or chemicals and biosensing.
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Figure 14: Reduction of nitro compounds to the corresponding amines using catalytic process

111.3.6.1. Metal nanoparticles-based sensors

Modifying a solid electrode surface with solid nanoparticles of a different chemical identity can
impart additional chemical functionality to the electrode such as electrocatalytic activity.
Modifying electrodes with nanoparticles to act as electrocatalysts has the following advantages: i)
nanoparticles have a high surface area to volume ratio, hence ii) nanoparticles experience a
greater rate of mass transport than bulk materials, iii) the surface properties of the nanoparticles
are different to their bulk form and in some cases exhibit enhanced catalytic activity, iv) gives
specific control over the electrode environment, and v) can be a more economic method of

utilizing catalyst materials.

The most commonly utilized metal nanoparticle electrocatalysts are transition metals such as
gold, silver, platinum, copper, and palladium. Carbon is the preferred electrode substrate for the
deposition of metal nanoparticles due to its wide potential window, range of hardness
commercially available, relative cheapness, and its non-metallic identity. Metals are excellent
conductors of electricity and are often described as a rigid network of metallic nuclei bathed in a

sea of electrons. When the oxidation number of the metallic nuclei is altered (by oxidation or
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reduction) the transport of charge into the material must be compensated for by either the
transport of an opposite charge into the material or by the expulsion of an equivalent charge out
of the material to maintain electro-neutrality. Hence the issue of charge transport in and out of the
material becomes important when considering electron transfer processes. The ease of oxidation
and reduction can be limited by the nature of the charge compensating species present in the

electrolyte solution surrounding the electrode.
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- Chapter 2 -

Preparation and characterization of silver-based

materials as carbon paste electrode modifiers




I. Introduction

The preparation and electrochemical characterization of compact and coherent metal deposits are
of greatest importance in various fields of engineering and technology such as supercapacitors,
corrosion protective coatings, energy conversion, electrosynthesis, electrocatalysis devices, etc.
[1-3]. In the latest years, chemically modified electrodes (CMEs) have been used for the
quantification of various organic and inorganic species after open-circuit accumulation [4, 5].
Many modifying agents have been used either as coatings on solid electrode surfaces or dispersed
within a conductive matrix [6]. Thus, they are widely used in the voltammetric detection of
organic compounds by dint of their efficiency and sensitivity. The design of new nanoscale
materials has acquired ever-greater importance in recent years owing to their various
applications. Among these materials, metallic particles are of great interest due to their numerous

properties [7, 8].

The use of carbon paste electrodes (CPES) in electrochemical studies were initiated by Adams[9]
and well investigated by Bauer et al. [10, 11] and Lecuire [12, 13]The first works were carried
out using ultra pure graphite rods whose surface was renewed after each measurement by simple
sintering of the end of the electrode. The non-reproducibility of the measurements, as well as the
presence of large residual currents, limits the use of this electrode [14].Furthermore, the carbon
paste electrode properties depend on the purity of the compounds used to prepare the paste, the
carbon/binder ratio, the graphite particle size, the treatment and the mode of renewal of the
surface of the electrode. From the beginning of the 70s, a new approach regarding the design of
electrodes was proposed. This approach consists of the fixation of a substance to the surface of
the electrode in order to improve the reactivity and selectivity of electrochemical reactions. In
fact, an extensive range of materials such as silver [15-17], palladium particles-impregnated
sodium montmorillonite [18], NiO supported onto activated carbon [19], Al,O3 supported onto
activated carbon [20], polymers and enzymes [21-24] were used as carbon paste modifiers. The
fields of application of modified electrodes are wide and numerous especially for the control of
the environment. They are generally used for the analysis of pesticides [23-25], pharmaceuticals
compounds [18], phenolic [19, 20] and aromatic nitrocompounds [25]. Aromatic nitrocompounds
are among the most toxic substances and widely used as precursor in chemical synthesis of
various azo dyes, antioxidants, pesticides, antiseptic agents, poultry medicines, fuel additives, and

corrosion inhibitors [26]. Among these metals, silver species has drawn great scientific interest

91



because of its wide range of electrochemical applications. In fact, silver finds numerous
applications since they impart useful properties to the coated surfaces, such as excellent thermal
and electrical conductivity, chemical resistance, catalytic and bactericidal activity [27-29]. As of
late, CPE and associated sensors have attracted remarkable attention compared to other solid-
state electrodes in electroanalysis due to their practical advantages such as a large potential
window, simple preparation, easy and inexpensive modification, etc. [30, 31]. However, the
response recorded on the unmodified electrode was the least selective and sensitive. In addition,
these electrodes present a very difficult task in the presence of interference, which is probably
due to their sluggish electron transport phenomenon [32]. Indeed, variously modified carbon
paste electrodes, modification procedures, and methodologies have been described in the
literature [33-43].

In electrocatalysis and electroanalysis, there is increasing interest in the development of effective
electrochemical methodologies based on innovative and suitable electrode materials in order to
improve the catalytic efficiencies and to reduce both cathode and anode overpotentials during the
electrosynthesis processes. Thus, one of the dominant themes in electrochemical research has
been the attempt to modulate the chemical composition and/or morphological properties of the
electrode materials in order to obtain the desired degree of catalytic activity, selectivity,
chemical, and physical stability or mechanical properties.

The present chapter was undertaken in order to define in detail the synthesis procedures of the
different silver-based modifiers (Impregnation, Electrodeposition, and modification by

nanoparticles) as well as the characterization methods we have used.

I1. Chemicals and reagents

Sodium hydroxide, acetic acid, and phosphoric acid, and boric acid were obtained from Merck
(Darmstadt, Germany), Fluka (St. Gallen, Switzerland), and Riedel de Haen (Seelze, Germany)
and were used as received from supplier. 4-nitroaniline, hexacyanoferrate ({Fe(CN)6}**") were
ordered from Sigma-Aldrich and used without any further purification. Phosphate buffered saline
(PBS) with different pH was served as a working medium throughout the experiment, containing
0.1 mol LT K,HPO,, and 0.1 M KH,PO,. PNA purchased from Sigma-Aldrich. Sodium
borohydride was obtained from Merck (Darmstadt, Germany), Fluka (St. Gallen, Switzerland),

and Riedel de Haen (Seelze, Germany) and was used as received from supplier. Paraffin was used
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as the pasting liquid for the carbon-paste electrode (CPE). Carbon paste was supplied from
Carbone Lorraine (Lorraine, France; ref. 9900). All aqueous solutions used through this thesis
were prepared using distilled water. All experiments were unrolled at room temperature.

Silver nitrate (AgNOQO3) is one of the most widely used salts for the preparation of silver
nanoparticles. Despite its degradation in light requiring conservation precautions like most silver
salts, it is mainly used in literature, for its accessibility, ease of use (easy and direct reduction
without preparation) and price. Tollens reagent, silver sulfate and silver perchlorate have
disadvantages compared to a green synthesis process: the first requires purification treatments,
the second is poorly soluble in water and the last is explosive. Silver nitrate, of the formula
AgNQOsg, is in the form of odorless white crystals, soluble in water at room temperature with a
molar mass of 169.87 g/mol. Silver represents 63.5% of the molar mass. The silver nitrate was
purchased from Sigma Aldrich and has been stored in a dark place.

The chitosan flakes >75% deacetylated (Merck (Darmstadt, Germany) stock solution was
prepared by dissolving an appropriate amount of commercial chitosan (0.1 g) in 2% acetic acid.
Chitosan is a polysaccharide composed of 2-amino-2-deoxy- and 2-acetamido-2-deoxy-D-
glucopyranose. It is generated by deacetylation of chitin. The name chitosan was proposed by
Hoppe-Seyler in 1894. It is now commercially produced from waste from the consumption of
crustaceans and the industrial processing of mushrooms. The degree of deacetylation (DDA) of
chitosan is defined as the percentage of deacetylated units relative to the total number of units.
The term chitosan applies to any copolymer with a deacetylation degree (DDA) greater than 50%.
It has been considered as a potential biomaterial because of its distinguished properties, including
biodegradability, biocompatibility, and non-toxicity. The presence of reactive amino and
hydroxyl groups in the molecule makes chitosan an attractive metal chelating ligand for removal
of heavy metal ions from wastewaters. Furthermore, chitosan is a biopolymer often used to

enhance the stability of metal nanoparticles

11.2. Experimental analysis techniques

11.2.1. Electrochemical measurements

All electrochemical experiments (Cyclic voltammetry, Linear sweeping voltammetry, AC
electrochemical impedance spectroscopy, Chronoamperometry, and differential pulse

voltammetry were recorded in this thesis in a classical three electrodes setup using a voltalab
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potentiostat/galvanostat/EIS electrochemical analyzer (ZIVE Lab spl, WonATech, Korea), which
was connected to a computer for storage and data acquisition, and a Smart Manager software
served as the user interface. A platinum wire was used as a counter electrode; all potentials
appointed in this report refer to values against Ag/AgCI/KCI (3M).The bare of CPE was cleaned
with cyclic voltammetry by applying a potential between 0 V and + 2 V for several cycles in a

solution containing 0.1 M H,SO, and ethanol.

11.2.2. Optical measurements

11.2.2.1. Characterization of silver nanoparticles

The study of optical properties by absorption spectroscopy is an indispensable step in the
characterization of synthesized silver nanoparticles. Indeed, metallic nanoparticles (silver, gold,
copper) present particular optical properties linked to a classical effect of exaltation of the electric
field, often called dielectric confinement.

Nanoparticles have a larger number of atoms, and therefore more free electrons on the surface
than macroscopic objects. The excitation of the metal surface by light causes the collective
vibration of the surface electrons. The excitation of the electrons induces vibration, a resonance at
a certain wavelength. The electrons resonate and the wavelength concerned is thus absorbed.

The wavelength is mainly dependent on the chemical element (Ag, Au, Cu ...). In addition,
smaller nanoparticles will have a vibration of higher energy, i.e. of shorter wavelength.

The absorbance bands depend on the shape and size of the nanoparticles [44, 45], so the change
in size or shape induces a change in absorbance and wavelength of the absorption band [46-48].
UV-VIS spectroscopy is a spectral technique involving photons with wavelengths in the
ultraviolet (200 nm-400 nm), visible, and near infrared (750 nm- 1400 nm) range. The spectra in
this region are due to electronic transitions and correspond to emission or absorption spectra.
Generally speaking, spherical silver nanoparticles are characterized by an absorbance band
around 400 nm [49]. The width and symmetry of the band are characteristic of the size
distribution of the nanoparticles. Indeed, wide size distribution of nanoparticles induces a
widening of the absorbance band towards long wavelengths. Specifically, an absorption
maximum observed between 300 and 330 nm characterizes the presence of nanoprisms. When
this maximum is between 400 and 450 nm, the nanoparticles are spherical or near-spherical in

geometry. Finally, the presence of an absorption maximum beyond 450 nm indicates the
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formation of particles larger than 100 nm [50]. UV-Vis spectroscopy can also be used to check

the stability of nanoparticles dispersions.

11.2.2.2. Conditions and apparatus
The UV-Visible absorption spectra was carried out using a double-beam scanning
spectrophotometer (Shimadzu spectrophotometer, model biochrom) with a variable wavelength

between 300 and 700 nm using a quartz cuvette of 1 cm path length and 3.50mL total volume.

11.2.3.Scanning Electron Microscopy (SEM)

11.2.3.1. Characterization

Another method for determining the average particle diameter is based on the use of electron
microscopy techniques such as scanning electron microscopy (SEM). In this case, the particles
are observed in the solid-state, so the technique does not take into account the possible hydration
layer of the particles present in the solution. For this reason, differences of several tens of
nanometers between the sizes measured by DLS and electron microscopy are frequently observed
[51].

Scanning electron microscopy allows the observation of a sample at magnifications that cannot
be achieved with visible light microscopy (from 35 to 100,000), with a large depth of field
allowing the observation of rough samples. Microscopy can often confirm the conclusions made
in UV-Vis spectroscopy. Silver being a metallic element, is known to be directly observable
unlike organic elements sometimes requiring contrast agents as in the field of biology or polymer
blends.

11.2.3.2. Conditions and apparatus

SEM observations were carried out using the JOEL JSM-IT100 scanning electron microscopy.

11.2.4. X-ray diffraction (XRD)

11.2.4.1. Characterization

X-ray diffraction is a technique for analyzing the organization of material at great distances. It
allows the identification of crystalline compounds by comparison with spectra of compounds

referenced in a database.
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The structure of silver nanoparticles can be studied by X-ray diffraction (XRD). The technique
makes it possible to characterize metallic silver and its diffraction planes. The diffraction planes
of metallic silver Ag0 are generally observed at 20 = 38.0, 44.0, 64.7, and 77.9° (with a copper
cathode).These peaks are attributed to planes (1 1 1), (2 0 0), (2 2 0) and (3 1 1) of a face-
centered cubic structure [52]. It is generally the most intense diffraction peak at 20 = 38° that is
sought by the authors. Diffraction peaks can also provide indications on the morphology of
nanoparticles. A larger and less intense peak is indicative of a smaller size of nanoparticles and

sometimes also of wider size distribution.

11.2.4.2. Conditions and apparatus

The phase compositions were observed by XRD (XPERT-PRO, PANalytical’s) with X-ray
source emitting Cu Ka radiation (k = 1.5406 A) and scans acquisition at 20 range from 10° to 80°,
scan speed of 1°/min and step size of 0.02° per second. The operational voltage and current were

kept at 30 kV and 25 mA, respectively.

11.2.5. FT-IR Spectroscopy

11.2.5.1. Characterization

Infrared spectrometry is used to confirm the interaction between the silver and chitosan film. The
reaction between silver nanoparticles and chitosan can be identified by shifting characteristic
bands attributed to different functional groups present in the reagents [53], such as carbonyl and
amine groups. The presence of silver nanoparticles in the composite can cause the number of

waves to shift to lower values. This is known as "blue-shift"”, and "red-shift" in the opposite case.

11.2.5.2. Conditions and apparatus
The Fourier transform infrared (FTIR) spectrums were recorded using a (PerkinElmer FTIR

1600, Germany using a KBr method).

I11. Electrodes preparation

I11.1. Thermal deposition of silver onto carbon paste electrode (Agimp-CPE)
The modified carbon paste electrode was prepared by thoroughly mixing carbon graphite powder

and silver nitrates (AgNQO3) by different ratios by weight (w/w) in an agate mortar. The obtained
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powder was calcined at temperature of 200 °C for 12 h in the kiln. The resulting powder was
mixed with paraffin oil in a mortar by exhaustively hand mixing with a pestle and then
incorporated into the electrode cavity (laboratory made, 0.13 cm? geometric surface areas)
(Figure 1). The external surface of electrode was smoothed on a paper sheet. Electrical contact

was established by a bar of carbon. The resulting electrode is hereby denoted as Agimp-CPE.

THERMAL PROCESSING
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Figurel: Illustration of the impregnation process of silver on carbon paste electrode
(Agimp-CPE)

111.2. Electrochemical deposition of silver onto carbon paste electrode (Agep-CPE)

CPEs were prepared according to the following procedure [19]. A portion of the homogeneous
paste was firmly packed in the electrode cavity (laboratory made, 0.13 cm? geometric surface
area) and was polished by smooth paper. A carbon bar was used to establish electrical contact. To
deposit Ag particles onto CPE, it was soaked in an electrochemical cell containing 0.5 mmol L™
of AgNO; dissolved in 0.1 mol L™ of potassium nitrates (KNO3) electrolyte solution. The Ag

particles were fixed on the surface of the electrode with cyclic voltammetry between potential
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ranges from 600 mV to -400 mV for 1.5 cycles (6 segments).The resulting electrode is hereby

denoted as Agep-CPE. The electrodeposition process schematically illustrated in Figure 2.
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Figure 2: lllustration of the electrodeposition process of silver on carbon paste electrode

111.3. Chitosan gelified modified carbon paste electrodes

Initially, the chitosan gelified solution was prepared by dissolving an appropriate amount of
chitosan (0.1 g) in a 2% acetic acid solution by stirring quickly for one night at room temperature
until it had completely dispersed. The pH was adjusted to 5.0 with a 1.0 mol L™ NaOH solution
under vigorous agitation. A transparent chitosan gel was obtained. Then, carbon paste powder
was added to the transparent gelified solution with hand mixing (2:98 w/w). Figure3 depicts the

construction process of chitosan modified carbon electrode CS-CPE.
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Figure3: Construction process of chitosan modified carbon electrode CS-CPE.

I11.4. Chitosan stabilized silver nanoparticles modified carbon paste electrodes

The chitosan-silver nanoparticles (CS@AgNPs) are manufactured by reduction of silver nitrate
(AgNOs3) with sodium borohydride (NaBH,) and stabilized with chitosan, which is a
polysaccharide biopolymer known by their dispersive properties and stability in an aqueous
medium. Silver nanoparticles were modified by chitosan by dint of the presence of -NH; and —
OH groups in the chitosan, which can help in possible adsorption interactions between chitosan
and heavy metal ions including Ag®, proteins, and dyes [54]. The suspension of chitosan-AgNPs
material was prepared as reported in the literature [55]: 0.10 g of chitosan was dissolved in 10
mL of 2% acetic acid, and then the mixture was stirred overnight to obtain a homogeneous
solution. To the above solution, 1 mL of 10 mM AgNO3; was added. After 30 min, 0.8 mg of
NaBH, was then added under vigorous stirring. The sodium borohydride was used as a reducing
agent [56]. The solution becomes colored (yellow) denoting the formation of AgNPs (Figure 4).
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Figure 4: The mechanism of formation of chitosan-Ag nanoparticles.

The modified electrodes were prepared by immersing carbon paste electrodes in the
homogeneous yellow-brown solution of CS@AgNPs for 15 min with slight agitation. The

modification is summarized in Figure 5.
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Figure 5: The modification process of carbon paste electrodes
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- Chapter 3 -

Electrochemical evaluation of catalytic effect of
metallic silver electrode towards the reduction

of p-nitroaniline




I. Introduction

The performance of the voltammetric procedure is strongly influenced by the working-
electrode material. The working electrode should provide high signal to-noise characteristics,
as well as a reproducible response. Thus, its selection depends primarily on two factors: the
redox behavior of the target analyte and the background current over the potential region
required for the measurement. Other considerations include the potential window, electrical
conductivity, surface reproducibility, mechanical properties, cost, availability, and toxicity. A
range of materials have found application as working electrodes for electroanalysis. The most
popular are those involving mercury, carbon, or noble metals.

The fields of electroanalytic and electrocatalytic chemistry are as vibrant as ever today. New
platforms for detection and sensing are being developed for a wide variety of chemically,
biologically, and environmentally important analytes and many of these involve some sort of
electrochemical signal transduction. At the heart of any electroanalytical method is the
working or indicator electrode. These methods are made possible by the unique nature of the
specific working electrode material, namely the electronic, structural, and chemical
properties. Due to their unusual physical and chemical properties [1, 2], metal electrodes have
attracted much more attention in recent years and generally exhibit high electrocatalytic
activity towards aromatic nitro compounds, whose redox process is slow on bare electrodes. A
series of studies on the catalytic conversion of nitroaromatics have been extended using
various metals, including Au, Ag and Cu particles, as catalysts. These materials have superior
electrochemical properties for the study of the electrochemical behavior of nitroaromatics and

their determination.

In recent years, increasing attention has been paid to the field of conversion of nitroaromatics
into NH,-containing aromatics, not only because of the toxicity to humans, fish, algae, and
invertebrates but also because of the explosive nature of some nitroaromatics resulting from
nitro groups as explosophores [3-6].They attract much attention in relation to pollutions,
toxicity, mutagenesis, carcinogenesis, therapeutic action and as intermediates in the synthesis
of important organic compounds [7, 8]. As a member of aniline compounds, PNA is an
important compound used as an intermediate or precursor in the manufacture of organics,
such as p-phenylenediamine, azo dyes, antioxidants, pesticides, antiseptic agents and
medicines for poultry. The release of PNA in its production or utilization will cause serious
eco-environmental problems due to its high toxicity, carcinogenic and mutagenic effects [9—

12]. It may induce central nervous, cardiovascular system and other organ damage even if a
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small amount of PNA is ingested by human body. PNA-containing wastewater discharged
into water will result in the death of aquatic organisms and the long-term damage to the

environment.

This chapter described the electrocatalytic effect of metallic silver electrode towards the
reduction of PNA and their sensitive determination in aqueous medium using cyclic
voltammetry (CV), chronoamperometry, linear scan voltammetry, electrochemical impedance
spectroscopy (EIS), and differential pulse voltammetry (DPV). Specifically, this chapter
focuses on the comparison of the performances of silver electrode with different other

electrodes including gold, graphite, and glassy carbon.

I1. p-nitroaniline an overview

p-nitroaniline is an aromatic amine extensively used as an intermediate in the production of
several industrial and high-volume chemicals including pesticides [13,14], and thus it has
been found as a contaminant in agricultural biosolid generated from industrial wastewater
sludge [15]. PNA is a ubiquitous contaminant in the environment up to 100 mg L™ [16]
especially in agricultural soil from the application of such biosolid as a part of fertilizer [15]
and from pesticide natural transformation [13, 17]. It has been enlisted as one of the major
priority pollutants and subjected to treatment [14] due to its chemical stability and persistence
[18-20] as well as toxicological effects to living organisms and human health even at low
concentrations [21, 22]. Its unique chemical structure containing an electron withdrawing
nitro group and an electron donating amino group in para position in the aromatic ring has
attracted attention due to its non-linear optical properties, such as non-linear susceptibility
[23]. The chemical treatment of PNA using advanced oxidation process or photocatalytic
degradation has been used [14, 24-26], but they are costly and usually cause secondary
pollution. Thus, there is a growing interest in an easy, time efficiency, stable, and high
selectivity and sensitive determination of harmful chemicals using electrochemical methods.
Previous works have explored its determination using voltammetric methods which exhibit
low cost per analysis, the possibility of multi analyte detection, easy miniaturization and high
sensitivity when compared to other methods of determination [27-29]. Shikata and Taguchi
were the first to determine the reduction potential of the isomers of nitroaniline. Their study
revealed that since nitroanilines are weak bases, the reduction potential of ionic and molecular
forms of this compound could be detected using polarographic method with the dropping

mercury electrode [30]. Maistrenko et al. used carbon paste electrode (CPE) with adsorption-
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stripping voltammetry (ASV) for determination of nitroaniline. This study reveals that the
range of the reduction potential in acid pH is from 0.48 to 0.52 V, depending on the nature
and the position of the substituents. The sensibility of detection of para isomers with CPE is
lower than for meta and ortho isomers in all cases studied [31]. Lin et al. made a simultaneous
determination of the noxious nitroaniline isomers, by cyclic voltammetry (CV) and DPV, with
the electro-polymerization of 7-[(2,4-dihydroxy-5-carboxybenzene)azo]-8-hydroxyquinoline-
5-sulfonic acid (DHCBAQS) at a graphene-nafion-modified GCE, denoted at this work as,
DHCBAQS/graphene nafion/GCE. The obtained LD was about 0.141 mol dm™ for all the
compounds [32]. Maistrenko et al. studied the preconcentration and voltammetric behavior of
nitro organic compounds on carbon paste electrodes modified by chromatographic stationary
phases (CSP/CPE). The ortho and para isomers of nitrophenol, nitroaniline, and nitro benzoic
acid can be detected selectively, but for all substances, the LQ and LD are not available [33].
Abdel Asis Jbarah and Rudolf Holze reported a complete spectro-electrochemical redox
mechanism for nitroanilines isomers using gold and platinum working electrodes [34]. The
authors pointed out that PNA could be electrochemically detected either by reduction of the
nitro group and formation of p-phenylenediamine (p-PDA) or by oxidation of the amine
group. Passivation of the working electrode was noticed for the oxidation reaction and
pretreatment of the electrode is necessary to eliminate this passivation.

Rizk presented an alternative way for the detection of PNA by potentiometric methods with
apoly(vinyl chloride) membrane sensor [35]. Chen et al. reported the simultaneous detection
of nitroaniline isomers using beta-cyclodextrin (beta-CD)/silver nanoparticles (AgNP)
composite modified indium titanium oxide (ITO) electrodes (beta-CD/AgNPs/ITOE) [36].
Kodari et al. reported a simultaneous detection of 4-nitrobenzoic acid, PNA, and 4-

nitrobenzaldehyde using voltammetric methods at a commercial GCE [37].

Zhao et al. made the electrochemical quantification of PNA can be based on DPV reduction at
modified glassy carbon electrode using ionic liquid-single-walled carbon nanotube (SWNT)
gel [38]. The author’s report that PNA can exhibit a sensitive cathodic peak at 0.70 V
(vs.SCE) in pH 7.0 phosphate buffer solution on the electrode, resulting from the irreversible
reduction of PNA. Another paper uses as working electrode a CPE modified with
6,7,9,10,17,18,19,20,21,22-decahydrodibenzo [h,r][1,4,7,11,15] trioxadiazacyclonanodecine-
16,23-dione (DTD)/silver nanoparticles (AgNPs) [39]. Wushuang Bai et al. developed a new
method of production of silver nanoparticles (AgNPs)modified with hydrophobic polyhedral

oligomeric silsesquioxane (POSS) and graphene oxide (GO) nanocomposites. GCE modified
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by this nanocomposite (AgNPs/POSS/rGO/GCE) was used as a working electrode for an
electrochemical sensor to detect and quantify nitrobenzene, PNA, and 4-nitrobenzoic acid
detection and quantification [40]. Ahmad et al. developed a binder-free high-sensitive
chemical sensor based on directly grown ZnO NRs on pre-seeded FTO electrodes via low-
temperature solution route for PNA determination. Laghrib et al. developed based-silver
sensors for the electrocatalytic reduction of PNA and there sensitive determination in real
samples [41-47].

I11. Electrochemistry of p-nitroaniline

I11.1. Electrochemical procedure

Several supporting electrolytes were tested such as phosphate, acetate, and Britton Robinson
buffer solutions. The best electrochemical response measured was obtained using Britton
Robinson buffer solution (pH 2.0). A known concentration of PNA solution was prepared in
0.1 mol L™ Britton Robinson buffer solution (pH 2.0) and thereafter, 20 mL of prepared
solution was transferred into an electrochemical cell. The cyclic and differential
voltammograms were recorded between 0.2 and -1 V at scan rate of 50 mV s*. For
chronoamperometry, the potential was scanned from 0.4 to -1.2 V at scan rate of 0.10 V s™.
The linear voltammetry polarization was carried out from 0.2 to -0.7 at a scan rate 50 mV s,
The EIS measurements were performed in frequency range as follows: first frequency (10°
Hz), middle frequency (10°) Hz and last one (10 mHz) with amplitude of 10% V.

I11.2. Electrochemical behavior of PNA

The electrochemical behavior of PNA was evaluated using cyclic voltammetry (CV) at GC,
Au, Gr and Ag electrodes in BR buffer (pH: 2.0) containing 1.0x10° mol L™ of PNA in the
range from 0.2 to -1 V at a scan rate of 100 mV s™*. As shown in Fig. 1A the cathodic peak
potential for PNA on glassy carbon (GC), gold (Au), and graphite carbon Gr electrodes
appeared at about -0.8 V, while on metallic silver (Ag) electrode, it appears approximately at -
0.26 V. No oxidation peak was observed in the cyclic voltammograms at all electrodes in the
range from -1 V to 0.2 V, indicating that the electrochemical process is totally irreversible.
The meanwhile peak potential of metallic silver electrode (curve a) shifted toward positive
direction compared to other used electrodes which indicated a greatly decreased over-
potential on the metallic silver electrode. This demonstrates that silver facilitates the reduction

of PNA. In addition, the metallic silver electrode may also aid in the detection of PNA.
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Indeed, it has an excellent anti-interference property since it allows the potential peak to shift
between PNA and other compounds [48].

In order to properly evaluate the catalytic capacity of the Ag electrode, amperometric
experiments were also carried out in BR buffer 0.1 mol L™ (pH 2.0) using the above-
mentioned electrodes. The results (Fig. 1B) show that silver electrode has higher current

densities than other metal electrodes.
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Figure 1: (A) CV of 1.0x10° mol L™ PNA for Ag, Gr, GC and Au at scan rate 100 mV s™ in 1.0x10"

mol L™ BR buffer (pH 2.0). Inset blank solution. (B) Chronoamperograms obtained in 0.1 mol L™ BR

buffer (pH 2) of PNA at reduction potential (-0.3 V) using different electrodes. (C) EIS Nyquist plots
obtained for Ag, GC and Gr in 0.1 mol L™ BR buffer containing 1.0x10 mol L™of PNA.

Moreover, electrochemical impedance spectroscopy (EIS) was also recorded to further
investigate and to confirm the electrocatalytic effect of silver in reducing PNA with regard to

the other electrodes. The experiments were carried out in a solution containing 0.1 mol L™ BR
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buffer and 1.0x10° mol L™ of PNA. As can be seen in the Fig. 1C, the plots are composed of
semi-circles and straight-line portions, representing charge transfer and diffusion-controlled

processes, respectively.

In Nyquist plots, the charge transfer resistance (Rct) on metallic surface electrodes is related
to the diameter of semicircle. It is seen that the charge transfer resistance (Rct) was 1380.90
kQ of bare GCE, 1411.60 kQ of Au and 45.70 kQ of Gr. While, when using the metallic
silver electrode, the scale of the semicircle dramatically decreased and the Rct value was 2.10
kQ. This lowest Rct value can be attributed to the lowest charge transfer resistance and
corresponding superior electrochemical kinetics at the surface of this electrode. This result
was also confirmed by calculating k (the heterogeneous electron transfer rate constant) in the

case of the various electrodes according to the following equation (Eg. 1) [49-51]:

K= ?—T (1)
(nF)“CoAR,,

where “Ret” is the charge transfer resistance, “T” is the temperature, “R” is the gas constant,
“F” is the Faraday constant,*“Cy” is the concentration of the solution and “A” is the area of the
electrode. In particular, the Ag electrode displayed higher constant k value (4.02x10™ cm2 s™)
compared to all other electrodes (5.99x10® cm2 s for Au, 1.85x10° cm? s™ for Gr and
6.13x10® cm2 s for GC). The observed boucle of low frequency charge transfer can be
attributed to the relaxation process, resulting in the adsorption of PNA on the surface of the
Ag electrode. All these results confirm the best catalytic properties of the metallic silver
electrode for the reduction of PNA. Based on these results, a mechanistic and kinetic study of

PNA on metallic silver electrode is carried out in the next sections.

111.3. Electrocatalytic study

111.3.1. Scan rate and pH effect

To further investigate the PNA characteristics at the metallic silver electrode, the effect of
scan rates on the PNA voltammetric behavior was studied. Fig. 2A shows a series of cyclic
voltammograms of PNA (1.0x10° mol L™) in Britton Robinson buffer at metallic silver
electrode with increasing scan rates from 1 to 400 mV s™. The peak current (Ip) is directly

2y of Ag electrode (Fig. 2B). The correlation

1/2

proportional to the square root of scan rate (v

coefficient was 0.997 and high value of slope (-17.44 pA mV s—°) was obtained. This
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phenomenon suggested a diffusion-controlled process at this electrode surface. In this case,
for irreversible diffusion-controlled processes [52], the number of electrons in the overall

reaction is obtained from the slope of (Ip) versus (%) plot (Eg. 2):
I, = 3.01x10° n[(1-a)ns] Y2 ACy 02 D¥2(2)

Considering (1-a)n,= 0.72 (as calculated below), D = 5.44x10cm? S™(that was obtained by
chronoamperometry), A = 0.2cm? the total number of electrons (n) corresponding to PNA
reduction is calculated (n = 4). This founding is in good agreement with the results reported in
the literature [53, 54]. The electrocatalytic reduction mechanism of PNA was studied using
the plot of the scan rate normalized current (Ip v-2) versus the scan rate (v) (Fig. 2C),which

exhibits a characteristic shape typical of an EC’ catalytic mechanism.
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Figure 2: CVs of 1.0x10° mol L™ PNA in 0.1 mol L™ BR buffer (pH 2); (A) CVs at scan rates of 1, 10,
20, 50, 80, 100, 150, 200, 300, 400 mV s*; (B) Variations of Ip with root of scan rate;(C) variation of

-1/2

the scan rate normalized peak current (Ip v--°) versus scan rate; (D) Variations ofEp with logarithm

of scan rate.
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In the case of a slow scan rate (v), the catalytic rate constant (k’) can be calculated using the
developed theoretical model [55] for EC’ catalytic mechanism and derived a relationship

between the peak current and the concentration of analyte (Eq. 3):

lcat = 0.496 nFACsD1/2v1/2 (RT/nF)1/2  (3)

Where Cs is the bulk concentration (mol cm™) of the analyte (in this case; PNA) and other
symbols have their conventional meanings. According to the approach of Andrieux and
Saveant in their theoretical paper [55], the average value of k’ was calculated to be 7.38x10
*cm? s™.The electrochemical behavior of silver electrode was carefully investigated in BR
buffer by cyclic voltammetry. The effect of buffer pH on cyclic voltammetric responses of the
silver electrode was further investigated in the pH range from 1.07 to 11.8 and well-defined
cyclic voltammetric curves were observed (Fig. 3A). With the decrease of buffer pH bellow
2.0, the reduction peak potential shifted to the positive direction, implying that protons were
involved in the electrode process. Once the pH of the solution exceeds pH 2.48, the peak
potential of PNA reduction returns to its initial position obtained by the conventional
electrodes, approximately at -0.8 V. Consequently, pH < 2.48 represents the best range of

electrocatalytic activity of the working electrode toward PNA reduction.
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Figure 3: (A) CVs (at 50 mV s™) of 1.0x10 > mol L™ PNA at different values of buffered pH. (B) Plot
of Ep versus pH.

Moreover, the pH dependence of peak current and peak potential shows that the number of

electrons transferred is not equal to that of the hydrogen ions, since the slopes of the equations
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Ep vs. pH (Fig. 3B) over the studied pH range which are not close to the expected theoretical
value of 59 mV/pH [56].

111.3.2. Amperometric studies

Chronoamperometry is a time-dependent technique where a square-wave potential is applied
to the working electrode. The current of the electrode, measured as a function of time,
fluctuates according to the diffusion of an analyte from the bulk solution toward the sensor
surface. Chronoamperometry can therefore be used to measure current-time dependence for
the diffusion-controlled process occurring at an electrode. This varies with analyte
concentration. Chronoamperometry experiments were carried out for various concentrations
of PNA to examine the electrochemical activity and stability of the electrocatalysts by setting
the working electrode at a potential of -500 mV at a fixed time of 180s.The resulting current—
time dependence is monitored and typical profiles are shown in fig. 4A.

The shape of this can be explained by the changes in concentration distance profiles of the
target analyte in a similar manner as described for cyclic voltammetry. The characteristic
shape of the resulting chronoamperograms can be represented by the Cottrell equation (Eqg. 4)
[57]:

_nFAC=VD (4

Ip = T
Vvt

where, n is the moles of electrons involved in the reaction, F is the Faraday constant, A is the
area of the electrode (cm?), C* the concentration of the analyte in the bulk solution (mol /
cm®), D is the diffusion coefficient (cm?®s) and t is time(s). Consequently, i will be
proportional to t~ **for each concentration of PNA (Fig. 4B).

By substituting the slopes of the Cottrell plots (Fig. 4C) and other parameters in Cottrell
equation, the mean value of D for PNA was found to be 5.44x10™* cm? s,

The rate constant of the electro-catalytic PNA reduction was also calculated using the
obtained chronoamperograms and the following equation (Eq. 5) [58]:

Ie/lL = Y[/ erf (YV2) + exp (Y) /YV2]  (5)

Where, I and I¢ are the currents in the absence and presence of 4-NA, respectively. Y= kCot

is the argument of error function. Cy, k, and t are the concentration of PNA in bulk solution,
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the catalytic rate constant and elapsed time, respectively. When Y exceeds2, the error function

is almost equal to 1 and the equation can be reduced to (Eq. 6):

Ic/ I, = /2 Y'V2 = 71/2 (kCpt) /2 (6)

1/2

Therefore, from the slope of the I¢/I_ versus t™ plot (Fig. 4D) and the above equation, the

mean value of k was found to be approximately 5.24x10™ mol L™ s™.
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Figure 4:(A) Chronoamperograms obtained for PNA concentrations at Ag electrode of 1 (1), 0.5 (2),
0.1 (3), 0.05 (4) and 0.01 (5) mmol L. (B) Plots of I versus t 2 obtained from chronoamperograms (1)

to (5). (C) Plot of slopes of straight lines against PNA concentration and (D) dependence of I/ 1. on
t1/2.
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111.3.3. Tafel polarization plot

In order to obtain information about the rate determining step, a Tafel plot was recorded (Fig.
5) using the data derived from the raising part of the current—voltage curve at scan rate of 50
mV s. The value of Tafel slope, 0.54 V/ decade, indicates that for n ~ 4electron transfer
process in the rate determining step, a transfer coefficient o of about 0.57 can be calculated
which shows a highly parallel kinetic curve[57]. Moreover, the value of the exchange current
density (jo), which was calculated from the intercept of Tafel plot [57], is equal to 381.15
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Figure 5: (A) Tafel plots at various PNA concentrations (a: 1.0x10%; b: 5.0x10; ¢: 1.0x10™ and d:
1.0%10"° mol L™) in B-R buffer solution (pH 2.0) with scan rate 50 mV s™. (B) Double logarithmic plot

of current as a function of PNA concentrations at constant potential.

I11.4. Electroanalytic study

111.4.1. Optimization of parameters

More than their electrocatalytical properties, the silver electrode demonstrates a higher
capacity for analysis of PNA. This electroanalytical study was carried out using DPV method.
Firstly, all electrochemical parameters were optimized in BR solution (pH 2.0) containing
1.0x10° mol L™ of PNA. After the experimental study, the optimal electrochemical
parameters to perform the PNA determination are 8mV s, 130 ms, 430 mV, and 500 ms for

the step, pulse, width and period, respectively. The choice of optimum values was made
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taking into account the peak current intensity, the symmetry of voltammograms and the
signal/noise ratio.

The effect of pH solution on cathodic current intensity of PNA was also evaluated. The results
show that the current intensity of PNA reduction increased when decreasing the value of pH
solution. Therefore, the maximum intensity is obtained with pH=1.32, which was used for

further work.

111.4.2. Calibration curve

The effect of 4-NA concentration was studied under the optimized conditions using DPV
method at silver electrode. Fig. 6 shows the calibration curve for PNA reduction. The cathodic
current peak height of PNA increases linearly with the concentration in the range from
8.0x10°to 1.0x10™ mol L™ of PNA. The minimum concentration calculated that can be
detected by the proposed electrode is 4.0x10° mol L™ in term of limit of detection (LOD).
The repeatability of our method was also evaluated as relative standard deviation (RSD).
Consequently, the RSD obtained is 1.97 % after eight measurements in solutions of 1.0x10™
mol L™ PNA. Consequently, the silver electrode revealed a high efficiency to reduce PNA

with good repeatability.
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Figure 6: DPVs of PNA in 0.1 mol L™ B-R (pH 2) 1.0x10%; 8.0x10™; 5.0x10*; 2.0x10™; 1.0x10°
5.0x10°; 1.0x10°; 5.0x10®; 8.0x107; 4.0x10"; 2.0x10"; 1.0x107; 5.0x10®; 1.0x10® and

8.0x10° mol L™ Inset: plots of electrocatalytic peak current as a function of PNA concentration.
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111.4.3. Interference effect

The influence of interfering agents was also probed to examine the selectivity of the designed
sensor. These organic compounds are dopamine, ascorbic acid, paracetamol, 4-nitrophenol, 2-
nitrophenol, 4-aminophenol and 2-nitroaniline into solution containing 1.0x10®° mol L™ of
PNA. The measurements were evaluated in order to investigate the influence of interfering

compounds on the signals of reduction currents of the analyte examined (Table 1).

Table 1: Influence of coexisting substances on the determination of 1.0x10°mol L™ of PNA (n = 3).

Interfering agent Concentration (1.0x10™ mol L) Recovery (%)
Dopamine 0.1 98 +1.49
1.0 101 +£1.27
5.0 101 +0.49
10.0 105 +1.89
Ascorbic acid 0.1 111 +1.69
1.0 109 +0.34
5.0 79 £1.43
10.0 65 +2.12
Paracetamol 0.1 95 +1.35
1.0 109 +0.70
5.0 108 +0.08
10.0 102.6 +0.83
4-nitrophenol 0.1 99 +0.21
1.0 100 +0.16
5.0 99.64 +£0.008
10.0 101.13 £0.03
2-nitroaniline 0.1 104 +1.85
1.0 106 +0.25
5.0 134 +2.85
10.0 172 £1.43
2-nitrophenol 0.1 105 +0.18
1.0 119 +1.12
5.0 142 +2.83
10.0 174 +1.88
4-aminophenol 0.1 101 £1.42
1.0 103 +0.5
5.0 100 +0.88
10.0 105 +0.27

The results show that the presence of dopamine, paracetamol, 4-nitrophenol and 4-
aminophenol in solution containing PNA has no effect on the peak current. However, 2-

nitroaniline and 2-nitrophenol increase the signal of PNA reduction due to the overlap
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between potentials. Moreover, the presence of ascorbic acid decreases the current peak of

PNA reduction when presents at higher concentration of PNA (5-fold or more).

111.4.4. Analysis of PNA in water samples

The electrode was also successfully applied to the direct determination of PNA in drinking
water and wastewater samples. The tap water solutions were performed without any
pretreatment, while the wastewater samples were used after filtration. Consequently, the
calibration plots of the samples under optimized conditions are linear with a higher correlation
coefficient (R*>0.98). After the experimental study, the concentration of the PNA was found
to be lower than the LOD. The recovery test was carried out by adding a known concentration
of PNA into water samples to confirm the practicability of this method. Therefore, the
statistical results are listed in Table 2. All measurements were performed in triplicate. This

shows the possibility to detect PNA in drinking water and wastewater samples.

Table 2: Obtained results for the determination of PNA in drinking and wastewater samples.

Samples LOD RSD Recovery
(mol L) (%) (%)

Drinking water 1.0x10™ 3.68 91.96

Wastewater 2.5x10°® 1.57 81.27

IVV. Conclusion

In summary, given that silver is known to be a powerful catalyst for the reduction of aromatic
nitro compounds. The present study is devoted to a first step to study the electro-catalytic
performance of the metallic silver electrode in reducing PNA compared to other solid
electrodes including gold, graphite, and glassy electrodes. Indeed, metallic silver electrode
showed high electrocatalytic activity in 0.1 M Britton-Robinson buffer solution (pH: 2.0) with
a remarkable decrease in over-potential compared to other electrodes. Thereafter, the kinetics
of PNA reduction has been investigated.

The catalytic effect was investigated using cyclic voltammetry, electrochemical impedance

spectroscopy, and chronoamperometry. The cathodic transfer coefficient electron transfer rate
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constant, and diffusion coefficient were evaluated to be 0.57, 7.38x10°cm? s and 5.44x10™
cm? s respectively. In addition, the sensitivity of the proposed electrode is achieved using
differential pulse voltammetry after pH optimization and other electrochemical parameters.
The results showed that the reduction peak current for PNA at the Ag electrode increased
significantly compared with conventionally used electrodes. The relationship between the
reduction peak current and the PNA concentration was linear in the range from 8.0x10 to
1.0x10° mol L™. The limit of detection was found to be 4.0x10”° mol L™. Moreover, the
results indicated the feasibility to determine PNA in real samples such as drinking water and

wastewater.
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- Chapter 4 -

Thermal and electrochemical deposition of Ag
catalysts for the electrochemical reduction of

p-nitroaniline




I. Introduction

Carbon-based electrode materials have long been used in electrochemistry and have
outperformed traditional noble metals in many important areas, allowing them to be at the
forefront of innovation in this field [1]. This diversity and sustainable success are due to the
structural polymorphism of carbons, chemical stability, and low cost, large windows of
exploitable potential, relatively inert electrochemistry, rich surface chemistry, and electro-
catalytic activities for a variety of redox reactions [1, 2]. Graphite surfaces are heterogeneous
(anisotropic) in nature, with a very different chemical and electrochemical reactivity between two
of the structural contributions that are fundamental to the behavior of the electrodes, namely the
edge and base planes [1].Carbon materials have significantly more complex surface chemistry
than metals, not only because the underlying microstructure varies with carbon type, but also
because carbon forms a wider variety of surface bonds and functional groups. Since
electrochemistry is based fundamentally on interfacial phenomena, the nature of the carbon

electrode surface is of obvious importance.

Not surprisingly, carbon electrodes are subject to unintentional or unknown adsorption of
impurities during electrode preparation. Intentional or not, these adsorbates can dramatically
affect the electron transfer rates and electrocatalytic activity of carbon electrodes, possibly
subverting their intended electrochemical applications [1]. There is a long history of “activation”
procedures for carbon electrodes, including polishing, heat treatment, solvent treatment, laser
activation, ultrasonication, and others [3, 4]. These procedures improve electrode performance in
part by removing adventitious adsorbates from the electrode surface. The tendency of carbon to
adsorb molecules from the solution and the presence of surface oxides allow electrocatalytic
reactions on carbon electrodes that are weaker or absent on metal electrodes. In addition, the
history and preparation of carbon electrodes can have profound effects on the coverage and
activity of catalytic sites, so it is important to understand the electrocatalytic effects. Several
methods defining the synthesis of silver particles in solution as well as by deposition on solid
surfaces have been presented. These include chemical synthesis through the use of different
reducing agents [5], electron beam irradiation or UV light [6], and electrochemical methods [7—
10]. The latter methods provide an easy and rapid alternative for the synthesis of metallic

particles.
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Deposition is a well-known conventional surface modification method to improve the surface
characteristics, decorative and functional, of a wide variety of materials. Works done in this
direction are discussed in this chapter. The electrodeposition method, also known as
electroplating, is a method of electrical current deposition that allows precise control of the
coating of species on a conductive target material. To date, three different electrodeposition
methods, including potentiostatic technique, galvanostatic techniques, and pulse-plating
techniques, were experimentally designated. In the potentiostatic technique, current density is
changed under constant potential. In galvanostatic technique, electrode potential is varied with a
constant current. In pulse-plating technique, the variation of pulse amplitude (e.g., 5V, 10V)
and/or pulse width (from ns to ps) could be studied. When studying with electrodeposition
methods, it is also common to refer to the method depending on the forms of the voltammetry.
Potential-step electrolysis method [11, 8] and cyclic voltammetric technique are such examples
used to deposit gold and silver on substrates having a low electrical resistance, such as glassy

carbon, and carbon paste electrodes [12-14].

Impregnation and drying is a frequently used preparation method among others due to its simple
execution and low waste streams. The first step is contacting a metal precursor with porous
support. Common precursors include inorganic metal salts, such as metal sulfates, carbonates,
chlorides, nitrates, or acetates, and organic metal complexes, such as metal acetylacetonates [15].
In this chapter, silver microparticles modified carbon paste electrodes by electrodeposition
(Agep-CPE) and impregnation using solid reaction following by thermal treatment (Agimp-CPE)

were constructed and used for the electrocatalytic reduction of PNA and their determination.

I1. Physical characterization of Agjn,-CPE and Agep-CPE
I1.1. XRD characterization of Ag,mp,-CPE and Agep-CPE

After the preparation of electrodes (see chapter 2), Different percentages of silver-impregnated
onto carbon paste treated at 200°C were studied by X-ray diffraction. A sharper and stronger
peaks indexed at the angle 20 = 38.2°, 44.0, 64.5° as can be seen in (Fig. 1A). These peaks are
attributed to the crystal planes of (111), (200) and (220) respectively. However, it is notable that
in the case of 10% Ag-CP, the peak observed at 20 = 38.2° is the most intense compared to other

percentage. This result is comparable to that found in literature [16]. Moreover, the X-ray
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diffraction analysis of silver deposited on carbon paste (Fig. 1B) shows the formation of silver
particles. In fact, the presence of three peaks of metallic silver at 26 of 38.18, 46.62, and 66.42

affirms the metallic state of the coated silver.
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Figure 1:X-ray diffraction (XRD) patterns of (A) carbon paste and AgepCP after electrodeposition step.
(B) Silver microparticles impregnated onto CPE heated at 200°C at different percentages of AQNO;
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I1.2. SEM images of Agimp,-CPE and Agep-CPE

SEM images for both electrodes AQimp-CPE and Agep-CPE were obtained to illustrate the
differences in the surface morphology and distribution of silver. The SEM image of Agm,-CPE
(Fig. 2A) shows a significantly greater roughness, high-density, polydispersed, spherical
microparticles. On the other hand, the electrodeposition of silver (Fig. 2B) showed particle size
smaller compared to impregnation with a uniform distribution on the surface of graphite carbon.

Figure 2: SEM images of (A) Agimp-CPE, and (B) Agep-CPE

I1.3. Electrochemical surface properties of Agjy,,-CPE and Agep-CPE

Electrochemical impedance spectroscopy (EIS) measurements were used to evaluate the
conductivity of modified electrodes (AQimp-CPE). EIS is an effective technique for probing the
kinetics at interfaces and measuring the dielectric and transport properties of materials. Before

3% redox probe in

starting the EIS experiments, cyclic voltammograms curves of the [Fe(CN)g]
0.1M KCI have been performed and serve as initial insights into the electron transfer processes at
the modified electrodes. The cyclic voltammograms of the modified CPEs by different amounts
of silver, 2%, 9%, 10%, and 15%were shown in Fig. 3A. The cathodic peak current appeared at
modified carbon paste electrode (10% silver, w/w) was enhanced and well presented than that
shown by the other electrodes. These results exhibit that the 10 % of silver seems the better redox
mediators by increasing the electronic communication between the CPE and [Fe(CN)s]* "+
species. For further insight into the electron transfer at Agim,-CPEs, EIS experiments were
carried out with potential fixed at E;;, = 0.124 V versus Ag/AgCI. The Nyquist plots (Zin versus

Zea) (Fig. 3B) were exhibited the characteristics of semicircles at high frequencies and a straight
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line at low frequencies. The EIS data (Rs, R, and Q) were extracted from the Nyquist plots by
modeling the spectra following the circuit equivalent shown using the ZMAN software (Fig. 3B
inset). Where Rs is the cell-electrolyte resistance, Re: is the electron-transfer resistance (the
domain of kinetic control) and Q is the constant phase angle (CPE) element, in which it replaces
the double layer capacitance in the Randles’ model [17]. As shown in the Nyquist plots, the
equivalent circuit is in good agreement with the experimental results. Therefore, the obtained

parameters are listed in Table 1.

Table 1: Summary of calculated EIS parameters obtained for the different electrodes

Electrodes Rs (Q) Ret (KQ) Kapp (cM ™)
(2%) Ag-CPE 66. 55 10.186 2.61 x107
(9%) Ag-CPE 82. 328 11.245 2.37 x107
(10%) Ag-CPE 68. 68 3.178 8.37 x10®
(15%) Ag-CPE 82. 348 30.439 8.74 x10°°

Ideally, Rs should not be affected by modification of the electrode surface [18]. The increase
observed in the percentage of 15 and 25% compared to that of AQimp-CPE (10% w/w) may be due
to the resistance induced by the film formed on the electrode surface and possible making the [Fe
(CN)s]* " redox species more difficult to diffuse to the electrode [19]. The apparent electron

transfer rate constant kapp Was obtained from the following equation (Eq. 1) [20]:

Where R is the gas constant (8.314 J mol™ K™, T is the absolute temperature of the system (298
K), F is the Faraday constant (96,485 C mol %), and C is the concentration of the [Fe(CN)]>~ and
[Fe (CN)e]*™ (equimolar) (mol L™). The Kgpp and Re values expressed as 8.37x10™ cm s™ and
3.178 KQ respectively show that the Ag-CPE (10% wi/w) exhibits faster and easier electron

3—/4—

transfer processes for [Fe(CN)g] compared to other electrodes. From the Bode plots (0 (phase
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angle) vs log f (frequency)), it is shown that on Agimp-CPE (10% w/w), relaxation process shifts
to different phase angles and at lower frequencies (Fig. 3C). This shift indicate that the reaction
takes place at the surface of the Agimp-CPE (10% w/w) rather than the other electrodes.
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Figure3: (A) CV profile resulting from CPEs modified with different amounts of silver in 0.1 KCI
containing 1mM of K,Fe(CN)s and 1mM K;Fe(CN)s (1:1) at dE/dt = 100 mV s™. (B) Nyquist plots of
[Fe(CN)s]° " species resulting from CPEs modified by different amount of silver, 2% (i), 9% (ii), 10%
(iii) and 15% (iv). Inset represent Simple equivalent circuit model. (C) Bode plots of phase angle vs.
logarithm of frequency for the CPEs modified by different amount of silver, 2% (i), 9% (ii), 10% (iii) and
15% (iv)performed between 100 mHz and 1 kHz using amplitude of 10 mV in 0.1 KCI containing 1mM of
KsFe(CN)s and 1mM KzFe(CN)s. (D) CV profile of Agim,-CPE and Agep-CPE in 0.1M KCI containing
1mM [Fe(CN)¢]® . (dE/dt) = 50 mV s™.
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Although the same geometric surface area is utilized for both electrodes, the [Fe(CN)s]*'* in 0.1
M KCI redox was used as the first overview of the electronic transfer process, to estimate the
electro-active surface area and to detect the integrity of silver in the electrodes. As shown in Fig.
3D well defined characteristic waves of [Fe(CN)g]*"™ for Ageo-CPE is observed as well as for
Agimp-CPE. Thus, the faradaic current measured for the latest seems to be very small than that of
Agep-CPE, this decreasing current may result from increasing the particle size of silver or
formation of silver oxide during treatment which can effectively insulate the graphite carbon
electrode surface and undergo to decreasing the conductivity of the electrode. Furthermore,

according to Randles— Sevick equation (Eqg. 2) [21, 22]:

Ip = 2.99 X 10° nACD Y21/ )

where Ip, n, A, C, D, and v are the peak current, the number of the electrons involved in the
reaction, the electroactive surface area, the concentration of the reactant, the diffusion coefficient
of the target species and the potential sweeping rate, respectively, the corresponding active
surface area was calculated to be 0.095 cm? and 0.06 cm? for Agep-CPE and Agimy-CPE

respectively.

I11. Electrochemical determination of PNA at Agmy,-CPE and Agep-CPE
I11.1. Electrochemical determination of PNA at Ag;,,-CPE

I11.1.1. Voltammetric characteristic of p-nitroaniline at Agim,-CPE

Cyclic voltammetry is the most extensively used technique for acquiring qualitative information
about electrochemical reactions. It tenders the rapid identification of redox potentials distinctive
to the electroactive species under investigation, providing considerable information about the
thermodynamics of a redox process, Kinetics of heterogeneous electron-transfer reactions and
analysis of coupled electrochemical reactions or adsorption processes. The voltammetric
diagnosis that the electrochemical process is undergoing a reversible or irreversible
heterogeneous charge transfer process.

Therefore, in the first instance, it was used to investigate the effect of the silver modifier on the
peak potential of PNA in 0.1 mol L™ B-R solution (pH 2.0) for different percentages (5%, 7%,
9%, 10%, 12%, 15%, 25%, 35%, and 50%). When the content of the modifier was 10% in the
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carbon paste, significant shift of the reduction peak potential of PNA have been obtained.
However, for silver amounts greater than 10%, the reduction peak of PNA appears at a more
negative potential close to that obtained by CPE. This is due to the formation of a partial silver
film on the CPE electrode [23], which is in good agreement with XRD.

To further investigate the electrocatalytic effect of silver microparticles toward the reduction of
PNA, different cyclic voltammograms were compared. This comparison was made without and
with PNA (1.0x10° mol L™ in 0.1 mol L™ B-R), and even in the absence and presence of silver
modifier (Fig. 4). Moreover, a, b, and ¢ voltammograms corresponding to the Agimp-CPE in blank
solution, PNA at carbon paste and PNA at silver modified carbon paste electrodes respectively.
The modifying agent exhibits excellent electrocatalytic activity of PNA versus the bare of carbon
paste electrode with shift in peak potential towards more positive side by ~300 mV. The shift of
the reduction peak, which was observed on voltammograms of PNA at Agimp-CPE, proves that

there is an interaction between silver and PNA.
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Figure 4: Blank for Agimp-CPE, 1.0x10° mol L"*PNA for CPE and for Aglmp-CPE at scan rate of 100
mV s?in 1.0x10" mol L B-R (pH 2.0).

A key diagnostic is a scan rate study. (Fig. 5A) depicts typical voltammetric profiles resulting
from applying a range of scan rates (1-400 mV s™). The Randles—Sevick equation as follows in
the light of IUPAC recommendations (Eq. 3) [24]:
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Ip = (2.99 x 10°) AD*° Cv*° n (n' + oros) °  (3)

where Ip is the peak current of PNA, n is the total number of electrons transferred per molecule in
the electrochemical process, A is the geometric area of the electrode (cm?), C is the concentration
of PNA species in solution (moles L™), D is the diffusion coefficient of PNA (cm?s™), v is the
scan rate (V s™), n' is the number of electrons transferred per mole before the rate-determining
step (RDS), and a RDS is the transfer coefficient for the RDS is given by (Eq. 4) [25,26].

a =+ (RT/nF) (dIn |j|/dE) “4)

Where j the current density has been corrected for any changes in the reactant concentration at
the electrode surface with respect to its bulk value, E is the applied electric potential, and R, T,

and F have their usual significance. The + sign is used for mounting if oxidation or reduction is

involved.
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Figure 5: CVs of 1.0x10mol L*PNA in 0.1 mol L™ B-R buffer (pH 2); (A) CVs at scan rates of 10, 30,
50, 100, 150, 200, 300, 400 mVs™. (B) Variations of Ip vs. square root of scan rate.

As shown in (Fig. 5B), the peak height (I,) of PNA is proportional to the applied voltammetric

1/2

scan rate and a plot of I, against v™"“is linear. The position of the current maximum of PNA at the
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surface of Ag-CPE occurs at the different potential; this peak maximum, which does shift in
potential with scan rate, is characteristic of electrode reactions which exhibit slow electron
transfer kinetics, usually termed irreversible electron transfer reaction. Since the electrochemical
process, that is, reversible or irreversible, reflects the competition between the electrode kinetics
and mass transport, (k°<<my) indicating electrochemical irreversibility. Where mr is the rate of

mass transport and given by (Eqg. 5):

mr-/D(RT/Fu)  (5)

Theory of Nicholson is used to estimate the observed standard heterogeneous electron transfer

rate constant (k°, cm s™) using the following equation (Eq. 6) [27]:
¥ =K [xDn oF / (RT)]™* (6)

Where Y is a kinetic parameter, D is the diffusion coefficient of PNA system, n is the number of
electrons involved in the process, F is the Faraday constant, R is the gas constant and T is the
temperature (K). The kinetic parameter (V) is tabulated as a function of peak-to-peak separation
(AEpcxn) at a temperature (298 K) for a one electron process (where the charge transfer
coefficient, o = 0.5). A plot of ¥ against [zDnvF / (RT)]™2 allows the standard heterogeneous
rate transfer constant, k° to be readily deduced. The kinetic parameter was deduced as a function

of AEpc by utilizing the Nicholson method. The empirical equation (Eq. 7) [28];
P= (-0.6288 + 0.021X) / (1 - 0.017X) (7)

Where X = AEp in mV used to determine the ¥ as a function of AEp.

This CV experiment was conducted in PNA for scan rate from 10 to 400 mV s™ and the AEp is
ranging from 236 to 353 mV. The calculated k° value corresponding to 0.22x10* cm s™.
Karikalan et al used bare SPCE (screen printed carbon electrodes) and GR/SPCE (screen printed
carbon electrode modified by graphite) for electrocatalytic reduction of nitroaromatic
compounds, the calculated values of k° are 1.18x10%, 3.34x10% and 5.02x10% cm s™* respectively

[29], which is in good agreement with that found by our electrode (AgQimp-CPE). This value
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suggested that the AgQimp-CPE has highest electron transfer rate constant, which provides
excellent electrochemical behavior towards PNA.

The effect of buffer pH on cyclic voltammetric responses of the silver-impregnated onto carbon
paste electrode was further investigated. The effect of pH on the reduction properties of the
modified electrode (Agimp-CPE) was determined in solutions of different pH over the range from
1 to 12 by cyclic voltammetry in the presence of 1.0x10™ mol L™ PNA (Fig. 6A). The PNA
reduction was shifted to the negative value with increasing pH. The insert in (Fig. 6B) shows a
plot of potential of the PNA molecule as a function of pH. It is evident that there is a deviation
from the linearity probably due to the pKa of the PNA analyte. The slope of 52.17 mV/ pH was
found, which is very close to the anticipated Nernstian value for the same number of electron and

proton transfer processes.
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Figure 6: (A) CVs (at 50 mV s™) of 1.0x10® mol L™ PNA at different values of buffered pH. (B) Plot of E

versus pH.

111.1.2.Chronoamperometric studies

Catalytic reduction of PNA onto modified electrode was also studied by chronoamperometry.
(Fig. 7A) shows the chronoamperometric measurements for PNA. The figure represents the
current-time profiles obtained by setting the working electrode potential at -0.5 V for various
PNA concentrations. For an electroactive material with a diffusion coefficient of D, the current

response under diffusion control is described by the Cottrell equation (Eq. 8) [30]:
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Ip = NFACD %22 t12 (g)

Where D and C are the diffusion coefficient (cm?s ') and bulk concentration of PNA (mol cm™),
respectively; A is the electrode area (cm?), and 1 is the current controlled by the diffusion of PNA

from the bulk solution to the electrode/solution interface.
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Figure 7: (A) Chronoamperograms obtained for PNA concentrations at Agm,-CPE of 1 (1), 0.1 (2), 0.05
(3), 0.01 (4) and 0.001(5) mmol L™ at reduction potential (-0.5 V). (B) Insets; plots of | versus t™*

obtained from chronoamperograms (A) and (C) dependence of I¢/ I, on t*2.

Y2 at various PNA concentrations were linear as shown in (Fig. 7B). From the

The plot of | vs. t
slopes of the resulting straight lines and the PNA concentrations, the average value of D was

calculated to be 3.35 x10°cm?s .
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In addition to that, we also investigated the catalytic rate constant (Kc:) associated to PNA
system, when the catalytic current is dominated by the rate of the electro catalyzed reduction of
PNA at intermediate times.

The catalytic rate constant K.y has been determined according to the method described earlier

[22] from the following relation (Eq. 9):
lcadlL = ©2 Y2 = 72 (kCot)”*  (9)

Where Ie and I are the currents of the Agimp-CPE modified electrode in the presence and

absence of PNA, respectively. Ke; was calculated from the slope of the lea/lL vs. tY2

plot
constructed from the chronoamperograms (Fig.7C), and value for K, was found to bel.36x107

mol Ls™

I11.2. Electrochemical determination of PNA at Agep-CPE
111.2.1. Electrochemical behavior of PNA

The same phenomenon is observed using Agep-CPE for the reduction of PNA. Indeed, the
cathodic peak potential of PNA was positively shifted to -230 mV. More than this potential shift
of 370 mV, the reduction peak current was also increased at the Agep-CPE electrode at low

concentrations.

111.2.2. Effect of Ag electrodeposition conditions on PNA responses

The influence of the experimental conditions of Ag electrodeposition (scan rate, sweeping
potential range, number of cycles and concentration of silver in KNO3 solution) on the potential
and intensity of the PNA reduction peak were studied.

Scan rate is one of the most important parameters. Their influence on the electrodeposition of
silver particles onto CPE to reduce PNA was studied. The experiments were carried out in a
solution of 0.1 mol L™ KNO3 containing 5.0x10™ mol L™ of AgNOs in the range from 1 mV s™ to
30 mV s, It was found that the high intensity with positively shifted cathodic peak potentials
was obtained at a scan rate of 10 mV s™. Moreover, the range of electrodeposition potential was

studied by testing a variety of sweeping potential ranges and the result demonstrates that the
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Agep-CPE electrode prepared in a sweeping potential range of 600 mV to -400 mV is efficient
for the detection of PNA. Similarly, the highest response was also improved when the electrode
prepared for the total segments of 6. The deposition process also depends on the concentration of
reacting (electroactive) ions. Therefore, the effect of the latter on the response of PNA was
studied in a concentration range from 1.0x10® to 1.0x10™ mol L™ of AgNO; dissolved in cell
containing 0.1 mol L* KNO3 The highest response was reached for 0.5 mmol L™ AgNO3,above
this concentration; a poor response for PNA is obtained. This behavior was attributed to the
formation of a partial silver film on CPE [31]. Hence, for all succeeding experiments, 0.5 mmol
L™ AgNO; under the scan rate of 10 mV s with a total segment number of 6 in the sweeping

potential range from 600 mV to -400 mV was used to deposit silver particles onto CPE surface.

111.2.3. Catalytic studies

In order to evaluate the electrocatalytic effect of Agep-CPE for the reduction of PNA, a series of
electrochemical analyses are performed. The product Agep-CPE exhibits excellent
electrocatalytic activity towards the reduction of PNA. The catalytic effect was investigated using
cyclic voltammetry and chronoamperometry techniques. Indeed, the diffusion coefficient (D) was

2.91x10°cm?s ! and catalytic rate constant K, Was evaluated to be 6.43x10* mol™ L s™.

111.2.4. Calibration data

Firstly, the electrochemical reduction of PNA was performed at both Agimp-CPE and Agep-CPE
using differential pulse voltammetry (DPV). It was found that at concentrations below 10 M
PNA, no peaks were detected on Agimp-CPE. While the current height of the PNA reduction peak
has decreased for Agimp-CPE may be confirming the formation of silver oxide on the surface of
CPE, all of this is in good agreement with the previously reported observation.

Before establishing the calibration curve, we were interested in optimizing the various
electrochemical variables (step, pulse, width and period) that influence the determination of PNA
at Agep-CPE using DPV method. From the obtained results, it was found that the best response to
PNA was recorded with 10 mVs™, 140 ms, 470 mV and 500 ms for step, pulse, width and period,
respectively. On the other hand, the pH effect on cathodic current intensity of PNA was also

evaluated. The results show that the peak intensity of PNA reduction increased when decreasing
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the value of pH solution. Therefore, the maximum intensity is obtained with pH=1.34, which was
used for further work. Finally, in order to observe the effect of accumulation time, Agep-CPE
was inserted into a cell containing 20 mL of the PNA at open-potential for different times (0, 60,
120, 180, 240, 300, 360, 420, 600 and 900 sec), and then the resulting responses of the prepared
electrodes were evaluated to determine the optimum value. The increase of peak current with
increase of accumulation time indicated that PNA can be accumulated at the surface of CPE
electrode probably due to its increase surface activity. According to our findings, the most
convenient value was obtained with an accumulation time of 180 sec.

Calibration data were obtained for PNA solutions under optimum experimental conditions
described obviously. (Fig. 8) shows some of the typical DPV voltammograms recorded on the
Agep-CPE in two linear dynamic ranges of 8.0x10® —1.0x10® and 5.0x10°-1.0x10™ mol L™ of
PNA. The calibration plot is required for quantitative measurements of the PNA concentration at
a given potential. The intensity of cathodic current increase with concentration of PNA with a
coefficient of determination of R? = 0.994. The electrochemical sensing showed a detection limit
(SIN = 3) of 4.18x10® mol L™. The relative standard deviation (R.S.D.) for eight measurements
was calculated as 2.44 % for PNA concentration of 1.0x10™ mol L™,

Table 2 shows the comparison of some of the reported electrochemical sensors for the detection

of PNA derivatives with the present sensor.
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Figure 8: (A) DPVs for different PNA concentrations in 0.1 mol L™ B-R buffer (pH 2). (B)Plot of

electrocatalytic peak current as a function of PNA concentration.
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Table 2: Some of the reported electrochemical sensors for PNA detection.

Modified electrode Analytical technique Detection limit Ep. (mV)  References
CPE/DTD/Ag NPs DPV? 0.23 uM -320 [32]
GC/TPDT-SiO2/Ag NPs SWV’ 0.50 uM -800 [33]
BMIMPF6-SWNT/GCE LSV* 8.0 nM -750 [34]
Metallic silver electrode DPV 4.74 nM -260 [35]
Silver/CPE cv!' e -300 [36]
ZnO NRs/FTO Amperometry 0.5 uM - [37]
AQED-CPE DPV 0.418 nM -230 Present work

The abbreviations of the modified electrodes can be referred from the corresponding references
“Differential pulse voltammetry.

°Square wave voltammetry.

‘Linear sweep voltammetry.

‘Cyclic voltammetry

111.2.5. Interference effect

In order to evaluate the effect of several species frequently found with PNA on the electrode
response, a study involving these compounds was performed. The selectivity of the suggested
sensor was investigated in electrolytic solution containing 1.0x10° mol L™ of PANA spiked with
different concentrations of dopamine, ascorbic acid, paracetamol, 4-nitrophenol, 2-nitrophenol, 4-
aminophenol and 2-nitroaniline.

The effect of representative potential interference on the determination of PNA was investigated,
which were expressed as the recovery relating to the responses with and without interference
compounds. The different concentrations of 4-nitrophenol were investigated and significantly
interfered especially by the addition of 10-fold leading to an increase in the peak current of PNA.
The increase of current signal is probably due to the overlap of the PNA and 4-nitrophenol
reduction peaks. It was too observed that the peak current of PNA was decreased by the addition

of dopamine, ascorbic acid and paracetamol. This decrease may be due to the paracetamol/
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dopamine/ ascorbic acid adsorption on the surface of Ag electrode, which is blocking the surface
sites. Therefore, the potential range from 0.0 mV to -600 mV was recommended to remove the
effect of these interferences. However, 2-nitrophenol, 2-nitroaniline and 4-aminophenol did not

interfere with PNA detection, where the recovery rates were greater than 97%.

111.2.6. DPV measurements of PNA in water samples

In order to evaluate the practical application of the proposed electrode Agep-CPE, it was used to
detect PNA in drinking water samples. No signal for PNA was observed when the sample was
analyzed. Hence, the proposed method was applied to analyze water samples contaminated with
PNA at different concentrations. The reduction peak of PNA was clearly displayed. The linear
calibration curve of PNA was obtained in the concentration range of 1.0x10° mol L™ to 1.0x10°
>mol L™ for drinking water samples (Fig. 7). The coefficient of determination of the curve was
(R?=0.981). The limit of detection (LOD) was found to be 1.38x10” mol L™*with RSD of 2.2 %
and satisfactory recovery that exceeds 95 %.

3,64 140
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: 120 1
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v 100 A L
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10em[ VE4 |
=2 9 -
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Figure 9: (A) Calibration curve of PNA in drinking water in the concentration range of 1.0x10° mol L™
to 1.0x10° mol L™ using DPV method at Agep-CPE. (B) Plot of peak current as a function of PNA

concentration.
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IVV. Conclusion

As a conclusion, this study is devoted to the development of simple and easy methods for the
deposition of silver on carbon paste electrodes such as impregnation using solid reaction and
electrodeposition for the determination of PNA. The morphology and the distribution of silver on
the electrode surface were evaluated by XRD, and Scanning electron microscopy. The electro-

34-as redox

active surface area of the as prepared electrodes were estimated using [Fe(CN)g]
probe by cyclic voltammetry. The electrochemical reduction of PNP was followed by cyclic
voltammetry in the first time with determination of Kinetic parameters. This study has
demonstrated that both electrodes exhibit excellent electrocatalytic activity toward PNA
reduction in B-R buffer solution (pH 2.0). The electrocatalytic activity of silver based electrodes
is discussed on the basis of the real electro-active surface area and particle size which results
from varying modification modes.

In addition, the analytical determination of PNA was performed for both Agim,-CPE and Agep-
CPE using differential pulse voltammetry (DPV). It was found that the current height of the PNA
reduction peak at Agimp-CPE is very low than at Agep-CPE, this may confirm the formation of
silver oxide on the surface of CPE. Finally, the Agep-CPE has been successfully applied for the
determination of PNA in drinking water samples. Simplicity of preparation, good reproducibility
and low cost of the modified electrode, high active surface area as well as wide linear
concentration range, low detection limit and good repeatability for PNA determination are the

important advantages of Agep-CPE.

148



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

Mc Creery, R. L. (2008). Advanced carbon electrode materials for molecular
electrochemistry. Chemical reviews, 108(7), 2646-2687.

Brownson, D. A., & Banks, C. E. (2010). Graphene electrochemistry: an overview of
potential applications. Analyst, 135(11), 2768-2778.

Mc Creery, R. L. (1991). In Electroanalytical Chemistry; Bard, A. J., Ed.; Dekker, New
York, 17.

Mc Creery, R. L., Cline, K. K., McDermott, C. A., & McDermott, M. T. (1994). Control
of reactivity at carbon electrode surfaces. Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 93, 211-219.

Sun, L., Zhang, Z., & Dang, H. (2003). A novel method for preparation of silver
nanoparticles. Materials letters, 57(24-25), 3874-3879.

Fukushima, M., Yanagi, H., Hayashi, S., Suganuma, N., & Taniguchi, Y. (2003).
Fabrication of gold nanoparticles and their influence on optical properties of dye-doped
sol-gel films. Thin Solid Films, 438, 39-43.

Dai, X., Nekrassova, O., Hyde, M. E., & Compton, R. G. (2004). Anodic stripping
voltammetry of arsenic (Ill) using gold nanoparticle-modified electrodes. Analytical
chemistry, 76(19), 5924-5929.

El-Deab, M. S., Okajima, T., & Ohsaka, T. (2003). Electrochemical reduction of oxygen
on gold nanoparticle-electrodeposited glassy carbon electrodes. Journal of the
electrochemical society, 150(7), A851-A857.

Welch, C. M., Banks, C. E., Simm, A. O., & Compton, R. G. (2005). Silver nanoparticle
assemblies supported on glassy-carbon electrodes for the electro-analytical detection of
hydrogen peroxide. Analytical and bioanalytical chemistry, 382(1), 12-21.

Yin, B., Ma, H., Wang, S., & Chen, S. (2003). Electrochemical synthesis of silver
nanoparticles under protection of poly (N-vinylpyrrolidone). The Journal of Physical
Chemistry B, 107(34), 8898-8904.

El-Deab, M. S. (2009). On the preferential crystallographic orientation of Au
nanoparticles: effect of electrodeposition time. Electrochimica Acta, 54(14), 3720-3725.

149



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Ma, Y., Di, J., Yan, X., Zhao, M., Lu, Z., & Tu, Y. (2009). Direct electrodeposition of
gold nanoparticles on indium tin oxide surface and its application. Biosensors and
Bioelectronics, 24(5), 1480-1483.

Farahi, A., Achak, M., El Gaini, L., EI Mhammedi, M. A., & Bakasse, M. (2015).
Electrochemical determination of paraquat in citric fruit based on electrodeposition of
silver particles onto carbon paste electrode. Journal of food and drug analysis, 23(3), 463-
471.

Laghrib, F., Ajermoun, N., Hrioua, A., Lahrich, S., Farahi, A., El Haimouti, A., & El
Mhammedi, M. A. (2019). Investigation of voltammetric behavior of 4-nitroaniline based
on electrodeposition of silver particles onto graphite electrode. lonics, 25(6), 2813-2821.
Munnik, P., de Jongh, P. E., & de Jong, K. P. (2015). Recent Developments in the
Synthesis of Supported Catalysts. Chemical Reviews, 115(14), 6687-6718.

A. Farahi, M. Achak, L. El Gaini, M.A. EI Mhammedi, M. Bakasse, Silver particles-
modified carbon paste electrodes for differential pulse voltammetric determination of
paraquat in ambient water samples, J. Assoc. Arab Univ. Basic Appl. Sci. 19 (2016) 37-
43.

Macdonald, D. D. (2006). Reflections on the history of electrochemical impedance
spectroscopy. Electrochimica Acta, 51(8-9), 1376-1388.

Yang, L., & Li, Y. (2005). AFM and impedance spectroscopy characterization of the
immobilization of antibodies on indium-tin oxide electrode through self-assembled
monolayer of epoxysilane and their capture of Escherichia coli O157: H7. Biosensors and
Bioelectronics, 20(7), 1407-1416.

Pillay, J., & Ozoemena, K. I. (2007). Electrochemical properties of surface-confined films
of single-walled carbon nanotubes functionalised with cobalt (Il) tetra-
aminophthalocyanine: Electrocatalysis of sulfhydryl degradation products of V-type nerve
agents. Electrochimica acta, 52(11), 3630-3640.

Sabatani, E., & Rubinstein, 1. (1987). Organized self-assembling monolayers on
electrodes. 2. Monolayer-based ultramicroelectrodes for the study of very rapid electrode
kinetics. Journal of Physical Chemistry, 91(27), 6663-6669.

Viswanathan, S., Radecka, H., & Radecki, J. (2009). Electrochemical biosensor for

pesticides based on acetylcholinesterase immobilized on polyaniline deposited on

150



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]

vertically assembled carbon nanotubes wrapped with ssDNA. Biosensors and
Bioelectronics, 24(9), 2772-2777.

Sun, W., Guo, C. X., Zhu, Z., & Li, C. M. (2009). lonic liquid/mesoporous carbon/protein
composite  microelectrode and its biosensing application.  Electrochemistry
communications, 11(11), 2105-2108.

Calvo, M. E. B., Renedo, O. D., & Martinez, M. J. A. (2007). Determination of
lamotrigine by adsorptive stripping voltammetry using silver nanoparticle-modified
carbon screen-printed electrodes. Talanta, 74(1), 59-64.

Batchelor-McAuley, C., & Compton, R. G. (2012). Voltammetry of multi-electron
electrode processes of organic species. Journal of Electroanalytical Chemistry, 669, 73-
81.

Guidelli, R., Compton, R. G., Feliu, J. M., Gileadi, E., Lipkowski, J., Schmickler, W., &
Trasatti, S. (2014). Defining the transfer coefficient in electrochemistry: An assessment
(IUPAC Technical Report). Pure and Applied Chemistry, 86(2), 245-258.

Guidelli, R., Compton, R. G., Feliu, J. M., Gileadi, E., Lipkowski, J., Schmickler, W., &
Trasatti, S. (2014). Definition of the transfer coefficient in electrochemistry (IUPAC
Recommendations 2014). Pure and Applied Chemistry, 86(2), 259-262.

Nicholson, R. S. (1965). Theory and application of cyclic voltammetry for measurement
of electrode reaction kinetics. Analytical chemistry, 37(11), 1351-1355.

I. Lavagnini, R. Antiochia, F. Magno, An extended method for the practical evaluation of
the standard rate constant from cyclic voltammetric data, Electroanalysis 16 (2004) 505-
506.

Karikalan, N., Kubendhiran, S., Chen, S. M., Sundaresan, P., & Karthik, R. (2017).
Electrocatalytic reduction of nitroaromatic compounds by activated graphite sheets in the
presence of atmospheric oxygen molecules. Journal of Catalysis, 356, 43-52.

ABard, A. J., & Faulkner, L. R. (2001). Fundamentals and applications. Electrochemical
Methods, 2(482), 580-632.

Galus, Z. (1976). Fundamentals of electrochemical analysis. Halsted Press.

Zavar, M. H. A., Heydari, S., Rounaghi, G. H., Eshghi, H., & Azizi-Toupkanloo, H.
(2012). Electrochemical behavior of para-nitroaniline at a new synthetic crown ether-

silver nanoparticle modified carbon paste electrode. Analytical Methods, 4(4), 953-958.

151



[33]

[34]

[35]

[36]

[37]

Rameshkumar, P., & Ramaraj, R. (2014). Electroanalysis of nitrobenzene derivatives and
nitrite ions using silver nanoparticles deposited silica spheres modified electrode. Journal
of Electroanalytical Chemistry, 731, 72-77.

Zhao, F., Liu, L., Xiao, F., Li, J.,, Yan, R., Fan, S., & Zeng, B. (2007). Sensitive
Voltammetric Response of p-Nitroaniline on Single-Wall Carbon Nanotube-lonic Liquid
Gel Modified Glassy Carbon Electrodes. Electroanalysis: An International Journal
Devoted to Fundamental and Practical Aspects of Electroanalysis, 19(13), 1387-1393.
Laghrib, F., Boumya, W., Lahrich, S., Farahi, A., El Haimouti, A., & EI Mhammedi, M.
A. (2017). Electrochemical evaluation of catalytic effect of silver in reducing 4-
nitroaniline: Analytical application. Journal of Electroanalytical Chemistry, 807, 82-87.
Laghrib, F., Lahrich, S., Farahi, A., Bakasse, M., & EI Mhammedi, M. A. (2018).
Impregnation of silver in graphite carbon using solid reaction: Electrocatalysis and
detection of 4-nitroaniline. Journal of Electroanalytical Chemistry, 823, 26-31.

Ahmad, R., Tripathy, N., Ahn, M. S., & Hahn, Y. B. (2017). Development of highly-stable

binder-free chemical sensor electrodes for p-nitroaniline detection. Journal of colloid and interface
science, 494, 300-306.

152



- Chapter 5 -

Silver nanostructured electrodes for direct
electrocatalysis and electroanalysis of

p-nitroaniline




I. Introduction
Nanomaterials have, by definition, one or more dimensions in the nanometer scale (<100 nm)

and then exhibit new properties from their base materials. The synthesis, characterization, and
applications of nanoparticles are among the most important sections of the wide range of
nanotechnology fields falling under the general category of "nanotechnology”. In recent years,
nanoparticles have been the focus of attention for researchers in this field, as it has been found
that the transition from microparticles to nanoparticles leads to immense changes in the physical
and chemical properties of a material. The most important characteristics, among many others, at
the nanoscale are the following: Firstly, the small particle size, which leads to an increase in the
surface-to-volume ratio and therefore the one in which quantum effects predominate. Second, the
increase in the surface/volume ratio results in an increase in the predominance of the surface
atoms of the nanoparticle over those in its interior. Nanoparticles are of great scientific interest
as they bridge the gap between bulk materials and atomic or molecular structures [1]. Among
various nanoparticles, metal nanoparticles are the most promising ones and this is due to
their anti-bacterial properties which, occur because of the high surface to volume ratio.
Change in the size or surface of the composition can change the physical and chemical
properties of the nanoparticles [2, 3]. In recent decades, the application of metal
nanoparticles is very common due to their wide applications in various industries [4]. The
synthesis of nanoparticles (NPs) with control over particle size, shape, and crystalline nature has
been one of the main objectives in chemistry that could be used for potential applications, such as
bio-medical, biosensor, catalyst, and lower cost electrode [5-7].

Metallic nanoparticles exhibit size and shape-dependent properties that are of interest for
applications ranging from catalysis and sensing to optics, antibacterial activity and data storage
[8-13]. For example, the antibacterial activity of different metal nanoparticles such as silver
colloids is closely related to their size; that is, the smaller the silver nuclei, the higher the
antibacterial activity. In addition, the catalytic activity of these nanoparticles also depends on
their size as well as their structure, shape, size distribution and physicochemical environment.

A series of investigations on the catalytic conversion of aromatic nitro-compounds have been
reported using a variety of nanostructures, including silver [14-18], copper [19], iron [20], iron
oxide [21], gold [22], platinum, and palladium [23-25] nanoparticles as nanocatalysts. Silver
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nanoparticles (AgNPs), for example, tender great performance and attracted particular attention
in catalysis for numerous types of chemical reactions by dint of their low cost [26].

Generally, various techniques are used for the metallic nanoparticles synthesis, including high-
temperature methods (e.g. laser ablation), often expensive and complicated to implement. Other
techniques such as chemical reduction of silver ions in aqueous [27, 28] or non-aqueous [29, 30]
solutions, the template method [31], electrochemical [32], photocatalytic [33] or biochemical [34]
methods are more commonly used. According to the synthesis method, the nanoparticles obtained
have different shapes (spherical, cubic, tetrahedral, threads, etc.) and sizes [35-39]. The chemical
methods for the synthesis of metallic nanoparticles are quite successful and have been well
studied [40-42] because it's a simple and inexpensive technique. However, this type of process
requires in particular, the use of various chemical agents: reducers, stabilizers and, accelerants.
Thus, the silver salt is reduced to give metal atoms that enter into collision in solution with ions,
atoms or clusters to form a stable nucleus irreversible [43]. Commonly used reducers are
borohydride, citrate, ascorbate, and elemental hydrogen [44-52]. The stage of growth is
influenced by the presence of stabilizers which are surfactants, hydrogels or polymers such as
chitosan. They have the effect of stopping the growth of nanoparticles that begins after
nucleation, but also of preventing agglomeration of the nanoparticles already formed. The name
chitosan was proposed by Hoppe-Seyler in 1894. It is now commercially produced from waste
from the consumption of crustaceans and the industrial processing of mushrooms [53]. It can be
used as an efficient adsorbent due to the presence of amino (-NH,) and hydroxyl groups (-OH),
which can serve as active sites [54]. Amino groups of chitosan can be cationized, after which
they strongly adsorb anionic dyes by electrostatic attraction [55]. Chitosan also exhibits a large
range of applications, for example, as microcapsule implants for controlled release in drug
delivery [56, 57], in water treatment [58], membrane component [59], food additive [60], and
catalyst support [61], for biomedical devices and processes [62], and analytical applications [63].
Chitosan has been employed in electroanalysis, for example, to immobilize proteins in carbon
structures [64], for the electroanalysis of paracetamol [65].

In this chapter, a chemical method for the synthesis of silver nanoparticles and there
electrocatalytic activity for the reduction of PNA was presented. The silver ions are stabilized by
chitosan so the nanoparticles could be kept from agglomerating during the synthesis, and reduced

by NaBH,. The characterization of samples was performed using UV—Visible spectroscopy, X-
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ray diffraction analyses (XRD), Fourier transform infrared spectroscopy (FT-IR), cyclic
voltammetry (CV), and electrochemical impedance spectroscopy (EIS). Finally, the
electroanalytic activity of synthesis material was investigated against the PNA reduction using

differential pulse voltammetry (DPV).

I1. Characterization

To better understand the formation process of silver nanoparticles as previously discussed in

chapter 2, a series of control experiments and measurements was performed.

11.1. UV-Vis spectroscopy

The colloidal solution sample obtained was subjected to UV-Visible spectroscopy. The study of
optical properties by absorption spectroscopy is an essential step in the characterization of
synthesized silver nanoparticles. Indeed, the metallic nanoparticles absorption present optical
properties specific issues related to a classic effect of exaltation of the electric field often called
dielectric confinement. Nanoparticles have a larger number of atoms, and therefore free electrons
at the surface compared to macroscopic objects. The excitation of the metal surface by light
causes the collective vibration of the electrons on the surface and thus a resonance at a certain
wavelength. Generally, silver nanoparticles are characterized by an absorbance band of around
400-420 nm [23]. As shown in Fig. 1A, the surface plasmon resonance (SPR) of silver at Ayax =
420 nm confirms the formation of colloidal CS@AgNPs with particle size between (35-45 nm)
[66, 67].Otherwise, the peak was sharp and symmetric indicating a narrow size distribution of
AgNPs [68]. When the experiment begins, all the silver is in the form of Ag*ions. The formation
of nanoparticles germs will be possible when these ions reduced to Ag®. Thus, the concentration
of Ag" ions decreases very strongly during the reaction which results in a magnification of the
particles. As the particle size increases, there are less of ions in solution and, therefore, the
growth rate decreases until it reaches a level of total reduction. The color change of the solution
is rapid during the synthesis and confirms the hypothesis of rapid reaction kinetics Fig. 1B.The
kinetics of the reaction, as it depends on the concentration of the Ag® ion, also depends on
NaBH,.Thus, reaction kinetics is more rapid when the concentration of silver nitrate is high. The
maximum absorption wavelength (plasmon band) increases very slightly with the concentration

of silver nitrate (Fig. 1C).
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Figure 1: (A) UV-Vis absorption spectra of freshly prepared CS@AgNPs solution. Inset photographic
images. (B) Photographic images of CS@Ag NPs solution at different amount of NaBH,. (C) UV-Vis
absorption spectra of freshly prepared CS@AgNPs solution at different concentration of AQNO; and (D)
UV-Vis absorption spectra of freshly prepared CS@AgNPs solution at different quantity of NaBH,.

The resistance to aggregation seems to evolve similarly to the size of particles. It is indeed
possible to think that more the nanoparticles are small, the resistance to aggregation is important.
This can be explained by the fact that nanoparticles of larger sizes due to their weight will tend to
settle more easily. Increasing the amount of silver nitrate is also observed to enlarge the plasmon

band of the absorption spectra resulting from the presence of nanoparticles of polydisperse sizes.
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Furthermore, to find a suitable quantity of NaBH,, the effect of different amounts of this reducer
on the absorbance in the presence of 0.10 g of chitosan dissolved in 10 mL of 2% acetic acid and
10 mmol L™* AgNO; was tested. The results indicated that the values of absorbance increased
strongly within 0.4 mg of NaBH,. It is also noted that for the absorbance whose amount of
NaBH, less than 0.8 mg is very low (Fig. 1D). This is mainly due to the aggregation of
nanoparticles, because of the lack of NaBH, to reduce silver nitrate. On the other hand, for
quantities greater than 0.8 mg, a slight decrease in the absorption intensity was observed, which
due to a decrease in the quantity of nanoparticles formed. In addition, the absorption bands of the

solutions are much thinner, thus reflecting a lower dispersity in size.

11.2. XRD, SEM, and FT-IR analysis

The synthesized CS@AgNPs were separated by centrifugation at 4000 rpm for 10 min followed
by dispersion in distilled water three times. The solid was then dried at 40°C. The dried powder
was used for X-ray diffraction (XRD) analysis. A typical XRD pattern of the synthesized
CS@AgNPs was found to possess a face-centered cubic (fcc) lattice, [69] as shown in Fig. 2A.
Four Bragg reflections at 20 = 37.36, 44.47, 64.80 and 77.44 are corresponding to the (1 1 1), (2
00), (220)and (3 11) plans respectively, confirmed the presence of AgNPs. These results
pointed out apparently that the NPs were formed of extremely crystalline nanostructures [70].
XRD analysis was also applied to further calculate the particle size using Scherrer’s formula (Eq.

1):

KA

- B.cos@, . (1)

Where d is the average crystal size, k is the X-ray wavelength (0.1541 nm), B is the full-width at
half-maximum (FWHM) and 6 is the diffraction angle [71]. The size of the AgNPs by calculating
the FWHM of the most intense reflection (1 1 1) peak from the XRD data revealed a size of
51.54 nm. The presence of chitosan peaks is observed from the XRD pattern. The chitosan peaks
that extended from 15.5 to 24° showed the amorphous region of the film. Moreover, SEM

observations were carried out.
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Figure 2: (A) XRD pattern of synthesized CS@Ag NPs (B) SEM images of synthesized chitosan-Ag NPs
and (C) The FTIR spectra of synthesized CS@AgNPs.

Fig. 2B shows the SEM images of CS@AgNPs synthesized. It seems that the sample consisted of
a large quantity of dispersive nanoparticles. As it is clear in the SEM image, the nanoparticles are
relatively uniform and seemed like quasi-spheres. Infrared spectrometry is used to confirm the
interaction between silver and chitosan. Fig. 2C shows the FTIR spectra of synthesized
CS@AgNPs. As compared with some IR spectra of chitosan reported in the literature [72], the
result revealed some degree shift in the chitosan stabilized silver nanoparticles. This suggests that
the formation of AgNPs was promoted by N-H bond (Wei et al. 2009) [73]. The observed peaks
at 3425, 1612, and 1103 cm™ may be originated from the -OH stretching vibration N-H vibration,

and C=0 asymmetric stretch in chitosan molecule [74, 75].
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Bands at 2925 cm™arising from C-H stretching of aromatic compound. The band at 1741 cm™was
assigned for C-C stretching. The band 1660 cm™developed for C-N and C-C. The bands at 1450
cm™ and 1100 cm™ arising from N-H stretch vibration. These functional groups indicating an

important role in stability/capping of silver nanoparticles [76, 77].

11.3. Electrochemical impedance characterization

Electrochemical impedance spectroscopy (EIS) can provide useful information about the surface
features during the fabrication process. The EIS curve includes a semicircular part and a linear
part. The semicircular part at higher frequencies corresponds to the electron-transfer limited
process and its diameter is equal to the charge transfer resistance (Rct), which controls the
electron transfer kinetics of the redox probe at the electrode interface. Meanwhile, the linear part
at lower frequencies corresponds to the diffusion process.

Fig. 3 displays the EIS of the electrodes at different stages. Carbon paste electrode CPE (i),
chitosan modified carbon paste electrode CS-CPE (ii), and chitosan stabilized silver nanoparticles
modified carbon paste electrode CS@AgNPs-CPE (iii) in 1.0 mmol L™ Kjs[Fe(CN)s] /
Ku[Fe(CN)g] (1:1) with 0.1 mol L™ KCI. For the bare CPE, the EIS curve consists of only a linear
part with a Re value of 36.310 Kohm indicating a diffusion-controlled redox process at the
electrode. In the case of CS-CPE and CS@AQgNPs-CPE, both curves consist of a semicircular
part and a linear part, and the diameter of the semicircle is much less for the former than for the
latter with interfacial electron transfer resistance of 0.5298 Kohm and 0.1821 Kohm respectively.
This can explain that the AgNPs could generate a conductivity-increased surface that enhanced
the Fe(CN)s>/Fe(CN)s* probe to access the modified CS@AgNPs-CPE. Thus, the CS@AgNPs-
CPE can more effectively promote the transportation and accessibility of target molecules and
facilitate the transfer of electrons, which is the key to its much-enhanced sensitivity and reduced

non-faradaic behavior [78].
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Figure 3: EIS spectra of unmodified (i), chitosan modified carbon CS-CPE (ii) and CS@AgNPs-CPE (iii)
in 0.1M KCI containing 5mM [Fe(CN)e]’ “performed between 100 MHz and 1 kHz using amplitude of 10
mV.

11.4. Cyclic voltammetry characterization

Cyclic voltammetry (CV) was carried out to evaluate the electrochemistry of the bare CPE, CS-
CPE and CS@AgNPs-CPE in 0.1 M KClI solution containing 5 mM Fe(CN)e> / Fe(CN)s" probe
at a scan rate of 50 mVs™ as shown in Fig. 4. The well-defined redox behavior was observed for
all the electrodes that attributed to the redox reaction of Fe(CN)¢>/Fe(CN)s*. Among all, the
CS@AgNPs-CPE (Fig. 4C) exhibited an excellent redox peak current when compared with the
CPE (Fig. 4A) and CS-CPE (Fig. 4B). The peak current of Fe(CN)6*/Fe(CN)s* at various
electrodes are fall in the order CS@AgNPs-CPE (|Ipc|: 300 pA) > CS-CPE (|lpc|: 174 pA) > CPE
(Jlpc|: 130 pA). The enhanced peak current response designates enriched active surface area,
which could be attributed to the nano-silver that boosts the redox reaction of Fe(CN)s*>/Fe(CN)gs*
. These findings indicate that the CS@AgNPs-CPE holds excellent electron transfer capability
and enriched active surface area than that of CS-CPE and CPE.
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Figure 4: CVs voltammograms of CPE (A), chitosan modified carbon CS/CPE (B) and CS@AgNPs-
CPE(C) in 0.1M KCI containing 5mM [Fe(CN)s]* " at scan rate 50 mV s™.

I11. Determination of PNA at CS-CPE
The working electrode CS-CPE was placed in appropriate PBS, with suitable pH: 7.0 when the

peak current is maximum, containing desired concentrations of PNA before starting the scan.
DPV voltammograms of PNA were registered at CPE bare and CS-CPE for direct comparison
(Fig. 5). A sensitive and well-defined reduction peak appears at all two tested the working
electrodes indicate a reduction of four electrons from the nitro group to the hydroxyamino group
after exposure to a 1 mM PNA in PBS pH 7.0. It is obvious that an enhancement of current peak
of PNA at CS-CPE compared to CPE. This phenomenon should be attributed to the porous area
of chitosan, which improves the absorbance amount of PNA onto the electrode surface and

increases the electrochemical reduction response.
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Figure 5: DPV voltammograms of unmodified CPE and CS-CPE at 0.1 mM PNA containing 0.1 M PBS
pH 7.0.

The effect of CS amount on the cathodic peak current of 10 uM PNA in 0.1 M PBS pH 7was
investigated as can be seen in Fig. 6A.1t is notable that the reduction peak current increases with
increasing the amount of CS from 0 to 2 %. However, a significant decrease in the peak current
was recorded when the amount was greater than 2% (w/w) due to the decrease in conductivity of
the modified electrode. At 2% (w/w) the current reached the maximum, and then it was chosen

throughout this work.

The response of CS-CPE was strongly accumulation time-dependent. The peak current of PNA
increases greatly with the first 1 min (Fig. 6B). Further, the peak current decreases remarkably
when increasing the accumulation time. Considering sensitivity and efficiency, the accumulation
time chosen for the following experiments was 1 min.

The effect of solution pH on the peak current of 10 uM PNA was further investigated using DPV
within the range from 2 to 12 and the results shown in Fig. 6C. It is evident that the peak current
varied remarkably with pH and attained its maximum at pH 7.0. Thus, the pH for further study is
chosen at 7.0.
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Figure 6: Optimization of the experimental parameters(A) Chitosan percentage (%), (B) Accumulation
time, and (C) pH of buffer solution recorded by DPV technique in 55 uM PNA containing 0.1 M PBS pH
7.0.

Under all these optional parameters, the relationship between current and concentration was
studied in the range of 0.1 uM to 0.1 mM PNA(Fig. 7).The calibration curve as indicated in Fig.
7B,C presents two linear ranges of current versus PNA concentration from 1.0 uM to 0.1
mM(Fig. 7B) and from 0.1uM to 1.0 uM (Inset Fig. 7B).These relationships can be described
through the following linear regression equations: (1) Ipc/pA = 2.0 x 10° [PNA] + 230.7 (R*=
0.984) and (11) Ipc/pA = 8.0 x 107 [PNA] + 138.1 (R?= 0.996). The limit of detection (LD) was
calculated according to the equation: LD = 3sb/B, where sb is the standard deviation of the y-
coordinate obtained from the line of best fit (linear coefficient) and B is the slope (angular

coefficient) of this straight line. The LD calculated was 93.4 nM.
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Figure 7: (A) DPV voltammograms obtained at CS@CPE for different concentrations of PNA. (B)
Calibration curve and (Inset B) Zoom of calibration curve at lower concentration. Experimental
conditions: 0.1 M PBS pH 7.0; 10 mVs™, 170 ms, 450 mV and 500 ms for step, pulse, width and period,

respectively.

Compared to our transducers previously discussed, chitosan gelified modified carbon paste
electrode facilitates a higher surface coverage for the binding of PNA and presents some
advantages as being cost-effective, and easy to use. Knowing that polymeric matrices have been
extensively utilized as solid support for numerous metal nanoparticles, we are interested in
developing nanostructured electrodes based on silver nanoparticles using chitosan as a stabilizing
agent due to its flexibility regarding morphology, dimension, mechanical properties, and
hydrophobic/hydrophilic balance. The use of such a stabilizing agent is encouraged since it has a
large number of amino (—NH;) and hydroxyl (—-OH) groups. In our studies silver has a promising
role as catalyst in the reduction of PNA (Chapters 3 and 4), and that chitosan exhibits enhanced
electroanalytical properties towards PNA. That's where the idea of developing this nanostructured

electrode came from.

V. Determination of PNA at CS@AgNPs-CPE
IV.1. Catalytic studies
165



As discussed above, silver nanoparticles are well-known catalyst for the reduction of aromatic
nitrocompounds. In this context, PNA was used as representative analyte to evaluate the
electrocatalytic efficiency of the prepared electrode CS@AgNPs-CPE.

In the beginning, the reduction of PNA at the suggested sensor was evaluated in various
supporting medium such as Britton Robinson (B-R), acetate, and phosphate buffers. The results
showed that the best potential shift was obtained with the B-R buffer. However, PBS causes a
great increase in the peak current.

Furthermore, the effect of B-R buffers on the catalytic electro-reduction of PNA was then
investigated over the pH range from 1.0 to 6.0 in 1.0 mM PNA. The reduction peak potential
(Epr) shifted to more positive potentials as the solution pH lowers than 2.0. However, E, was
shifted to a negative direction when the pH values exceed2 up to a value that reaches 3. Beyond
this value, the cathodic peak no longer appeared. This may have been due to the deprotonation of
the solution. In the acidic condition, R—NH, reacts with H" to form R—NH;",when a further
amount of NaOH is added, the amino groups are saturated with OH’, and the decrease in
conductance was observed. The deprotonation of the medium makes links easier between OH~

ions and amino groups [79].

Cyclic voltammetry was employed to evaluate the comportment of PNA detection on CPE and
CS@AgNPs modified electrode under the same conditions with 1 mM PNA in 0.1 M B-R buffer
solution at a scan rate of 50 mV s™as shown in Fig. 8.

The meanwhile peak potential of CS@AgNPs modified electrode (curve a) shifted toward
positive direction by 422 mV compared to the bare CPE (curve b), which indicated a greatly
decreased over-potential on the CS@AgNPs.
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Figure 8: CV voltammograms of CS@AgNPs-CPE (a) and CPE (b) at 1.0 mM PNA containing 0.1 M B-R
pH 2.0.

This demonstrates that CS@AgNPs facilitate the reduction of PNA. The cathodic peak is owing
to the reduction of nitro group (NO,) to 4-hydroxylaminophenol (NHOH) via a 4e /4H" transfer

electrochemical process.

NH,
NH,

NO,
NHOH

Scheme 1: Electron transfer reaction of PNA.
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IV.1.1. Scan rate effect

The CV showing the catalytic performance of CS@AgNPs modified electrode at different scan
rates between 5 mV s and 500 mV s for 1 mM PNA in 0.1 M B-R buffer solution (pH 2.0).
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Figure 9: (A) CVs of CS@AgNPs in 0.1 M B-R pH 2 containing 1.0 mM PNA different scan rates between

5mV s™ and 500 mV s™. (B) Plot of the linear relationship between current and square root of scan rate

and (C) Plot between peak potential (Ep) and log v.
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As demonstrated in Fig. 9A as the scan rate (v) increased, the peak potential moved to more
negative potentials, reaching -308.78 mV at 500 mV s™. A good dependence between current and
the square root of the scan rate, as seen in Fig. 9B which suggests that the electrocatalytic
reduction of PNA at the CS@AgNPs modified electrode is a diffusion-controlled and irreversible
process (Ip = 15.38 v — 51.88 (mV¥*s*?), R?= 0.969) [80].

Plot between peak potential (Ep) and log v (Fig. 9C) was linear in the range of 5 mV s and 500
mV s according to the equation Ep/V = -1.65 - 0.0302 log v. For a completely irreversible

electrode process, the dependence between the potential (Epa) and scan rate (v) is (Eq. 2) [81]:

E,=E°+ (E) + IH(RTKS) + ( el )i*rw (2)

L3 anF anF anF

Type, o is the cathodic electron transfer coefficient, n is the electron transfer number, ks is the
standard rate constant of the surface reaction, and R, T, and F have their usual meanings. The an
value calculated from the slope of the aforementioned equation was 1.95, which provides n = 3.8,
a is assumed to be 0.5 for a completely irreversible electrode process [82] and consequently, the
value for the electron numbers (n) involved in the electrode reaction of PNA is (n = 4). Thus, four
electrons are involved in the reduction of PNA.

The results are consistent with those published in the literature [83]. The surface coverage
concentration of CS@AgNPs-CPE was predicted by applying Laviron’s equation (Eq. 3) [84]:

_nzF’:Af'v
P 4ART (3)

Herein, ‘n’ is the number of electrons involved, ‘F’ is the Faraday constant (96,485 C mol™), ‘I’
is the surface coverage concentration (mole/cm?), ‘A’ is the surface area of the electrode (0.1265
cm?), *v’ is the scan rate (V s %), ‘R’ is the gas constant (8.314 Jmol ™ K™*) and ‘T’ is the absolute
temperature (298 K). The value of the surface coverage concentration (I') on the electrode was

found to be as 1.21 x 10 > mol cm™.

IV.1.2. Amperometric studies
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Owing to its relative simplicity, chronoamperometry is one of the most frequently employed
techniques. The technique is performed with a stationary electrode in solution at rest, initially in
open circuit or at potential, where the target analyte undergoes no electrochemical reaction. The
potential is then raised to a point beyond that necessary for the target analyte to be oxidized or
electrochemically reduced. Here its surface concentration effectively becomes zero.
Chronoamperometric experiments employed to get more information about the electrocatalytic
process of numerous concentrations of PNA at CS@AQNPs-CPE by setting the working
electrode at a potential of -300 mV at fixed times of 180 s. Thus, the current corresponding to the

electrochemical reaction obeys Cottrell’s law (Eg. 4) [85]:

1
B nFACD?
*r?: - T1/241/2 Hj

Type, n is the moles of electrons involved in the reaction, F is the Faraday constant, A is the area
of the electrode (cm?), C the concentration of the analyte in the bulk solution (mol /cm?), D is the

12 at various PNA concentrations

diffusion coefficient (cm?s™) and t is time(s). The plot of I vs. t
is linear (Fig. 10A) and the slope of such lines can be used to estimate the diffusion coefficient of
PNA (Inset Fig. 10A). The mean value of D is found to be2.20 x10® cm? s™.

Chronoamperometry can also be used for the prediction of the catalytic rate constant (Kca)

between 4-NA and the sites of the surface CS@AgNPs according to Galus equation [86]:

I E I T
K K 1)

Herein, 1. is the current of the CS@AgNPs-CPE in the absence of PNA, and I is the catalytic
current in the presence of PNA. ke, C°, and t are the catalytic rate constant (M s™), the bulk
concentration of PNA and time elapsed (s), respectively. One such plot, as shown in Fig. 10B, the
average value of ke is found to be 0.125x10°M™ s,
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Figure 10: (A) Plot of I vs. t*2 of CS@AgNPs-CPE obtained from chronoamperogrammes at various
PNA concentrations by setting reduction potential at -300 mV. Slopes of straight lines against PNA
concentration showed in insert. (B) Plot of current vs. t 2 of CS@AgNPs-CPE derived from the data

chronoamperogrammes at various PNA concentrations.

IV.2. Electroanalytical studies

The optimum conditions for the electrochemical response were established by measuring the

peak current in dependence on all parameters. The reduction peak of p-NA is depending on the
concentration of the Ag” ions (Figure 11A).
The peak current increases greatly within the concentration of Ag” ions and at 10 mM AgNO3 it

achieved a maximum. However, the continuous increase of the concentration of Ag™ causes a
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remarkable decrease in peak current, due to the decrease of the conductivity of the modified
electrode and the presence of nanoparticles of polydisperse sizes. This result confirms that found
with UV-Visible absorption spectra. As the particle size increases, there are less of ions in
solution and, therefore, the growth rate decreases until it reaches a level of total reduction and it
is indeed possible to think that more the nanoparticles are small, the resistance to aggregation is
important. Increasing the amount of silver nitrate is also observed to enlarge the plasmon band of
the absorption spectra. Taking account of sensitivity and efficiency, the concentration of 10 mM

AgNOgsiis fixed in the following experiments.
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Figure 11: (A) DPV voltammograms of the concentration of the Ag™ ions on the reduction peak of PNA.

(B) Preconcentration time effect on the reduction peak of PNA.

The peak current increases greatly within the concentration of Ag” ions and at 10 mM AgNO3 it

achieved a maximum. However, the continuous increase of the concentration of Ag® causes a
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remarkable decrease in peak current, due to the decrease of the conductivity of the modified
electrode and the presence of nanoparticles of polydisperse sizes. This result confirms that found
with UV-Visible absorption spectra. As the particle size increases, there are less of ions in
solution and, therefore, the growth rate decreases until it reaches a level of total reduction and it
is indeed possible to think that more the nanoparticles are small, the resistance to aggregation is
important. Increasing the amount of silver nitrate is also observed to enlarge the plasmon band of
the absorption spectra. Taking account of sensitivity and efficiency, the concentration of 10 mM
AgNOgsiis fixed in the following experiments.

The effect of the accumulation time is investigated (Figure 11B).The peak current of 10 uM PNA
increases greatly within the first 1 min and then enhances slowly. Further increase in
accumulation time does not increase the amount of PNA at the electrode surface owing to surface
saturation, and the peak current remains constant. Taking account of sensitivity, the accumulation
time of 1 min was chosen for the following experiments.

Furthermore, it is important to study the electrochemical activity at different pH value for the
detection of PNA. Therefore, the DPV response of 10 uM PNA in 0.1 M PBS buffer solution at
CS@AgNPs-CPE shows that the PNA sensing was observed with higher reduction peak current
at pH 7.0. The electrochemical parameters of the (DPV) techniques were also investigated, thus,
the better response was registered at 10 mVs™, 170 ms, 450 mV and 500 ms for step, pulse, width
and period, respectively.

Differential pulse voltammetry (DPV) plays a vital role in the electrochemical study due to high
sensitivity when compared to the other voltammetry techniques. Figure 12A shows DPV
response attained at a low-level concentration of PNA in the range from7 nM to 1 uM. It’s shown
that the reduction peak current was found to increase with increasing the PNA concentration.
Figure 12B shows the reduction peak current plotted against the concentration of PNA. It exhibits
a good linear relationship in the range from 7 nM to 1 uM with a correlation coefficient of 0.986.
The detection limit is calculated from the slope of linear calibration, it was found to be 5.0 nM
according to the equation (3*sb/m).
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Figure 12: (A) DPV voltammograms obtained at CS@AgNPs-CPE for different concentrations of PNA in
the range from 7.0x10° to 7.0x10°®. (B) Calibration curve. Experimental conditions: 0.1 M PBS pH 7;
12 mVs™, 170 ms, 450 mV and 500 ms for step, pulse, width and period, respectively.

V. Interferences studies

The selectivity of CS-CPE and CS@AgNPs-CPE towards the detection of PNA was recorded by
using DPV technique under the same experimental conditions. It is advisable to study the
feasibility of identifying the PNA in the presence of possible chemical species that may interfere
with their detection. This has been assessed by deliberately embeddings diverse solutions of
organic nitro-compounds, such as 4-nitrophenol, 2, 4-dinitrophenylhydrazine (DNPH), and 2-
nitroaniline along the accumulation step.

At CS-CPE the reduction peak of 10.0 uM PNA was separately measured in the presence of
different concentrations of the common interferents, and then the peak current variation was
checked. It’s obviously discovered that 10-folder 2-NA, 4-NP, and DNPH, Practically have no
impact on the signal of PNA. However, in the case of CS@AgNPs-CPE the basal PNA
concentration is very low, while the concentration of the other nitro-compounds is normally

higher (10 puM). There is an additional peak reduction observed for DNPH for one hundred
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folders. However, for other interferents, no effect on the cathodic peak current of PNA has been
observed for one hundred folders. Wherein the proposed sensor CS@AgNPs-CPE would be
selectively reduced PNA in the presence of other interfering compounds.

V1. Determination of PNA in water samples

The applicability of CS-CPE and CS@AgNPs-CPE electrodes was investigated ethically by
performing conventional real sample experimentation. The real sample such as wastewater was
acquired from wastewater treatment plant (STEP Khouribga) and then used directly after
filtration in a filter paper for the determination of PNA according to the method of standard
addition. The recovered ratio on the basis of this method was investigated using formula (R =
(found / Added) x 100) and the values are between 94.5 % and 100.9 %. Table 1 presents the

estimated results obtained which are in good agreement with the spiked concentrations.

Table 1: Results of PNA determination at CS-CPE and CS@AgNPs-CPE in wastewater samples.

Electrode Added (uM) Detected (UM) Recovery (%)
CS-CPE 0.1 0.094 94.5
1.0 0.95 95.0
10.0 10.09 100.9
CS@AgNPs-CPE 0.1 0.097 97.0
1.0 0.93 98.0
10.0 9.89 98.9

This finding indicating that the quantitative determination of PNA in wastewater samples using
CS-CPE and CS@AgNPs-CPE modified electrode is effective and accurate.

Moreover, Differential pulse voltammetric experiments were recorded as shown in Fig. 13A. A
good linear relationship was found between peak current and PNA concentrations with a
correlation coefficient of (R2 = 0.997). The increase of peak currents of PNA fit the linear
equation of Ip/uA = 61.01 + 3x10" [PNA] when the concentrations of PNA were in the range
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0.1-10 uM (Figure 13B). The detection limit calculated was found to be 8.80 nM. The decrease
in the sensitivity of the as-prepared electrode CS@AgNPs-CPE towards the PNA reduction can
be probably attributed to the adsorption of other species on the electrode surface.
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Figure 13: (A) DPV voltammograms obtained at CS-AgNPs-CPE for different concentrations of PNA in
wastewater within the range 0.1uM — 10 uM. (B) Calibration curves. Experimental conditions: 12 mVs™,

170 ms, 450 mV and 500 ms for step, pulse, width and period, respectively.

V. Conclusions

This chapter seeks to emphasize how the modification of carbon paste electrodes with silver
nanoparticles offers the possibility of gaining higher electrocatalytic activities, sensitivities, and
selectivities in reducing PNA. Eventually, a chemical process has been used to synthesis silver
nanoparticles. Thus, the silver salt was reduced to give metal atoms that enter in collision with
ions, atoms or clusters to form stable nucleus irreversible. Through this chapter, we have
demonstrated that the kinetics of the reaction as it depends on the concentration of the Ag” ions
also depends on the concentration of NaBH,. The enhanced electrocatalytic ability of the
nanostructured electrode in B-R buffer solution was attributed to the silver nanoparticles acting as

electron antennae, which efficiently funnel electrons between the electrode and electrolyte. In the
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simplest cases, this has been to increase the surface area for enhanced sensitivity or to provide
electrocatalytic properties to the electrodes.

The Ag nanostructured electrodes also showed linear current response with increasing PNA
concentrations, selectivity to PNA and detection limits of 5 nM PNA, making the use of such
electrodes for PNA quantification very attractive in neutral medium (PBS Ph 7.0). In all the
cases, the comparison between CS@AgNPs electrodes and CS-CPE shows an enhancement of
peak current, providing evidence of the electroanalytic properties of silver nanoparticles on

electrodes.
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The natural quality of water can be altered by human activity. Deterioration of water quality is

due to the presence of large quantities of mineral salts and/or organic matter that must be reduced
or eliminated completely.PNA is one of the most hazardous products, entering the environment
through wastewater and agricultural water. Moreover, it is soluble, stable in water so it can affect
soils. It has a harmful effect on public health. In order to overcome this problem, the researchers
have thought of water treatment techniques such as extraction, adsorption on activated carbon,

advanced oxidation processes, and electrochemical techniques.

The aim of the work carried out in this thesis was the elimination of the hazardous aromatic nitro
compound (PNA) via the reduction of the nitro group to the amino group as it is considered to be
the most efficient, ecological and economical approach, and the reduction products, namely 4-
aminophenol (4-AP) and o-phenylenediamine (0-PDA) can be reused as they are important
intermediates for the synthesis of drugs and dyestuffs via the use of silver-based electrodes.

PNA reduction was evaluated using electrochemical techniques. As the first tests, silver exhibits
excellent catalytic activity as well as a tremendous amplification of the current intensity
compared to several electrodes including graphite, glassy carbon, and gold. The study carried out
with these electrodes, whose initial results are promising, has yet to be finalized. The catalytic
and analytical performance of the metallic silver electrode has begun to be investigated for the
determination of PNA in aqueous media. The Kinetics of PNA reduction were investigated using
cyclic voltammetry, electrochemical impedance spectroscopy, and chronoamperometry.
Moreover, the sensitivity was also achieved using differential pulse voltammetry after pH
optimization and other electrochemical parameters. However, the results showed that metallic
silver electrode offers high background contribution and high cost. In fact, silver-based carbon
paste electrodes were used for subsequent works because of their broad potential window, low
background current, rich surface chemistry, low cost, chemical inertness, and suitability for

various sensing and detection applications.

Hence, thermal and electrochemical deposition has been used for the modification of carbon
paste electrode using silver as a dopant. We were able to evaluate the morphology and
distribution of silver on the electrode surfaces by XRD and scanning electron microscopy as well

as the electroactive surface of the prepared electrodes was also estimated using [Fe(CN)s]*™* as a
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redox probe. The founds showed that electrochemical deposition offer high catalytic properties
and enhanced sensitivity in reducing PNA compared to thermal deposition process indicating the
formation of a silver oxide film during the thermal modification process involving reduced

electron flow or charge transfer process between the electrode surface and solution

Modifying carbon paste electrode surface with solid nanoparticles of a different chemical identity
can impart additional chemical functionality to the electrode such as electrocatalytic activity.
Modifying electrodes with nanoparticles to act as electro-catalysts has the following advantages:
1) nanoparticles have a high surface area to volume ratio, hence ii) nanoparticles experience a
greater rate of mass transport than bulk materials, iii) the surface properties of the nanoparticles
are different to their bulk form and in some cases exhibit enhanced catalytic activity, iv) gives
specific control over the electrode environment, and v) can be a more economical method of

utilizing catalyst materials.

Chemical processing methods have been adjusted to tune the diameter of silver nanoparticles and
this has been found to have significant impact on its activity. Optimization of nanoparticle sizes
and its chemical interaction with the carbon paste has been proven to dramatically increase the
activity of the electrode. The distribution of nanoparticles is also important; to fully benefit from
increased mass transport from its nano-scaled structures, each nanoparticle must be separated by
enough distance such that its neighbor.

Modification with silver nanoparticles dramatically improves the electron transfer kinetics of
PNA reduction into 4-AP, such that much faster rates of conversion (observable as an increase in
reductive current) are possible. A related factor is the size of the nanoparticles; along with the
effects of surface area (per given mass), the diameter of nanoparticles affects its surface electron
energy, such that its electrochemistry and reactivity can be tuned by varying its size. Tuning the
size of the nanoparticles with precision can be technically challenging, but can be done to

optimize electro-catalytic activity.
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