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Synopsis

SYNOPSIS

Considering modification of an electrode, the following attributes are desirable (i) surface
development, (ii) improved electrocatalysis and sensitivity, (iii) freedom from surface
fouling, and (iv) exclusion of side reactions that might compete with the studied electrode
process. All of the above mentioned are hard to come together when only bare electrodes
are considered. To overcome these limitations, researchers started to experiment with
new, often complex materials and dedicated catalysts. Using them, they started to create
modified electrodes. The pioneering work in this field was presented by Lane and
Hubbard in 1973 [1]. Since that time, the branch of electrochemistry studying these newly
developed electrodes has seen remarkable growth, and numerous important results have
been achieved. According to IUPAC, there are four main pathways for modifying
electrode surfaces viz. chemisorption, covalent bonding, polymer film coating and

composite [2].

With the advent of nanotechnology, various new materials such as, metal and metal oxide
nanoparticles, carbon-based nanomaterials, have emerged as attractive modifiers. The
uniqueness of nanomaterials for electrodes modification is based on their remarkable
surface properties. Their surface to volume ratio increases with decrease in their size.
Such outcome leads to a well developed surface area and significant enhancement of
sensitivity, electrical conductivity, and selectivity of the modified electrode. A
considerable effort has been made in the recent past in the use of tiny fuel cells as
replacements for batteries in portable electronics. The advantages of using miniature fuel
cells over conventional batteries are that the miniature fuel cells have a much higher
stored energy density, and their ability to be immediately recharged by replacing the fuel

cartridge [3]. The electrochemical oxidation of small organic molecules such as CH;OH
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and HCOOH has been the field of intensive research for the development of direct fuel
cell [4-8]. In this thesis, uniform and monodispersed palladium (Pd) nanoparticles were
prepared electrochemically over platinum electrode and were successfully employed for
the electrooxidation of formic acid and methanol mitigating the effect of poisoning

caused by adsorbed carbon monoxide (CO).

Nuclear Energy is one of the prominent sources for electricity generation all over the
world. In a nuclear reactor, fuel, coolant, moderator and structural components are
important materials. Among the above materials, uranium and plutonium bearing nuclear
fuels are the basic elements for the production of nuclear energy and, therefore, have
special importance. For the efficient as well as safe operation of the reactors, chemical
quality assurance and characterization of starting materials and process intermediates is
mandatory [9,10]. Moreover, in order to meet the stringent specifications, it is essential
that the analytical method used should deliver results with high accuracy and reliability.
Controlled potential coulometry is well technique for precise and accurate determination
of uranium and plutonium [11-16]. Two different working electrodes viz. mercury (Hg)
for U and platinum (Pt) for Pu are necessary for their determination because the couples
UVD/UV) and Pu(IV)/Pu(Ill) have diverse redox potentials. However, the fouling of
platinum electrode is encountered very often because of its passivation by oxide layer,
[17-19]. Also the use of mercury as a working electrode needs to be eliminated as far as
possible because of its associated toxicity and difficulties encountered while handling

radioactive samples inside fumehood and glove-box.

There is a growing interest in the utilization of various kinds of conducting polymers to
improve the physico-chemical properties of electrodes. Conducting -electroactive

polymers such as polypyrrole, polythiophene and polyaniline represent new class of
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organic polymers that are capable of a range of interactions enabling them to interact with
the species of interest. During the present work, polyaniline modified electrode was
prepared and was used to study the mechanism of Electrocatalysis of Pu(IV)/Pu(IlI) redox

couple in 1 M H,SO4.

Carbon nanotubes are interesting modifier offering unique mechanical and electrical
properties combined with good chemical stability. Single-walled carbon nanotubes
(SWCNTs) are well defined system in terms of their electronic properties. Even the
impurities that may remain after synthesis, such as metallic compounds or nanoparticles,

have a great impact on their electrocatalytic activity [20].

The present dissertation focuses on electrodes modified with single walled carbon
nanotubes (SWCNTS) and electrochemical behaviour of actinides at the modified

electrode in aqueous solution.

The main aim of this thesis is the preparation, characterization and applications of
electrodes modified with metal nanoparticle, conducting polymer and carbon nanotubes.
These are applied for electrocatalytic reactions such as formic acid and methanol
oxidation and also for studying the redox behavior of actinides. The intention of these
studies is to utilize the modified electrodes for determination of actinides in the nuclear
fuel samples and to mitigate the effect of CO poisoning in direct formic acid fuel cells
(DFAFC) and direct methanol fuel cells (DMFC).

Hence, the objectives of the present thesis are:

¢ FElectrodeposition of palladium nanoparticles at platinum electrode and its
applications for electrooxidation of formic acid and methanol.

e Electrocatalysis of plutonium at polyaniline modified Pt electrode
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e Electrocatalytic performance of plutonium, uranium and neptunium at SWCNT
modified electrode

e Simultaneous determination of U and Pu at SWCNT modified Au electrode.

The work described in this thesis is divided into five Chapters.

Chapter 1

This chapter details the need of modification of electrode. It includes the introduction to
nanomaterials and their unique properties that make them ideal material for electrode
modification. A brief description of fuel cells is given. The synthesis and applications of
conducting polymers as electrode modifier are discussed. The importance of carbon
nanotubes as electrode modifier and its applications are also included. This Chapter also
gives an introduction to the various materials used in nuclear reactors and the significance
of analytical characterization of these materials. The Chapter introduces the features of
the Indian Nuclear Energy Program and the role of chemical quality assurance during the
fabrication of high quality nuclear materials. Uranium and plutonium being the most
important components of any nuclear reactor, it is mandatory to follow the chemical
specifications stringently.

Chapter 2

This Chapter gives a brief introduction to -electroanalytical chemistry, various
electroanalytical techniques and the basic fundamental aspects of voltammetric and
characterization techniques. Electrochemistry is the study of electron transfer reactions
between electrodes and reactant molecules. In the present work, techniques used for the
study of these reactions include cyclic voltammetry, differential pulse voltammetry,
chronoamperometry and electrochemical impedance spectroscopy. The electrochemical

experiments were all performed by the use of three electrode system, consisting of a
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working electrode, a reference electrode and a counter electrode. This set up offers a great
degree of control and repeatability as compared to a two electrode system.

Chapter 3

This Chapter comprises the synthesis of palladium nanoparticles (PdNPs) on platinum
(Pt) electrode by employing a potentiostatic pulse method of electrodeposition. The
mechanism of electrocrystallization of PANPs on Pt was investigated in the system
containing 1mM K,PdCly in 0.1M H,SO4. Experimental results showed that Pd
electrodeposition follows the so-called Volmer—Weber growth mechanism. The
nucleation and growth phenomena in the initial stages of Pd deposition were investigated
by potentiostatic transient measurements. Experimental current transients for 0.28V and
0.15V in a non-dimensional (i/imax)2 VS. t/tmax plot were compared with the theoretical
curves. It was clearly seen that the experimental current transient at 0.28V corresponds to
the model involving progressive nucleation. The transient at 0.15V fits relatively well
with the theoretical curve for instantaneous nucleation. For further studies, PANPs/Pt was
prepared by potentiostatic deposition at 0.15 V and the time of deposition was varied. The
electrodeposited PANPs were characterized by X-ray photoelectron spectroscopy (XPS)
and Field emmisision scanning electron microscopy (FESEM). The results obtained
suggested the presence of chemisorbed oxygen on the surface of PANPs. The influence of
time of deposition on the size and monodispersity of the deposited PANPs was
investigated. The studies revealed that, the size of PANPs increased with increase in the
time of deposition. The effective catalytic surface area (ECSA) for the PANPs/Pt was
found to be 0.197 cm”. This is a large real surface area for the platinum disk electrode
with an initial geometric area of 0.031 cm? .The synthesized Pd nanoparticles modified Pt

electrode displayed significantly different voltammetric behavior compared to bare Pt
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electrode and also showed high catalytic activity towards the electrooxidation of formic
acid and methanol.

Chapter 4

This Chapter deals with the electrocatalysis at polyaniline modified Pt electrode. At
polyaniline modified electrode, two systems were studied. Initially Influence of ionic
speciation on electrocatalytic performance of polyaniline coated platinum electrode for
Fe(Ill)/Fe(I) redox reaction was studied. Porous-polyaniline coated Pt electrode
(PANI/Pt) was electro-synthesized potentiodynamically in 0.1M aniline + 0.5M H,SO4
and was morphologically characterized by scanning electron microscopy (SEM). Nature
of predominant Fe-species in HCI and H,SO4 was checked by UV—vis spectrophotometry.
Electrocatalysis of Fe(Ill)/Fe(II) reaction was studied by cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) for three different solution compositions
viz. (i) FeCls/FeCl, in 1M HCI, (ii) FeCl3/FeCl, in 0.5M H,SO4 and (iii) Fey(SO4)3/FeSO4
in 0.5M H;SO,. For different thicknesses of PANI, the peak current increased irrespective
of the nature of the Fe-species, but the polarity of the charge on the Fe-species showed
great influence on reversibility of electrocatalysis by PANI/Pt. The Donnan interaction of
the polyaniline modified electrode for the three compositions was investigated with
respect to [Fe(CN)o]” /Ha[Fe(CN)s]*~ which are believed to be the predominant species
present in Kj3[Fe(CN)s]/Ka[Fe(CN)g] solution in 0.5M H,SO4. The -electrocatalytic
performance of PANI/Pt for Fe(Ill)/Fe(Il) redox reaction was found superior in HCI
compared to that in HSOj.

Further, a mechanistic study on the electrocatalysis of the Pu(IV)/Pu(Ill) redox reaction at
a platinum electrode modified with polyaniline (PANI) was carried out. In this,
electrochemistry of Pu(IV)/Pu(Ill) couple in 1 M H,SO, was studied on bare and

modified platinum electrode by cyclic voltammetry and electrochemical impedance
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spectroscopy. The platinum electrode was modified with polyaniline (PANI-Pt). The
modified electrode was characterized by scanning electron microscopy (SEM) and energy
dispersive X-ray fluorescence (EDXRF). Electrocatalysis of Pu(IV)/Pu(Ill) redox reaction
was observed on PANI-Pt. Pu(IV)/Pu(Ill) couple showed quasi-reversible electron
transfer behavior on bare platinum electrode because of the PtO layer formation by
Pu(IV) solution at the electrode-electrolyte interface. Electrocatalysis of Pu(IV)/Pu(III)
couple on PANI-Pt was attributed to the cumulative effect of the Donnan interaction
between PANI and Pu(IV) anionic complex, specific adsorption of Pu(IV) on the reactive
centres, low charge transfer resistance across the electrode-electrolyte interface and a
catalytic chemical reaction coupled with the electron transfer reaction.

Chapter 5

This Chapter explains the electrocatalytic performance of SWCNT modified electrode.
Three redox couples were studied at SWCNT modified electrode. Firstly, mechanistic
study on the electrocatalysis of Pu(IV)/Pu(Ill) redox reaction at platinum electrode
modified with single-walled Carbon nanotubes (SWCNTs) was carried out. The stable
colloidal dispersion of SWCNTSs was prepared by sonicating ~1 mg of SWCNTs for one
hour in a 1:4 mixture of nafion and water. The SWCNT-Pt electrode was prepared by
dropping a known volume (1-20 pL) of the SWCNT suspension on the platinum electrode
followed by drying. The preparation conditions were optimized by studying the cyclic
voltammograms of 25 mM Pu(IV) in 1M H,SO, at a scan rate of 20 mV/s recorded on
each modified electrode. The redox peak currents of Pu(IV)/Pu(Ill) couple increased by
increasing the volume of the SWCNT suspension on the platinum electrode, but
maximum peak current was observed for 20 pL of SWCNT suspension. A part of the
suspension fell down from the electrode surface for suspension volume higher than 20

pL. Therefore, the platinum electrode was modified with 20 pL of SWCNT suspension
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for all further experiments. Electrocatalysis of Pu(IV)/Pu(Ill) redox reaction was
observed on SWCNT-Pt. Pu(IV)/Pu(Ill) couple showed quasi-reversible electron
transfer behavior on bare platinum electrode because of the PtO layer formation by
Pu(IV) solution at the electrode-electrolyte interface. In SWCNT-Pt, the direct interaction
between Pu(IV) and platinum was blocked by SWCNTSs and it diminished the oxide layer
formation at the interface. The lower charge transfer resistance at SWCNT-Pt also
promoted the rate of electron transfer reaction of Pu(IV)/Pu(Ill) couple.

Electrochemical studies of U(VI)/U(IV) redox reaction in 1 M H,SO4 at single-walled
carbon nanotubes (SWCNTs) modified gold (Au) electrode are also discussed in this
chapter. Uranium (U) is one of the actinide elements used as a nuclear fuel in both the
research and the power reactors. A simple analytical methodology which should be fast,
accurate and precise is desirable for the purpose of quality assurance of nuclear fuels as
well as for the nuclear materials accounting. Coulometry on a mercury pool electrode
with the irreversible U(VI)/U(IV) couple in 1 M H,SO4 is the most frequently followed
technique for the accurate determination of U . But the hazards associated with mercury
demands the development of alternative working electrodes which can replace the use of
mercury and give better performance than the mercury pool electrode. In this context,
electrochemistry of U(VI)/U(IV) couple in 1 M H,SO4 was studied on bare and modified
gold (Au) electrodes by cyclic voltammetry (CV), differential pulse voltammetry (DPV)
and electrochemical impedance spectroscopy (EIS). The gold electrode modified with
single-walled carbon nanotubes (SWCNTs-Au) was characterized by scanning electron
microscopy (SEM). A detailed investigation was done to determine the kinetic parameters
at the modified electrode. It was found that the electrocatalysis of U(VI)/U(IV) couple on
SWCNT-Au is driven by an increase in the rate constant of the electron transfer reaction

compared to that with the bare gold electrode. Electrochemical impedance spectroscopy
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data confirmed the electrocatalytic activity of SWCNT-Au electrode. After a detailed
study on electrocatalytic mechanism of U(VI)/U(IV) couple and Pu(IV)/Pu(Ill) redox
couple, studies were carried out to simultaneously determine Pu and U at SWCNT-Au
electrode in the fuel samples. In the differential pulse voltammetry technique (DPV), both
Pu and U gave sensitive reduction peaks at 564 mV and -128 mV, respectively, versus
saturated Ag/AgCl electrode. Under the optimized experimental conditions, Pu and U

gave linear responses over ranges of 10 to 100 pM (R* = 0.990) and 3 to 10 pM (R* =
0.987), respectively. The detection limits were found to be 8.2 uM for Pu and 2.4 uM for

U.

This Chapter also explains the electrochemical investigations on Np(VI)/Np(V) redox
couple using single walled carbon nanotube modified glassy carbon electrode (SWCNT-
GC). Neptunium (Np) is one of the actinides produced in nuclear reactors. It is located
between U and Pu in the Periodic Table, suggesting that its chemical properties are
qualitatively similar to those of U and Pu. Because of this chemical similarity as well as
its considerable content in the spent nuclear fuels, the behavior of Np assumes importance
in the fuel reprocessing process. Besides, the long half-life of »*'Np, 2.14 x 10° years and
high solubility of Np under environmentally relevant conditions makes it problematic on
the long-term repository of radioactive wastes. Electrochemistry of Np(VI)/Np(V) couple
in 1 M H,SO4 was studied on bare and modified glassy carbon (GC) electrodes by cyclic
voltammetry (CV), differential pulse voltammetry (DPV) and electrochemical impedance
spectroscopy (EIS). The modified electrode (SWCNTs-GC) was characterized by
scanning electron microscopy (SEM). The peak-to-peak potential separation (AE;) was
found to be 133 mV, which is much smaller than the AE, value of 338 mV observed on
bare glassy carbon electrode. It indicates that the Np(VI)/Np(V) couple still exhibits a

quasi-reversible electron transfer behavior on SWCNT-GC. The increase of the redox
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peak current along with the significant enhancement in the electrochemical reversibility
suggest the electrocatalytic action of SWCNT-GC for the Np(VI)/Np(V) redox reaction.
The charge transfer coefficient (o) and the heterogeneous rate constant (ks) of Np(VI)
reduction on SWCNT-GC in 1 M H,SO, were calculated as 0.83 and 5.25x10"'cm s,
respectively. This shows that the modification of glassy carbon surface with SWCNT
catalyzed the Np(VI)/Np(V) redox reaction. Indeed, the SWCNT/GC electrode presents
an interlinked highly mesoporous three-dimensional structure with a relatively higher
electrochemically accessible surface area and easier charge transfer at the
electrode/electrolyte interface. Therefore, the quasi-reversible redox reaction of
Np(VD)/Np(V) couple on GC transformed to a more reversible redox reaction on

SWCNT-GC
Rct

SWCNT-GC. The impedance data on charge transfer resistance (R i.e. <

R supported the trends of the heterogeneous rate constants calculated from the cyclic

kSWONTGCS 1 SC This confirms the electrocatalytic

voltammetry experiments i.e.
behavior of SWCNT-GC for the Np(VI)/Np(V) redox reaction.

In summary, the important highlights of the work are as follows:

1) The palladinized platinum electrode (PdNPs/Pt) was prepared by potentiostatic
electrodeposition of Pd nanoparticles on Pt electrode. Mechanism of
electrocrystallization of Pd nanoparticles was investigated. Highly monodispersed
and homogeneous Pd nanoparticles were deposited under optimized conditions on
the platinum electrode from the simple palladium salt solution. The new findings
are of fundamental importance to understand -electrochemical formation
mechanism of palladium nanoparticles allowing a relatively narrow size

distribution. The PANPs-Pt demonstrated the enhanced electrocatalytic oxidation
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3)

4)

Synopsis

of formic acid and methanol for promising performance as catalyst in direct
methanol fuel cells and direct formic acid fuel cells.

Influence of ionic speciation in different electrolytic compositions on the
performance

of the electrocatalysis of PANI/Pt for Fe(IlI)/Fe(Il) redox reaction was studied. It
was concluded that the predominant ionic species of the redox couple is guided by
the type of solvent or electrolyte composition. Thus, the behavior of PANI film
for the same redox reaction e.g. Fe(Ill)/Fe(Il) can be improved by the judicial
choice of electrolyte composition for analysis.

PANI-Pt was prepared by optimized procedure and the modified electrode showed
good electrocatalytic properties for the Pu(IV)/Pu(Ill) redox reaction in 1M
H,S0O4. PANI-Pt showed electrocatalytical performance because of the cumulative
effect of the Donnan interaction between PANI and Pu(IV)-quadra sulphate
complex (QSC), specific adsorption of the analyte on the electron transfer centre,
higher electron transfer rate constant and catalytic chemical reaction coupled with
the electron transfer reaction. This work provides a new opportunity to improve
the quality of Pu analysis and shorten the analytical time for the electroanalysis of
actinides and other elements.

SWCNT-Au prepared by the optimized procedure showed good electrocatalytic
properties for the U(VI)/U(IV) redox reaction in 1M H,SO4. The electrocatalysis
of U(VD)/U(IV) couple on SWCNT-Au was found to be driven by the increase in
the rate constant of the electron transfer reaction compared to that with the bare
gold electrode. Electrochemical impedance spectroscopy data confirmed the
electrocatalytic activity of SWCNT-Au electrode. These studies were continued

and an electrochemical method was developed and successfully applied for the

XI
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simultaneous determination of Pu and U using a SWCNT-Au electrode. The
detection limits were found to be 8.2 mM for Pu and 2.4 mM for U. The proposed

method could be applied to the determination of Pu and U in fuel samples.

5) SWCNT-GC prepared by the optimized procedure showed good electrocatalytic
properties for the Np(VI)/Np(V) redox redox reaction in 1 M H,SO4. The
electrocatalysis of Np(VI)/Np(V) redox couple on SWCNT-GC is driven by the
increase in the rate constant of the electron transfer reaction compared to that with
the bare glassy carbon electrode. Electrochemical impedance spectroscopy data
confirmed the electrocatalytic activity of SWCNT-GC electrode. These studies
will help in developing methodologies for the determination of Np using solid
electrodes and will allow to shorten the time for the electroanalysis.
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1.1 Modified electrodes

When considering an electrode designed for energy conversion or detection of analyte, one is
interested in the following desired attributes: (i) surface development (ii) improved
electrocatalysis and sensitivity (iii) freedom from surface fouling and (iv) exclusion of side
reactions that might compete with the studied electrode process. All of above mentioned are
difficult to achieve when only bare electrodes are taken into account. To overcome these
limitations, researchers started to experiment with new, often complex materials and
dedicated catalysts. Using them, they started to create so called modified electrodes. The
pioneering work in that field was presented by Lane and Hubbard in 1973 [1]. Since that
time the branch of electrochemistry studying these newly developed electrodes has
seen remarkable growth, and numerous important results have been achieved. Modified
electrodes are designed and implemented in the field of electroanalytical detection to
improve the sensitivity and selectivity of the system. In this respect, the electrode material is
tailored specifically in such a way as to promote desired electrochemical reaction [2,3]. The
immobilization of different species on various electrode materials can be achieved by

following techniques:

(1) Adsorption of electrode modifier on the bare electrode surface
(i1) Covalent bonding of the modifier on the electrode surface
(iii)  Physical coating of preformed modifier on the electrode surface

(iv)  Direct deposition of the modifier on the bare electrode surface
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With the advent of nanotechnology, various new materials such as carbon-based
nanomaterials, metals and metal oxide nanoparticles have emerged. The uniqueness of
nanomaterials when applied for electrodes modification is based on their remarkable
surface properties. Their surface to volume ratio increases with decrease in size. Such
outcome leads to a well developed surface area and significant amelioration of
sensitivity, electrical conductivity, and selectivity of the electrode modified with such

materials.

There is a growing interest in the utilization of various kinds of conducting polymers to
modify the physico-chemical properties of electrodes. Conducting electroactive polymers
such as polyaniline, polypyrrole and polythiophene represent a new class of organic
polymers that are capable of a range of interactions enabling them to interact with the species

of interest.

The present dissertation focuses on electrodes modified with metal nanoparticles,
conducting polymers and carbon nanotubes (CNTs). It presents diverse approaches for the
modification of electrode surface, depositing metal nanoparticles and conducting polymer
electrochemically studying their electrochemical behaviour in the absence and presence of
analyte of interest. It also explains that modifying working electrodes are in enhancing the
reversibility and kinetics of the electrode processes compared to unmodified working

electrode.
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1.2 Introduction to Metallic nanostructures

A nanoparticle is defined as a particle with atleast one dimension in the nanoscale size range.
For transition metal nanoparticles, the decrease in size to the length scale increases the
surface-to-volume ratio. This, together with the ability to make them in different sizes and
shapes, makes them potentially useful for catalysis. Nanoparticles have been shown to
possess structural, electronic, dielectric, magnetic, optical and chemical properties that are
different from the corresponding bulk materials. These properties exhibit strong size
variations. The systematic adjustment of the parameters used in synthesis can be employed to

control the size and shape of the nanoparticles [4,5].

There are two principal approaches for the preparation of nanomaterials called the “top-
down” approach and the “bottom-up” approach. The top-down approach involves reducing
the dimension(s) of the large macroscopic materials to small-sized particles by the
systematic breakdown of bulk material. The top down method involves some form of
grinding (ball-milling), lithographic or laser ablation condensation techniques. The
advantage of grinding mechanism is its simplicity and there is no requirement of various
organic and inorganic compounds (sometimes volatile and toxic) during the preparation
process. However, the quality of the nanoparticles produced by grinding is known to
be poor in comparison with the materials produced by the bottom up methods. The
main drawbacks include contamination problems from grinding equipment, low particle
surface areas, irregular shape and size distributions and high energy requirements
needed to produce relatively small particles. However, nanomaterials produced by top-down
approach still find use for catalytic, magnetic and structural purposes. In bottom-up

approach, the nanoparticles are prepared by assembling the individual atoms or

4
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molecules in the presence of stabilizer or protecting agent e.g. reduction of metal ions to
form metal nanoparticles. Stabilizer or protecting agents prevent the agglomeration by
either steric repulsion or electrostatic repulsion among nanoparticles. A number of chemical,
electrochemical and physical methods have been reported for the synthesis of
nanomaterials via bottom-up approach. In the past few years, research articles on the
microbial/biological synthesis of nanomaterials have also been published. The shape
and size controlled nanoparticles are prepared by using either templates or controlling the

ratio of metal ion to stabilizer.

TOP-DOWN BOTTOM-UP

0% . 8%
ROL s

Bulk metal Powder Clusters Atoms

Fig.1.1 Approaches for prepartion of metal nanomaterials(MNPs)

Metal nanoparticles are usually prepared by the reduction of metal ions. The modes of
reduction are chemical, electrochemical, microbial, radiation-assisted (UV light, electron
beam, y-radiation) etc. The medium for metal nanoparticles synthesis may be either aqueous

or nonaqueous or sometimes both.

Electrodeposition provides an attractive method for the synthesis of metallic nanostructures.
This involves the application of an appropriate electrochemical driving force to an
electrode/electrolyte interface, resulting in the adherence of the metal species to the

electrode surface. In the case of metal electrodeposition, this most commonly occurs by the
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reduction of a metallic salt to its elemental state, although variations such as the
electrochemically driven precipitation of certain metal oxides or hydroxides are known [6,7].
Electrodeposition is a widely studied field which is of keen interest in materials science
applications as it can be used to synthesize a wide range of nanostructured materials[8,9].

Several benefits of this method of nanofabrication include the synthesis of materials of
variable size, shape, crystallographic orientation, density and composition, which can be
formedin the absence of capping agents [10-12]. This can be readily achieved through the
electrochemical parameters employed such as the applied potential (or current density) and
the duration of the electrodeposition, as well as the nature of the electrode surface and the
composition of the electrodeposition solution [10,13,14]. A number of different
electrochemical techniques also exist, including deposition at fixed, stepped or pulsed
potentials or current densities, or by sweeping the applied deposition potential [15]. These
techniques provide a level of control over the reduction process not available in other
methods such as chemical synthesis of nanomaterials. Here, the reduction potential is
carefully controlled through the use of a potentiostat rather than relying on the reduction

potential supplied by the chemical reductant [9].
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1.3 Conducting Polymers

Conducting polymers have attracted much interest in recent years. They contain m-electron

backbones responsible for their unusual electronic properties such as electrical
conductivity, low energy optical transitions, low ionisation potential and high electron

affinity. The 7 conjugated system of these polymers have single and double bonds

alternating along the polymer chain which make them capable of functioning as
electron transfer mediators. With these materials, redox changes are not localised at a
specific centre but rather delocalized over a number of conducting polymer groups.
Polyacetylene was the first polymer that could be made electronically conductive and the
conductivities range upto 10° S/cm for an iodine doped polymer [16]. This discovery
unexpectedly started a great deal of research activity in conducting polymers [17,18]. Since
then, a large number of conducting polymers have been synthesized. The most important
polymers are polyacetylene [16,19,20], polyaniline[21], polypyrrole[22], polyphenylene[23],

polythiophene[24] and poly (phenylene vinylidene)[25].
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Fig.1.2 Important conducting polymers known

Among these, polyaniline has been the most extensively studied conducting polymer over the
past due to its reversible redox and switching properties, ease of synthesis and wide range of
potential applications. Its polymeric structure is different from other conducting polymers
such as polythiophene and polypyrrole, and leads to three oxidation states each with its own
distinctive colour [26]. The fully reduced leucoemeraldine base (LB) form is colourless or
pale yellow, protonated emeraldine salt (ES) form is bright green and the fully oxidized
pernigraniline base (PB) form is dark blue [27,28].Polyaniline has a very strong pH
sensitivity, which is based on a reversible acid base reaction [28]. The only electrically
conducting form of PANI, the ES form, can be obtained either by protonation of half
oxidized emaraldine base (EB) or by oxidation of LB. It is noteworthy that the protonation
does not effect the oxidation state of PANI. The structures and transition states of polyaniline

are shown in Figure 1.3.
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Fig.1.3 Structures and transition states of Polyaniline
Conducting polymers can be synthesized either by chemical or electrochemical
polymerization from a monomer solution containing an electrolyte salt. Polyaniline is
generally synthesized electrochemically because electrochemical methods allow the
oxidation potential of polymerization to be controlled and thus the quality of the polymer can
be optimized. Electrochemically synthesized polymers also possess adequate mechanical
properties compared to chemical methods. The electrochemical polymerization can be
performed in an electrochemical cell with three electrode system. The working electrode is
usually platinum [29,30], glassy carbon [31,32], or ITO( indium tin oxide)[33]. The auxillary
electrode can platinum gauze or reticulated vitreous carbon [34,35]. The selection of
reference electrode is dependent on the solvent. In aqueous media, silver/ silver chloride
(Ag/AgCl) or saturated calomel electrode (SCE) reference electrodes are suitable, while in

organic solvents, psudo reference electrodes are commonly employed.

Electrochemical polymerization can be done by different methods of which the following
three are the most common. (i) In galvanostatic method, a controlled anodic current is

applied to the working electrode of the electrochemical cell to oxidize the monomer. As a
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result of this, polymer film is produced on electrode surface. The rate of polymer synthesis
can be controlled by the oxidation current density. The major advantage of the galvanostatic
technique is that large surface area films can be synthesized on a batch or continuous basis,
(i1) In the potentiostatic method, the potential of the electrode is maintained at a certain value
where the polymerization reaction occurs. The potentiostatic technique has a major
advantage of being able to selectively oxidize the monomer at a given potential, (iii) The
third method is potentiodynamic where the potential is scanned over the range at which
polymerization takes place. This technique has been employed for initial studies to obtain the

optimum monomer oxidation potential for potentiostatic synthesis.

The oxidation of monomers and oligomers creates cation radicals which combine to form the
polymer backbone. This polymer backbone is positively charged and the charge
compensation is achieved by the incorporation of dopant anion. The amount of anion is
related to the level of oxidation of polymer backbone and is characteristic of each polymer
film. Generally, one dopant anion is incorporated for every two to three monomer units [36].
Properties like morphology, electroactivity and conductivity of the polymer are very much
dependent on the conditions of polymerization such as electrolyte, solvent, monomer

concentration, temperature, current, and potential applied [34,36,37-55].

The mechanism of polyaniline conductivity differs from other electroconducting polymers,
owing to the fact that nitrogen atoms are involved in the formation of radical cation, unlike
most of the electroconducting polymers whose radical cation is formed at carbon. On the
other hand, nitrogen is also involved in the conjugated double bonds system. Therefore,
electrical conductivity of polyaniline is dependent both on the oxidation and protonation

degrees [56-59]. As mentioned before, polyaniline is characterized by existence of various
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oxidation forms. Polyaniline in the form of emeraldine base can be doped (protonated) to
conducting form of emeraldine salt. Emeraldine base, half oxidized form, is consisted of
equal amounts of amine (-NH-) and imine (=NH-) sites. Imine sites are subjected to
protonation to form bipolaron or dication (emeraldine salt form). Bipolaron is further
dissociated by injection of two electrons both from electron pairs of two imine nitrogen, into
quinodiimine ring, and the third double bond of benzenoid ring is formed [60]. Unpaired
electrons at nitrogen atoms are cation radicals, but essentially they represent polarons. The
polaron lattice, responible for high conductivity of polyaniline in the form of emeraldine salt,
is formed by redistribution of polarons along polymer chain, according to shematic
representation given in Fig.1.4 [59]. Although both bipolaron and polaron theoretical models
of emeraldine salt conductivity were proposed [59, 61], it was lately confirmed that beside
the fact that a few of spineless bipolarons exist in polyaniline, formation of polarons as
charge carriers explained high conductivity of polyaniline [62,63]. As mentioned, unique
property of polyaniline is conductivity dependence on the doping (proton) level [64,59]. The
maximal conductivity of polyaniline is achieved at doping degree of 50%, which corresponds
to polyaniline in the form of emeraldine salt [61]. For higher doping degrees, some of the
amine sites are protonated, while lower doping degrees means that some of the imine sites
are left unprotonated [59]. This explains in the light of the polaron conductivity model,
reduction of emeraldine salt to leucoemeraldine and oxidation to perningraniline states
leading to decrease in the conductivity. The order of magnitude for conductivity varies from
107 S ecm™, for undoped emeraldine, up to 10’ S cm™for doped emeraldine salt [65]. Beside

the fact that doping degree has a pronounced effect on the conductivity, various other factors
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such as moisture amount [66], morphology [67], temperature [68] etc. were also found to

have influence on the polyaniline conductivity.

Fig. 1.4 Schematic presentation of polyaniline conductivity

Both the mechanism and the kinetics of the electrochemical polymerization of aniline were
extensively investigated [69]. Electrochemical, similarly to chemical polymerization of
aniline is carried out only in acidic electrolyte, since higher pH leads to the formation of
short conjugation oligomeric material with different nature. As stated before, it is generally
accepted that the first step of the polymerization process of aniline involves formation of
aniline cation radicals, by anodic oxidation on the electrode surface, which is considered to

be the rate-determining step [70]. The existence of aniline radical cation was experimentally
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confirmed, by introducing molecules, (resorcinol, hydroquinone, benzoquinine etc.), capable
of retarding or even stopping the reaction, which evidenced a radical mechanism [71]. The
oxidation of the aniline monomer is an irreversible process, occurring at higher positive
potentials than redox potential of polyaniline. The following step is dependent on numerous
factors such as electrolyte composition, deposition current density, or potential scan rate,
nature and state of the anode material, temperature etc. [65]. There is a need for relatively
high concentration of radical cations near the electrode surface. Radical cations can be
involved, depending on reactivity, in different reactions. If it is quite stable, it may diffuse
into the solution and react to form soluble products of low molecular weights. On the other
hand, if is very unstable, it can react rapidly with anion or the solvent, in the vicinity of the
electrode and form soluble products with low molecular weights [72]. In favorable case,
coupling of the anilinium radicals would occur, followed by the elimination of two protons
and rearomatization leading to the formation of dimer (lately oligomer). The aniline dimer, or
oligomer, is further oxidized on the anode together with aniline. The chain propagation is
achieved by coupling radical cations of the oligomer with anilinium radical cation. Finally,
the counter anion originating from the acid, normally present in the electrolyte, dopes the
polymer, meeting the requirement of electroneutrality. The mentioned mechanism of aniline

electrochemical polymerization is schematically presented in Fig. 1.5 [59].

It was evidenced that electrochemical polymerization of aniline is an autocatalytic process. It
was observed that the current increased over time, at constant potentials higher than 0.80 V
and that anodic peak potentials shifted to more negative values upon increasing cycle
number. Generally, it means the formation of more polymer formed on the anode with the

highert rate of the electrochemical polymerization.
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Fig.1.5. Schematic presentation of mechanism of electrochemical polymerization of aniline
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1.4 Carbon Nanotubes

In order to understand the structure and properties of nanotubes, the bonding structure and
properties of carbon atoms are briefly mentioned first. A carbon atom has six electrons
with two of them filling the 1s orbitals. The remaining four electrons fill the sp’ or
sp’ as well as the sp hybrid orbital, responsible for bonding structures of diamond,
graphite, nanotubes, or fullerenes. Carbon nanotubes (CNTs) are allotropes of carbon with a
cylindrical nanostructure. Nanotubes have been constructed with length-to-diameter ratio of
up to 132,000,000:1 [73] which is significantly larger than any other material. A CNT can
be viewed as a hollow cylinder formed by rolling graphite sheets. Their name is
derived from their size, since the diameter of a nanotube is of the order of a few nanometers,
while they can be up to several millimeters in length. Bonding in nanotubes consists
essentially of sp” type. However, the circular curvature will cause quantum confinement
and o-m rehybridization in which three 6 bonds are slightly out of plane; for compensation,
the m orbital is more delocalized outside the tube. This makes nanotubes mechanically
stronger, electrically and thermally more conductive, and chemically and biologically more
active than graphite. In addition, they allow topological defects such as pentagons and
heptagons to be incorporated into the hexagonal network to form capped, bent, toroidal, and
helical nanotubes whereas electrons will be localized in pentagons and heptagons because
of redistribution of m electrons. For convention, we call a nanotube defect free if it is of
only hexagonal network and defective if it also contains topological defects such as pentagon

and heptagon or other chemical and structural defects.
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Deformed sp?

Figl.6. Bonding structures of graphite and nanotubes: when a graphite sheet is rolled over
to form a nanotube, the sp’ hybrid orbital is deformed for rehybridization of sp’ toward sp’
orbital or o-t bond mixing. This rehybridization structural feature, together with =
electron confinement, gives nanotubes unique, extraordinary electronic, mechanical,

chemical, thermal, magnetic, and optical properties

Nanotubes are categorized as single-walled nanotubes (SWNTs) and multi-walled nanotubes

(MWNTs).
Single-walled

Single-walled nanotubes (SWNT) have a diameter approximately close to 1 nanometer, with
a tube length that can be many millions of times longer. The structure of a SWNT can be
viewed as wrapping a one-atom-thick layer of graphite called graphene into a seamless

cylinder [75,75].
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(re.m) armchair

Fig.1.7. (n,m) nanotube naming scheme

The nanotube can be uniquely characterized by a vector C in terms of a set of two integers

(n,m) corresponding to graphite vectors a; and a, (Fig.1.7) [76 ].

C =na;+ ma,

that describes how to "roll up" the graphene sheet to make the nanotube. T denotes the

tube axis, and a; and a; are the unit vectors of graphene in real space.

The way the graphene sheet is wrapped is represented by a pair of indices (n,m) called the
chiral vector. The integers n and m denote the number of unit vectors along two
directions in the honeycomb crystal lattice of graphene. If m = 0, the nanotubes are called
“zigzag". If n = m, the nanotubes are called "armchair". Otherwise, they are called "chiral".
Single-walled nanotubes are an important variety of carbon nanotubes because they exhibit
electric properties that are not shared by the multi-walled carbon nanotube (MWNT)

variants.
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Multi-walled

Multi-walled nanotubes (MWNT) consist of multiple rolled layers (concentric tubes) of
graphite [77]. Two models are used to describe the structures of multi-walled nanotubes.
First is the Russian Doll model, sheets of graphite are arranged in concentric cylinders, e.g. a
(0,8) single-walled nanotube (SWNT) within a larger (0,10) single-walled nanotube.
Whereas in the Parchment model, a single sheet of graphite is rolled in around itself,
resembling a scroll of parchment or a rolled newspaper. The interlayer distance in multi-
walled nanotubes is close to the distance between graphene layers in graphite,
approximately 3.3 A. Multi-walled carbon nanotubes are very important when
functionalization is required (this means grafting of chemical functions at the surface of
the nanotubes) to add new properties to the CNT. In the case of SWNT, covalent
functionalization will break some C=C double bonds, leaving "holes" in the structure on

the nanotube and thus modifying both its mechanical and electrical properties.

SWCNT MWCNT

Fig.1.8. On the left: TEM image of MWCNT, On the right: Schematic representation of

single and multiwalled nanotube structure
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Due to their unique structure, nanotubes exhibit extraordinary electronic, mechanical,

chemical, thermal, magnetic, and optical properties explained below.
« Electrical Properties

Electronic properties of nanotubes have received the greatest attention in nanotube research
and applications [78-80]. Because of the symmetry and unique electronic structure of
graphene, the structure of a nanotube strongly affects its electrical properties [81-83].
When graphite is rolled over to form a nanotube, a periodic boundary condition is imposed
along the tube circumference or the C direction. This leads to the following condition at

which metallic conductance occurs:
n-m = 3q

From the above equation, we can see that one third of the tubes are metallic and two thirds
are semiconducting. For example, for a given (n,m) nanotube, if n = m, the nanotube is
metallic. When (n—m)is a multiple of 3, then the nanotube is semiconducting with a
very small band gap, otherwise the nanotube is a moderate semiconductor [84]. Thus, in
principle, all armchair (n = m) nanotubes are metallic. In theory, as it has been calculated
from numerous models, metallic nanotubes can carry an electrical current density of 4
x 10°A/cm® which is more than 1,000 times greater than metals such as copper [85].
Intertube coupling also affects the electrical properties of the nanotubes and, therefore, needs
to be considered, when discussing about conductivity of the nanotubes. It was observed
that, the intertube coupling induces a small band gap for certain metallic tubes but a

reduced band gap by 40% for semiconducting tubes in a SWNT rope [86,87].
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The same observations were expected for a MWNT. Although due to the fact that MWNT
have bigger diameteres, they showed a smaller intertube coupling as compared with
sinlge walled nanotubes. Taking this into consideration, all semiconducting tubes in a
MWNT tend to be semi-metallic just like graphite because of reduced band gap for large
tubes and hole-electron pairing for multiwall coupling. A lot of research groups confirmed
that individual MWNT samples showed the dominating metallic or semimetallic nature
of a MWNT while small band gap was reported and attributed to presence of defects or an
electric contact barrier. A MWNT basically behaves like metal or semimetal because of

the dominating larger outer tube.

Multiwalled carbon nanotubes with interconnected inner shells show superconductivity
with a relatively high transition temperature Tc= 12 K. In contrast, the Tc value is an order
of magnitude lower for ropes of single-walled carbon nanotubes or for MWNTs with usual,
non-interconnected shells [88]. As mentioned previously, the © electron is more delocalized
in a defectfree nanotube because of o-n rehybridization and thus should give rise to higher
conductivity than that of graphite. In Figure 1.6, when curved, & orbitals become rich or more
delocalized outside the tube, this leads to increased conductivity. Many recent studies show

decreasing behaviour of resistivity with temperature.

* Optical and Thermal Properties

Carbon nanotubes are of great interest for their thermal properties. Measurements show that
single-wall carbon nanotubes (SWNTs) room temperature thermal conductivity is about
3500 W/(m'K) [89] and over 3000 W/(m'K) for individual multiwalled carbon

nanotubes (MWNTs)[90]. The low temperature specific heat and thermal conductivity show
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direct evidence of 1-D quantization of the phonon band structure. Lot of studies have been
focused on the optical and optoelectronic properties of nanotubes. The one-dimensional
band structure makes nanotubes ideal for optical applications with wavelength ranging from

300 to 3000 nm.

» Mechanical and Electromechanical properties

o bonding is the strongest in nature, and because a nanotube is structured with
mainly ¢ bonds, this constitutes the ultimate fiber with the strength in its tube axis.
Experimental measurements and theoretical calculations conclude that a nanotube has
one of the highest Young’s modulus and tensile strength [91-93]. In general, it has been
proved that various types of defect-free nanotubes are stronger than graphite. This is due to
the fact that the axial component of ¢ bonding is greatly increased when a graphite sheet
is rolled over to form a cylinderical structure or a SWNT. Young’s modulus is
independent of tube chirality, but dependent on tube diameter. From calculation, the highest
value for tube diameter between 1 and 2 nmis about 1 TPa. Thus the larger the
diameter of the tube, the more it is approaching the graphite properties. When
different diameters of SWNTs consist in a coaxial MWNT, the Young’s modulus will
take the highest value of a SWNT plus contributions from coaxial intertube coupling or van
der Waals force. Thus, it is obvious that the Young’s modulus for MWNT is higher than a
SWNT. Although, when SWNTs are held together in a bundle, the weak van der Waal force
will induce a strong shearing among the packed SWNTSs. As a result, this will decrease the
Young’s modulus. It is shown experimentally that the Young’s modulus decreases from 1
TPa to 100 GPa when the diameter of a SWNT bundle increases from 3 nm to 20 nm [94].

The elastic response of a nanotube to deformation was also examined and was found very
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remarkable. In most hard materials, a fall was observed with a strain of 1% or less
due to propagation of dislocations and defects. From experiments conducted, results
showed that CNTs can sustain up to 15% tensile strain before fracture [95]. This behaviour
was attributed to an elastic buckling through which high stress is released. This is
another unique property of nanotubes, and such a high elastic strain for several
deformation modes is originated from sp® rehybridization in nanotubes through which the
high strain gets released. However, sp® rehybridization will lead to change in electronic
properties of a nanotube when the tubes are being reformatted. Many models [96] predict
that chiral nanotubes will experience change in electronic properties for either tensile
or torsional strain whereas symmetric armchair or zigzag tubes may or may not change
their electronic properties. In asymmetric tubes, either strain will cause asymmetric o-m
rehybridization, and therefore, change in electronic properties. However, effect of strain
on a symmetric tube is not so straightforward. The above theory can also be extended to
tube bending. Many experiments have confirmed the predicted remarkable
electromechanical properties of nanotubes or electronic response to mechanical deformation.
There has not been much effort to study the electromechanical properties of SWNT
bundles and MWNTs. Intertube coupling may play a larger role in electromechanical

properties as it does for Young’s modulus and tensile strength.
» Magnetic and Electromagnetic properties

Magnetic and electromagnetic properties of CNTs have also attracted a great interest.
Magnetic properties such as anisotropic g-factor and susceptibility of nanotubes are expected
to be similar to those for graphite while some unusual properties may exist for nanotubes

[97]. It can also be expected from a lot of models that CNTs would have interesting
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electrical response to a magnetic field. Experiment and theory confirm the metal-
insulator transition and band gap change whereas transport again is an intriguing issue.
There are some relations that predict a metal insulator transition and band gap change
for semiconductor tubes under magnetic field parallel to tube axis [98]. These are similar to
electrical response of nanotubes to mechanical deformation, as mentioned in the above
section. As reported, when driven by magnetic or strain field, the Fermi level will
move away from the original position, and this results in the band gap change pattern

[99].

» Chemical Properties

The high specific surface and o-n rehybridization of the nanotubes, facilitate molecular
adsorption, doping, and charge transfer, which, in turn, modulate electronic properties.
Carbon nanotubes surface makes the nanotubes ideal for many applications as they

interact strongly chemically resulting in a change in its properties.

Why CNTs can be suitable for use in catalysis and electrocatalysis ?

Carbon nanotube has been proposed as a promising support material for catalyst due to
its unique characteristics, including high aspect ratio, high electron conductivity, and
enhanced mass transport capability as mentioned in the above Section. A typical CNT
sample contains both residual catalyst metallic impurities and carbon-based impurities. Even
with extensive purification, it is impossible to entirely remove the impurities contained
within CNTs [100-102]. This is a major concern for electrochemists, as it is well known that
heterogeneous electron-transfer is very sensitive to the presence of impurities on the

electrode surface. Metallic impurities within CNTs have received a substantial amountof
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attention as a result of the pioneering work of Compton et al.in this field. Compton et al.have
reported that metallic impurities are responsible for the ‘‘electrocatalytic’’ performance of
CNT’s. Metallic impurities at concentrations of 0.01% wt are still able to dominate the
electrochemistry of CNTs. It is only recently that the idea of nanographite impurities
governing the electrochemistry of CNTs has come to light. Compton et al.stressed the need
for electrochemists to perform suitable control experiments before concluding that CNTs
possess inherent electrocatalytic properties, as it was observed that graphite powder-modified
electrodes produce similar effects to electrodes modified with nanotubes[103]. Recently, It
was proved that the observed heterogeneous electron-transfer (HET) rate of CNTs only
resembles that of graphite because of the graphitic impurities contained within CNTs [104].
It was also demonstrated that it is the nanographite impurities, rather than metallic impurities,
within CNTs that are responsible for the observed ‘‘electrocatalytic’” reduction of the azo
group in methyl orange, hydroquinone, NADH and amino acids [105]. Also Within the
layered structure of graphite we can identify two types of graphitic plane: the basal plane,
containing all the atoms of a particular graphite layer, and the edge-plane, perpendicular to
the basal plane. Due to the nature of the chemical bonding in graphite, the two planes display
noticeably different electrochemical properties. For example, for most redox couples the
electrode kinetics at edge-plane graphite is considerably faster than at basal plane graphite
[106]. Structurally, SWCNTs consist of a single tube of ‘‘rolled up’’ graphite sheet where as
MWCNTs consist of several concentric tubes of graphite fitted one inside the other. There is
some morphological variation possible in MWCNTs which is dependant on the conditions
and the chosen method of CNT formation e.g.chemical vapour deposition or the high voltage

arc method. They can be produced in ‘‘hollow-tube’’ form where the axis of the graphite
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planes is parallel to the axis of the nanotube, ‘herringbone’” form where the graphite planes
are formed at an angle to the axis of the tube or finally in a ‘‘bamboo-like’” form which is
similar to the herringbone form except that the nanotubes are periodically closed along the
length of the tube into compartments rather like bamboo or a ‘‘stack of paper cups fitted one
inside the other’’. In the latter two cases, as the axis of the graphite planes are at an angle to
the nanotube itself, a high proportion of the graphite sheets must terminate at the surface of
the tube giving rise to a large number of edge-plane or edge-plane-like defect sites along the
surface of the tube. It is believed that, it is these edge-plane-like defects that are responsible
for much of the electrochemical activity of the CNTs compared to the smooth, more basal
plane like regions along the CNT surface [107]. During the present work, single-walled
carbon nanotubes (SWNTs) are selected as the electrocatalyst for studying the

electrochemistry of actinides.

1.5 Fuel Cells

The extensive use of fossil fuels has resulted in severe pollutant emissions, including SOx,
NOx, CO, and particulates which pose severe threat to the health of human beings [108]. In
addition, a steady depletion of world’s limited fossil fuel reserves calls for efficient, benign
and sustainable technologies for energy conversion and power generation. Fuel cells are
among the most efficient and environmental friendly devices for energy conversion and
power generation due to their zero-emission power source [109]. Fuel cells have been
identified as one of the most promising and potent technologies which meet energy security,

economic growth, and environmental sustainability requirements [110].
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Fuel cells are environmental friendly devices for energy conversion, power generation, and
one of the most promising candidates as zero-emission power sources [110]. Fuel cells are
electrochemical devices which convert chemical energy obtained from a redox reaction
directly into electrical energy [111]. These cells consist of an electrolyte material that is
packed between two thin electrodes (porous anode and cathode). The input fuel passes over
the anode and oxygen passes over the cathode where they are dissociated catalytically into
ions and electrons. The electrons pass through an external electrical circuit to provide power
while the ions move through the electrolyte towards the oppositely charged electrode

[110,112].

In recent years, a great amount of experimental results have been accumulated dealing with
chemisorption and electrochemical decomposition of various organic compounds on
platinum group metals. The electrocatalytic oxidation of small organic molecules like
methanol and formic acid at Pt electrodes has received considerable attention due to their
promise as fuels in fuel cells. By far, the most attention has been given to the methanol
system, either as pure fundamental studies or studies related to the direct methanol fuel cell.
Several reviews are available, e.g. [113-122]. Formic acid is another potential fuel for fuel
cells, and has received considerable attention over the years and has been reviewed several

times, e.g. [123].

Methanol oxidation is suggested to proceed via several possible intermediates and pathways.
Water is required for the overall conversion of methanol to carbon dioxide, which can be

written as:

CH,OH + H,0 — CO, + 6H" + 6e” (1)
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In the early seventies Bagotzky et al. [124] proposed a general mechanistic scheme including
all possible intermediates from methanol to CO,. Up to eight intermediates were suggested,
of which CO, formic acid and formaldehyde are the most interesting ones. In addition, Lopes
et al. [125] found indications of a methoxy species in electrochemical systems that could
further complicate the mechanistic scheme of methanol oxidation on platinum. Undoubtedly,
the oxidation of methanol on platinum surfaces starts with dehydrogenation of the methanol
molecule as shown by differential electrochemical mass spectrometry (DEMS) [126]. The
first dehydrogenation step, equation (2), was shown to be the rate determining step on the
Pt(111) and Pt(110) surfaces through measurements of the kinetic isotope effect and the
Tafel slope of the reaction [127,128]. The rate determining step on the Pt(100) surface was
shown to be the second dehydrogenation reaction, equation (3). The effect of surface
structure on the electrocatalytic properties towards methanol oxidation has been
demonstrated several times, e.g. [129-131]. For simplicity, we assume that one adsorbed
molecule binds to only one surface platinum atom in the following simplified reaction
scheme. According to Munk et al. [132], the complete stripping of all three methyl hydrogen
atoms at lower potentials must occur on the flat terrace areas of the electrode surface, due to
the fact that at least four adjacent adsorption sites are needed. Furthermore, successive

dehydrogenation eventually leads to formation of adsorbed carbon monoxide

Pt — CH,OH + Pt(site) — Pt — CH,OH + Pt—H 2)
Pt — CH,OH -+ Pt(site) — Pt — CHOH + Pt —H (3)
Pt — CHOH + Pt(site) — Pt— COH +Pt—H ()
Pt — COH + Pt(site) — Pt —CO +Pt—H (5)
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The dehydrogenation reactions lead to formation of adsorbed hydrogen atoms, which in turn

will be followed by a one-electron transfer reaction to form a proton and an electron:

Pt—H — Pt(site) + H" + e (6)

The aim of the pioneering in-situ infrared spectroscopy studies in the early 1980s was to
identify the product of dissociative adsorption of small organic molecules. It is now well
known that the dissociative adsorption of many small organic molecules leads to large
coverage of CO which can be linear, bridged or multiply bonded to the surface. A
comprehensive review of the oxidation of small organic molecules as studied by in-situ
infrared spectroscopy is given by Shi-Gang Sun [133]. Although many intermediates are
detected by various methods, the exact structure of the adsorbed intermediates is unknown

except for the adsorbed carbon monoxide molecule.

In order to review the formic acid oxidation over noble metals, it is instructive to compare
the processes that take place in the methanol oxidation. Although formic acid, like methanol,
is among the simplest organic compounds, the oxidation mechanism is not as simple as one
might expect a priori. It took decades of work performed by several researchers to determine
some of the simplest features of the mechanism for formic acid oxidation over metal
electrodes [134]. Even today, some intermediates are not yet fully understood [135].
Fundamental work on the oxidation of formic acid over Pt and other noble metals like Ir, Rh,
Pd and Au electrodes was performed in the 1970s by Capon and Parsons [136-139]. Before
this pioneering work, the electrochemical oxidation mechanism was lacking several key
steps. They proposed a dual path mechanism, shown in fig.10, which is the currently
accepted scheme. After adsorption of the formic acid over the electrode, there are two
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possible paths to product formation; direct oxidation to carbon dioxide that proceeds through
a forementioned unknown intermediate or intermediates, and an indirect oxidation path that
proceeds through carbon monoxide. It took some time to identify the carbon monoxide as an
intermediate [140,141] in the indirectpath, previously believed to be a COH,q4s species
although the intermediate was branded a ‘poisoning intermediate’, a quality ascribed to
carbon monoxide over Pt . This reaction mechanism was later confirmed by '*O labeling

[142] and in situ IR spectroscopy [143].

kg CO, + 2H" + 2¢°
Kags '///,
HCOOH —2=- HCOOH .4 :
D
Ho0 ™ 00,40 + OHgge + H' + 6" — 42
ads ads e —CO; + 2H" + 2e

Fig.1.9. Formic acid oxidation mechanism occuring at the surface of a metal electrode

The tendency of both formic acid and methanol reactions to self-poisoning makes it clear that
catalyst properties must be changed to avert the poisoning condition. In the present
dissertion, palladium nanoparticles modified electrode was prepared electrochemically in
order to improve the performance of a Direct Formic Acid Fuel Cell (DFAFC) and Direct

Methanol Fuel Cell (DMFC).

1.6 Nuclear Fuel

One of the most important components of a nuclear reactor is its fuel. The fuel undergoes
fission and the heat generated during this process is extracted to generate electricity. Uranium

and plutonium are the actinides used as nuclear fuel in the reactors. The isotopes of these
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heavy fissile elements e.g. *°U, *°U and ***Pu undergo fission to generate energy. It is this
material which faces the most severe environment inside the reactor. The fuel sees very high
temperature (the centerline temperature of the fuel pellets goes upto 2000°C), pressure and
radiation field. Moreover, the fuel has to accommodate the radioactive fission products
formed during the nuclear fission. With use, the central part of fuel pellets gets overheated
and many fission products and interaction products, some of which are low density
compounds, get accumulated into the fuel pellet. This leads to swelling of the fuel pellets.
These conditions are remarkably dependent on the type of the fuel, fuel composition and
trace impurities present in these fuels. In view of this, the nuclear fuel has to be well

characterised with specific composition and trace impurity tolerance limits.

For fabricating high quality nuclear fuels, chemical and physical quality control of the
starting, intermediate and final product of the fuel is essential. Chemical quality control
ensures that the fuel material conforms to the chemical specifications laid down by the fuel
designer. These specifications are very stringent and include the major, the minor and trace
constituents which cause detrimental effect on fuel properties and performance under the
reactor operating conditions. Therefore, trace and major element determinations in nuclear
materials are of utmost importance. The process of chemical quality assurance for trace
elements includes pre-concentration and separation of the impurities from the sample matrix,
followed by their quantification. There are various ways by which these impurities get
incorporated into the fuel. Starting from mining, till its fabrication, the fuel material goes
through a series of wet chemical processes which include dissolution (in nitric acid),
purification by solvent extraction and precipitation. During all these processes, the impurities

form the various reagents used in the above processes get added to the nuclear fuel material.
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Also during the nuclear fission, a number of fission products are produced which make the
fuel matrix highly heterogeneous. A gamut of analytical methodologies is required for the
chemical quality assurance of nuclear materials. There has been a remarkable advancement
in the technology for the development of nuclear fuels and other materials in the last few
years. To keep pace with such development, a similar development in the advancement of
quality control related programs is desirable. A vast number of instrumental techniques are
used for the chemical characterization of nuclear materials. Each technique has its own
advantages and disadvantages. Therefore, for the best utilization of these techniques, proper
selection depending on the need is essential. In order to develop a methodology for analytical
characterization of materials, various steps have to be followed, which comprise of sampling
of the material, preparation of suitable standards, calibration, sample preparation for
measurement, data handling and processing along with the investigations of the associated
problems and improvement of the analysis results. A comprehensive use of various analytical
techniques is required for the chemical characterization of different materials in nuclear
industry. These include determination of metallic and non-metallic impurities, total gas
content as well as the nuclear fuel elements i.e. uranium and plutonium in alloy fuels and
other reactor components. Electroanalytical chemistry of uranium and plutonium in various
supporting electrolytes (acidic, basic, and non-aqueous) at different electrodes (Hg, Pt, Ag,
Au, graphite and glassy carbon) is well documented in literature. A limited number of
publications dealing with the applications of carbon nanotubes and conducting polymer
modified electrodes for lanthanides and actinides electrochemistry are available. In this
thesis, the investigations were carried out on the electrochemistry of Pu(IV)/Pu(Ill) and

U(VD/U(IV) couples employing electrodes modified with SWCNTs and polyaniline. The
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study on electrochemical behaviour was then employed for simultaneous determination of U

and Pu by voltammetry.

Neptunium (Np) is one of the actinides produced in nuclear reactors. It is located between U
and Pu in the Periodic Table, suggesting that its chemical properties are qualitatively similar
to those of U and Pu. Because of this chemical similarity as well as its considerable content
in the spent nuclear fuels, the behavior of Np assumes importance in the fuel reprocessing
process. Besides, the long half-life of >*’Np, 2.14 x 10° years and high solubility of Np under
environmentally relevant conditions makes it problematic on the long-term repository of
radioactive wastes. Hence in the present work electroanalytical performance of SWCNTs for

Np(VI)/Np(V) couple was studied.
1.7 Thesis Outline

The broad aim of this work is the preparation, characterization and applications of
electrodes modified with metal nanoparticles, conducting polymer and carbon nanotubes.
These are applied for electrocatalytic reactions such as formic acid and methanol oxidation
and also for studying the redox behavior of actinides along with their determination. The
intention of these studies is to utilize the modified electrodes for determination of actinides in
the nuclear fuel samples and to mitigate the effect of CO poisoning in direct formic acid fuel

cells (DFAFC) and direct methanol fuel cells (DMFC).

In Chapter 1, the need of modification of electrode is discussed in detail. It includes the
introduction to nanomaterials and their unique properties that make them ideal material for
electrode modification. A brief description of fuel cells is also given. The synthesis and

applications of conducting polymers as electrode modifier are discussed. The importance of

32



Chapter 1

carbon nanotubes as electrode modifier and its applications are also included. This Chapter
also gives an introduction to various materials used in nuclear reactors and the significance of

analytical characterization of these materials.

Chapter 2 gives a brief introduction to electroanalytical chemistry, various electroanalytical
techniques and the basic fundamental aspects of voltammetric and characterization
techniques.

Chapter 3 comprises the synthesis of palladium nanoparticles (PdNPs) on platinum (Pt)
electrode by employing a potentiostatic pulse method of electrodeposition. The mechanism
of electrocrystallization of PANPs on Pt was investigated in the system containing ImM
K,PdCly in 0.1M H,SO,4. Experimental results showed that Pd electrodeposition follows the
so-called Volmer—Weber growth mechanism.The synthesized Pd nanoparticles modified Pt
electrode displayed significantly different voltammetric behavior compared to bare Pt
electrode and also showed high catalytic activity towards the electrooxidation of formic acid
and methanol.

Chapter 4 deals with the electrocatalysis at polyaniline modified Pt electrode. At polyaniline
modified electrode, two systems were studied. Initially, influence of ionic speciation on
electrocatalytic performance of polyaniline coated platinum electrode for Fe(IIl)/Fe(II) redox
reaction was studied. Electrocatalysis of Fe(Ill)/Fe(Il) reaction was studied by cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) for three different
solution compositions viz. (i) FeCl;/FeCl, in 1M HCI, (ii) FeCls/FeCl, in 0.5M H,SO4 and
(111) Fex(SO4)3/FeSO4 in 0.5M H,SO,4. Further, a mechanistic study was carried out on
electrocatalysis of the Pu(IV)/Pu(Ill) redox reaction at a platinum electrode modified with

polyaniline (PANI). In this, electrochemistry of Pu(IV)/Pu(Ill) couple in 1 M H,SO,4 was
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studied on bare and modified platinum electrode by cyclic voltammetry and electrochemical
impedance spectroscopy. Electrocatalysis of Pu(IV)/Pu(Ill) redox reaction was observed on
PANI-Pt. Pu(IV)/Pu(Ill) couple showed quasi-reversible electron transfer behavior on bare
platinum electrode because of the PtO layer formation by Pu(IV) solution at the electrode-
electrolyte interface. Electrocatalysis of Pu(IV)/Pu(Ill) couple on PANI-Pt was attributed to
the cumulative effect of the Donnan interaction between PANI and Pu(IV) anionic complex,
specific adsorption of Pu(IV) on the reactive centres, low charge transfer resistance across
the electrode-electrolyte interface and a catalytic chemical reaction coupled with the electron
transfer reaction.

Chapter 5 explains the electrocatalytic performance of SWCNT modified electrode. Three
redox couples were studied at SWCNT modified electrode. Firstly, mechanistic study on the
electrocatalysis of Pu(IV)/Pu(Ill) redox reaction at platinum electrode modified with single-
walled Carbon nanotubes (SWCNTs) was carried out. Pu(IV)/Pu(Ill) couple showed quasi-
reversible electron transfer behavior on bare platinum electrode because of the PtO layer
formation by Pu(IV) solution at the electrode-electrolyte interface. In SWCNT-Pt, the direct
interaction between Pu(IV) and platinum was blocked by SWCNTs and it diminished the
oxide layer formation at the interface. The lower charge transfer resistance at SWCNT-Pt
also promoted the rate of electron transfer reaction of Pu(IV)/Pu(Ill) couple. Electrochemical
studies of U(VI)/U(IV) redox reaction in 1 M H,SO4 at single-walled carbon nanotubes
(SWCNTs) modified gold (Au) electrode are also presented in this Chapter. In this context,
electrochemistry of U(VI)/U(IV) couple in 1 M H,SO4 was studied on bare and modified
gold (Au) electrodes by cyclic voltammetry (CV), differential pulse voltammetry (DPV) and

electrochemical impedance spectroscopy (EIS). A detailed investigation was done to
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determine the kinetic parameters at the modified electrode. It was found that the
electrocatalysis of U(VI)/U(IV) couple on SWCNT-Au is driven by an increase in the rate
constant of the electron transfer reaction compared to that with the bare gold electrode. After
a detailed study on electrocatalytic mechanism of U(VI)/U(IV) couple and Pu(IV)/Pu(III)
redox couple, studies were carried out to simultaneously determine Pu and U at SWCNT-Au
electrode in the fuel samples. This Chapter also explains the electrochemical investigations
on Np(VI)/Np(V) redox couple using single walled carbon nanotube modified glassy carbon

electrode (SWCNT-GC).
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2.1 Polarization of Interfaces
2.1.1 Interfacial Region

Electron transfer is an event in a molecular scale where a negatively charged entity passes
through between an electrode and species in solution. The reason for electron transfer to
occur is the potential gradient present at the electrode surface, which results from difference
in the potential values when two different materials or phases come in contact with each
other. For example, if the potential difference between a local electrode and the adjacent
solution is 1 V, measured over a gap of 1 nm, then the potential gradient shall be of the
order of 10°V m'[1]. When studying the rate of electron transfer, a considerable
thought on the potential gradient at the interfacial region 1is of vital
importance. Whenever potential is applied to the electrode surface, a charging
characteristics involving the electrostatic effect is observed. Ions and dipoles with opposite
charges are most likely attracted to the electrode surface. This eventually results in the
formation of “electrical double layer”. Movement of ions to the electrode surface causes
changes in the potential field and this factor is indispensable when considering the kinetics of

electron transfer.
2.1.2 Electrical Double Layer

Suppose there is no electron transfer occurring at the interface of the elecrode and the
solution. In other words, no chemical changes take place and so no Faradaic current passes.
Such an electrode is called ideally polarized electrode as no electrode reactions occurs
within a certain range of potential values [2]. Ideally polarized electrode behaves like a

capacitor and only capacitive current flows upon change of potential. Lot of electrodes
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poseses this kind of characteristics but only within an electrode potential range called the

double-layer range.

As mentioned previously, if a potential is applied to an electrode immersed in a
solution, the electrode surface will become charged. The amount of charge on the
electrode surface is proportional to the electrode material, the electrolyte and potential
applied. If the potential applied is negative, then the electron will flow into the surface
eventually turning the surface to be negatively charged. On the contrary, if the applied
potential is positive, electron will move out of the surface, gradually making it positively
charged. Accompanying this phenomenon is the rational that for every
electrode/electrolyte combination, there must be a potential at which the surface shall be
neutrally charged. This potential is called zero charge, E,,.. Surface charge on the electrode
is in fact balanced by the movement of counter ions from the bulk solution. Extending the
argument above, whenever the electrode potential is negative to E,,, its surface will become
negative. Balancing this, the cations and dipoles such as water molecules begin to be
attracted to the electrode surface. Similarly, if the potential applied is positive relative to
the Ep,., the electrode surface becomes positively charged thus inviting anions and
dipoles to its surface. It may be noted that in this case, the orientation of the dipoles will be
reversed. Either way, there shall be an organized layer consisting of cations or anions
formed very close to the electrode surface resulting from the potential changes. Higher
is the applied potential, the stronger is the electrostatic forces produced. As a matter of

fact, competition for sites on the electrode surface does exist between the ions and water
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dipoles in order to form a well organized double layer. An example of the formation of

double layer is depicted in Figure 2.1 [1].

Thus when the potential of an electrode in an aqueous electrolyte is negative to E,,. , its
surface will be negatively charged and both cations and dipoles, particularly water molecules,
will be attracted to the surface. Moreover, the more negative is the applied potential, the
stronger are the electrostatic forces leading to the formation of an organized layer of
cations adjacent to the electrode surface. Conversely, positive to E,., the electrode surface
will be positively charged and the anions and dipoles will be attracted with the
orientation of the dipole reversed. In practice, there will be competition between the ions and
water dipoles for sites on the surface. The electrostatic forces leading to a totally organized
structure are opposed by the thermal motion of the ions. Figure 2.1 shows the generally

accepted model for the interfacial region when E<E,,..

%

1. IHP Inner Helmholtz Layer
2. OHP Outer Helmholtz Layer
3. Adsorptive anions

4. Solvated cations

5. Diffuse layer

6. Solvent molecule.

|
5

Fig.2.1 Model of electrical double layer at the interfacial region at the electrode surface for
potential negative to the potential of zero charge
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2.1.3 Charging Currents

Any change in the potential of an electrode is the driving force of change in the charge on the
metal side of the electrode surface. Coupled to this, ions and dipoles reorganization will
also occur in the double layer on the solution side. Changing the potential of the
electrode means that there will be electrons flowing into or out of the electrode. In practice,
these electrons will eventually pass out through the external circuit and virtually seen as

current called “charging current”

Charging current is in addition to the Faradaic current and this comes from the reactive
species in the cell. Its presence is always regarded as “noise” as it complicates the
signals produced by the reaction desired in the particular experiment setup. It shall be
emphasized that the effect of charging current is only a minor problem for short
timescale experiments as reorganization of double layer according to the potential
change occurs very fast and once the new structure has been formed, the charging

current effect can be totally neglected [1].

For example, in cyclic voltammetric experiment, the charging current may be estimated from
Equation 1. A typical capacitance value is 0.2 F m™ . Therefore, at scan rates of 0.1 and 100

V s, the observed capacitive current density Jeap Will be 0.02 and 20 A m’?, respectively.

Jeap=CXvV (1)
The current density is given by equation 1. Here C is the capacitance and v is the potential
scan rate. The capacitive current at high scan rate is of the same order of magnitude or

higher compared to the Faradaic current for a diffusion controlled reaction.
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2.2. Electrode Kinetics

An example of a reduction for a cation can be taken from Figure 2.1. In order for the electron
transfer to occur at a potential negative to E ,,., the cation must be as close as possible to the
electrode. Let us say it has to sit on the plane of the closest approach. It is important to note
that whether or not the electron transfer occurs at the interface, the structure and properties of
the double layer remain the same. Also, it may be emphasized that the resulting structure as
well as the behaviour of the double layer originates from the electrostatic effect and not the
chemical effect. For these reasons, in a system where the electroactive species exist in a large
excess of inert electrolyte, solely the ions will determine the characteristics of the double

layer. In practice, the effect of double layer is always minimized by using inert electrolyte.

2.3. Adsorption at Electrode Surface

Adsorption is the binding of species from the solution phase to the electrode surface. The
adsorbates may be atoms, ions, molecules, reactant, intermediate, or product of the electrode
reaction regardless of whether they are organic or inorganic in their nature. Whatever
they are, adsorbates do affect the reaction rate as well as the mechanism involved at
the electrode. Adsorption of both organic and inorganic species involving either ions
or even neutral molecules can occur at the electrode surface and in variety of
environments. For instance, consider a covalent bond formed at the electrode surface for the

following reactions, e.g.
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H'+ e +Pt « Pt-H (2)
CH;0H + 2 Pte— Pt-CH,OH* + Pt-H 3)

In addition to covalent bonding-based technique, adsorption can also occur by means of
electrostatic forces. This can be achieved if the electrode surface is electrostatically charged
either positive or negative, which eventually attracts ions or dipoles with opposite charges.
The accumulation of species with counter charge enables adsorption via electrostatic method.
Feasibility to adsorb electroactive species of interest from solution onto the electrode surface
at open circuit is a great advantage. One can always vary the surface charge by varying the
electrical potential applied to the electrode surface. Generating a positively or negatively
charged electrode surface is also a very simple process as it only requires the application of

required potential to the electrode of interest.
2.4. Mass Transport

The supply of reactant and removal of product to / from the electrode surface are
essential to a continuing chemical change. For electron transfer to occur, the reactants
have to transport themselves towards the electrode surface, and once the reaction is
complete, the product will automatically diffuse away from the electrode surface. Generally,

there are three different modes of transportations i.e. diffusion, convection, and migration.

Diffusion. The difference of concentration between two points in a solution normally ends
up with the movement of a more concentrated species to the area of lower concentration.
This will last until the concentration between them becomes equal. This phenomenon which

originates from the concentration gradient is called diffusion [1]. It plays an important role
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when considering reaction on the electrode. Very often, the electron transfer process
occurs in the vicinity of an electrode. For example, when a species O undergoes a reduction
process at a considerable rate to become R at the electrode, the concentration of the former at
the electrode surface will be lower than in the bulk solution. In other words, the
concentration of the reduced species R at the electrode surface will be higher than that in the
bulk solution. Fick’s first law defines diffusion as diffusional flux which represents the
number of moles diffusing per unit area (Equation 4). Fick derived his second law which
applies to cases where the change of concentration within a specific area occurs (Equation 5)
[3]. In these equations, jox is the flux, D is the diffusion coefficient, [Ox] is the concentration

of the species, and x is the distance of the species from the electrode surface.

. E[Qx]
Jox _'L}e:.r Fx (4)
olox] __,, &[ox] (5)
ot et

In most of the electrochemical measurements where the oxidation and reduction of
active species occurs due to applied electrical potential, the Fick’s second law is preferable
as the former processes always result in changes of concentration at the electrode

surface with the elapse of time.

Convection. The presence of thermal gradient or difference in density within a

solution can lead to another form of mass transport namely convection. Convection may
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occur in nature or is deliberately induced by means of applying external forces such as
shaking or sparging the solution in the electrochemical cell where the electrode
reaction occurs. In general, in an unstirred solution, convection is always caused by the
chemical reaction in the vicinity of the electrode surface which probably generates slight
changes in density or even the temperature. Meanwhile, unnatural convection is always
considered as unfavourable as these changes eventually induce the movement within the cell
solution. Very often, in electrochemical experiments, convection can be controlled by
flowing the electrolyte solution over the electrode surface at a known rate or by the usage

of rotating disc electrode [4].

Migration. Migration is a form of mass transport which originates due to the potential
gradient induced by the movement of charged species such as ions in the electrochemical
cells. As in all electrochemical experiments, the application of electrical voltages between
electrodes allows the passing of current creating potential drop at the electrode /electrolyte
solution surface. Migration, which occurs due to electrostatic forces, is an integral part of the
electrode reaction since it balances any changes in the charge capacity. However, it is not
compulsorily desired in all circumstances of electrochemical reactions. To overcome this
problem, very often the addition or usage of supporting electrolyte solution to the
electroactive solution is done to minimize the effect of migration. Even though the
reactant or product in the electrode cell may be charged species, but they will be
enclosed by the ions of the supporting electrolyte solution due to the presence of
excess electrolyte solution. Therefore, these ions are the charged species which move

and not the electroactive species themselves [1].

58



Chapter 2

Diffusion due to Convection due to forced Migration due to
concentration gradient movement of solution electrical fields
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Fig.2.2. Three different forms of mass transport to the electrode surface for electroative
species in solution

2.5. Voltammetric Techniques
2.5.1 Electrochemical Experimental Considerations

Electrochemistry is the study of electron transfer reactions between electrodes and
reactant molecules. During the present work, techniques used for the study of these reactions
included cyclic voltammetry (CV), differential pulse voltammetry (DPV),
chronoamperometry (CA) and electrochemical impedance spectroscopy (EIS). There are
many experimental set ups that can be used for these measurements but the most common
used is the three electrode cell. This involves placing the working electrode, reference
electrode and counter electrode in a cell containing solution of the redox system under
investigation and an inert background electrolyte. The solution is purged with nitrogen or
argon gas to remove oxygen and the experiment is controlled using a potentiostat and

personal computer.
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Counter Electrode i

=

Fig2.3. Standard electrochemical cell consisting of three electrodes i.e reference electrode,
working electrode, and counter electrode.

The most important part when conducting voltammetric measurements is the apparatus,
called potentiostat. It acts as a potential provider to the electrochemical cell and records the
resulting flowing current. The output of a voltammetric scan is called voltammogram, which
shows the relationship between the applied potential and the current produced. Typically, a
definite potential is applied between the reference electrode and the working electrode. Since
electron transfer occurs at the working electrode, it is of vital importance to ensure that
consistent measurements between the former electrodes is possible, thus the counter

electrode is then introduced into the cell.

Most fundamental set ups in the electrochemical cell are designed with an inert gas
inlet/outlet. This is required so as to minimize the interference of signals from oxygen during
experiments. Nitrogen gas and argon gas are the two most well-known examples of inert gas.

Nitrogen is preferred for its low cost, while argon is another option as it is heavier than air.
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2.5.2. Cyclic Voltammetry (CV)

Of all the electrochemical methods available for studying the electrode processes, cyclic
voltammetry (CV) is probably the most widely used. It offers rapid determination of
redox potentials of the electroactive species of interest and convenient evaluation of the
effect of the medium on the redox process. It is rarely used for quantitative determinations,
but is widely used for the study of redox processes, for understanding reaction intermediates,
and for obtaining stability of reaction products. CV consists of linearly scanning the
potential of stationary working electrode at a particular scan rate in the forward direction,

and then reversing over the same potentialrange in the opposite direction.

I ¥ I v I
08 b switching o
> 04 -
ES forward scan f-
o reverse scan -
0.0 = -
initial ﬁnal/
2 ] 2 [
0 20 40

Time/ s
Fig. 2.4. Variation of potential with time during a cyclic voltammetry experiment.

For example, the initial scan could be in the negative direction to the switching potential. At
that point, the scan would be reversed to run in the positive direction. Depending on the
analysis, one full cycle, a partial cycle, or a series of cycles can be performed. The response
obtained from a CV can be very simple as shown in Figure 2.5 for the reversible redox

system:
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Fig.2.5. Simple reversible cyclic voltammogram

A stationary working electrode in an unstirred solution is employed, and the potential
is varied at a definite rate as a linear function of time. Typical sweep rates are in the
range of 0.5 - 100 V s, and the current potential curves no longer have the S-shape known
from techniques with infinitesimally small sweep rates, but exhibit peaks. If a rapid
triangular sweep is applied, and an oscilloscope or a fast x-y recorder is used, a cyclic
voltammogram is obtained. If, for example, the sweep towards lower potentials
produces reduced molecules in the vicinity of the electrode, then they are re-oxidized
during the reverse sweep to the same concentration which was initially present in the
solution, provided that the rate at which the potential is taken back to its initial value is
more rapid than the diffusion processes needed to establish equilibrium with the bulk of the

solution. If the reduced species undergoes irreversible secondary reactions in a shorter
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period than that of triangular sweep, then new waves may be found in the reverse sweep

and the height of the wave corresponding to the forward reaction is reduced.

The peak current i, in the voltammogram is given by Randles-Sevcik equation

i =(2.69x10° )n**AD"?0"2C (6)

Here 1, 1s the peak current (in amperes), n is the number of electrons passed per
molecule of the analyte oxidized or reduced, A is the electrode area (in cm?), D is
the diffusion coefficient of analyte (cm”s™), v is the potential sweep rate (V s™), and C is the
concentration of analyte in bulk solution (mol cm™). The midpoint potential of the two peaks

in the voltammogram is given by

— Ered + Ern' (7)
mid "~
2
The midpoint potential Eiq can be written as shown in equation 7. Here, E,q is the reduction
potential, E.x is the oxidation potential, and n is the number of electrons transferred
per molecule. The maximum potential E, in the current-potential curve in the linear
scan voltammetric experiment for a reversible one-electron transfer is given by

Equation 8.
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28.5

n

E =E mV at 25°C (8)

P iz

Finally, the separation between the two peaks of the voltammogram is given by

AEp =E_ - E ;= 2.303RTnF=59mV/n (at 25 ° C) 9)
Hence, depending on what is already known about a given system, one can determine
the concentration, the diffusion coefficient, the number of electrons per molecule of the

analyte oxidized or reduced, and the redox potential for the analyte.

On the reverse scan, the position of the reoxidation peak is not identical with the
potential of the forward scan and depends on the switching potential, if the reverse sweep
starts at less than 100 mV/n cathodic of the reduction peak. If the switching potential
however, is set further apart, the separation of the two peaks will be 59 mV/n and is
independent of the scan rate of the potential scan. These two criteria along with the equal
height of the steps in the forward and reverse reactions, are commonly taken as diagnostics
for reversible, purely diffusion controlled charge transfer. Cyclic voltammetry has been
used to obtain potentials which could also have been measured by slow techniques,

and at the same time to demonstrate reversibility of the electron transfers.

If the scan rate in cyclic voltammetry is increased to values greater than 0.1 V s™, then the
redox couples do not behave like ideal reversible systems because electron transfer

rates are not infinitely large and the current is controlled by a combination of
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diffusion and charge transfer kinetics. This is called the quasi-reversible case and cycling

at varying scan rates can be used to measure electron transfer rates.

Reversible and Irreversible Reactions

The term reversible can be misleading and sometimes can be confusing in chemistry as
it has different meanings depending on the context of the reaction. In general, reversibility
can be divided into two categories; chemical and electrochemical. In order to explain the

term ‘reversible’ clearly, the following simple reaction is considered.
O+ne <R (10)

The reaction scheme shows that the reactant, in the reduced form, is being
transformed into a product by means of having an n number of electron on the time scale of
the voltammetric experiment. From the chemical point of view, this Ox/Red couple can be
reproduced chemically as represented by the double-sided arrow. Therefore the oxidation

reaction can then be expressed as

R« O+ne” (11)

Meanwhile, the heterogeneous process taking place between a working electrode and an
electroactive species at the vicinity of the electrode surface results in electron transfer. In
electrochemical experiments, electron transfer can be affected by the potential applied and
the concentration of the electroactive species at the electrode. Therefore, the rate constants
play a very important role in determining the electrochemical reversibility of a reaction.

Using the same chemically reversible reaction scheme given above, electrochemical
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reversibility can be explained in the following way. Suppose that the rate constants for

reduction and oxidation are k;.q and ko respectively.

O+ne — R (12)
When the applied potential is equal to E° of the redox couple at equilibrium, the
standard electrochemical rate constant can be represented as k° and will have the units of cm
s, derived from the concentration of the electroactive species shown in mol cm~and electron
transfer to the electrode surface with surface area in cm®. Here rate constant for electron
transfer in both the forward and backward directions of the above reaction scheme can

be represented as

—a. nFE
k  =k'e red ]
a nFE
k =k .exp| =——
ax red ):p[ RT ] (14)

Here the rate constants for both the reduction and oxidation processes driven by the
potential difference or overpotential, n = E —E°, from the applied electrical potential, E, can

be shown by
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—a, nF(E-E,) (15)
k _ ﬂﬂ e red 0 )
red ){p( RT
k =k" Exp(_ o nF(E - E, )J (16)
ax RT

k° is the rate constant at the electrode surface at equilibrium, ogq is the cathodic
transfer coefficient, oo is the anodic transfer coefficient, and R is the gas constant
[8.314 (VC) / (mol K)]. a is defined as the fraction of the interfacial potential at the
electrode-solution interface that helps in lowering the activation energy barrier for

electron transfer process.

Electrochemical reversibility of reaction can be determined by cyclic voltammetric
experiments. This method has proven to be extremely helpful when voltammetric responses
are being measured within a wide range of scan rates as it is a common practice to record
voltammograms over a wide potential window so as to determine the reversibility of a

reaction. In practice, there are three parameters which can be used.

(a) Peak to peak separation (AE,)

In a reversible voltammogram, the magnitude of the peak to peak separation, AEp,
shall be approximately 59 mV at room temperature ( 298 K) for one electron process
regardless of scan rate values. On the contrary, in the case of quasi- and irreversible

conditions, the AE; will depend on the potential sweep rate.
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(b) Peak current (1,)

In both the reversible and the irreversible conditions, the peak current generated is
proportional to the square root of the scan rate values. However, for quasireversible,
scan rate does not hold any effect. At room temperature (at 298 K), simple one electron

reduction of O to R can be given as

Reversible,
FDu 17
I, =0.446FA[0),,, =T ()
_ i (18)
=2.69x=10" AD - [DL"!& J;
Irreversible,
FD
1, =0.49a FA[O], 4 | —— (19)
RT
=2.99x10°aD"*[0],,, A/ (20)

For room temperature experiments, following assumptions apply: electrode surface area, A =

1 cm?, concentration of species O, [0] = 10° M, charge transfer coefficient, o = P

0.5 cm s, diffusion coefficient for species O and R, D = D= 10"cm’s™.
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c) Waveshape of the forward peak.

The difference between the peak current potential, E,, and half peak current potential, Ei/ ,
comes in handy when distinguishing a reversible voltammetric signal from an irreversible
one as discussed below. All the values for the parameters used in the equations correspond

to those at room temperature (at 298 K).

Under reversible condition,

E,- E1/2:2.218F\;:—T (21)

Whereas, under irreversible reduction

RT

E.,~E,,=187— (22)

or

Ep_ EI/ZZEmV (23)
(04

and under irreversible oxidation

1857 _ (24)

E -E,
E, ~Eu (1-a)F
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During the present work, cyclic voltammetry experiments were performed using CH
Instruments potentiostat (CHI 760D) with the three electrodes set up. All potentials are

quoted against the Ag/AgCl reference electrode unless otherwise stated.

2.5.3. Differential Pulse Voltammetry (DPV)

The characteristics of cyclic voltammetric method discussed above has revealed that they
are useful analytical tools in electrochemical measurements as the current flowing, resulting
from the electroactive species in the solution, is proportional to the concentration.
Relationship between current and concentration gives quantitative information on the
system studied and this can be clearly seen if diffusion controls the current
magnitude. Although sensitivity-wise, CV is a superior method, it lacks the ability to
distinguish between Faradaic and capacitive currents. In differential pulse voltammetry,
(DPV), fixed voltage pulses are superimposed on a linear potential ramp and are applied to
the working electrode at a period of selected time just before the potential pulse drops.
The current is measured twice, first at a point just before the pulse is being imposed, and then
again just before the pulse begins to drop. The interesting point in DPV is that when a
potential pulse is applied to an electrode, the capacitive current flows proportionally, but
decays exponentially with time. The magnitude of the Faradaic current, on the other hand,
decreases as an exponential function versus (t)"2. Figure 2.6 shows a typical diagram on how
potential pulses are applied on a linear ramp. The first current measured, i(t;) is subtracted
from the second one, i(t;), and the difference [At = i(ty)- i(t;)] is plotted against the
applied potential. The resulting voltammogram shows current peaks which are in direct

proportion to the concentration of the electroactive species of interest.
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Fig.2.6. Excitation signal for differential pulse voltammetry.

In DPV, the charging current contribution is quite small, about more than an order of
magnitude less than that in normal-pulse voltammetry, and is, therefore, negligible.
Conversely, the Faradaic current decays according to the square root of time,
producing an excellent signal to noise ratio. Due to these enhanced characteristics, DPV
enables the detection at nano-molar level (1 pg L) thus proving useful in electrochemical
sensing applications. All DPV experiments were performed in this work were recorded on a

CH Instruments potentiostat (CHI 760D) using the standard three-electrode setup.

2.5.4. Chronoamperometry (CA)

Chronoamperometry involves applying a fixed potential to a working electrode for a defined
period of time. This technique is often used in electrocatalytic applications, where the
potential is fixed at a value which will maximise the production of the desired species over
an extended period of time while maintaining the activity of the electrode surface.

Chronoamperometry is also used in electroanalysis, where it can be used to monitor the
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presence of a known species by recording the current passed as a function of time. The
Faradaic component of this current for a planar electrode at time t is described by the Cottrell
equation: [5]

. _ mFADY?c, (25)
T oglf2pifz

Chronoamperometry is also used extensively in the electrochemical formation of a variety of
materials. This material synthesis aspect is generally performed once the electrochemical
behaviour of the working electrode/plating solution interface has been determined through
the use of other electrochemical techniques such as cyclic voltammetry. These supporting
techniques allow the parameters to be determined for the chronoamperometry. These include
the initial potential and the appropriate potential range required for electrodeposition to
occur. The deposition time can then be varied in consideration of the initial electrode surface
as well as the desired size, shape and coverage of the electrodeposit. Chronoamperometry is
a powerful tool, not only for the generation of nanostructured surfaces but it can also shed
light on the growth of nanostructures formed through other protocols. This is especially true
for the chemical synthesis of nanoparticles, where one of the rate determining steps for the
reduction of the metallic salts is the chemical composition of the solution, and in particular,
the choice of the chemical reductant. While many investigations have been performed for the
chemical growth of such nanostructures, chronoamperometry is a facile method to
understand the reduction behaviour of metallic salts as a function of the applied potential.

This applied potential is of vital importance to the growth of the nanostructures as it can
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influence the shape, size, crystallographic orientation and nucleation behaviour of the
nanostructures [6]. Additionally, as the electrochemical reaction can be terminated by
controlling the deposition time, intermediate structures can easily be isolated and studied,
providing a means of investigating the growth of the nanostructured materials.
Chronoamperometry has been used in this work for the synthesis of palladium nanoparticles,
as well as for the investigation of the nanoparticles towards electrocatalytic applications.
These experiments were performed using a CH Instruments potentiostat (CHI 760D) with the

three-electrode configuration.
2.5.5. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy is used to investigate the electrical and
electrochemical behaviour of an electrode/electrolyte interface. Impedance is similar in
concept to the more familiar notion of resistance. However, impedance is not restricted by
several definitions placed on an ideal resistor, such as that the response is independent of the
frequency, the current and voltage through the resistor are in phase, and it follows Ohm’s law
for all currents and voltages [7]. In the complex setting of an AC signal applied to an
electrode/electrolyte interface, impedance provides a more adequate measure of the

opposition to the flow of current.

Electrochemical impedance experiments are performed by the application of an AC signal of
fixed amplitude and a set potential to the working electrode, and the frequency of the ac
signal is varied typically between 102 Hz to 10° Hz. The impedance (Z) or dynamic

resistance to the sinusoidal current flow is calculated as the ratio of the applied potential to
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the current passed at time t (Equation 26), which is analogous to the measurement of
resistance in linear systems. This relationship is then calculated using the right side of
Equation 26 [7], which is expressed as a function of the maximum voltage (V°), the
maximum current (I°), the angular frequency of the signal (o=2=nf, where f is the frequency

of the ac signal), the phase difference (0) between the voltage and current and the time (t).

_ V() Vgsin(wt) (26)
TOI()  Igsin(wt+8)

The impedance may also be written in the Cartesian form given in Equation 27 [7], where the
impedance at a given angular frequency is the sum of a real impedance value (Z;) and an

imaginary impedance value (Z;) multiplied by j.

2(w) = Z,(w) + jZi(w) 0
This equation is the basis of the Nyquist plot, in which —Z; is plotted against Z, (also referred
to as -Z” and Z’, respectively). These plots may contain a number of different elements
including hemispherical or depressed hemispherical regions as well as linear sections. While
the analysis of these plots is not a trivial matter, a great deal of information can be gained
about the system. Typically, these impedance spectra are analysed by matching the different
features present with the electrical behaviour of an equivalent circuit, often composed of
elements such as resistors, capacitors and inductors which may be connected in series or in
parallel. This combination of elements describes a number of basic processes, including

ohmic resistance, capacitance, constant phase elements (CPEs) and Warburg impedance [8].
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EIS has been used in this work to investigate whether the modification of electrode showed
altered impedance behaviour compared to that of bare electrodes. EIS spectra were recorded
using the Autolab PGSTAT-30 with FRA (Eco-Chimie) software using a standard three-

electrode setup.

2.6. Material Characterisation Techniques

While the electrochemical formation and behaviour of electrodeposited films is of critical
importance in the creation of materials for electrocatalytic applications, it is equally as
important to understand the physical structure of the material. This stems from the well-
reported connection between the electrochemical behaviour and factors such as the size,
shape, porosity, crystallography and chemical composition of the electrodeposited material.
A number of different material characterisation techniques were employed in this work,
including scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDX), X-ray photoelectron spectroscopy (XPS), UV Visible spectroscopy and are briefly

described below.

2.6.1 Scanning Electron Microscopy (SEM)

One of the most common methods for characterising the morphology of electrodeposited
materials is scanning electron microscopy (SEM). While based on similar principles to the
conventional optical microscopy, SEM offers a number of advantages for the analysis of
electrodeposited surfaces. One of these is the high resolving power which can be achieved by
SEM. In this technique, the sample is probed using a beam of electrons rather than visible
light, where the former has a considerably smaller wavelength of 0.4 A for an electron with

an energy of 1000 eV [9]. Imaging is achieved by directing a beam of electrons from an
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electron gun source down an evacuated chamber through the use of magnetic lenses which
collimate and focus the beam to a fine point [10]. When this electron beam is incident upon
the sample, a number of reactions are possible. These include the release of secondary
electrons, where the excitation of a surface electron causes its emission from the surface, or
the release of X-rays, light or heat. The incident electrons, known as primary electrons, may
also be detected, either through their reflection from the surface as backscattered electrons or
after their transmission through the surface [11]. The emission of secondary electrons is a
surface sensitive phenomenon and is used in the case of SEM to provide a three-dimensional
image of the surface by scanning (or rastering) the electron beam across the surface and
correlating the intensity of the detected secondary electrons with the position of the beam on
the surface. Imaging in this method can be used to resolve surface features smaller than 10
nm (down to 1 nm). SEM has been used in this work to characterise the morphology of the
deposits in order to understand how the deposition parameters affect the coverage, shape and

size of the deposits.

2.6.2. X-ray Photoelectron Spectroscopy (XPS)

Another form of elemental analysis is X-ray photoelectron spectroscopy (XPS). The general
principle of this technique is that a beam of incident X-rays excites electrons from atoms in
the surface, which can lead to the emission of the electrons from the surface [12]. The
detection of emitted electrons has a few important consequences for XPS, such as the need to
operate under high vacuum [13-14] so that the mean free path of the emitted electrons is
increased. High vacuum is also required to minimize any losses in the energy of the emitted

electrons. Since the energy of the X-ray beam (hv) is known, the kinetic energy of the
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emitted electrons (Ex) can be measured and a correction for the work function of the solid
(Ew) can be made and thus the characteristic binding energies (Eg) of the elements present on
the surface can be determined[14] as given by Equation 28 [15]. Any loss in the kinetic
energies due to collision with gases in the chamber will lead to alterations in the recorded

binding energies and intensities, and so a high vacuum is required to obtain reliable results.

Ex = hv — Eg — Ey (28)

The analysis of a sample by XPS is a particularly surface sensitive technique, with electrons
emitted from approximately the top 10 nm of the surface [13, 16]. Although the incident X-
rays may penetrate further into the sample, the emitted electrons from these regions do not
possess enough energy to overcome the inelastic collisions which take place as they travel to
the surface of the material and are, therefore, not used to provide any information on the
surface composition [12]. Another advantage of XPS as an analytical tool compared to EDX
is that it offers greater amount of information than just the elemental composition of the
surface. For example, the electronic configuration of the electron orbitals can be observed at
defined binding energies as separate peaks, such as the 5/2 and 3/2 orbitals of the Palladium
3d shell. The binding energies of the outermost electron shells are often of interest in XPS as
they are more susceptible to changes with respect to the chemical environment. For example,
in the case of a native oxide on a Palladium film, the binding energy of the Pd 3ds/, and 3d3.,
orbitals will shift to higher binding energies, as the more electronegative oxygen atoms

withdraw the electron densities of these palladium orbitals and the emission of electrons from
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these partially positive palladium atoms becomes increasingly difficult. These properties
allow the detection of surface oxides, alloying (where the altered electronic configuration
shifts the binding energy of the constituent atoms) and the oxidation states of elements,
demonstrating the power of XPS for the chemical analysis of a wide variety of surfaces [15].
During the present work, XPS was used to confirm the presence of palladium nanoparticles
over platinum substrate and to investigate whether the metal has been oxidised onto the

surface. The measurements were carried out by Mac-2 analyzer using the Mg Ko line

(1253.6 eV) as the incident radiation.

2.6.3. Ultraviolet and Visible (UV-VIS) Spectroscopy

UV-VIS spectroscopy involves the measurement of the absorption of near-ultraviolet and
visible light as a function of wavelength by a sample. The visible region of the spectrum
comprises of photon energies of 36 to 72 kcal/mole, and the near ultraviolet region extends
this energy range to 143 kcal/mole. These energies are sufficient enough to promote outer
electrons to higher energy levels. UV-VIS spectroscopy is usually applied to molecules
and inorganic ions or complexes in solution. The uv-vis spectra have broad features that are
of limited use for sample identification but are very useful for quantitative measurements.
The concentration of an analyte in solution can be determined by measuring the

absorbance at a particular wavelength and applying the Beer-Lambert Law:

A=¢cl
(Where A= absorbance, ¢ = sample concentration in moles/liter & 1 = length of light path

through the sample in cm.) UV-VIS spectroscopy was used in the present work to determine
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the predominant species present in three different electrolytic compositions viz. (i)
FeCls/FeCl, in 1 M HCI, (ii) FeCls/FeCl, in 0.5 M H,SO4, and (iii) Fex(SO4)3/FeSO4 in 0.5 M

H,S0s.

2.6.4. Energy-Dispersive-X-Ray-Fluorescence (ED-XRF)

Energy-Dispersive-X-ray-Fluorescence is a convinient analytical tool for elemental analysis.
The atoms in the sample material, which could be any solid, powder or liquid, are excited by
X-Rays emitted from a X-ray tube. All element specific X-ray fluorescence signals emitted
by the atoms after the photoelectric ionisation are measured simultaneously in a fixed
mounted semi-conductor detector. An energy dispersive X-ray fluorescence (EDXRF)
spectrometer makes use of the fact that the pulse height of the detector signal is proportional
to the X-ray photon energy. Usually a multichannel analyzer is used for display and
providing the data. Here each channel counts the number of photons with a certain energy.
The radiation intensity of each element signal, which is proportional to the concentration of
the element in the sample, is recalculated internally from a stored set of calibration curves
and can be shown directly in concentration units. EDXRF can detect elements in the Periodic
Table between atomic numbers 11 (Na) and 92 (U). Samples can be analyzed non-
destructively. Elements in concentrations from as low as a few parts per million to 100% may
be analyzed. EDXRF was used in the present work to determine presence of trace metallic
impurities in the Single walled Carbon Nanotubes (SWCNTSs). The spectra were recorded by
Jordan Valley EX-3600-TEC spectrometer having Rh target and Ge secondary target

operated at 40 kV and 500 mA.
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3.1 Introduction

In recent years, the fabrication of nanostructured materials and the exploration of their
properties have attracted much attention from scientists in various fields [1-3]. Continuing
interest in nanosized noble metal particles has been driven by their promising physical and
chemical properties, which are quite different from those of the bulk materials [4-6].
Intensive studies have been devoted to their use as catalysts and sensors, as well in a new
generation of optical, electronic and magnetic devices [7-11]. These applications are closely
related to their size- or shape-dependent properties such as size quantization, optical and
electronic properties, surface effects, chemical reactivity, and self-assembly ability. Among
these studies, some have been directed towards the synthesis of palladium (Pd) nanoclusters
[12—15], because of the important role played by Pd in catalysis [16], hydrogen storage [17],

and chemical sensors [18].

Pd is an important transition metal with high catalytic activity [19,20], although it is not used
as widely as Pt [21]. Recently, much attention has been focused on the preparation of Pd
nanoparticles [22] because of large surface area-to-volume ratio, lower price than that of Pt,
and especially the unique function in absorption of hydrogen [23,24]. Pd nanoparticles have
been prepared by a variety of techniques including chemical liquid deposition [25], refluxing
alcohol reduction, hydrogen reduction and electrochemical deposition, where in general, the
nanoparticles are formed by reduction of metal ions presence of stabilizers [26-30].

Moreover, most of the nanoparticles must be pre-synthesized through reduction of a metal
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salt by reducing agents in solution [31,32]. Often the catalyst particles are stabilized in a
suitable solid matrix or by surface modification using polymers or ligands [33-35]. However,
poor stability of the Pd particles under these conditions has been reported. In addition, this
type of stabilization results in the loss of catalytic activity to a great extent [36]. During the
present studies, a direct method for the deposition of Pd nanoparticles on a platinum
electrode was developed. A considerable effort has been made in recent years to use tiny fuel
cells as replacements for batteries in portable electronics. The advantages of using miniature
fuel cells over conventional batteries are their much higher stored energy density and ability
to be immediately recharged by replacing the fuel cartridge [37]. The electrochemical
oxidation of small organic molecules such as CH;OH and HCOOH has been the field of

intensive research for the development of direct fuel cell [38-42].

Formic acid electro-oxidation is a two-electron electrochemical reaction on Pt electrode and
is known to occur via a so-called dual pathway mechanism [43-46]. The direct oxidation of
formic acid to CO, proceeds via a reactive intermediate (mainly HCOOad) formation
(Pathway I). On the other hand, the indirect pathway involves the formation of adsorbed CO
intermediate (CO,q). The formed CO,q is a strong poisoning species and is finally oxidized to

CO; at higher potential (Pathway II).

Pathway I: HCOOH — HCOQO,y — CO, + H + e— (1)

Pathway II: HCOOH — COyq + HyO — CO, + 2H' + 2e— 2)
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For direct formic acid fuel cells, Pathway I is a desirable reaction route to enhance the overall
cell efficiency and avoid poisoning of the catalyst. However, oxidation of formic acid on
pure Pt electrode surface predominantly takes place through Pathway II which significantly
reduces Pt electrocatalytic activity. Therefore, much attention has been focused on the

surface modification to mitigate the poisoning of Pt [47—49].

Electro-oxidation of methanol on Pt electrode surface is combined with several steps of
dehydrogenation to form CO which is oxidized to CO,. Poisoning of the electrode surface by
CO molecules formed during the methanol oxidation is one of the limitations in the
development of direct methanol fuel cells (DMFCs) for commercial applications.
Modification of Pt with other metals or metal oxides is considered as one of the best ways to

solve this problem.

The present study demonstrates the enhanced electrocatalytic oxidation of formic acid and
methanol using palladium nanoparticles (PANPs) modified Pt electrode. The electrode
modification was carried out by potentiostatic electrodeposition of Pd metal on Pt electrode.
Mechanism of electrocrystallization of Pd nanoparticles was investigated by cyclic
voltammetry and chronoamperometry. Highly monodispersed and homogeneous PANPs were
deposited on the Pt electrode from the electrolyte. Field emission scanning electron
microscopy (FESEM) and X-ray photoelectron spectroscopy (XPS) were used to characterize

the Pd nanoparticles. The new findings are of fundamental importance to understand
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electrochemical formation mechanism of PdNPs allowing a relatively narrow size

distribution.

3.2. Experimental
3.2.1. Chemicals and materials

All the chemicals like potassium tetrachloropalladate (K,PdCly), sulphuric acid (H,SO,),
methanol (CH3;OH), formic acid (HCOOH) and potassium hydroxide (KOH) were of G. R.
(Guaranteed Reagent) grade. All the solutions were prepared in Millipore Milli-Q water (~18

MQ cm).
3.2.2. Electrochemical measurements

Cyclic voltammetry and chronoamperometry were performed using CHI 760D
electrochemical workstation with a three electrode voltammetric cell having platinum disk
working electrode (area, A = 0.031 cm?), platinum wire counter electrode and Ag/AgCl
reference electrode. All potentials are quoted with respect to Ag/AgCl reference electrode.
All experiments were carried out at room temperature (25 + 1°C). The solutions were
deoxygenated using high purity nitrogen prior to electrochemical experiments. Each
measurement was repeated thrice and the average numerical value of each parameter is

quoted for discussion (relative error <=+ 0.1%).
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3.2.3. Characterization of the modified electrode

The morphology of PANPs was recorded by Auriga make FE-SEM. XPS measurements were
carried out by Mac-2 analyzer using Mg Ko line (1253.6 eV) as the incident radiation. The
binding energies were calibrated considering the Au 4f;, peak at 83.95 eV. Shift of the

binding energy due to surface charging effect was calibrated by assuming binding energy

peak of Au 4f 7, to be always 83.95¢eV .

3.3. Results and discussion

3.3.1. Electrochemical deposition of PANPs on Pt

3.3.1a. Cyclic voltammetry of 1 mM K,PdCly in 0.1 M H,SO4 at Pt electrode

The cyclic voltammogram of 1 mM K,PdCl, in 0.1 M H,SO4 at Pt electrode is shown
in Fig. 3.1. During the potential scan in cathodic direction, a surge of cathodic current starts

from 0.345 V for the reduction of [PdC14]* /Pd as described in equation 3.
[PACL]* +2e—= Pd +4CI” (3)

The cathodic peak was observed at 0.287 V. In the reverse scan direction, two
crossovers were observed at 0.329 V and 0.402 V between the forward and reverse scans. At
more positive potential, the anodic current increased due to the oxidation of the deposited Pd.
A broad and short anodic peak was observed with a peak potential at 0.604 V. It indicates
that the anodic dissolution of Pd deposits is quite sluggish due to the low chloride

concentration in the electrolyte solution and/or the formation of chemisorbed oxygen or a
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passive oxide film on the Pd surface. An insignificant amount of Pd still remained on the Pt
surface though the anodic scan was completed at 1.1 V. During the potential scan in cathodic
direction in the second cycle, both the cathodic onset and peak potentials shifted to 0.503 V
and 0.378 V, respectively. However, the anodic peak potential remained the same during the
potential scan in anodic direction in the second cycle. Therefore, the characteristic nucleation
loop during the first scan cycle and the shift of the cathodic peak to lesser cathodic potential
during the second scan cycle suggests that the deposition of Pd(II) on Pd is both kinetically
and thermodynamically favourable when compared to the deposition of Pd(II) on Pt.
Therefore, Pt does not provide any favourable interaction on Pd deposition i.e. Pd adatoms-
adatoms interaction is stronger than the interaction of Pd adatoms with the Pt surface. Thus,
Pd deposits on Pt by forming nuclei followed by the three dimensional growth according to

the Volmer-Weber growth mechanism.
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Fig.3.1. Cyclic voltammogram of 1 mM K,PdClsin 0.1 M H,SO4 at Pt electrode for
consecutive first and second cycles
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3.3.1.b Nucleation and growth of PANPs on Pt electrode

The nucleation and growth phenomena in the initial stages of Pd deposition were
investigated by potentiostatic transient measurements. Fig. 3.2 shows current transients
obtained at different electrode potentials in the range 0.15V <E <0.38V. The transients
exhibit an initial current decay during 0.001-0.025 s, which cannot be related to the double-
layer charging. Such steep falling currents in the initial parts of transients have often been
observed in various electrodeposition systems and were related to different processes such as
adsorption [50, 51], multistep charge transfer reactions [52] and redox-processes influencing

the state of the substrate surface [53].
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Fig. 3.2. Current transients for electrocrystallization of palladium at different electrode
potentials in the system containing 1 mM KyPdClsin 0.1 M H,SO4 at Pt electrode
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After the initial current decay, the transients in Fig. 3.2 show the characteristic current
increase due to nucleation and growth of Pd nanoparticles. The current maxima observed at

high cathodic potentials result from the overlap of growing particles and/or their diffusion

zones [54-58].
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Fig.3.3. Non-dimensional (i/ima)Vs.(t/tnax) plots of current  transients for
electrocrystallization of palladium at E =0.28 V and E = 0.15 V compared to the
theoretical curves corresponding to the models for progressive nucleation (solid line)
and instantaneous nucleation (dashed line).

According to the model including diffusion-controlled growth of hemispherical particles
proposed by Scharifker and Hills [58], the deposition transients for progressive and

instantaneous nucleation can be described by the equations:

(infax);ogresm = 1.2254 () {1 —exp [—2. 3367 ( nf)z] }2 ......................... (4)
) 5
() = 19542 () {1 - exp [-1.2564 ()]} 5
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Experimental current transients for 0.28V and 0.15V are represented in Fig. 3.3 in a non-
dimensional (i/imax)® VS. t/tmax plot and are compared with the theoretical curves given by Egs.

(4) and (5).

It is clearly seen, that the experimental current transient at 0.28V corresponds to the model
involving progressive nucleation. The transient at 0.15V fits relatively well with the
theoretical curve for instantaneous nucleation. Hence, for further studies, PANPs/Pt were

prepared by potentiostatic deposition at 0.15 V and the time of deposition was varied.
3.3.2. Characterization of Pd modified Pt electrode
3.3.2.a Field emission scanning electron microscopy (FESEM)

Figures 3.4A, 3.4B and 3.4C show typical FESEM images of Pd nanoparticles
electrochemically synthesized at applied potential of 0.15V for 2 seconds, 5 seconds and 10
seconds, respectively. The PdNPs are well-dispersed spherical particles. Their mean
diameters and particle diameter distributions were determined by measuring the sizes of at
least 200 particles. Mean diameter of the particles prepared at 2 seconds deposition time was
15 nm. When the deposition time was increased to 5 seconds and 10 seconds, the mean
diameter increased to 30 nm and 40 nm respectively. These results clearly show that the

particle size can be controlled by varying the time of deposition.
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Fig. 3.4. FESEM images of Pd nanoparticles electrochemically synthesized at applied
potential of 0.15 V for (A) 2 seconds and (B) 5 seconds (C) 10 seconds.

3.3.2b X-ray photoelectron spectroscopy (XPS)

The XPS measurements were carried out for PANPs deposited on Pt electrode. The initial
survey of the binding energy spectrum is shown in Fig. 3.5A and it shows the presence of Pt
(4f,4d peaks), Au (4f,3d,5s peaks), Pd-species (3d,3p peaks) and O species (1s peak). The
narrow scan spectra in the Au 4f, O Is and Pd 3d regions for the PANPs are presented in Fig.

3.5B-D, respectively. The peaks of O 1s and Pd 3ds, were observed at 531.7 eV (Fig. 5C)
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and 335.7 eV (Fig. 3.5D), respectively. The Pd 3ds, peak observed at 335.7 eV was

attributed to metallic palladium [Pd(0)] and this was in agreement with the results available

in literature [59]. The 3ds;, peak occurring at higher BE values (BE = 341.5 eV), was due to

Pd atoms with lower charge densities. A small shift from the literature value was observed

for the chemisorbed oxygen over palladium metal (PdO).
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The above mentioned characterizations of PANPs suggest that the PANPs synthesized by the
potentiostatic deposition were in metallic form with the presence of chemisorbed oxygen on

its surface.
3.3.2 ¢ Effective catalytic surface area (ECSA)

The electroactive surface area of Pd was measured from the palladium oxide stripping
analysis [61-64]. The charge value under the striping peak was determined to be 83.49 uC
and with the conversion factor of 424 pC cm™ for Pd oxide stripping current (Fig. 3.6), the
effective catalytic surface area (ECSA) for the PANPs/Pt was found to be 0.197 cm?. This is a
large real surface area for the platinum disk electrode with an initial geometric area of 0.031
cm’. This large surface area arises due to the presence of Pd nanoparticles. The enhanced
availability of effective active centers at the modified electrode makes it an ideal

electrocatalytic material.

% —~
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Fig.3.6. 1Cyclic voltammogram of Pd nanoparticles in 0.5 M H,SOsat a scan rate of
0.01 Vs
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Fig. 3.7. Cyclic voltammograms (CVs) obtained at bare Pt electrode (curve a) and
PdNPs modified Pt electrodes (curve b) in 0.5 M H,SO4containing 0.5 M formic
acid.

3.4 Electrochemical oxidation of HCOOH at bare and PdNPs/Pt electrode

Fig. 3.7 shows CVs obtained at bare Pt electrode (a) and Pd nanoparticles (b) modified Pt
electrode in 0.5 M H,SO4 containing 0.5 M formic acid. Two oxidation peaks were observed
at 0.40 V and 0.80 V at the bare Pt electrode during the forward potential scan from 0.2 V to
1 V (curve a). The first broad anodic peak at 0.4 V is assigned to the direct oxidation of
formic acid to CO, (Pathway I) and the second anodic peak at 0.80 V is related to the
oxidation of the CO,q generated during the self-dissociation of formic acid (Pathway II).
Effective surface area for the electrooxidation of formic acid is reduced by the presence of
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the adsorbed CO intermediates. On the contrary, it is obvious from curve b that modification
of Pt electrode by PANPs greatly improves the catalytic activity of Pt electrode for formic
acid oxidation, i.e., the first oxidation peak current (1) is much larger than the second one (2)
during the forward scan. It is attributed to the fact that the dehydration of formic acid to form
CO requires at least two neighboring Pt sites at the surface (the so-called ensemble effect)
[65]. Therefore, the presence of PANPs on the Pt surface may block the adjacent Pt atoms
favouring direct oxidation of formic acid. Secondly, the adsorption energies of the formic
acid on Pt and Pd are almost the same. However, the calculated effective barrier for formic
acid dehydrogenation is the lowest on Pd surface (0.76 eV) and the highest on Pt surface
(1.56 eV) [66]. It is also obvious that the Pd nanoparticles modified Pt electrode shows a
remarkably enhanced electrocatalysis for formic acid oxidation. These results suggest that
oxidation of formic acid at Pd nanoparticle-modified Pt electrode proceeds mainly through

the direct pathway (Pathway I).

3.5 Electrochemical oxidation of CH;OH at bare and PANPs/Pt electrode

Fig. 3.8 shows the CVs obtained at bare Pt electrode (a) and Pd nanoparticles (b) modified Pt
electrode in 0.5 M KOH containing 0.5 M methanol. Electrooxidation of methanol on the Pt
electrode initiates at -0.55 V and reaches the maximum current at around -0.18 V in the
positive-going potential scan. Enhancement in the activity for methanol oxidation on

PdNPs/Pt electrode may be attributed to the increase of the ECSA.
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Fig. 3.8. Cyclic voltammograms (CVs) obtained at bare Pt electrode (curve a) and
PdNPs modified Pt electrode (curve b) in 0.5 M KOH containing 0.5 M methanol

It is interesting to note that CVs for Pd nanoparticles show a very high and large oxidation
peak centered at a more negative potential (-0.23 V) in the anodic scan followed by a high
and broad secondary oxidation peak in the cathodic scan in contrast to those at the bare Pt
electrode. Obviously, PANPs significantly enhance catalytic activity of bare Pt electrode. The
possible reason is that due to reduced CO-poisoning, more active sites on the PANPs/Pt
electrode surface are exposed to reactant molecules. In addition, the ordered architecture of
PdNPs can provide a unidirectional electronic channel and reduce the grain boundaries. As is
known, the ratio of the forward oxidation current peak (If) to the reverse current peak (Iy),
I¢/1y, is an index of the catalyst tolerance to the poisoning species [67]. A high ratio indicates

more effective removal of the poisoning species on the catalyst surface. The I¢/l, ratio of
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PdNPs/Pt electrode in alkaline electrolyte was 1.4 times than that of the bare Pt electrode

showing better catalyst tolerance to poisoning.

39 - - - - Bare Pt
— PdNPs/Pt
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Fig.3.9. Chronoamperometric curves of bare Pt (curve a) and PdNPs/Pt (curve b) for
methanol oxidation, polarized at a constant potential of 0.1 V.

Catalytic stability of PANPs/Pt electrode was examined by chronoamperometry. Fig.3.9
shows the chronoamperometry curves recorded at 0.1 V in a solution containing 0.5 M
CH;OH in 0.5 M KOH. Amperometric current densities at the PANPs/Pt are much higher
than those at the bare Pt electrode. Also, a slow current decay was seen over 50 min in case
of PANPs/Pt (Fig. 3.9,curve b), indicating its high catalytic stability and high tolerance to
CO like intermediates. Though the current decay was slower for the bare Pt electrode (Fig.

3.9, curve a), the current density was much lower compared to that of PANPs/Pt electrode.
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3.6 Conclusion

The results of this study show that electrocrystallization of palladium in the system
containing ImM K,PdCly in 0.1M H,SO4 at Pt electrode follows the Volmer—Weber growth
mode. In the potential range 0.28V<E<0.38V, the electrocrystallization kinetics
corresponded to the theoretical model for progressive nucleation. The results indicated that at
more negative electrode potentials (E<0.28V), the process of electrocrystallization occurs
under conditions of instantaneous nucleation. Pd nanoparticles at Pt electrode were prepared
by potentiostatic deposition method. The resulting electrode exhibited electrocatalytic
activity towards the oxidation of formic acid and methanol, showing a marked improvement
compared to bare Pt electrode. This is most likely due to the surface morphologies of the
PdNPs which exhibited enhanced accessibility of the surface and produced abundant active

sites for the electrocatalytic reactions.
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4.1 Introduction

Polyaniline (PANI) coated metal electrode has many applications in electroanalytical
chemistry due to its electrocatalytic property of accelerating the rate of heterogeneous
electron transfer. Thus, it has been utilized as a sensor material for biomolecules [1-4], small
organic molecules [5], inorganic gases [6], noble metal ions like Ag(I) [7] and transition
metal ions like Fe(III)/Fe(Il) [8]. PANI can exist in three different oxidation states viz. fully
reduced leucoemeraldine base (LB), half-oxidized emeraldine base (EB) and fully oxidized
pernigraniline base (PB). LB, EB and PB all act as insulators. EB transforms into the
conducting emeraldine salt (ES) through acid doping in the strong mineral acid medium. In
ES form, the transport of charge carriers within PANI backbone enhances. As a result, the
solute species diffuse into porous network of PANI film and participate in the redox reaction
at the polymer-solution interface [9,10]. Thus electrocatalytic efficiency of PANI for a
particular redox couple like Fe(IIl)/Fe(Il) in mineral acid medium can be enhanced by
improving either all or any of the three factors viz. (i) transport of charge carriers within
PANI backbone, (ii) diffusion of solution species towards and within the PANI network and
(ii1) transfer of charge at polymer-solution interface. The electrocatalysis of Fe(IlI)/Fe(Il)
redox reaction in sulphuric acid medium at PANI modified platinum electrode was reported
by Mandic et al [9], where inhibiting behavior of PANI for Fe(Ill)/Fe(Il) redox reaction was
observed. In this context, it is worthy to note that the predominant ionic species of the redox
couple is guided by the type of solvent or electrolyte composition. Thus, behavior of PANI
film for the same redox reaction viz. Fe(IIl)/Fe(Il) can be improved by the judicial choice of

electrolyte composition. It was, therefore, considered interesting to study the influence of
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ionic speciation in different electrolytic compositions on the performance of electrocatalysis
of PANI/Pt for Fe(Ill)/Fe(Il) redox reaction. In this Chapter, studies performed for
electrocatalytic activity of PANI coated platinum electrode for Fe(IlI)/Fe(II) redox reaction
under three different electrolytic compositions viz. (i) FeCl3/FeCl, in 1 M HCI, (ii) FeCls/
FeCl, in 0.5 M H,SO4 and (iii) Fe(SO4)3/FeSO4 in 0.5 M H,SO4 is presented. Donnan
interactions of PANI film for these three compositions were investigated in comparison with
[Fe(CN)6]*/ Hy[Fe(CN)6]* which are known species of K3[Fe(CN)g]/K4[Fe(CN)¢] in 0.5 M
H,SO4 [11]. Based on the electrocatalytic behavior of PANI on Fe(Ill)/Fe(Il) redox reaction
and the effect of ionic speciation in the electrocatalysis mechanism, experiments were
performed to study the electroanalytical performance of PANI for Pu(IV)/Pu(Ill) couple .
There were two motivating aspects, firstly the redox potentials of Fe(Ill)/Fe(Il) and
Pu(IV)/Pu(Ill) couples are similar in 1 M H,SO4 and secondly, the existence of Pu(IV) as an
anionic complex in 1 M H,SOs. This chapter includes the investigations carried out on the
chemistry of Pu(IV)/Pu(Ill) redox reaction on PANI modified platinum electrode. Detailed
investigations were carried out to understand the electrocatalytic mechanism of

Pu(IV)/Pu(IlI) couple at the modified electrode.
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4.2 Influence of ionic speciation on electrocatalytic performance of polyaniline coated

platinum electrode : Fe(IIT)/Fe(II) redox reaction
4.2.1 Experimental

All chemicals were of Analytical Reagent (A. R.) grade or better and were used as received.
All the solutions were prepared in Millipore Milli-Q water. Experiments were carried out at
25 + 1°C. All solutions were deoxygenated using high purity nitrogen prior to
electrochemical experiments. Electrochemical polymerization and cyclic voltammetry were
performed using CHI 440A electrochemical workstation with a three electrode voltammetric
cell having platinum disk working electrode (Pt coated quartz crystal microbalance (Pt-
QCM) of 0.224 cm” area, platinum wire counter electrode and Ag/AgCl reference electrode.
All the potentials are quoted with respect to Ag/AgCl reference electrode). Each
measurement was repeated thrice and the average numerical value of each parameter is given
for discussion (relative error < £ 0.1%). Electrochemical Impedance Spectroscopy (EIS) was
performed using Autolab PGSTAT-30 with FRA (Eco-Chimie) software. Impedance was
recorded at formal potentials of the respective redox couples (observed from the
corresponding CVs on PANI/Pt electrode) with single sine excitation signal of 0.005 V for
the frequency range 10° Hz to 10~ Hz. Impedance spectra were fitted to electrical equivalent
circuits (EEC) and the fits had x> < 107 Errors of all calculated parameters were within 5%
of the reported values. For impedance measurements, platinum disk electrode of area 0.032
cm2 was used as a working electrode. The morphology of PANI film was determined by

TESCAN-VEGA-MV 2300T/40 SEM. Absorption spectra were recorded by Evolution-300
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UV-Vis spectrophotometer. EDXRF spectra were recorded by Jordan Valley EX-3600-TEC

spectrometer having Rh target and Ge secondary target operated at 40 kV and 500 pA.

4.2.2 Results and discussion

Fig. 4.1 shows the 1st (curve-1), 6th (PANI-6, curve-2) and 12th (PANI-12, curve-3) CV

cycles recorded between -0.2 V and 1.3 V at 0.1 V s during the polyaniline deposition from

0.1 M aniline + 0.5 M H,SO4. In 1st cycle, the anodic peak ‘a’ at 1.13 V appears due to

oxidation of aniline producing a large number of aniline cation radicals. The cathodic peaks

at 0.66 V and 0.43 V represent reduction of the short chain oligomers produced from aniline

cation radicals near the electrode surface.
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Fig. 4.1. Cyclic voltammograms during the Fig. 4.2. Cyclic voltammograms of PANI-6

electropolymerization of aniline on Pt
in 0.1 M aniline + 0.5 M H>SO,
solution at a scan rate of 0.1 Vs for
(1) I (...), (2) 6™ (——) and (3) 12"
() cycles.
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The anodic peak ‘a’ disappeared from the second potential cycle onwards due to
autocatalytic growth of PANI. PANI-6 and PANI-12 show three distinct pairs of redox
peaks b/b*, c¢/c* and d/d*. The peaks b/b* and c/c* are attributed to redox transitions
between LB/EB and EB/PB forms of PANI, respectively. However, for peaks d/d*, some
studies suggest these arising from the presence of polymer containing phenazine rings [12],
with others proposing these from oxidation and reduction of degradation products (viz.
benzoquinone/hydroquinone) trapped inside the polymer matrix [13]. During growth of
PANI, current of each redox peak increases with number of cycles and separation between
the pair of peaks (i.e. b/b* , c/c* or d/d*) increases due to thickening of PANI film. Fig. 4.2
shows CVs of PANI-6 in 0.5 M H,SOy4 (curve-1) and in 1 M HCI (curve-2) which were
undistorted for minimum ten consecutive potential cycles between -0.2 V and 0.8 V at 0.1 V
s™. The peaks at 0.2 V (curve-1) and 0.3 V (curve-2) represent the redox transitions between

LB/EB in the respective acid solutions.

PANI-6 (Fig. 4.3(A)) exhibits porous film morphology with pore size of a few hundred nm to
several um, whereas PANI-12 (Fig. 4.3(B)) shows crude and spongy polymer network.
Cross-sectional view of the back-scattered image (Fig. 4.3(C)) reveals that average thickness
of PANI-12 is ~7 um, whereas its secondary image (inset of Fig.4.3(C)) shows a
homogeneous distribution of porous network throughout the entire film. The consumption of
charge (AQ) for redox switching from LB to EB state was calculated as 31 mC cm™ and 16
mC cm? for PANI-12 and PANI-6, respectively. Thus the thickness of PANI-6 can be

estimated as 3.5 um assuming the growth of PANI to be linear.
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10000 X

Fig. 4.3. SEM images of (4) PANI-6 and (B) PANI-12; where each inset shows the higher
magnification image of the same. (C) The back-scattered electron images for the
cross-section of PANI-12. Inset: Secondary electron image of the same. The electrode
used is the Pt coated quartz crystal microbalance (Pt-EQCM).

There is a probability that more than one species can exist simultaneously in the aqueous
solution with the absorbance maxima (Fig. 4.4) corresponding to the predominant species.

Absorbance maxima at 420 nm and 304 nm (curve-1) correspond to NC—>Fe electronic
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transition in [Fe(CN)6]3_ [11,14]. The maxima at 336 nm (curve-2) and at 304 nm (curves-3
and 4) correspond, respectively, to C1->Fe electronic transition in [FeCly] tetrahedra [15-17]

and to the weak H,O—>Fe electronic transition in [Fe(H20)6]3+ octahedra [16-18].
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Fig.4. 4. UV-Vis absorbance spectra of 50 mM (1) K;[Fe(CN)g] in 0.5 M H,SO4 (), (2)
FeCl; in 1 M HCI (), (3) FeCl; in 0.5 M H>SO, () and (4) Fey(SOy); in 0.5 M
H,SO4 ().

CVs of 50 mM Kj[Fe(CN)s] in 0.5 M H,SO4 on Pt, PANI-6 and PANI-12 between -0.2 V
and 0.8 V at 0.01 Vs™ are presented in Fig. 4.5(A). Cathodic as well as anodic peak currents
increased for PANI coated platinum electrode compared to bare platinum electrode as shown
in the inset of Fig. 4.5(A); moreover they increased exponentially as the thickness of PANI
increased. A dramatic enhancement of the reversibility of Fe(Ill)/Fe(Il) reaction at PANI/Pt

was observed compared to bare Pt. Potential difference (AE,) between cathodic and anodic
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peaks decreased from 88 mV for bare Pt to 54 mV for PANI-12. On further increasing
thickness of PANI film, AE, got saturated, yet the peak currents still increased. However, the
reversible nature of CV was destroyed and the peak currents were suppressed from the third
potential cycle onwards (Fig. 4.5(B)). Subsequently, PANI/Pt electrode was removed from
50 mM K;3[Fe(CN)e] in 0.5 M H,SO, solution after completion of the 3™ cycle at 0.01 Vs™
and washed several times with 0.5 M H,SO,4 (now onwards it would be abbreviated as ‘Post-
CV-PANI-12/Pt’). Finally, the ‘Post-CV-PANI-12/Pt’ was characterized by EDXRF and EIS
(at Eqc = 0.150 V which corresponds to the E, of LB/EB transition). EDXRF spectrum
showed intense Fe K,-line at 6.39 keV (Fig. 4.5(C)) for the ‘Post-CV-PANI-12/Pt’. The
impedance spectra of freshly prepared PANI-12/Pt and the ‘Post-CV-PANI-12/Pt’ are shown
in (Fig. 4.5(D)) and the corresponding EEC fitted to the spectra are shown in Fig. 4.5(E). The
PANI-12/Pt and ‘Post-CV-PANI-12/Pt’ in blank acid solution was found to be the best fitted
with EEC shown in Fig. 4.5(E1) and 4.5(E2), respectively. Impedance spectra revealed that
charge transfer resistance (R¢) of PANI/Pt increased from 45 Q to 118 Q for ‘Post-CV-
PANI-12/Pt’. From both the EDXRF and impedance spectroscopy studies, it can be
concluded that Prussian blue, a redox polymer (Eo~ 0.2 V), gradually grew inside PANI
matrix during CV experiments with 50 mM K;[Fe(CN)s] in 0.5 M H,SO4 and it hindered the
transport of charge carriers through the PANI backbone leading to deviation from

reversibility during CV experiment in K3[Fe(CN)g] solution [19].
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Fig.4. 5. (A) Cyclic voltammograms of 50 mM K;[Fe(CN)s] in 0.5 M H,SO, on (1) Pt (...),
(2) PANI-6 (---) and (3) PANI-12 () at scan rate of 0.01 V s™'. Inset: The variation
of (4) separation between cathodic and anodic peak potentials (4E,) and the
difference of (5) cathodic and (6) anodic currents between the PANI film electrode
and bare Platinum (i.e. I, ™™ - I, ™) versus the PANI film thickness in terms of the

number of potential cycles during PANI deposition.
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(B) The cyclic voltammograms of (C) EDXRF spectrum of ‘Post-CV-
PANI-12/Pt in 50 mM K;[Fe(CN)g] + PANI-12/Pt’.

0.5 M H.SOy at scan rate 0.01 V s

during (1) I and (2) 3" cycles.

117



-Z" /M ohm cm™

0.7

Chapter 4

0.6 1
0.5-
0.4 1
0.3-

0.24

0.1

0.0

(]
23

* E=0.150V D i

12.0

20
A

Fig.4.6 shows CVs of 50 mM (A) FeCl; in 1 M HCI, (B) FeCls in 0.5 M H,SO4 and (C)
Fex(SO4)3 in 0.5 M H,SO4 on Pt and PANI-12/Pt in the -0.2 V to 0.8 V potential range at
0.01 Vs™. Potential differences (AE,) between the cathodic and anodic peaks for bare Pt
(AEpP ") and PANI-12/Pt (AEpP ANl and ratio of peak currents (IpP ANl IpP ") are given in Table
4.1. From Fig. 4.6 and AEpP " values reported in Table4.1, it is clear that Fe(III)/Fe(II) redox
reaction at bare platinum electrode shows more electrochemical reversibility for FeCl; in 1 M
HCI solution, whereas quasi-reversible electron transfer kinetics becomes more prominent as
HCl is replaced by H,SO4 and finally maximum for Fe,(SO4)s in 0.5 M H,SO4 solution. The
charge transfer resistance as shown in Table4.2 also followed the same trend as it increased
from 177 Q for FeCl; in 1 M HCI solution to nearly 821 Q for Fex(SO4); in 0.5 M H,SO4

solution. These observations may be attributed to higher Marcus reorganization energy of
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Fe(IIT)/Fe(IT) redox reaction for octahedral hydrated complex than for tetrahedral chloro
complex. However, the voltammetric peak currents at PANI-12/Pt increased almost twice of

that at bare Pt for all the three solution compositions.
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Fig. 4.6. Cyclic voltammograms of 50 mM (A) FeCls in 1 M HCI, (B) FeCls in 0.5 M H,SO,
and (C) Fey(SOy)s in 0.5 M H>SO4 on (1) bare Pt (...) and (2) PANI-12/Pt () at
scan rate of 0.01 Vs

Fig. 4.7 shows the Nyquist plots of PANI-12/Pt in 50 mM (curve-1) (A) FeCls/ FeCl, in 1 M
HCI, (B) FeCls/ FeCl, in 0.5 M H,SO4 and (C) Fey(SO4)3/ FeSOy4 in 0.5 M H,SO4 and the
same for the blank solution (curve-2). The charge transfer resistance (Ry, €2), infinite
diffusion parameter (W, Q ™' s"?) and finite diffusion resistance (Rq, Q) of the analyte ions
inside the polyaniline matrix were determined by fitting the impedance data both in presence

and in absence of analyte with EEC shown in Fig. 4.7(D) and Fig. 4.5(E1).
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Table 4.1 Peak parameters of the cyclic voltammograms for three different solution

compositions.
Solution Composition IPPANI/ IPPt AEth /mV AEPPANI /mV
50 mM FeCl;+ 1 M HCI 1.9 79 62
50 mM FeCl;+ 0.5 M H,SO4 1.9 83 91
50 mM Fey(SO4); +0.5 M H,SO4 1.8 103 120

Table 4.2 The best fitted and derived parameters of the impedance spectra for three different
solution compositions.

Charge transfer parameters Infinit Finite
, PANI-12/Pt Bt Diffusion
Solution B Pt Without Diffusion Resistanc
Composition are ithou With analyte Parameter
(Re/ Q) analyte R/ Q) (W/ mQ -1 s1/z) e
R/ Q) “ (Ro/ Q)
50 mM FeCl; +
IM HCI 177.1 141.5 0.65 8.5 6.6
50 mM FeCl; +
0.5 M H,SO, 449.2 134.7 1.1 4.6 28.7
50 mM Fez(SO4)3
+0.5 M H,SO; 821.7 122.7 1.3 4.1 31.5

Finite diffusion impedance (Z4) of the analyte inside PANI-12/Pt could be modeled as the RC

transmission line in the electrical analogue of a tangent hyperbolic function.

1 -
Zg = oo coth(B,/jw) (1)

where, B (sl/ Y and Yo (Q ' s %) are the parameters varied with the diffusion matrix. After

optimizing these values, R4 was calculated as: Rq= B/Y, [20].
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Fig. 4.7. Nyquist plots for PANI-12/Pt electrode in (1) 50 mM (A) FeClsy/ FeCl, in 1 M HCI,
(B) F6C13/F6C12 in 0.5 MHzSO4 and (C) F€2(S04)3/ FeSO4 in 0.5 MHQSO4 and (2)
the same for the blank solution. The solid circular dots and * marks represent the
impedance in absence and in presence of the redox analyte, respectively. E,. of

PANI-12/Pt electrode was fixed at 0.474 V (for A), 0.451 V (for B) and 0.439 V (for
C), which are formal potentials of respective redox couples (observed from the
corresponding CV of Fe(lll)/Fe(ll) redox reaction on PANI-12/Pt electrode). Solid
lines represent calculated impedance obtained by fitting of experimental data to
electrochemical equivalent circuits (EEC) as shown in Fig. 7(D).
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In 0.5 M H;SO4 and 1 M HCI, Nyquist plots (Figs. 4.7(A-C)) of PANI-12/Pt exhibited
almost vertical capacitive lines extending down to the lowest frequency (0.01 Hz). A slight
deviation from 90° line (just like a beginning of a semicircle) was observed at the lower
frequency range and it may be attributed to the non-homogeneity of the film and the low
mobility of proton inside the polymer matrix. In presence of redox species, the Nyquist plots
inclined on the real component of the impedance axes because of the occurrence of charge
transfer at the polymer-solution interface. Table 4.2 shows that the charge transfer resistance
at the polymer-solution interface reduced dramatically compared to that at metal-solution
interface and this may contribute to enhancement of the electrical current response during
Fe(II)/Fe(I1) redox reaction at PANI-12/Pt surface. It is interesting to note that the infinine
diffusion parameter (W), which has a dimension of conductance, decreased from solution
composition (A) to (C) and it suggests that the diffusion of the redox species from infinite

solution towards PANI-12/Pt electrode becomes restricted as solution composition is

changed from (A) to (C).
Gy Re
1l WA, . AN, AR, gryys
1] l 7/
R, where, Zd = CE -
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i

(D) The best fitted EEC for PANI-12/Pt in presence of Fe(Ill)/Fe(Il) redox analyte.
The best fitted EEC for PANI-12/Pt in absence of Fe(Ill)/Fe(ll) redox analyte is same
as shown in Fig. 4.5(E1).

122



Chapter 4

Moreover, the finite diffusion resistance, which is characteristic of the diffusion behavior
inside PANI matrix decreased simultaneously as the solution composition was changed from

(A) to (C).

These results provide a good insight about the interaction of reacting species with PANI
coated platinum electrode for the Fe(Ill)/Fe(Il) reaction. For all the three solution
compositions, redox peak currents during CV almost doubled for PANI-12/Pt with respect to
those at bare Pt electrode and moreover, peak currents increased with increasing the film
thickness. As Fe(Ill)/Fe(Il) reaction happens at the polymer/solution interface and the
corresponding charge transfer resistance is very low, thus porous PANI network provides
larger area of interaction for the charge transfer process and finally amplifies the current
response almost to the same extent for all the solution compositions. But variations in AE,,
Ry and W originate from different source. In high acidic solution ([H']~1 M), PANI exists as
ES form with 50% protonation [21] and it introduces a Donnan potential (App) at the
polymer/solution interface throughout PANI matrix. In this case (where no additional 1:1 salt

was used), the Donnan potential is expressed by the equation (2);

B né )

App = + F  Cs

where (+) and (-) signs appear for coulombic repulsion originating from same polarity and
for coulombic attraction originating from different polarity, respectively. Donnan potential is

related to half wave potential of voltammogram by the equation (3);

E1= Ey + Agp 3)

2
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where, Cr and Cg are the concentrations of fixed charge sites in the polymer and of charged
species in solution; E, is the formal potential of redox species; R, T and F are the universal
gas constant, temperature in absolute scale and Faraday’s constant, respectively. In Equation

3, the (+) and (-) signs denote the anodic and cathodic scan directions, respectively [9,22].

[Fe(H,0)6]> /[Fe(H,0)6]* species were found to exist predominantly for Fey(SO4)s/ FeSO4
solution in 0.5 M H,SO4. Thus a positive Donnan potential exists at the polymer solution
interface and it shifts E;, value to higher positive and negative potentials for the anodic and
cathodic scan directions, respectively, during the CV experiment. Cyclic voltammogram of
the Fe(IIl)/Fe(I1) redox reaction, therefore, is stretched along the potential axis as compared
to that on bare platinum electrode. This can be expressed as an inhibition effect of
polyaniline modified electrode to the electrochemical reversibility of the Fe(Ill)/Fe(Il) redox
reaction. From the high finite and infinite diffusion resistance values, it can be understood
that strong repulsion between polymer matrix and positively charged diffusing redox species

not only hinders diffusion inside the polymer matrix but also hinders diffusion of the same

towards the modified electrode. On the other hand, [FeCly]/ [FeCl4]2_ species were found to
exist predominantly for FeCls/FeCl, solution in 1 M HCI. Thus a negative Donnan potential
exists at the polymer solution interface and it shifts the E;;, value to lesser positive and
negative potentials for the anodic and cathodic scan directions, respectively, during CV
experiment. Thus cyclic voltammogram of Fe(Ill)/Fe(Il) redox reaction is compressed along
the potential axis as compared to that on bare platinum electrode. This can be expressed as a
facilitation effect of polyaniline modified electrode to the electrochemical reversibility of the
Fe(IIT)/Fe(IT) redox reaction. From very low finite and infinite diffusion resistance values, it
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can be understood that strong attraction between the polymer matrix and negatively charged
diffusing redox species not only accelerates the diffusion inside the polymer matrix but also

accelerates the diffusion of the same towards the modified electrode.

An interesting phenomenon was observed on replacement of 1 M HCl by 0.5 M H,SOy in the
electrolytic composition. The electrocatalytic behavior of the system was just reversed when
the solution composition of FeCls/ FeCl, in 1 M HCI was changed to FeCls/ FeCl; in 0.5 M
H,SOq4. Instead of facilitation in the Fe(Ill)/Fe(Il) redox reaction, an inhibition effect was
observed at polyaniline modified electrode. At the same time, the finite and infinite diffusion
resistance values became almost comparable to those observed for Fe;(SO4)3/ FeSO4 solution

in 0.5 M H,SO4 (Table 4.2). From Fig. 4.4 (curve 2-4), it is clear that the predominant

species existing in the solution changed from [FeCly] / [FeCl4]2_ to [Fe(H20)6]3+/ [Fe(H,0)6]*"
as the solution composition was changed from FeCls/ FeCl, in 1 M HCI to FeCls/ FeCl, in
0.5 M H,S04. Thus polyaniline modified platinum electrode showed rather inhibiting effect
during the electrocatalysis. At this point, it can be assumed that either the ionic speciation of
the diffusing redox species or the acid itself may cause reversal in the electrocatalytic
behavior. In order to investigate this, the same set of experiments were done with
K;3[Fe(CN)s]/K4[Fe(CN)g] solution in 0.5 M H,SOs, where [Fe(CN)e]*/ Ha[Fe(CN)g]* is
believed to be predominant redox species having the formal redox potential (E, ) at ~ 0.49 V
vs. Ag/AgCl reference electrode [11]. Polyaniline modified platinum electrode not only
facilitated Fe(IIlI)/Fe(Il) redox reaction for Ki[Fe(CN)s]/K4[Fe(CN)s] solution in 0.5 M
H,SO0s, but also the finite and infinite diffusion resistance values (7.9 mQ™" s'? and 3.11 Q,
respectively) became almost comparable to those observed for the FeCly/ FeCl, in 1 M HCI
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(Table 4.2). Thus it indicates that ionic speciation of the diffusing redox species has a great
influence on electrocatalytic behavior of polyaniline modified platinum electrode in mineral
acid medium and the predominant redox ionic species existing in the solution is governed by

the electrolytic composition.

4.3 A Mechanistic study on the electrocatalysis of Pu(IV)/Pu(Ill) redox reaction at
platinum electrode modified with single-walled carbon nanotubes (SWCNTs) and
polyaniline (PANI)

4.3.1 Experimental

All the chemicals viz. aniline, nafion (sulfonated tetrafluoroethylene based fluoropolymer-
copolymer) and sulphuric acid (H,SO4) were of G. R. (Guaranteed Reagent) grade and were

used as received. All the solutions were prepared in Millipore Milli-Q water (~ 18 MCQ cm).

Working reference potassium plutonium sulphate dihydrate [K4Pu(SO4)s, 2H,O] was
prepared in our laboratory as described elsewhere [23]. In brief, the crystals of K4Pu(SO4)a.
2H,0 were first prepared by slow evaporation of 1M H,SO4 containing K,SO4 and Pu(SO4),
in 2:1 molar ratio. Then the crystals were washed several times with absolute alcohol and
dried in a current of air. The anhydrous K4Pu(SO4)s was prepared by heating the hydrated
crystals at 340°C for about three hours until constant weight. Known amount of the
anhydrous K4Pu(S0O,)s was quantitatively dissolved in 15 mL of 3M HNOj and the dissolved
solution was fumed with 1M H,SO, for converting to sulfate form. Residue was again treated
with 1M H,SO4 and was evaporated to dryness. This particular step was repeated several
times to ensure complete removal of nitrate. Finally, 25 mMPu(IV) in 1M H,SO4 was

prepared by quantitatively diluting the residue with 1M H,SOs.
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Electrochemical polymerization of aniline, cyclic voltammetry and differential pulse
voltammetry were performed using CHI 440A electrochemical workstation with a three
electrode voltammetric cell having platinum disk working electrode (area, A = 0.031 cm?),
platinum wire counter electrode and Ag/AgCl reference electrode. All the potentials are
quoted with respect to Ag/AgCl (3 M KCI) reference electrode. All the experiments were
carried out at room temperature (25 £+ 1°C). All solutions were deoxygenated using high
purity nitrogen prior to electrochemical experiments. Each measurement was repeated thrice
and the average numerical value of each parameter is quoted for discussion (relative error <+

0.1%).

Electrochemical impedance spectroscopy (EIS) was performed using Autolab PGSTAT20
with FRA2 (Eco-Chimie) software. Impedance was recorded at open circuit potentials with
single sine excitation signal of 0.005 V for the frequency range 10° Hz—10 Hz. Impedance
spectra were fitted to electrical equivalent circuits (EEC) and the fits had y* < 107 Errors of

all the calculated parameters were within 5% of the reported values.

The morphology of PANI-Pt was recorded by Seron Incorporation AIS 2100 scanning

electron microscope.

PANI film was electrodeposited potentiodynamically on platinum electrode from 0.1 M
aniline solution in 0.5 M H,SOy at a scan rate of 100 mV/s by repeating the potential scan for
12 cycles between -0.2 V and 1.3 V. However, the characteristic redox peaks of the
Pu(IV)/Pu(Ill) couple were completely masked by the background signal of modified

electrode. This was attributed to strong interference of the electroactive degradation products
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viz. quinones and hydroquinones of PANI film in the voltammogram. Signature of
Pu(IV)/Pu(Ill) redox reaction could not be recovered in spite of restricting the potential scan
to three cycles. Therefore, a two step growth strategy was followed for depositing PANI film
on platinum electrode from 0.1 M aniline solution in 0.5 M H,SOj. In the first step, the
potential of platinum electrode was scanned between -0.2 V and 1.3 V at a scanning rate of

100 mVs™ (Fig. 4.8).
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Fig. 4.8. Cyclic voltammograms during the Fig. 4.9. Cathodic and anodic peak currents

electropolymerization of aniline on of 25 mM Pu(1V)/Pu(1ll) couple in 1
Pt in 0.1 M aniline + 0.5 M H>SO, M H>SO, on PANI-Pt at a scan rate
solution at a scan rate of 0.1 V s of 20 mV/s as a function of total
for I*, 2" and 12" cycles. number of potential cycles during

the polymerization of aniline on Pt.
This step was found to be sufficient to oxidize aniline monomers and to produce some
oligomers which could grow autocatalytically during the second step where the switching
potential was restricted up to 0.8 V for multiple cycles (Fig. 4.8). This strategy reduced the
fragmentation of PANI and hence redox peaks of Pu(IV)/Pu(Ill) couple appeared
prominently on PANI-Pt. The number of potential cycles in the second step was also

optimized for PANI-Pt by monitoring redox peaks of 25 mM Pu(IV)/Pu(Ill) couple in IM
128



Chapter 4

H,SO4. The cathodic and anodic peak currents increased exponentially with increasing the
number of potential cycles up to 100 (Fig. 4.9) and simultaneously peak-to-peak potential
separation (AE;) reduced drastically. However, fragmentation of the PANI matrix also
increased when the number of the potential cycles was increased. This introduced two
additional peaks of the electroactive fragments (most probably quinone and hydroquinone) in
the vicinity of the redox peaks of Pu(IV)/Pu(Ill) couple (Fig. 4.10) [24]. The best results
were obtained with eleven potential cycles in the second step of PANI deposition. Therefore,
for all subsequent studies, PANI-Pt was prepared from 0.1 M aniline solution in 0.5 M
H,SO,4 by scanning the potential of platinum electrode between -0.2 V to 1.3 V and -0.2 V to
0.8 V for the first cycle and consecutive eleven cycles, respectively, at a scan rate of 100

mVy/s.
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Fig. 4.10. Cyclic voltammograms of 25 mM Pu(1V) in 1 M H,SO, on PANI-Pt at a scan rate
of 20 mV/s with respect to total number of potential cycles during polymerization of
aniline on Pt.
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4.3.2.Results and discussion
4.3.2a. Electrochemistry of Pu(1V)/Pu(lll) in 1 M H,SO, on platinum disk electrode

Fig. 4.11 shows cyclic voltammogram of 25 mM Pu(IV) in 1M H,SO4 on platinum electrode
at a scan rate of 20 mV/s. The cathodic peak (1) at 0.321 V and the anodic peak (1°) at 0.587
V correspond to reduction of Pu(IV) to Pu(Ill) and vice-versa, respectively. The peak-to-peak
potential separation (AE,) of 266 mVwas attributed to the quasi-reversible electron transfer
reaction of Pu(IV)/Pu(Ill) couple in 1 M H,SO4 on platinum electrode.The cyclic
voltammograms of the same redox reaction were studied by varying the scan rate (v) in the

range of 10-500 mV/s.

The redox species can interact with the electrode surface by either pure diffusion or pure
adsorption or a mixed adsorption-diffusion controlled process. The dominating process can
be diagnosed by observing the slope of the straight line of log | Ip| versus log (v) plot.
Theoretically, slopes of 0.5 and 1 should be observed for pure diffusional and adsorbed
species, respectively. However, a slope lying between 0.5 and 1 represents the mixed
adsorption-diffusion controlled process, where the value indicates the level of contribution
from the two components [25,26]. In practical cases, the slope values lying between 0.20-
0.60 and 0.75-1.10 are considered as pure diffusion and pure adsorption controlled processes,
respectively. The slope lying between 0.60-0.75 is considered as a mixed adsorption-
diffusion controlled process [27,28].The plots of log | Ip | versus log (v) for both the cathodic

and the anodic peaks yielded straight lines of slopes 0.33 (R* = 0.994) and 0.35 (R* = 0.987),
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respectively. This clearly suggests that the electrochemical reaction of Pu(IV)/Pu(Ill) couple

onto platinum electrode in 1 M H,SOy4 solution is governed by the diffusion process.
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Fig.4.11. Cyclic voltammogram of 25 mM Pu(1V) in 1 M H>SOy4 on platinum electrode at a
scan rate of 20 mV/s. Inset shows variation of the cathodic and anodic peak
potentials (AE,) with respect to Ey as a function of scan rate.

It was also noted that the cathodic (E,") and anodic (E,") peak potentials shifted towards more
negative and positive directions, respectively, with increasing scan rate (Inset of Fig.4.11).
AE, also increased with increase in scan rate and showed linear dependence at higher scan

rates (150-500 mV/s). Linear part of the plot was found to obey the Laviron equation [29]:

,  2.303RT anF 2.303RT

Ezg - EO B anF log(kSRT) N anF lOg(V) (4)
@ _ 1, 2303RT (1-a)nF 2.303RT

Ep = Eot (1—a)nF log( ksRT )+ (1—a)nF Q) ()
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where, Ey = (E,* + Ey°)/2 at very slow scan rate (5 mV/s), a is the cathodic electron transfer
coefficient, n is the number of electrons transferred, R is the molar gas costant (8.314 J mol
'K™"), F is the F araday constant (96495 C mol™), T is the temperature (298 K) and ky(cm s1)
is the apparent heterogeneous rate constant of electron transfer. Therefore, the slopes of the
cathodic and anodic linear segments are -2.303RT/(anF) and 2.303RT/{(1-a)nF},
respectively. The values of o and n calculated from the two slopes were 0.39 and 1.18. The
apparent heterogeneous rate constant (k) of Pu(IV)/Pu(Ill) reduction was calculated as
1.06x10"cm s™'. This suggests that the redox reaction of Pu(IV)/Pu(III) couple in 1 M H,SOy4
solution is a quasi-reversible one-electron transfer process[30].The diffusion coefficient of 25
mM Pu(IV) in 1M H,SO; solution was calculated as 3.4 x 10® cm?s™ by using the following

equation[31] :
I3 =299 x 10°n*2a2DY2ACp, 1y v*/? (6)

In 1 M H,SO4, Pu(IV) predominantly exists as quadrasulphate complex (QSC) ions
[Pu(SO4)4(H20)4]" [32]. Therefore, diffusion coefficient of heavier QSC ions (about 700
amu) is pretty small. The overall observations suggest that the diffusing QSC ions are
reduced at platinum electrode in 1M H,SO4 through quasi-reversible (a = 0.39) single
electron transfer process. At this point, it is important to note that Pu(IV)/Pu(Ill) couple is
expected to exhibit reversible electron transfer process because it does not involve any
plutonium—oxygen bond formation or cleavage reaction. However, the results are contrary to
the expectations. A close look into the electrode-electrolyte interface will reveals a direct

contact between the QSC ions in 1M H,SO4 and polycrystalline platinum electrode. The
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strong physisorption of water molecules occurred on platinum in the potential range 0.27-
0.85 V vs. NHE due to the electrostatic interaction between partial by positively charged
platinum surface and partially negatively charged oxygen atom of the water molecules [33].
In higher potential range (0.85 V < E <1.15 V vs. NHE), half monolayer of chemisorbed
oxygen builds up on the platinum surface. Platinum(II) oxide (PtO) is formed due to the
mutual charge transfer between platinum to chemisorbed oxygen at potential greater than
1.15 V vs. NHE. Bi-sulphate ions (HSO4') are mostly desorbed at the onset of the surface
oxide formation and, therefore, do not influence the oxide growth on the platinum surface
[34]. On other hand, the formal potential of Pu(IV)/Pu(Ill) couple in 1 M H,SO4 is ~0.76 V
vs. NHE. Therefore, Pu(IV) and Pt form a galvanic cell [Pt,PtO/Pu(IV),Pu(Ill)] where Pu(IV)
is reduced to Pu(Ill) at the cost of oxidizing the surface platinum atoms to PtO at the
interface of QSC ions and polycrystalline platinum.This oxide layer affects the
thermodynamics of the electrochemical reaction, changes the electronic properties of the
platinum surface, imposes a barrier to charge transfer reaction across the surface oxide film
and blocks the active sites on the metal surface. Therefore, the electrochemical reaction of
Pu(IV)/Pu(IlI) couple on platinum electrode in 1 M sulphuric acid solution exhibits a quasi-

reversible electron transfer process.
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4.3.2b. Electrochemistry of Pu(1V)/Pu(lll) in 1 M H,SO,4 on PANI-Pt

Fig. 4.12(A) and 4.12(B) show the SEM images of top and cross-sectional views of PANI-Pt,
respectively. About 450 nm thick porous PANI fibers were observed on the platinum surface.

The entire platinum surface was covered by PANI.

Chemistry Division, BARC SEl WD=87 20.00kV X30K 1um

Fig. 4.12. SEM images of the (A) top (inset shows higher magnification image) and (B)
cross-sectional views of PANI/Pt.

The cyclic voltammogram of 25 mM Pu(IV) in 1M H,SO, solution on PANI-Pt electrode at a
scan rate of 20 mV/s is shown in Fig. 4.13. The cyclic voltammogram of Pu(IV) recorded on
Pt (which is already presented in Fig.4.11) was overlaid in the same scale in Fig.4.13 for
comparison. The cathodic peak (1) at 0.460 V and the anodic peak (1’) at 0.540 V observed
on PANI-Pt correspond to the reduction of Pu(IV) to Pu(Ill) and vice-versa, respectively.

The peak-to-peak potential separation (AE;) is 80 mV, which is the lowest among the AE,
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values observed on bare Pt (266 mV) and on SWCNT-Pt (108 mV). This confirms that the
redox reaction of Pu(IV)/Pu(Ill) couple became more reversible on PANI-Pt compared to
SWCNT-Pt and bare Pt. One pair of additional peaks (3/3”) at 0.032 V and 0.197 V,
respectively, appeared in the voltammogram because of the redox transition between the

fully reduced leucoemeraldine base (LB) and emeraldine salt (ES) forms of PANI.
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Fig. 4.13. Cyclic voltammogram of 25 mM Pu(IV) in 1 M H,SO, solution on Pt and PANI-Pt
electrodes at scan rate of 20 mV7/s.

Fig. 4.14 shows cyclic voltammogram of the Pu(IV)/Pu(Ill) redox reaction at different scan
rates (v) in the range of 1-500 mV/s. The shape of the cyclic voltammograms changed
progressively with increasing the scan rates. The cathodic and anodic peaks of ES/LB couple
of PANI shifted towards more positive potentials with increasing scan rates. This suggests

that insulating fraction of PANI matrix increased progressively with the increasing scan
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rates. On the other hand, the cathodic peak of Pu(IV)/Pu(Ill) couple continuously shifted
towards more negative potential with increasing scan rate, but the anodic peak initially
shifted towards more positive potential till the scan rate of 40 mV/s and afterwards, it started
shifting towards cathodic direction. Finally, the anodic peaks of Pu(IV)/Pu(Ill) and ES/LB

couples got merged at scan rates higher than 300 mV/s.
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Fig. 4.14. Cyclic voltammograms of 25 mM Pu(lV) in 1 M H>SO, solution on PANI-Pt
electrodes. Scan rates range : (4) 20-100 mV/s and (B) 100-500 mV/s.

Fig. 4.15 shows a comparison of (A) cathodic and (B) anodic peak currents of Pu(IV)/Pu(Ill)
redox reaction on Pt and PANI-Pt electrodes in the scan rate range of 10-100 mV/s. The
catalytic efficiency (y) of the cathodic reaction increased from ~150% at 10 mV/s to ~528%
at 100 mV/s. However, the catalytic efficiency of the anodic reaction remained almost
constant in between ~100% and 145% with increasing scan rates in the range of 10-100

mV/s.
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Fig.4.15. The (A) cathodic and (B) anodic peak currents of Pu(IV)/Pu(lll) redox reaction on
Pt and PANI-Pt electrodes in the scan rate range of 10-100 mV/s. % catalytic
efficiency of modified electrode as a function of scan rate is shown in the respective
plots; (C) i,’'/iy," of Pu(IV)/Pu(lll) couple on PANI-Pt as a function of scan rate in
range of 10-100 mV/s; (D) The plot of cathodic current function (—ip"/v0'5) with
respect to square root of scan rate (in V/s) in the range of 10-100 mV/s.
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The decrease inthe ratio i,"/i,° with increasing the scan rates (Fig. 4.15C) and the increase of
the cathodic current function (—ipc/vo's) with increasing scan rates (in V/s) (Fig. 4.15D)
suggest that redox reaction Pu(IV)/Pu(Ill) on PANI-Pt follows an electrochemical-chemical

(EC) mechanism consisting of an electron transfer reaction followed by a chemical reaction.

The slopes of log | Ip | versus log (v) plots for both the cathodic and the anodic peaks were
observed as 0.69 (R* = 0.986) and 0.43 (R* = 0.990), respectively, in the scan rate range of
10-200 mV/s. This illustrates that the cathodic reaction of Pu(IV)/Pu(Ill) couple in 1 M
H,SO4 using PANI-Pt is governed by the mixed adsorption-diffusion controlled process.
However, the reverse reaction {i.e., the oxidation of Pu(IIl)} is still governed by the diffusion
controlled process. The charge transfer coefficient (o) and the heterogeneous rate constant
(ks) of Pu(IV) reduction in 1 M H,SO, on PANI-Pt were calculated as 0.77 and 9.70x10" cm

s, respectively.

The results cumulatively illustrate the electrocatalysis of Pu(IV)/Pu(Ill) redox reaction on
PANI-Pt. The anionic QSC complex is attracted by the positively charged PANI matrix (as ~
50% of ES is protonated at the nitrogen centres in 1 M H,SO4) and finally gets adsorbed at
the Lewis basic nitrogen centres. Hence the transition state energy level is reorganized and
finally the electron transfer coefficient increases. Therefore, reversibility of Pu(IV)/Pu(Ill)
redox reaction is significantly increased on PANI-Pt. However, this adsorption was
completely absent during oxidation of Pu(Ill) due to lack of Donnan interaction between

PANI and Pu(IlII)-species.
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The cyclic voltammogram shown in Fig. 4.13 reveals that ES has stronger oxidizing ability
than Pu(IV) in 1M H,SOs4. Therefore, at the beginning of potential scan (0.8 V < E < ~0.65
V), QSC is adsorbed at the interface and then PANI (ES) only serves as an ordinary
conducting polymer. At ~ 0.65 V, reduction of Pu(IV) to Pu(Ill) sets in by obeying the
Nernst equation. As soon as Pu(Ill) appears at the PANI(ES)-electrolyte, a chemical reaction
between Pu(Ill) and PANI(ES) is coupled with the electron transfer reaction. This chemical
reaction regenerates Pu(IV) at the PANI-electrolyte interface. Therefore, the cathodic peak
current was higher than the anodic peak current (notably, the cathodic peak current of
Pu(IV)/Pu(Ill) redox reaction in 1 M H,SO4 on bare platinum electrode was observed as
smaller than the anodic peak current). Here PANI acts as an electron mediator in the catalysis

of Pu(IV)/Pu(Ill) redox reaction on PANI-Pt as shown in the following equations :

Pu(IV) = Pu(IlI) + e- (7

Pu(Il) + PANI(ES) = Pu(IV) + PANI(LB) (8)

It is well known that flux of the analyte ions increases with increasing scan rate. Hence the
cathodic peak current of Pu(IV)/Pu(Ill) redox reaction increased with the increasing scan rate
because of the catalytic regeneration of Pu(IV) at the electrode-electrolyte interface by the
coupled chemical reaction. However, the coupled chemical reaction increases fully reduced
LB form (which is insulating in nature) in PANI matrix. This induces the redox peaks of

ES/LB couple to shift towards more positive potentials with increasing scan rates.
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The electrocatalytic action of PANI-Pt on Pu(IV)/Pu(Ill) redox reaction is promising for
electroanalytical applications. However, stability of the PANI-Pt electrode in Pu(IV) solution
was poor for a prolonged -electrochemical application. Fig. 4.16 shows cyclic
voltammograms of Pu(IV)/Pu(Ill) in 1 M H,SO4 on PANI-Pt for multiple number of
continuous potential scans at a rate of 20 mV/s. The peaks of Pu(IV)/Pu(Ill) redox couple
were completely deformed from ~50 cycles onwards. This was attributed to the radiation
damage of the soft organic PANI-matrix during the prolonged exposure to radioactive
solution. Further studies are necessary to meet this goal.The shelf life was not studied

because the fresh modification is recommended prior to each analysis.
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Fig. 4.16. Cyclic voltammogram of 25 mM Pu(1V) in 1 M H>SO4 on PANI-Pt at a scan rate
of 20 mV/s for 1%, 25" 45™ and 65™ cycles under continuous operation.
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4.4. Conclusion

PANI/Pt electrode efficiently enhances the current response for Fe(Ill)/Fe(II) redox reaction
compared to bare Pt electrode for all the three compositions viz. (i) FeCls/FeCl, in 1 M HCI,
(i1) FeCls/ FeCl, in 0.5 M H,SO4 and (iii) Fex(SO4)3/FeSO4 in 0.5 M H,SO4. Enhancement of
peak current depends on thickness of porous PANI film as it provides total area of charge
transfer at the polymer-solution interface, but reversibility of reaction is influenced greatly by
polarity of charge on the ionic species as it influence the diffusion of analyte towards and
throughout the polymer matrix. The desired polarity of diffusing species for the Fe(Ill)/Fe(Il)
redox couple can be obtained by judicious choice of the electrolytic composition (e.g. acid).
Also PANI-Pt showed good electrocatalytic properties for Pu(IV)/Pu(Ill) redox reaction in 1
M H,SO4. The enhanced performance of PANI-Pt was attributed to the cumulative effects of
Donnan interaction between PANI and Pu(IV)-QSC, specific adsorption of the analyte on the
electron transfer centre, higher electron transfer rate constant and catalytic chemical reaction
coupled with electron transfer reaction. This work provides a new opportunity to improve the
quality of Pu determinations and shortens the analytical time for electroanalysis of actinides

and other elements.
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5.1 Introduction

Carbon nanotubes are interesting modifiers offering unique mechanical and electrical
properties combined with good chemical stability. Single-walled carbon nanotube
(SWCNTs) is a well defined system in terms of its electronic properties. The SWCNTs
coated platinum electrodes may have the potential to improve electroanalytical behaviour of
actinides by virtue of its higher surface to volume ratio and unique electronic properties. In
this Chapter, the investigations carried out on the chemistry of Pu, U and Np redox reactions
on platinum, gold and glassy carbon electrodes modified with SWCNTs are reported.
Detailed experiments ere carried out to understand the electrocatalytic mechanism of the
three redox couples at the modified electrodes. The motivation behind this work was that till
date, no other research group has studied the electrocatalysis of actinides on SWCNT
modified electrodes along with the detailed investigations of their electrocatalytic

mechanism.

5.2 A Mechanistic Study on the Electrocatalysis of Pu(IV)/Pu(IlI) Redox Reaction at
Platinum Electrode modified with Single-Walled Carbon Nanotubes (SWCNTs)

5.2.1. Experimental

All  chemicals like nafion (sulfonated tetrafluoroethylene based fluoropolymer
-copolymer) and sulphuric acid (H,SO4) were of G. R. (Guaranteed Reagent) grade and were
used as received. Single walled carbon nanotubes (SWCNTSs) of purity greater than 98%
(along with characterization certificate) were used as received from Nanoshell USA. The
diameter and the length of SWCNTs was in the range of 0.7 — 2 nm and 3 — 8 um,

respectively All the solutions were prepared in Millipore Milli-Q water (~ 18 MQ cm).
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Working reference potassium plutonium sulphate dihydrate {K4Pu(SO4)s, 2H>O} was

2%y is an a-active nuclide with a

prepared in our laboratory as described elsewhere [1].
half-life of 2.4 x 10* years. This corresponds to the production of 138 x 10° o-
particles/min/mg of Pu. This radioactive material must be handled carefully in the
radiological facilities with appropriate equipments to avoid any health risk caused by the
radiation exposure. Therefore, all the experiments were performed with great care in a
suitable place under safe conditions. Electrochemical measurements were performed using
CHI 440A electrochemical workstation with a three electrode voltammetric cell having
platinum disk working electrode (area, A = 0.031 cm?), platinum wire counter electrode and
Ag/AgCl reference electrode. All the potentials are quoted with respect to Ag/AgCl (3 M
KC1) reference electrode. All experiments were carried out at room temperature (25 + 1°C).
All solutions were deoxygenated using high purity nitrogen prior to electrochemical
experiments. Each measurement was repeated thrice and the average numerical value of each
parameter is quoted for discussion (relative error < + 0.1%). Electrochemical impedance
spectroscopy (EIS) was performed using Autolab PGSTAT20 with FRA2 (Eco-Chimie)
software. Impedance was recorded at open circuit potentials with single sine excitation signal
of 0.005 V for the frequency range 10° Hz tol10? Hz. Impedance spectra were fitted to
electrical equivalent circuits (EEC) and the fits had y* < 107 Errors of all calculated
parameters were within 5% of the reported values. The morphology of SWCNT-Pt was
recorded by Seron Incorporation AIS 2100 scanning electron microscope. EDXRF spectrum

was recorded using Jordan Valley EX-3600-TEC spectrometer having Rh target and Ge

secondary target operated at 40 kV and 500 pA. The stable colloidal dispersions of both the
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functionalized and non-functionalized SWCNTSs were separately prepared by sonicating ~1
mg of SWCNTs for one hour in a 1:4 mixture of nafion and water. The SWCNT-Pt electrode
was prepared by dropping a known volume (1-20 pL) of the SWCNT suspension on the
platinum electrode followed by drying. The preparation conditions were optimized by
recording the cyclic voltammograms of 25 mM Pu(IV) in 1M H,SO4 at a scan rate of 20

mV/s on each modified electrode (Fig. 5.1).

30
20 uL of SWCNT suspension
20 4 15 pL of SWCNT suspension
10 uL of SWCNT suspension
Bare electrode
104
<
3
J— 0 .
-104
-20 T T

00 02 04 06 08
E/Vvs. Ag/AgCl

Fig. 5.1 Cyclic voltammograms of 25 mM Pu(1V) in 1 M H>SOy at a scan rate of 20 mV/s on
SWCNT-Pt prepared by 1,10,15 and 20 uL of SWCNT suspension in 1:4 mixture of
nafion and water.

The redox peak currents of Pu(IV)/Pu(Ill) couple increased by increasing the volume of the
SWCNT suspension on the platinum electrode, but maximum peak current was observed for

20 pL of SWCNT suspension. A part of the suspension fell down from the electrode surface
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for suspension volumes higher than 20 pL. Therefore, platinum electrode was modified with

20 puL. of SWCNT suspension for all further experiments.

5.2.2 Results and Discussion

5.2.2a. Electrochemistry of Pu(1V)/Pu(lll) in 1 M H,SO4 on SWCNT-Pt

Cyclic voltammogram of 25 mM Pu(IV) in 1M H;SO4 solution on SWCNT-Pt electrode at
the scan rate of 20 mV/sec is shown in Fig.5.2. The cyclic voltammogram of Pu(IV) recorded

on bare Pt was overlaid in the same scale in Fig. 5.2 for comparison.

0.81 =
0.65 -

——Bare Pt
0489  —— SWCNT-Pt

J/mAcm?
o
8
1

0.16 4
0.32
0.48
0,654 2
0.814 —
0.0 0.2 0.4 0.6 0.8

E/V vs. Ag/AgCl

Fig.5.2 Cyclic voltammogram of 25 mM Pu(lV) in 1 M H>SO, solution on bare Pt and
SWCNT-Pt electrodes at scan rate of 20 mV/s.
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The cathodic peak (1) at 0.520 V and the anodic peak (1) at 0.628 V observed on SWCNT-
Pt correspond to the reduction of Pu(IV) to Pu(Ill) and vice-versa, respectively. The peak-to-
peak potential separation (AE,) is 108 mV, which is much smaller than the AE, value 266
mV observed on bare platinum electrode. It indicates that Pu(IV)/Pu(Ill) couple still exhibits
a quasi-reversible electron transfer behavior on SWCNT-Pt. One pair of additional redox
peaks (2/2’) appeared in the voltammogram due to the presence of trace impurities in the
SWCNT [2,3]. The EDXRF spectrum of SWCNT and the cyclic voltammogram of SWCNT-

Pt in 1M H,SOy at the scan rate of 20 mV/s are shown in Fig. 5.3 and 5.4, respectively.

7000 6
) Ge
6000 (Secondary target)

5000

4000 < 2
3000 = .
2000

| -2 0.350 V
1000

0 T T + T -4 T T T T
0 2 4 0.0 0.2 0.4 0.6 0.8
Energy/ keV E/Vvs. Ag/AgCl

Fig.5.3. EDXRF spectrum of SWCNTs as Fig.5.4. Cyclic voltammogram of SWCNT-
received from the supplier. Ptin I M H>SO, at a scan rate of 20 mV/s.

The increase in the redox peak current along with the significant improvement in the
electrochemical reversibility suggest electrocatalytic action of SWCNT-Pt for the
Pu(IV)/Pu(Ill) redox reaction. Fig. 5.5 shows a comparison of (A) cathodic and (B) anodic

peak currents of Pu(IV)/Pu(Ill) redox reaction for Pt and SWCNT-Pt electrodes in the scan
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rate range of 10-100 mV/s. Catalytic action of the modified electrode was quantified with the

parameter named as catalytic efficiency (y) which was defined as:

[y - 15t

y(%) = 100 x -2 (1)
14

where, IpM and Ith are the peak currents at the modified electrode and at bare Pt, respectively.
As can be seen from Fig. 5.5, the catalytic efficiency of SWCNT-Pt for the cathodic reaction
increased with increasing the scan rate, whereas the reverse phenomenon was observed for
the anodic reaction. This could be attributed to electrostatic interaction between the

functionalized SWCNT and plutonium ionic species in the electrolyte medium.
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Fig. 5.5. The (A) cathodic and (B) anodic peak currents of Pu(IV)/Pu(Ill) redox reaction on
Pt and SWCNT-Pt electrodes in the scan rate range of 10-100 mV/s. The % catalytic
efficiency of the modified electrode as a function of scan rate is shown in the
respective plots.

The pK, of the carboxylic acid functionalized SWCNTSs is ~4.5 as determined by the force
titration method [4,5]. Thus the carboxylic group will be protonated in 2 M [H'] and an

additional proton may be attached with the electronegative oxygen atom of the carbonyl
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group{as like (HO)(C)C=0&"...H"} resulting in a positively polarized SWCNT surface [6].
On the other hand, Pu(IV) forms an anionic QSC complex in 1M H,SO4. However, no
anionic complex of Pu(III) is known to exist below 16 M H,SOy [7]. The slopes of log | Ip |
versus log (v) plots for both the cathodic and the anodic peaks were observed as 0.50 (R* =
0.991) and 0.23 (R* = 0.989), respectively, in the scan rate range of 10-200 mV/s. This
clearly indicates that the electrochemical reaction of Pu(IV)/Pu(Ill) couple in 1 M H,SO4
onto SWCNT-Pt is also governed by the diffusion controlled process. Fig.5.6 shows SEM
image of SWCNT-Pt. It shows a rougher surface of SWCNT-Pt compared to bare Pt. Thus it
may be stated that this rougher SWCNT-Pt surface played a major role in the calculated
current efficiency values. The roughness of SWCNT-Pt is caused by the presence of two
components viz. SWCNTs (conductive) and nafion (insulating) matrix. Thus, the catalytic
efficiency in current mainly originated from the conductive area provided by the SWCNTs.

Here, nafion was used only as a dispersing medium for SWCNTs.

Fig. 5.6. SEM image of SWCNT-Pt. Inset shows the higher magnification image.

154



Chapter 5

The charge transfer coefficient (o) and the heterogeneous rate constant (k) ( calculated from
Laviron equations 2 and 3) of Pu(IV) reduction on SWCNT-Pt in 1 M H,SO4 were calculated

as 0.63 and 4.75x10"'cm s™, respectively.

2.303RT anF 2.303RT

E{; - Eé ©anF log(kSRT) ©anF lOg(V) (2)
a _ pr, 2303RT (1-a)nF 2.303RT
Ep = Eot (1—a)nF ( ksRT )+ (1—a)nF Q) &)

This suggests that the modification of platinum surface with SWCNT catalyzed the
Pu(IV)/Pu(Ill) redox reaction. SEM image of SWCNT-Pt shown in Fig. 5.6 can be used to
understand the role of surface modification on the electrochemical behaviour of
Pu(IV)/Pu(Ill) couple.The platinum surface gets fully covered by the SWCNTs dispersed in
nafion matrix. Hence direct contact between the electrolyte solution and platinum surface is
restricted and as a result, the spontaneous galvanic reaction between platinum and Pu(IV) is
sufficiently suppressed. Therefore, the quasi-reversible redox reaction of Pu(IV)/Pu(IlI)
couple on Pt transformed to a more reversible redox reaction on SWCNT-Pt. The cyclic
voltammograms of 25 mM Pu(IV) in 1M H,SOy solution on (a) functionalized and (b) non-

functionalized SWCNT-Pt electrodes at a scan rate of 20 mV/s are shown in Fig. 5.7.
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Fig. 5.7. Cyclic voltammograms of 25 mM Pu(IV) in 1 M H>SO, on functionalized and non-
functionalized SWCNT-Pt at a scan rate of 20 mV/s.

The reduction peak of Pu(IV) became more prominent on the functionalized SWCNT-Pt, but
the functionalization also introduced higher capacitive current in the voltammogram. But for
these, no significant difference was observed between the two voltammograms obtained on

the functionalized and non-functionalized SWCNT-Pt.

5.2.2 (b) Comparison of Electrocatalysis of Pu(1V)/Pu(l11 )redox couple in 1 M H,SO,4 on

PANI-Ptand SWCNT-Pt

Fig. 5.8A shows the Nyquist plots of Pt, SWCNT-Pt and PANI-Pt electrodes in 25 mM
K;[Fe(CN)s]/Ka[Fe(CN)g] + 0.1 M KCI at the open circuit potential (OCP) with an amplitude
of 5 mV in the frequency range 10° Hz to 10 Hz. Each plot presents a well defined and
depressed semicircle arc in the high frequency region (Inset of Fig. 5.8A) and a straight line
in the low frequency region. The impedance spectra were best fitted with the electrical
equivalent circuit (EEC) as presented in Fig. 5.8B. The standard notation of the fitted EEC is
Rs(Q[R¢W]), where Ry and Re; correspond to the solution ohmic resistance and the charge
transfer resistance across the interface, respectively. W is the Warburg impedance resulting
from the diffusion of ions across the electrode-electrolyte interface. Q (Yo,n) is the constant

phase element (CPE) defined as :
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— 4)

where, Y is the CPE constant, o is the angular frequency in radians/s, j (=\ -1) is the
imaginary number and ¢ is the CPE exponent. Depending on the value of ¢ (0 < ¢ <1), the
CPE is considered to be a pure resistor (¢ = 0) or a pure capacitor (¢ = 1) or Warburg

impedance (¢ = 0.5).
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Fig5.8. (A) Nyquist plots of Pt, SWCNT-Pt and PANI-Pt electrodes in 25 mM
K;3[Fe(CN)s]/K4[Fe(CN)s] + 0.1 M KCI at the open circuit potential (OCP) with an
amplitude of 5 mV in the frequency range 10° Hz—107 Hz. Inset shows the zoomed
image of the same in the higher frequency region. (B) The best fitted EEC of the
impedance spectra.

Table 5.1 The best fitted parameters of the impedance spectra of Pt, SWCNT-Pt and PANI-Pt
as shown in Fig. 5.8(A).

Electrode R,/ Q Y, CPE = R/ Q m gl/sm xz

Pt 29.9 0.28 0.9 24.1 4.0 8.3 x 107
SWCNT-Pt 27.3 1.6 x 10™ 0.5 21.4 2.8 3.7 %107
PANI-Pt 28.5 1.3 x 107 0.8 9.5 4.1 1.0 x 107
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The values of the fitted parameters for the three electrodes are presented in Table 5.1. It can
be seen that the charge transfer resistance (R¢) of PANI-Pt is 9.5 Q, which is much smaller
than those of SWCNT-Pt (21.4 Q) and bare platinum electrode (24.1 Q). The charge transfer
resistance of an electrode is inversely proportional to the rate of electron transfer across the
electrode-electrolyte interface. The impedance data i.e. Red ™V T < Re® VNP < Re™ support
the trends of the heterogeneous rate constants calculated from the cyclic voltammetry

PANI-Pt _ | SWCNT-Pt _ Pt
ks > ks > ks

experiments i.e. . This is the signature of the best electrocatalytic

behavior of PANI-Pt among the three electrode surfaces for Pu(IV)/Pu(Ill) redox reaction.

5.3 Electrochemical studies of U(VI)/U(IV) redox reaction in 1 M H,SO4 at Single-
Walled Carbon Nanotubes (SWCNTs) modified gold (Au) electrode

5.3.1 Experimental

All the chemicals like uranyl nitrate, DMF (N,N-dimethyl formamide) and sulphuric acid
(H2SO4) were of G. R. (Guaranteed Reagent) grade. Single walled carbon nanotubes
(SWCNTs) of purity greater than 98% received from nanoshell USA were used. The
diameter and the length of SWCNTSs were in the range of 0.7 to 2 nm and 3 to 8 um,
respectively. All solutions were prepared in Millipore Milli-Q water (~18 MQ cm). Cyclic
voltammetry and differential pulse voltammetry were performed using CHI 440A
electrochemical workstation with a three electrode voltammetric cell having gold disk
working electrode (area, A = 0.031 ¢cm?), platinum wire counter electrode and Ag/AgCl
reference electrode. All the potentials are quoted with respect to Ag/AgCl reference
electrode. All experiments were carried out at room temperature (25 + 1°C). All solutions
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were deoxygenated using high purity nitrogen prior to electrochemical experiments. Each
measurement was repeated thrice and the average numerical value of each parameter is
quoted for discussion (relative error < + 0.1%). Electrochemical impedance spectroscopy
(EIS) was performed using Autolab PGSTAT20 with FRA2 (Eco-Chimie) software.
Impedance was recorded at the open circuit potential with single sine excitation signal of
0.005 V for the frequency range 10° Hz to 102 Hz. Impedance spectra were fitted to the
electrical equivalent circuits (EEC) and the fits had y* < 10™. Errors of all the calculated
parameters were within 5% of the reported values. The morphology of SWCNT-Au was
recorded by Seron Incorporation AIS 2000 scanning electron microscope. The stable
colloidal dispersion of SWCNTSs was separately prepared by sonicating ~2 mg of SWCNTs
for one hour in 4 mL of DMF solution. The SWCNT-Au electrode was prepared by dropping

20 pL of the SWCNT suspension on the gold electrode followed by drying.
5.3.2. Results and discussion

5.3.2 a. Electrochemistry of U(VD/U(1V) in 1 M H,SO, on Au disk electrode

Fig. 5.9 shows cyclic voltammogram of 25 mM U(VI) in 1M H,SO4 on gold electrode at a
scan rate of 10 mV/s. The cathodic peak (1) at -0.233 V corresponds to the reduction of
U(VI) to U(IV). The cyclic voltammograms of the same redox reaction were obtained by

varying the scan rate (v) in the range of 10 to 500 mV/s.
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Fig. 5.9. Cyclic voltammogram of 25 mM
UV in 1 M H,SO,4 on gold electrode at a
scan rate of 10 mV/s.

Fig. 5.10. Variation of cathodic potential
(E,°) as a function of scan rate.

It was also noted that the cathodic (E,°) peak potential shifted towards more negative value
with the increasing scan rate (Fig. 5.10). The AE,i.e. (E; — Ej ) also increased with increase
in scan rate and showed linear dependence at higher scan rates (150 to 500 mV/s). The linear
part of the plot obeys the Laviron equation (given in equation 2) [8] where Eo value can be
deduced from the intercept of E,° vs. v plot on the ordinate by extrapolating the line to v =0
[9]. The value of an calculated from the slope was 0.32. The apparent heterogeneous rate
constant (k) of U(VI)/U(IV) reduction was calculated as 1.59x107cm s”'. U(VI)/U(IV)
couple is expected to exhibit irreversible electron transfer process because it involves

uranium—oxygen bond formation reaction.
5.3.2.b. Electrochemistry of U(VI)/U(1V) in 1 M H,SO4 on SWCNT-Au

Cyclic voltammogram of 25 mM U(VI) in 1M H,SO; solution on SWCNT-Au electrode at a

scan rate of 10 mV/s is shown in Fig. 5.11. The CV of U(VI) recorded on bare Au is also
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included in this figure for comparison. The cathodic peak at -0.140 V observed on SWCNT-
Pt corresponds to the reduction of U(VI) to U(IV). The peak potential is having an anodic
shift of 93 mV at SWCNT-Au electrode with respect to the bare Au electrode. Enhancement
of the redox peak current along with significant anodic shift i.e. decrease in overpotential
suggests electrocatalytic action of SWCNT-Au for the U(VI)/U(IV) redox reaction. Fig. 5.12
gives a comparison of the cathodic peak currents (Ip®) of U(VI)/U(IV) redox reaction for Au
and SWCNT-Au electrodes for the scan rates ranging from 10 to 100 mV/s. Fig. 5.13 shows

12

the plot of cathodic peak current (Ip®) vs square root of the scan rate (v'°). Ip® was found to

increase linearly with the square root of the scan rate suggesting that the electrochemical
reaction of U(VI)/U(IV) couple in 1 M H,SO4 on SWCNT-Au is governed by the diffusion
controlled process. The values of an and the heterogeneous rate constant (k) of U(VI)
reduction on SWCNT-Au in 1 M H,SO, were calculated as 0.56 and 4.26x10>cm s'l,
respectively which is almost double the value obtained for the bare Au electrode. This
suggests that the modification of gold surface with the SWCNT catalyzed the U(VI)/U(IV)

redox reaction.
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Fig. 5.11. Cyclic voltammogram of 25 mM U(VI) Fig. 5.12. The cathodic peak currents of

in IM H>SOy4 solution on Au and SWCNT-  UVI)/U(IV) redox reaction on Au and
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Fig. 5.13. Cathodic peak current (Ip°) vs. Fig.5.14. SEM image of SWCNT-Au. Inset

square root of scan rate (V) for shows the higher magnification
SWCNT-Au electrode. image.

Fig. 5.14 presents the SEM image of SWCNT-Au electrode and it is seen that the SWCNTs
are uniformly coated on the electrode surface leading to a mushroom like porous reticular

formation. The special surface morphology provided a much larger real surface area than the
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apparent geometric area. Differential pulse voltammograms (DPV) of bare Au and SWCNT-
Au electrodes in 25 mM U(VI) in 1M H,SOj solution are shown in Fig.5.15. On SWCNT-
Au, the current values corresponding to U(VI) reduction increased significantly. The
reduction waves were also well defined in the case of SWCNT-Au electrode as compared to
that with bare Au electrode. Hence the CV and DPV studies prove that the modification of
the gold surface with SWCNT results in a better redox behavior of U(VI)/U(IV) couple. In
DPV, the peak current was found to increase with increase in the uranium concentration

suggesting the potential application of SWCNT-Au electrode for uranium determination.
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Fig.5.15. DPV of 25 mM U(VI) in 1M H>SO4 on bare Au and SWCNT-Au electrodes.

Fig. 5.16 shows the Nyquist plots of Au and SWCNT-Au electrodes in 25 mM
Ks[Fe(CN)s]/K4[Fe(CN)s] + 0.1 M KCl at the open circuit potential (OCP) with an amplitude
of 5 mV in the frequency range 10° Hz—10 Hz. Each of the two plots showed a well defined
and depressed semicircular arc in the high frequency region and a straight line in the low

frequency region.

163



Chapter 5

500

400- 50 == Bare Au

=0 SWCNT-Au

-2 Q

300

.01 Hz

200

ANES)

® PBareAu
— Fitted for Bare Au
*  SWCNT-Au
—— Fitted for SWCNT-Au

100

T T T T
300 400 500
yANK®

T T T
0 100 200

Fig.5.16. Nyquist plots of bare Au and SWCNT-Au electrodes in 25 mM
K;3[Fe(CN)s]/K4[Fe(CN)s] + 0.1 M KCI at the open circuit potential (OCP) with an
amplitude of 5 mV in the frequency range 10° Hz—10" Hz.

It was seen that the charge transfer resistance (R) of SWCNT-Au was 12.3 Q, which was
much smaller than that of bare gold electrode (32.6 Q). The charge transfer resistance of an
electrode is inversely proportional to the rate of electron transfer across the electrode-

SWENT-Au — R ™ supported the trends of the

electrolyte interface. The impedance data i.e. R
heterogeneous rate constants calculated from the cyclic voltammetry experiments i.e.
kSSWCNT'Au > k™. This confirms the electrocatalytic behavior of SWCNT-Au for the
U(VD)/U(IV) redox reaction.

5.4. Single-Walled Carbon Nanotubes (SWCNTs) modified gold (Au) electrode for
Simultaneous Determination of Plutonium and Uranium

5.4.1 Experimental

All the experimental conditions were same as those discussed in Section 5.3.1.
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5.4.2. Results and discussion
5.4.2 a. Electrochemical behavior of uranium and plutonium

Initial experiments showed that the electrochemical detection of U and Pu simultaneously on
untreated ordinary electrodes is difficult. Firstly; hydrogen evolution takes place at high
overpotential required for the reduction of uranium. Secondly, very low peak currents are
obtained due to the absence of electrocatalytic behavior at bare electrode for Pu and U
determination. To confirm this at the SWCNT-Au electrode, the electrochemical behavior of
Pu(IV)/Pu(Ill) and U(VI)/U(IV) redox couples on the surface of the bare Au were

investigated.

Fig. 5.17A depicts cyclic voltammograms (CVs) of bare Au without (curve 1) and in
presence of (curve 2) 10 mM Pu in 1M H,SOy solution. Fig. 5.17B shows CV of bare Au in
absence (curve 1) and presence (curve 2) of 10 mM U in 1M H,SOy4 solution. The CVs in Fig
5.17 were recorded at a scan rate of 10 mV s™. Fig. 5.17A shows that the CV of H,SOj
solution at bare Au in the potential range from 0 to 0.8 V has no oxidation and reduction
peaks. On the other hand, Pu(IV)/Pu(Ill) redox couple shows a quasi-reversible wave with an
oxidative peak at E,, = 0.695 V and a cathodic peak at E,. = 0.124 V (curve 2). The
separation between anodic and cathodic peak potentials is approximately 0.571 V for
Pu(IV)/Pu(Ill)couple. Similarly, U(VI)/U(IV) redox couple demonstrates only a broad
reduction peak at -0.233 V (Fig 5.17 B). As can be seen from Fig. 5.17B, the CV of

U(VD/U(V) couple has a cathodic peak without any anodic wave. Moreover, the peak
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currents of the two redox couples are quite small indicating the sluggish electron transfer

kinetics of these redox couples at the bare Au.
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Fig. 5.17. Cyclic voltammograms recorded (A) at bare Au in the absence (1), in the presence
of 10 mM Pu (2) (B) absence (1), in the presence of 10 mM U(2) in 1 M H,S0,
solution at a scan rate of 10mV s™"
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Fig. 5.18. Cyclic voltammograms of (A)10 mM Pu in 1 M H>SO, solution on Au (1) and
SWCNT-Au (2) electrodes, (B) 10 mM U in 1 M H,SO, solution on Au (1) and
SWCNT-Au (2) electrodes at a scan rate of 10 mV7/s.

Fig. 5.18A shows the CV of Pu(IV)/Pu(Ill)couple on SWCNT-Au electrode. The cyclic

voltammogram of Pu(IV) recorded on bare Au (which is already presented as Fig.5.17A) was
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overlaid in same scale in Fig. 5.18A for comparison. SWCNT-Au electrode shows a pair of
well-defined redox transitions with anodic and cathodic peak potentials at 0.574 V and 0.512
V, respectively. Furthermore, the cathodic peak potential of Pu(IV)/Pu(Ill) couple shifts from
0.124 V at the bare Au to 0.512 V at SWCNT/Au, and the peak current increased
approximately 3-fold in comparison to that on bare Au. Fig. 5.18B shows CV of
U(VID)/U(V) couple on SWCNT-Au. The cyclic voltammogram of U(VI)/U(IV) recorded
on bare Au is overlaid in the same scale. The cathodic peak potential for the reduction of
U(VD/U(V) occurs at -0.132 V, which is approximately 0.101 V more positive than that at
the bare Au, and the cathodic peak current is also enhanced significantly. The decrease of
reduction overpotential, accompanied by a significant increase in the reduction current of
U(VI)/U(V) couple and a pair of symmetric redox peaks with smaller peak separation for
Pu(IV)/Pu(Ill)couple, strongly indicates excellent catalytic ability of SWCNTSs on the redox
reaction of these couples. These observations demonstrate that SWCNTs accelerate the

reduction of U(VI)/U(IV) and Pu(IV)/Pu(Ill) couples.

To study the effect of potential sweep rate (v) on the peak current, cyclic voltammetric
studies were carried out in the range of 10 to 500 mV s'in 1M H,SO4 solution containing 10

mM Pu and 10 mM U at the SWCNT-Au electrode (Fig. 5.19).
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Fig. 5.19. (4) Cyclic voltammogram of 10 mM Pu in 1 M H>SO4 solution on SWCNT-Au
electrode. Scan rate range: 0.01-0.1 V s Inset shows the variation of cathodic peak
current i," with square root of the scan rate (in V/s) in the range of 10-100 mV/s. (B)
Variation of cathodic current i," of 10 mM U solution with square root of the scan
rate (in V/s) in the range of 10-100 mV/s

The results showed that the cathodic peak currents vary linearly with the square root of the

1/2

scan rate (v ') for both U and Pu confirming the diffusion-controlled process for reduction of

Pu(IV) and U(VI) on the surface of the SWCNT-Au in the studied range of potential sweep

rates according the following equations:

Pu:  ip (WA)=-0.248 v'> (V' s™) +0.407 (R* =0.9981 ) (5)

U ipe (WA) =-0.220 v'* (V' s) +0.007 (R* =0.9908 ) (6)

5.4.2b. Electrochemical behavior of uranium and plutonium mixtures

Fig. 5.20A shows the CVs of a solution containing mixture of Pu(IV)/Pu(Ill) and
U(VI)/U(IV) redox couple at the bare Au (Curve 1) and SWCNT/ Au (Curve 2). At the
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bare Au, two broad cathodic peaks were obtained with very small currents. Therefore, it is
impossible to determine the individual concentration of each element from the broad
voltammetric peak on the surface of Au. At the SWCNT/Au, the voltammetric peaks of
Pu(IV)/Pu(Ill) couple and U(VI)/U(IV) couple appeared at 0.512 V and -0.132 V,
respectively, in IM H,SO4, (curve 2). Fig 5.20B shows DPV of a mixture of Pu(IV)/Pu(Ill)
and U(VI)/U(IV) redox couples at SWCNT-Au. The results show that the peak potential
separation of 0.687 V and the appreciable peak currents of Pu and U in presence of each
other permit simultaneous differential pulse voltammetric determination of Pu and U. The
above obtained results demonstrate that SWCNTs accelerate the reduction of Pu(IV)/Pu(Ill)

couple and U(VI)/U(IV) reactions because of many edge plane graphite and many defects.
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Fig.5.20. (A) Cyclic voltammogram of a mixture of Pu and U in 1 M H,SOy, solution on Au
(1) and SWCNT-Au (2) electrodes at a scan rate of 0.01 Vs (B) DPV of SWCNT-Au
in 1 M H>SO,solution containing mixture of Pu and U. DPV conditions: amplitude,50
mV; pulse width, 50 ms; pulse period, 200 ms.

On the other hand, the remarkable peak current enhancement and the decrease in reduction

overpotentials undoubtedly testifies to the electrocatalytic properties of the SWCNT-Au for
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the reduction of Pu(IV) and U(VI). Indeed, the SWCNT/Au electrode presents an interlinked
highly mesoporous three-dimensional structure with a relatively higher electrochemically
accessible surface area and easier charge transfer at the electrode/electrolyte interface [2].
Therefore, the SWCNT/Au greatly holds the potential of simultaneous determination of Pu
and U on account of unusual structure and properties of SWCNTs (i.e., subtle electronic
properties). It should be noted that the calculated electroactive surface area for the
SWCNT/Au via application of Fe(CN)6 */* as an electroactive probe ions was 1.8x10~ cm?,
which is 3 orders of magnitude higher than that of bare Au electrode. The significant increase
in the electroactive surface area suggests that SWCNT/Au is promising for electrocatalytic

reduction and electrochemical sensing.

5.4.2c. Individual Determination of Pu and U

Differential pulse voltammogram recorded for Pu (Fig. 5.21A) and U (Fig. 5.21B) show well
defined peaks with E,= 0.56 V and -0.13 V, respectively. The calibration graphs constructed

over concentration range 10 to 100 uM (R* = 0.990) for Pu (Inset of 5.21A) and 3 to 10 uM

(R? = 0.987) for U (Inset of Fig. 5.21B) are linear. The linear equations of the calibration

plots are given below:
SWCNT-Au (Pu) : I, (nA) =3.4 pA +4.661 pA / uM; (R* = 0.9904) (7

SWCNT-Au (U) : I, (1A) = 6.76 pA + 26.3581 pA / uM; (R = 0.9878) (8)
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The detection limit was calculated using the formula 3c/slope where o is the standard
deviation of the blank which was taken from five replicates. The detection limits were found

to be 8.2 uM for Pu and 2.4 uM for U at S/N = 3.
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Fig. 5.21. (A) DPV of various concentrations of Pu from 10 to 60 uM in 1 M H>SO4solution.
Inset: plot of cathodic peak current for Pu vs. Pu concentration. (B) DPV of various
concentration of U from 3.8 to 9.4 uM in 1 M H>SO, solution. Inset: plot of cathodic
peak current for U, vs. U concentration

5.4.2d. Simultaneous Determination of Pu and U

To verify the feasibility of the simultaneous determination of Pu and U at SWCNT-Au
electrode, DPV measurements were carried out in their mixture of different concentrations.
This study was carried out using Fast Breeder Test Reactor (FBTR) fuel samples. The
calculated concentrations of Pu and U in FBTR fuel samples are in good agreement with the

concentrations of Pu and U in these samples determined by Biamperometry. (Table 5.2)
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Table 5. 2 Simultaneous determination of Pu and U in FBTR fuel samples

Analyte Concentration of Pu(mg/g) Concentration of U(mg/g)

(Pu,U)

Carbide DPV (n=3) | Biamperometry(n=2) | DPV (n=3) | Biamperometry(n=2)
Sample 1 | 2.346(+0.92) 2.427(4+0.02) 1.085(£0.63) 1.014(£0.05)
Sample 2 | 3.151(£0.53) 3.148(£0.09) 1.32(£0.85) 1.283(£0.03)
Sample 3 | 4.435(+0.23) 4.4477(£0.04) 1.98(£0.96) 1.902(+£0.18)
Sample 4 | 5.120(£0.21) 5.105 (£0.05) 2.102(%£1.3) 2.112(£0.00)

0.15

0.10

Cathodic Current/ mA

0.05

0.20-f3.-

00 02 04 05 08
E/V vs A/AgCI

Fig.5.22. DPV of various FBTR fuel samples containing different amount of Pu and U given
in Table 2.Inset (1) shows the calibration plot for U, Inset(2) shows calibration plot

of Pu.

Fig. 5.22 shows DP voltammograms of the solutions having the mixture of Pu and U with

different concentrations at SWCNT-Au electrode. As can be seen from Figure 5.22, two well

defined reduction peaks of Pu and U at about 0.562 V and -0.125 V, respectively, were

observed. The results show that the peak potential separation of 0.687 V between

Pu(IV)/Pu(Ill) and U(VI)/(IV) couples and the appreciable peak currents of Pu and U in the

presence of each other permit the simultaneous differential pulse voltammetric determination
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of Pu and U. This confirms that the simultaneous determination of the two actinide elements

is possible in a mixture, using the SWCNT-Au electrode.

5.5 Electrochemical Investigations on Np(VI)/Np(V) redox couple using Single walled
carbon nanotube modified glassy carbon electrode (SWCNT-GC)

5.5.1. Results and discussion
5.5.1a. Electrochemistry of Np(VI)/Np(V) in 1 M H,SO,4 on glassy carbon disk electrode

Fig. 5.23 shows cyclic voltammogram of 50 mM Np solution in 1M H,SO4 on glassy carbon
electrode at a scan rate of 50 mV/s. Cathodic peak (1) at 0.624 V and anodic peak (1) at
1.076V correspond to the reduction of Np(VI) to Np(V) and vice-versa, respectively. The
peak-to-peak potential separation (AE;) of 452 mV was attributed to the quasi-reversible
electron transfer reaction of Np(VI)/Np(V) couple. The cyclic voltammetry of this redox
reaction was studied by varying the scan rate (v) in the range of 10-500 mV/s. The plots of I,
versus v’ for both the cathodic and the anodic peaks gave straight lines (Inset of Fig.5.23).

This clearly suggests that the electrochemical reaction of Np(VI)/Np(V) couple onto glassy

carbon electrode in 1 M H,SOj solution is governed by the diffusion process.

The cathodic (E,") and anodic (E,") peak potentials were found to shift towards more
negative and positive directions, respectively, with increasing scan rate (Fig. 5.24). AE, also
increased with scan rate and showed linear dependence at higher scan rates (150-500 mV/s).
The linear part of the plot obeys the Laviron equation ( Equations 2 and 3). The values of a
and n calculated from the two slopes were ca. 0.34 and 0.91. The apparent heterogeneous rate

constant (ki) of Np(VI)/Np(V) reduction was calculated as 0.98 x10"cm s™'. This suggests
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that the redox reaction of Np(VI)/Np(V) couple in 1 M H,SO4 solution is a quasi-reversible
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Fig. 5.23. Cyclic voltammogram of 50 mM Np Fig.5.24. Variation of cathodic and anodic

solution in 1 M H,SO4 on glassy carbon peak potentials (4E,) with respect to
electrode at a scan rate of 20 mV/s. Ey as a function of logarithm of scan
Inset shows the variation of the rate.

cathodic and anodic peak currents as a
function of square root of scan rate at
glassy carbon electrode.

5.5.1b. Electrochemistry of Np(VI)/Np(V) in 1 M H,SO, on SWCNT-GC

Cyclic voltammogram of 50 mM Np solution in IM H,SO4 on SWCNT-GC electrode at a
scan rate of 50 mV/s is shown in Fig. 5.25. The cyclic voltammogram of Np recorded on GC
(presented as Fig.5.23) was overlaid in the same scale in Fig. 5.25 for the sake of

comparison.
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Fig.5.25. Cyclic voltammograms of 50 mM Np solution in 1 M H>SO, solution on GC and
SWCNT-GC electrodes at a scan rate of 20 mV/s.

The cathodic peak (1) at 0.792 V and the anodic peak (1) at 0.934 V observed on SWCNT-
GC correspond to the reduction of Np(VI) to Np(V) and vice-versa, respectively. The peak-
to-peak potential separation (AE,) is 142 mV, which is much smaller than the AE, value of
452 mV observed on bare glassy carbon electrode. It indicates that the Np(VI)/Np(V) couple
exhibits a quasi-reversible electron transfer behavior on SWCNT-GC. The increase of the
redox peak current along with the significant enhancement in the electrochemical
reversibility suggest the electrocatalytic action of SWCNT-GC for the Np(VI)/Np(V) redox
reaction. The plots of Ip versus v'”* for both the cathodic and the anodic peaks yield straight
lines (Fig.5.26.). This suggests that the electrochemical reaction of Np(VI)/Np(V) couple

onto SWCNT-GC in 1 M H,SOy solution is also governed by the diffusion process.
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Fig.5.26. Variation of the cathodic and anodic peak currents as a function of square root of
scan rate at SWCNT-GC electrode.

The charge transfer coefficient (o) and the heterogeneous rate constant (ks) of Np(VI)
reduction on SWCNT-GC in 1 M H,SO4 were calculated as 0.83 and 5.25x10'cm s'l,
respectively. This shows that the modification of glassy carbon surface with SWCNT
catalyzed the Np(VI)/Np(V) redox reaction. Indeed, the SWCNT/GC electrode presents an
interlinked highly mesoporous three-dimensional structure with a relatively higher
electrochemically accessible surface area and easier charge transfer at the
electrode/electrolyte interface. Therefore, the quasi-reversible redox reaction of
Np(VID)/Np(V) couple on GC transformed to a more reversible redox reaction on SWCNT-

GC.
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Fig. 5.27. SEM image of SWCNT-GC. Fig.5.28.Differential pulse voltammogram
(DPV) of 50 mM Np solution in
IM H>SO, on bare GC and
SWCNT-GC electrodes.

Fig. 5.27 presents the SEM image of SWCNT-GC electrode and it is seen that the SWCNTs
are uniformly coated on the electrode surface leading to a mushroom like porous reticular
formation. The special surface morphology provided a much larger real surface area than the
apparent geometric area. Differential pulse voltammograms (DPV) of bare GC and SWCNT-
GC electrodes in 50 mM Np solution in 1M H,;SO4 are shown in Fig.5.28. On SWCNT-GC,
the current values corresponding to Np(VI) reduction increased significantly. The reduction
wave was also well defined in the case of SWCNT-GC electrode as compared to that with
bare GC electrode. Hence the CV and DPV studies prove that the modification of the glassy

carbon surface with SWCNT results in a better redox behavior of Np(VI)/Np(V) couple.
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Fig.5.29 shows Nyquist plots of bare GC and SWCNT-GC electrodes in 25 mM
K;[Fe(CN)s]/Ka[Fe(CN)g] + 0.1 M KCI at the open circuit potential (OCP) with an amplitude
of 5 mV in the frequency range 10°® Hz—10 Hz. Each of the two plots showed a well defined
and depressed semicircular arc in the high frequency region and a straight line in the low

frequency region.
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Fig.5.29. Nyquist plots of GC and SWCNT-GC electrodes in 25 mM
K;3[Fe(CN)s]/Ky[Fe(CN)s] + 0.1 M KCI at the open circuit potential (OCP) with an
amplitude of 5 mV in the frequency range 10° Hz—10" Hz.

It was seen that the charge transfer resistance (R.) of SWCNT-GC was 16.2 Q, which was
much smaller than that of the bare glassy carbon electrode (41.3 Q). The charge transfer

resistance of an electrode is inversely proportional to the rate of electron transfer across the

SWCNT-GC

electrode-electrolyte interface. The impedance data i.e. R < RctGC supported the

trends of the heterogeneous rate constants calculated from the cyclic voltammetry

SWCNT-GC 1, GC
ks > ks

experiments i.e. . This confirms the electrocatalytic behavior of SWCNT-

GC for the Np(VI)/Np(V) redox reaction.
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5.6. Conclusion

The modified platinum, gold and glassy carbon electrodes prepared by the optimized
procedures showed good electrocatalytic properties for Pu, U and Np redox reactions in 1 M
H,SOs. The electrocatalysis of these three redox couples on SWCNT modified electrodes is
driven by the increase in the rate constant of the electron transfer reaction at SWCNT
modified electrodes compared to the bare electrodes. The SWCNT modified electrodes
showed excellent sensitivity to the determination of U and Pu in FBTR fuel samples by
differential pulse voltammetry. This not only provides a new opportunity to improve the
quality of actinides analysis and shortens the analytical time for the electroanalysis of
actinides and other elements in nuclear fuel samples; but also reveals the interesting
electrochemistry of Pu, U and Np with the modifiers (SWCNTSs) and its impact on the

analytical response of these actinides.
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Conclusions

The present dissertation focuses on electrodes modified with single walled carbon
nanotubes and electrochemical behaviour of actinides at the modified electrode in
aqueous solution.The main aim of this thesis was the preparation, characterization and
applications of electrodes modified with metal nanoparticle, conducting polymer and
carbon nanotubes. These were applied for electrocatalytic reactions such as formic
acid and methanol oxidation and also for studying the redox behavior of actinides.
The intention of these studies was to utilize the modified electrodes for determination
of actinides in the nuclear fuel samples and to mitigate the effect of CO poisoning in

direct formic acid fuel cells (DFAFC) and direct methanol fuel cells (DMFC).

Synthesis of palladium nanoparticles on platinum electrode was carried out by
employing a potentiostatic pulse method of electrodeposition. The mechanism of
electrocrystallization of PANPs on Pt was investigated. Experimental results showed
that Pd electrodeposition follows Volmer—Weber growth mechanism. The nucleation
and growth phenomena in the initial stages of Pd deposition were investigated by
potentiostatic transient measurements. Experimental current transients for 0.28V and
0.15V in a non-dimensional (i/imax)2 Vs. t/tmax plot were compared with the theoretical
curves. The transient at 0.15V fits relatively well with the theoretical curve for
instantaneous nucleation. The electrodeposited PANPs were characterized by X-ray
photoelectron spectroscopy and Field emmisision scanning electron microscopy. The
results obtained suggested the presence of chemisorbed oxygen on the surface of
PdNPs. The influence of time of deposition on the size and monodispersity of the

deposited PANPs was investigated. The studies revealed that, the size of PdNPs
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increased with increase in the time of deposition. The effective catalytic surface area
for the PANPs/Pt was found to be 0.197 cm’. The synthesized Pd nanoparticles
modified Pt electrode displayed significantly different voltammetric behavior
compared to bare Pt electrode and also showed high catalytic activity towards the
electrooxidation of formic acid and methanol.

At polyaniline modified electrode, two systems were studied. Initially Influence of
ionic speciation on electrocatalytic performance of polyaniline coated platinum
electrode for Fe(Ill)/Fe(Il) redox reaction was studied. Porous-polyaniline coated Pt
electrode (PANI/Pt) was electro-synthesized potentiodynamically. Nature of
predominant Fe-species in HCI and H;SOs was checked by UV-vis
spectrophotometry. Electrocatalysis of Fe(III)/Fe(Il) reaction was studied by cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) for three
different solution compositions viz. (i) FeCls/FeCl, in 1M HCI, (ii) FeCl3/FeCl; in
0.5M H,SOy4 and (iii) Fey(SO4)3/FeSO4 in 0.5M H,SO,4. The Donnan interaction of the
polyaniline modified electrode for the three compositions was investigated with
respect to [Fe(CN)o]” /Ha[Fe(CN)s]*~ which are believed to be the predominant
species present in Ki[Fe(CN)g]/Ks[Fe(CN)¢] solution in 0.5M H,;SO4. The
electrocatalytic performance of PANI/Pt for Fe(Ill)/Fe(Il) redox reaction was found
superior in HCl compared to that in H,SO,4. Further, a mechanistic study on the
electrocatalysis of the Pu(IV)/Pu(Ill) redox reaction at a platinum electrode modified
with polyaniline (PANI) was carried out. In this, electrochemistry of Pu(IV)/Pu(III)
couple in 1 M H,SO4 was studied on bare and modified platinum electrode by cyclic
voltammetry and electrochemical impedance spectroscopy. The platinum electrode
was modified with polyaniline. The modified electrode was characterized by scanning

electron microscopy and energy dispersive X-ray fluorescence. Electrocatalysis of
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Pu(IV)/Pu(Ill) redox reaction was observed on PANI-Pt. Pu(IV)/Pu(Ill) couple
showed quasi-reversible electron transfer behavior on bare platinum electrode because
of the PtO layer formation by Pu(IV) solution at the electrode-electrolyte interface.
Electrocatalysis of Pu(IV)/Pu(Ill) couple on PANI-Pt was attributed to the cumulative
effect of the Donnan interaction between PANI and Pu(IV) anionic complex, specific
adsorption of Pu(IV) on the reactive centres, low charge transfer resistance across the
electrode-electrolyte interface and a catalytic chemical reaction coupled with the
electron transfer reaction. In Chapter 5, electrocatalytic performance of SWCNT
modified electrode was explained. Three redox couples were studied at SWCNT
modified electrode. Firstly, mechanistic study on the electrocatalysis of Pu(IV)/Pu(III)
redox reaction at platinum electrode modified with single-walled Carbon nanotubes
(SWCNTs) was carried out. Electrocatalysis of Pu(IV)/Pu(Ill) redox reaction was
observed on SWCNT-Pt. Pu(IV)/Pu(Ill) couple showed quasi-reversible electron
transfer behavior on bare platinum electrode because of the PtO layer formation by
Pu(IV) solution at the electrode-electrolyte interface. In SWCNT-Pt, the direct
interaction between Pu(I'V) and platinum was blocked by SWCNTs and it diminished
the oxide layer formation at the interface. The lower charge transfer resistance at
SWCNT-Pt also promoted the rate of electron transfer reaction of Pu(IV)/Pu(Ill)
couple. Electrochemical studies of U(VI)/U(IV) redox reaction in 1 M H,SO, at
single-walled carbon nanotubes (SWCNTs) modified gold (Au) electrode are also
discussed in this chapter. A detailed investigation was done to determine the kinetic
parameters at the modified electrode. It was found that the electrocatalysis of
U(VD/U(IV) couple on SWCNT-Au is driven by an increase in the rate constant of
the electron transfer reaction compared to that with the bare gold electrode.

Electrochemical impedance spectroscopy data confirmed the electrocatalytic activity
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of SWCNT-Au electrode. After a detailed study on electrocatalytic mechanism of
U(VD/U(IV) couple and Pu(IV)/Pu(Ill) redox couple, studies were carried out to
simultaneously determine Pu and U at SWCNT-Au electrode in the fuel samples. In
the differential pulse voltammetry technique (DPV), both Pu and U gave sensitive
reduction peaks at 564 mV and -128 mV, respectively, versus saturated Ag/AgCl
electrode. Under the optimized experimental conditions, Pu and U gave linear

responses over ranges of 10 to 100 uM (R* = 0.990) and 3 to 10 uM (R* = 0.987),
respectively. The detection limits were found to be 8.2 uM for Pu and 2.4 uM for U.

This Chapter also explains the electrochemical investigations on Np(VI)/Np(V) redox
couple using single walled carbon nanotube modified glassy carbon electrode
(SWCNT-GC). The peak-to-peak potential separation (AE,) was found to be 133 mV,
which is much smaller than the AE, value of 338 mV observed on bare glassy carbon
electrode. It indicates that the Np(VI)/Np(V) couple still exhibits a quasi-reversible
electron transfer behavior on SWCNT-GC. The increase of the redox peak current
along with the significant enhancement in the electrochemical reversibility suggest the
electrocatalytic action of SWCNT-GC for the Np(VI)/Np(V) redox reaction. The
charge transfer coefficient (o) and the heterogeneous rate constant (ks) of Np(VI)
reduction on SWCNT-GC in 1 M H,SO4 were calculated as 0.83 and 5.25x10 cm s,
respectively. This shows that the modification of glassy carbon surface with SWCNT
catalyzed the Np(VI)/Np(V) redox reaction. Indeed, the SWCNT/GC electrode
presents an interlinked highly mesoporous three-dimensional structure with a
relatively higher electrochemically accessible surface area and easier charge transfer
at the electrode/electrolyte interface. Therefore, the quasi-reversible redox reaction of
Np(VI)/Np(V) couple on GC transformed to a more reversible redox reaction on

SWCNT-GC. The impedance data on charge transfer resistance (Ry) i.e. RctSWCNT'GC
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< R"° supported the trends of the heterogeneous rate constants calculated from the
cyclic voltammetry experiments ie. koo 0> kS5 This confirms the
electrocatalytic behavior of SWCNT-GC for the Np(VI)/Np(V) redox reaction.

Future scope

(1) Theoretical measurements to understand the electrocatalytic behaviour of carbon
nanotubes
(2) Comapring the electrocatalytic performance of graphene and carbon nanotubes for
actinides.

(3) Exploring carbon nanotubes from different origin to study actinides.
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