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Preface

Electron transfer and electrocatalytic studies on some organic and conducting

polymer nanocomposite thin films

The thesis describes the results of electron transfer and electrocatalytic studies carried out on
some thin film modified electrodes. We have used different methods for ultrathin film formation
namely, Langmuir-Blodgett (LB) techniques, self-assembled monolayers (SAMs) formation and
layer by layer film formation (LbL). The main applications of these films include the use of
coated film as modified substrates in molecular electronics, electrocatalysis, electron transfer
studies and electroanalytical studies.

In LB method dilute solution of an amphiphilic compound is spread across an air-water
water surface. The amphiphilic molecules form a single layer of molecules known as the
Langmuir monolayer on water surface. This layer can be transferred onto a solid surface by
dipping a solid substrate through the Langmuir layer into the solution. This is called the
Langmuir-Blodgett (LB) technique. The necessary condition for the formation of LB film is that
the compound should be amphiphilic in nature so that it can be spread on water surface.

SAMs are the molecular assemblies of organic films of a few nanometers thickness on
certain metal surfaces. These films are formed by the spontaneous chemisorption of organic
molecules on a substrate when it is immersed into a dilute solution containing organic molecules.

In contrast to the LB films, the bonding between the substrate and organic molecules is
much stronger in SAMs due to the chemical adsorption process.

We have studied the LbL films of oppositely charged polyelectrolytes namely
polystyrene sulfonate (PSS) and polyallylamine hydrochloride (PAH). The LbL deposition
technique has become an efficient method for producing organized films of oppositely charged
molecules due to its simplicity, versatility, low cost, and precise control of film thickness.

A major part of the thesis deals with the conducting polymers and their nanocomposites
with different materials. The conductivity of a conducting polymer depends on both its ability to
transport charge carriers along the polymer backbone and for the carriers to hop between

polymer chains. Most conducting polymers do not have good electrical conductivity in their



native state and therefore they need to be doped with suitable dopant in order to achieve high
conductivity.

For the formation of metal and conducting polymer films on conducting substrates we
have used the electrodeposition method with the help of chronopotentiometry (CE). We have
proposed a novel single step electrochemical method of synthesizing Pd-PEDOT and Pd-PANI
nanocomposite films on gold surface by the galvanostatic dissolution of a Pd wire in the chloride
containing acidic EDOT or aniline solution. A thin film of nanocomposite containing Pd
nanoparticles embedded in the polymer matrix was formed on the surface. In a similar way gold
and different conducting polymer nanocomposite films were prepared and characterized. All
these nanocomposite films were found to be highly electrocatalytic towards the oxidation of
small organic molecules. We have also studied the kinetics of the electro-oxidation by carrying
out the Tafel slope analysis and activation energy calculation. For this the experiment was
carried out at different temperatures. In the following paragraphs we will discuss in brief the

synopsis of each chapter.
Chapter 1: Introduction

This chapter conveys the importance of the studies carried out and the aims and scope of our
research investigation. The chapter is divided into two parts, the first part contains the materials
and methods used for the study, which includes the introduction to different types of ultrathin
films (LB films, SAMs and LbL films), an introduction to nanocomposites and conducting

polymers. This is followed by a discussion on electrocatalysis and fuel cells.
Chapter 2: Experimental techniques and chemicals

In the second part of the chapter we discuss all the experimental techniques used in the thesis
work, which includes electrochemical methods like cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), chronopotentiometry (CE) and chronoamperometry (CA). We
also discuss the imaging methods used in the work. These techniques are atomic force
microscopy (AFM), scanning tunneling microscopy (STM), and scanning electron microscopy
(SEM). At the end of the chapter we have discussed the spectroscopic techniques used for the
analysis, such as UV-vis spectroscopy, photoluminescence spectroscopy, FTIR spectroscopy and

X-ray photoelectron spectroscopy (XPS).



Chapter 3: Formation and electrochemical studies of nanosize films of organic

compounds on gold substrate

This chapter describes the formation and characterization of different types of nanosize films.
The chapter is divided into four parts. The first part contains a study on the combination of SAM
and LB techniques for fabricating monolayer and multilayer films of cholesterol. The composite
film was used for studying the electron transfer properties of some redox active systems. The
electron transfer and ion permeation properties were studied through the cholesterol monolayers
and multilayer films formed on an Au substrate (modified with self-assembled monolayers of
thiophenol (TP) and 2-naphthalenethiol (2NT)). For electrochemical measurements, cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were used. Molecular
films of cholesterol have also been characterized using STM, AFM and grazing angle FTIR
studies. The STM and AFM studies of the cholesterol monolayer show that it is a good, compact
and well-ordered film on 2-napthalenethiol SAM. The STM studies were used to measure the
area per molecule which is calculated to be 0.64 nm?for a cholesterol molecule, with a tilt angle
of about 28.96 from the surface normal as obtained from our STM studies.

The second part of the chapter describes the formation and electron transfer properties of
the LB film of DNA and a pyridinium derivative of hexaalkoxytriphenylene (PyTp). PyTP is one
among the discotic liquid-crystal molecules (discogens) which are of interest for their intriguing
supramolecular architectures. The PyTp and PyTp-DNA complex films (Langmuir films) were
first formed at an air-water interface and then transferred onto gold substrates by Langmuir-
Blodgett technique. The electron transfer properties of films of PyTp and its complex with DNA
(PyTp-DNA) were studied using electrochemical methods like cyclic voltammetry and
electrochemical impedance spectroscopy. The studies were carried out on these LB films in
different redox systems. AFM imaging was also carried out in order to know the topography of
the modified surface. Our studies reveal that the electron transfer reaction of the ferrocene was
allowed whereas the potassium ferrocyanide reaction was completely blocked. The bridge
mediated electron transfer reaction is the possible mechanism for this interesting behavior.

An interesting SAM system composed of cyclodextrins and thiocholesterol inclusion
complex was studied in the third part of this chapter. The SAM, which is composed of the host-

guest inclusion complex (IC) of the B-cyclodextrin and thiocholesterol on gold was formed and
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the electrochemical barrier properties of the SAM were analyzed in aqueous redox system. The
above system was then compared with another system composed of methyl B-cyclodextrin and
thiocholesterol inclusion complex. A high electron transfer blocking was observed in both the
system and the blocking sequence was found to be thiocholesterol SAM < B-cyclodextrin-
thiocholesterol SAM < methyl B-cyclodextrin-thiocholesterol SAM. Lateral force microscopy
(LFM) and force-distance spectroscopy studies show the presence of regions of hydrophobic and
hydrophilic nature.

In the fourth and the final part of the chapter the formation and characterization of LbL
films of oppositely charged polyelectrolytes namely polystyrene sulfonate (PSS) and
polyallylamine hydrochloride (PAH) were studied. The LbL deposition technique has become an
efficient method for producing organized films of oppositely charged molecules. The multilayer
films were analyzed with the help of AFM and cyclic voltammetry. AFM images of the LbL

films show increase in the roughness and electron transfer barrier properties.

Chapter 4: Formation of nanostructures from polyaniline (PANI) and
porphyrin derivative, AFM analysis, optical properties and applications in

lead Sensing

In this chapter we show that the porphyrin derivative 4,4',4"”,4""-(porphine-5,10,15,20- tetrayl)
tetrakis (benzoic acid) (PTBA) shown in Figure 1 forms uniformally distributed nanoparticles
when mixed with the conducting polymer polyaniline (PANI) in a DMF/water mixture. The

nanoparticles were characterized with the help of AFM as shown in Figure 2a.

Fig. 1 Porphyrin derivative 4,4',4",4"'-(porphine-5,10,15,20- tetrayl) tetrakis (benzoic acid)
(PTBA)
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We have also synthesized porphyrin nanofibers which are essentially the J-aggregates of
porphyrin and studied their structure with the help of AFM (Figure 2b). The optical properties
(UV-vis and PL spectra) of the nanofibers were studied and it was observed that the nanofibers
are highly emissive which stands quite in contrast to the behavior of usual dye aggregates. This
behavior is called as the aggregation induced emission (AIE). In such a system the
intramolecular motions (rotational and vibrational) serve as relaxation pathways to deactivate the
excited state in solutions. The excitonic energy can be transferred to the solvent molecules
during the collisions of the excited molecule with the surrounding solvent molecules in the form
of heat and therefore the restriction of these motions will decrease the nonradiative

recombination rate of the excited state and enhance the emission efficiency.

v'...-\ " .o'.' =

Fig. 2 Nanoparticles of PTBA-PANI and nanofibers of PTBA

In the same chapter we also present a simple technique to build an assembly of PTBA-
PANI nanostructures by LbL film formation method. These nanostructures are made of alternate
layers of PTBA and PANI. Structural analysis was carried out using AFM. Deposition with 4
and 8 layers of was carried out on SAM modified gold. We have made use of the property of
PTBA to chelate with heavy metal ions to study the lead sensing response of modified
electrodes. The modified electrode was used for lead detection and it was observed that the

electrode is capable of detecting down to 100 ppb with the help of anodic stripping voltammetry.
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Chapter 5: Electrochemical synthesis of palladium and conducting polymer
nanocomposite films for applications in electrocatalysis

In this chapter we present a method to form Pd and conducting polymer nanocomposite films,
which consists of in-situ electrochemical generation of Pd ions from a Pd wire anode at high
current densities. The electrolyte contains the monomer (3,4-ethylenedioxythiophene or aniline)
and dilute hydrochloric acid. The dissolved Pd ions immediately form chloropalladate complex
with chloride ions present in the solution. The chloropalladate, which is an oxidizing agent can
initiate the oxidative polymerization reaction of monomer and consecutively chloropalladate ions
get reduced to Pd nanoparticles. These Pd nanoparticles electrophoretically deposit on gold and
form a nanocomposite film with polymer (polyethylenedioxythiophene (PEDOT) or polyaniline
(PANI)) on the electrode. Figure 3 shows the SEM images of Pd-PEDOT and Pd-PANI
nanocomposite films.

The chapter is divided into two parts. The first part deals with the synthesis and
characterization of Pd-PEDOT nanocomposite film and then study the electrocatalytic response
of the resulting film towards ethanol oxidation in an alkaline medium and hydrogen evolution
reaction (HER) in acidic medium. The nanocomposite film modified gold surface was
characterized using scanning electron microscopy (SEM), energy dispersive X-ray analysis
(EDAX), inductively coupled plasma-mass spectroscopy (ICP-MS) and atomic force microscopy
(AFM).

Fig. 3 SEM image of (a) Pd-PEDOT and (b) Pd-PANI nanocomposite modified gold surface



The second part describes the synthesis and characterization of Pd-PANI nanofiber film
by using the same method described above. The electrocatalytic response of the nanofiber film
towards formic acid oxidation in acidic medium and alcohols (ethanol and methanol) oxidation
in alkaline medium was studied. We have characterized the surface film with SEM, EDAX, XPS,
AFM, XRD and FTIR spectroscopy.

In both the cases i.e. Pd-PEDOT nanocomposite and Pd-PANI nanofiber film, the
electrocatalytic studies were also carried out at different temperatures to obtain activation energy
values at different overpotentials. In addition, the study of reaction order and the Tafel slope

analysis has provided information on the kinetics of the electrocatalytic process.

Chapter 6: Electrochemical synthesis of nanocomposite films of gold with

different conducting polymers and their applications in electrocatalysis

In chapter 5 we further extend our method of metal conducting polymer film deposition to
produce gold and conducting polymer nanocomposite films on the conducting surfaces. We have
used four of the most commonly used conducting polymers (CPs) namely, polyaniline (PANI),
polypyrrole (PPY), polythiophene (PTP) and polyethylenedioxythiophene (PEDOT) in this
work. The method involves the in-situ polymerization of the monomer to yield the polymer
nanocomposite with gold. The polymer and gold nanocomposites (Au-CPs) were formed in-situ
during the galvanostatic deposition process in the presence of their respective monomers in HCI
with Au wire as the anode and another gold electrode as the cathode. The present method is of
particular significance because it is a single step electrochemical method which avoids the extra
steps of the preparation of CPs separately and subsequent mixing of polymer and gold. The
prepared nanocomposite film can be directly used for further studying its properties such as
electrocatalytic activity. Figure 4 shows the cyclic voltammograms for the electro-oxidation of
ethanol on different Au-CPs modified electrodes.

The surface of the film was examined with various imaging techniques such as SEM and

AFM, spectroscopic techniques such as EDAX and FTIR spectroscopy.
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Fig. 4 Cyclic voltammograms of Different Au-CPs nanocomposite modified gold surface

The nanocomposite films of Au and CPs were found to be highly porous and sustain a
high rate of electro-oxidation of ethanol in the alkaline media as observed for nanocomposite
modified electrodes. Although fuel cells based on acidic electrolytes are more popular than
alkaline electrolytes, yet there is plenty of room for alkaline electrolytes based fuel cells because
fuel cells based on acidic electrolytes function mainly with Pt based catalysts. This dependency
makes them more expensive. However the alkaline fuel cells can function with cheaper metals
such as Au, Ag and Ni too. The electrocatalytic activity of all the nanocomposite films towards
ethanol electro-oxidation was studied in the alkaline medium and their electrocatalytic response
was compared.

Electrocatalysis studies were also carried out at different temperatures to calculate the
activation energies. Reaction order and Tafel slope measurements at different temperatures yield

useful kinetic data for electrocatalysis. Based on these results, we have concluded that Au-PANI

xi



nanocomposite is the best electrocatalyst material among all the Au-CP nanocomposites studied

in this work in terms of the activation energy and electro-oxidation current.
Chapter 7: Summary and Prospect for Future Works

In this chapter we summarize the results and conclusions of the work presented in the preceding
chapters. We have also suggested the potential applications and future scope of our work.
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Chapter 1

Introduction

The work described in this thesis deals with the study of thin films formed by four different
techniques namely; Langmuir-Blodgett method, self-assembled monolayer formation, layer-by-
layer assembly and electrochemical formation of metal-conducting polymer nanocomposite
films. The main focus of the study is on the nature of these films with special emphasis on the
electron transfer and electrocatalytic properties.

The thesis consists of three major parts; the first part deals with the synthesis and
characterization of ultrathin films prepared by using different methods namely, Langmuir-
Blodgett (LB) method, self-assembled monolayer (SAM) and layer-by-layer assembly (LbL).
The LB approach of film formation relies on the physical adsorption, which is weaker in terms of
adhesion to the substrate but possesses the advantage of the possibility of multilayers formation.
In this work we have analyzed the LB films of cholesterol on two different SAM systems.

The SAM formation, on the other hand is a typical example of chemisorption which is
essentially a strong adsorption but limited to the single layer of the molecules. In the present
work we have studied a composite film system composed of cyclodextrin and thiocholesterol
that shows a high electron transfer blocking property towards the redox couples in aqueous
medium. The film exhibits regions of hydrophilic and hydrophobic properties on the modified
surface, which was imaged using lateral force microscopy (LFM).

The LbL film formation is quite different from both the above mentioned methods. In this
case the adhesion of material to the substrate is relatively stronger than the LB method. It is
possible to form multilayer films using LbL method, where the stability of the layers is
essentially due to the electrostatic interactions. Therefore the LbL method possesses the virtues
of both LB and SAM methods. In this work we describe the LbL film formed by two oppositely
charged polyelectrolytes namely; polystyrenesulfonate (PSS) and polyallylamine hydrochloride
(PAH).

The second part of the thesis deals with the synthesis of conducting polymer polyaniline
(PANI) by using electrochemical technique and the formation of nanocomposites from PANI and

a porphyrin derivative. These nanocomposites are essentially the J-aggregates of porphyrin and
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they form diverse nanostructures ranging from disc like nanostructures to nanofibers. We have
shown that these nanostructures find useful applications in sensors and exhibit interesting linear
and nonlinear optical properties.

The third part of the thesis deals with the synthesis, characterization and the study of the
electrocatalytic property of conducting polymer and metal nanocomposites. We have proposed a
new and simple one step electrochemical method for the synthesis of metal and conducting
polymer nanocomposite films. We have studied four conducting polymers namely; polyaniline
(PANI), polypyrrole (PPY), polythiophene (PTP) and polyethylenedioxythiophene (PEDOT).
Noble metals gold and palladium were used to form nanocomposites with these conducting
polymers. The nanocomposite films were characterized systematically by using various
electrochemical, spectroscopic and microscopic techniques, which include cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), FTIR spectroscopy, atomic force
microscopy (AFM), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy
(XPS) and energy dispersive X-ray analysis (EDAX) among many others.

These nanocomposite films find useful applications as an electrocatalyst material for the
electro-oxidation of small organic molecules such as methanol, ethanol and formic acid. This
makes the present study useful for direct fuel cells (DFCs).

The present chapter provides a concise description of the methods and materials used in

the thesis work.
1.1 Ultrathin films

The LB films, SAMs and LbL films are three major types of the ultrathin films of organic
compounds which can be formed on variety of substrates. In the following section we will
discuss all the above three films in some detail. Nanoscale films produced with the above
techniques have opened up interesting possibilities in organic electronics, electrocatalysis,
bioelectrochemistry and electroanalysis. In addition to the fabrication of nanomaterials and uses
in the molecular electronics, fundamental processes such as charge transfer mechanisms
involving biomolecules can be investigated at the molecular level. In our work we have focused
mainly on how a thin film modified surface affect the electron transfer process in some of the

common redox systems and also how this behavior varies in different types of films.
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1.1.1 Langmuir-Blodgett (LB) film

A single layer of amphiphilic molecules spread at air-water interface is termed as the Langmuir
monolayer. The necessary condition for the formation of Langmuir film is that the compound
should be amphiphilic in nature so that it can be spread on water surface [1,2]. An amphiphilic
compound or amphiphile is the one which has both hydrophilic and hydrophobic groups. Figure
1.1 shows a typical amphiphilic molecule and its Langmuir film at air-water interface. The
Langmuir monolayer can be transferred onto a solid surface by LB technique. In Figure 1.1 the
polar part may refer to any functional group which has affinity towards water, which is also
called the hydrophilic part. Some such groups are -COOH, -OH, -CONH, etc. Nonpolar parts
typically contain a hydrophobic group like a hydrocarbon chain. These molecules form a single
molecule thick assembly on the water surface. The overall effect of a Langmuir film on water
surface is the reduction in the surface energy or the surface tension of water.
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Fig. 1.1 Schematic representation of the amphiphilic molecule and Langmuir monolayer at air-
water interface

The LB film can be formed on a solid surface when a solid substrate is dipped upwards
and downwards through the Langmuir monolayer at air-water interface. The polar parts of the
molecules adsorb on the substrate during the upward motion and hydrophobic parts of the
molecules adsorb on the substrate during the downward motion. The process is shown in Figure
1.2. Depending on the nature of the substrate i.e. hydrophilic or hydrophobic, different kinds of
LB films are possible, which are named as X-type, Y-type and Z-Type as shown in Figure 1.2.
The first layer of the molecules can only be deposited on hydrophilic substrates during up stroke
whereas on hydrophobic substrates the initial layer can be deposited during the down stroke.

However the monolayer formation can take place during both up and down stroke (Y-type

4
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deposition). Deposition can also occur during only down stroke (X-type deposition) or only up
stroke (Z-type deposition). During the LB film formation the surface area of the Langmuir
monolayer decreases due to the continuous removal of the molecules from the surface onto the
solid substrate. A parameter called the transfer ratio (1) is defined as the ratio of the decrease in
the Langmuir monolayer area to the total surface area of the substrate to be coated. A unit value
of the transfer ratio reflects the ideal LB deposition.
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Fig. 1.2 Schematic representation of the LB deposition process during the upward and

downward motions and different types of LB deposition on different substrates
1.1.2 Self-assembled monolayers (SAMs)

Self-assembled monolayers (SAMs) are the molecular assemblies of organic films of a few
nanometers thickness. These films are formed by the spontaneous chemisorption of organic
molecules on a substrate when it is immersed into a dilute solution containing organic molecules.
In contrast to the LB films the bonding between the substrate and organic molecules is much
stronger in SAMs due to the chemical adsorption process.

The self-assembly phenomenon is known for the past many years, yet the significant
progress in the field has emerged only in recent times. A variety of studies can be carried out
with the help of SAMs such as studying electron transfer reactions, single molecule electron

tunneling, sensors and molecular electronics etc. There are many examples of SAM formation
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with different organic molecules and substrate combinations. Alkanethiols and dithiols on gold
[3,4], silver [5] and copper [6], dialkyl sulphides and disulphides on gold [7], alcohols and
amines on platinum [8] and carboxylic acids on aluminum oxides [9] and silver [10] are the main
examples of SAM. The process of self-assembly is mainly divided into three steps as shown in
Figure 1.3, the first step is the chemisorption of the head group onto the substrate, which is an
exothermic process.
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Fig. 1.3 Schematic representation of the self-assembled monolayer formation process on gold

substrates

The very strong molecule-substrate interactions result in the pinning of the head group to
a specific site on the surface through a chemical bond. The bonding can be covalent but slightly
polar for alkanethiol monolayers on gold or ionic bond for carboxylic acids on AgO/Ag. The
energy associated with the adsorption of carboxylic acid on Ag/AgO is of the order of tens of
kcal/mol [11,12] and in the case of thiolate on gold it is 40-50 kcal/mol. As a result of the
exothermic process during the first step, organic molecules try to occupy every available bonding
site on the surface and in this process they compete with the molecules that have been already
adsorbed. The second step is the inter chain van der Waals interactions among the alkyl groups.
The energy associated with this process is only a few kcal/mol. The third and final step is the
reorientation of the terminal groups. In the case of simple alkanethiol, methyl group is the

terminal group. The thermal disorder at room temperature of the surface groups is evident from
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the helium diffraction [13] and FTIR studies on monolayers [14]. The energy associated with this
process is of the order of a few k,T.

Both the alkanethiols and disulphides adsorb onto gold substrate to form the same
thiolate (RS") species. The reaction of dialkyl disulphides with gold is an oxidative addition
reaction as shown below.

RS—SR+ Aud > 2R—S™ — Aut + Aud_,

In the case of alkanethiol, the reaction may be considered as an oxidative addition of the
thiol (S-H) bond to the gold surface, followed by a reductive elimination of hydrogen. When a
clean gold surface is used for the monolayer preparation, the protons may probably end as H,

molecule. The chemical reaction occurs in this case can be expressed as below:
0 - + 0 1
R-S-H + Au, > R-S"-Au™ + Au,_, + EHZ

The combination of hydrogen atoms at the gold surface to form H, molecule is an
important exothermic step in the process of self-assembly. During the chemisorption process, the
thiolate species has been formed, as can be seen from the equation represented above, which is
verified by XPS [4,15,16], FTIR spectroscopy [17], FT-mass spectrometry [18], electrochemistry
[19] and Raman spectroscopy [20].

1.1.3 Layer-by-layer (LbL) assembly

Figure 1.4 shows the schematic diagram of the typical LbL assembly process with two
oppositely charged polyelectrolytes namely; polystyrenesulfonate (PSS) and polyallylamine
hydrochloride (PAH). In the beginning of the LbL film formation, we need a charged substrate
which, in the case of metals can be achieved by forming a charged SAM on metals such as a
SAM of 4-mercaptopropane sulfonate (negative charge) or cysteamine (positive charge). The
simplest mechanism of LbL adsorption can be described as a sequential adsorption of oppositely
charged species by dipping the substrate into the respective solutions alternatively. Recent results
show that the film formation takes place due to the charge overcompensation and this can only
take place till a threshold value of surface charge density beyond which film formation will no
longer take place [21-24].

Over the past few years the LbL deposition technique has become an efficient method for

producing organized films of oppositely charged molecules. There are several advantages
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associated with the LbL method such as simplicity, versatility, low cost, and precise control of
film thickness. In addition LbL film formation has the advantage of multilayer film formation
with variety of materials. The nanostructured films prepared by the use of LbL method have
tremendous advantages especially to fabricate new devices whose properties can be tuned by
carefully choosing the desired polyelectrolytes. These films find several applications in the field

of electrochromism, bioelectrocatalysis, electroanalysis and electrocatalysis.
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Fig. 1.4 Schematic representation of the layer-by-layer film formation process on solid
substrates
The alternate dipping of such charged surface into a solution of oppositely charged
polyelectrolyte yield a film of that polyelectrolyte on the surface which after cleaning in
Millipore water can be immersed into the solution of another polyelectrolyte to form a bilayer of
polyelectrolyte. This process can be repeated many times to obtain required thickness of the film

until a threshold value of surface charge density comes into the picture.
1.1.4 Electron transfer barrier properties of a thin film modified electrode

In the literature there has been a detailed and comprehensive study on the structure and
properties of aliphatic thiols on gold surface [3,4,19]. The ultimate aim in the area of SAM is to
obtain a completely blocking and almost defect free structure of the monolayer.
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Main effect of the blocking SAMs is the suppression of simple redox reactions across
metal-solution interface by acting as a dielectric spacer. This phenomenon is due to the blocking
of redox ions due to the presence of a close packed domain of hydrocarbon chains. Several
factors such as the heterogeneous rate constant for the electron transfer reaction, the size and
charge of the redox species, mechanism of electron transfer (inner-sphere or outer-sphere) affect
the apparent blocking properties of the SAMs. These factors complicate the interpretation of
suppressed faradaic current in terms of pinholes, defects and electron tunneling across the
monolayer. The electron transfer blocking properties of a thin film modified electrode can easily
be studied with the help of cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). The current due to faradaic reactions at pinholes is limited by mass transfer
at relatively low overpotentials compared to Kkinetically controlled currents due to tunneling.
Hence the factors that affect the mass transfer should affect the observed currents if they are
dominated by pinhole currents. This point of mass transfer controlled or kinetically controlled
process for the electron transfer reactions can be resolved by using electrochemical impedance

spectroscopic studies.
1.1.5 Applications of ultrathin films

Ultrathin film modified substrates find a variety of applications in several fields such as in
corrosion protection, molecular electronics, memory storage, supercapacitors, sensors,
photolithography, wetting behavior and surface patterning for various uses. Apart from this the
thin film modified electrodes also act as an electron transfer barrier for several redox species
between the metal surface and the solution. These films act as an insulating layer between the
metal and the electrolyte and obstruct the further reaction, which can find potential applications
in corrosion inhibition. Ultrathin films have also been used for the studies of single molecular
electronic properties using either scanning tunneling microscopy or scanning tunneling
spectroscopy. With the help of these two methods, a single molecule can be addressed on the
surface and the electronic properties of the molecule can be studied. Using the SAM of dithiols,
two metal surfaces can be interconnected resulting in a molecular wire between two electrodes. It
has been shown that the wetting properties of the surface can be tuned by using molecules that

have different terminal functional groups. For example, carboxyl terminal group provides a
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hydrophilic film surface while methyl group in the terminal position results in highly
hydrophobic surface.

These films also influence the orientation of the water molecules at the film/water
interface and it has been shown that the long chain alkanethiol SAMs form a hydrophobic gap at
the interface [25,26]. This hydrophobic gap reduces the interfacial capacitance in alkanethiol
SAMs to a large extent, while for SAMs with polar functional groups the capacitance decreases
only to a small extent. Ultrathin films have been widely used for the synthesis of monolayer
protected nanoparticles especially gold nanoparticles [27]. The functionalization of the
nanoparticles yields a highly stable coating on them which prevents the agglomeration of
nanoparticles and such nanoparticles have good solution processability for further studies.

One of the main advantages of the SAMs is the possibility for further functionalization of
the surface through terminal functional groups like carboxyl, amino or other derivative groups at
the terminal positions. Such groups can be easily attached with different organic molecules,
redox probes, enzymes, proteins or other biomaterials [28-30]. Such biofunctionalized
monolayers have been widely used for the sensor applications [31-33]. One of the recent
advancement in the ultrathin film study is the lithography, where different patterns can be
formed on the metal surface using the different organic molecules [34,35]. In this thesis, we have
focused our studies on the electron transfer barrier properties of different types of ultrathin films.
We have used electrochemical, FTIR and scanning probe techniques for the characterization of

these monolayers.
1.2 Nanocomposites

Nanocomposites, by plain definition are the materials having more than one phase and at least
one of the phases should have one dimension less than 100 nanometers [36]. Of late the
definition of nanocomposite materials has become wider notably to include a large range of
systems for example one, two and three-dimensional materials, made of distinctly dissimilar
components and mixed at the nanometer scale. In the broad sense this definition includes
mesoporous materials, colloids, copolymers, organic-inorganic hybrid materials and multiphase
nanostructures etc. The physical and chemical properties for example the electronic, mechanical,
thermal, optical, electrochemical, catalytic properties of the nanocomposite are strikingly
different from that of the component materials.

10
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From ancient prehistoric times the human kind has been associated with nanostructures or
nanocomposites either in the natural form like bones or the fascinating artificial ones like the
Maya Blue. Ancient Romans had used colloidal gold (gold nanoparticles) to color glass with
shades of violet or red. A fascinating class of hybrid materials can now be prepared by the
mixing of different organic and inorganic materials. For last few years a rapid growth is noticed
in the understanding and controlling of the chemistry of these nanocomposite materials to design
and shape them for various applications.

In the present thesis, we have studied the electrochemical synthesis of organic-inorganic
hybrid nanocomposite of conducting polymers and noble metals as a porous film on conducting

substrates and their intriguing catalytic activity.
1.2.1 Conjugated (conducting) polymers

The plastics which we use daily are essentially the polymers, which are large molecules with a
repeating structural unit. In fact the electrical wires are coated with plastics (polymers) as
insulating material to protect them from short-circuits. The polymers are known to be insulators.
A.J. Heeger, A.G. MacDiarmid and H. Shirakawa have discovered a new class of polymers
which are electrically conducting almost like a metal. They were awarded the Noble prize in
chemistry in the year 2000 for their discovery.

Polyacetylene was the first polymer in which the electrical conductivity was first
detected. This polymer was already known as a black powder since 1974. Polyacetylene was
prepared by Shirakawa and co-workers from acetylene, using a Ziegler-Natta catalyst. Despite its
metallic appearance it was not known to be a conductor until 1977 when Shirakawa,
MacDiarmid and Heeger discovered that the polyacetylene can be made 10° times more
conductive by oxidation with chlorine, bromine or iodine vapors. The oxidation by halogens is
called the doping of the polymer.

The doped form of the polyacetylene has the conductivity about 10*to 10° S m™, which
can be compared with the conductivity of metals (108 S m™). Figure 1.5 shows the conductivity
chart of different materials, the conducting polymers are somewhere in between semiconducting
to conducting zone. The conductivity in conducting polymers arises due to the presence of highly
conjugated structure (the presence of alternate double bonds). It is known that conjugated double

11
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bonds show entirely different behavior than isolated double bonds. These conjugated double

bonds act in a group, as if they know that the next-nearest bond is also double.

< Conjugated Polymers >
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Fig. 1.5 Conductivity chart showing different materials including the conducting polymers

Huckel’s theory for aromaticity predicts that « electrons are delocalized over the entire
length of the molecule, which makes the band gap very small especially for a long chain i.e. in
the case of a polymer. The conductivity of a conducting polymer depends on both its ability to
transport charge carriers along the polymer backbone and for the carriers to hop between
polymer chains. Most of the conducting polymers do not have good electrical conductivity in
their native state and therefore they need to be doped with suitable dopant in order to achieve
high conductivity [37].

The high sensitivity of polyacetylene to air and insolubility in many of the solvents
impose a barrier on the use and processability of polyacetylene. This has led researchers to look
for another class of conjugated polymers. Polyaniline (PANI), polypyrrole (PPY), polythiophene
(PTP) and polyethylenedioxythiophene (PEDOT) are the four most commonly used conducting
polymers. These polymers can be prepared either by a chemical method or an electrochemical
method. A chemical synthesis approach involves the addition of an oxidant such as ammonium
peroxydisulfate (APS) into the solution of the monomer (aniline in case of polyaniline). The
oxidizing agent initiates the polymerization reaction to yield the polymer. On the other hand in
the case of electrochemical method, mineral acids such as sulfuric acid, hydrochloric acid and
other strong acids are commonly used for the synthesis of conducting polymers. Table 1.1 shows

some of the important conducting polymers and their conductivities.
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Polymer Conductivity (Sm™)
Polyacetylene 10° to 10°
Polyphenylene 1000
Poly(p-phenylene sulfide) 100
Poly(p-phenylene vinylene) 1000
Polypyrroles 100
Polythiophenes 100
Polyaniline 10

Table 1.1 Some of the important conducting polymers and their conductivities
1.2.2 Applications of conjugated polymers

A large volume of research is being carried out worldwide on structural modifications and
functionalization for making conducting polymers potentially attractive materials for device
applications. Since, conducting polymers with proper functionality respond to gaseous vapors at
room temperature itself and can be deposited on a wide variety of substrates ranging from
metallic to polymeric, they can find applications that prove to be difficult for conventional gas
sensors which often require high-temperature operation. For this purpose one can take advantage
of the conductivity of these polymers which includes the fascinating ability of these polymers to
undergo a transition from insulating to conducting form.

The conducting polymers are easy to be prepared in nanostructured form such as
nanorods, nanofibers etc. An improvement in the sensing ability was observed in the case of
nanofibers of PANI than the conventional PANI [38]. Most of the polymers are insulators, a
small addition of conducting polymer increases the conductivity and eliminates electrostatic
charge. Conducting polymers can also be used as antistatic devices, using them as electricity
dissipative additives. In contrast to carbon and inorganic metals, conducting polymers can
preserve transparency and homogeneity when mixed with other polymers. The antistatic
properties of conducting polymers prevent possible explosions during the movement of
combustible fuels through polymeric transport lines. The static dissipation also eliminates data
loss or device malfunction caused by sparks in electronic equipment. Conducting polymers also

find important applications in modern optical devices such as organic light emitting diodes
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(OLEDS) [37]. There are many advantages of conducting polymers based OLEDs i.e. wide angle
of visibility, reduced power consumption, high image quality, low operational temperatures and
smaller size. Conducting polymer electrodes can also be used for electromechanical actuators
that allow the transformation of the electrical signal into the mechanical movement [37]. The
idea of artificial muscles can be realized using PANI, PPY and other conducting polymers.
Electromechanical actuators have numerous applications, for example, a device may control
small orifice in a drug delivery reservoir implanted in human body. Conducting polymers can
also be applied for electromagnetic shielding in the microwave frequency range. This application

requires highly conducting conjugated polymers [37].
1.2.3 Metal and conducting polymer nanocomposites

PANI is a conducting polymer with multiple, switchable inherent oxidation states (Figure 1.6).
There are several reports in the literature about conducting polymers based inorganic—organic
nanocomposites because the inclusion of inorganic materials into the polymer matrix can
introduce entirely new properties to the polymer. This can lead to new functional materials with
the advantages of both the inorganic and the organic components. For example, metal-PANI
[37,39-42] and inorganic-PANI [37,43-46] nanocomposites have been found to be useful for
sensors, catalysts, photovoltaic devices, and magnetic materials.

Different metal particles e.g., Au [47,48], Ag [49,50], Pt [41,50] and Pd [49,50] can be
directly deposited on the polymer by direct chemical or electrochemical redox reactions between

polymer and metal cations.
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Fig. 1.6 Different oxidation states of polyaniline
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Fig. 1.7 Two different structures for a metal and conducting polymers nanocomposites

As shown in Figure 1.7, two types of structures are most commonly proposed in the
literature for metal-conducting polymer nanocomposites [37], the first one is the dot-ON-wire
structure and second one is the dot-IN-wire structure. In the former structure the metal
nanoparticles are adsorbed (physical or chemical) or attached by a chemical bond on the surface
of the polymer while in the latter the metal particles are impinged into the matrix of the polymer.

In this work we have synthesized metal-conducting polymer nanocomposites by using a
novel electrochemical method. Palladium and gold were the metals used in this study. The
nanocomposites were formed as a thin film on conducting substrates. We have studied the
electrocatalytic activity of these nanocomposite films for electro-oxidation of small organic
molecules such as ethanol, methanol and formic acid and also for hydrogen evolution reaction
(HER). Such a study is useful in the development of fuel cell technology to meet the next

generation energy demands.
1.3 Electrocatalysis for fuel cells

Electrocatalysis plays an important role in the context of energy conversion and storage. The

electrocatalysis of fuel-cell reactions is a prominent area of research for both academics and in
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industries. A simple definition of electrocatalysis, could be that “It expresses the enhancement of
electrochemical reaction rates by surface modifications of various kinds at the electrochemical
active surface”. An electrocatalyst is basically a catalyst, which participates in an
electrochemical reaction and modifies or increases the rate of chemical reactions without being
consumed in the process. In other words electrocatalyst in the context of the electrode process
reduces the overpotential for the electrochemical reaction, bringing it closer to the
thermodynamic equilibrium potential.

For any electrochemical reactions, the voltage applied across an electrolytic cell (AV) can

be written as the following:
AV = AE + n+ AQ,

where AE is the thermodynamic cell voltage depending on the electrode characteristics. 1 is the
total overpotential which represents the additional energy required to carry out the reaction at
practical rate and AQ is the ohmic drop in the cell circuit. An electrocatalyst works in a way to
bring down the overpotential (1) required for the reaction. An increase in the rate of the reaction
brought about by just enhancing the surface area is not the true electrocatalytic effect unless
there is a modification of the nature of the surface active sites.

There are two basic parameters which determine the rate of an electrochemical reaction,
for a given electrocatalyst. These parameters are linked with the geometric and electronic
structure of the electrocatalyst. The geometrical effects determine how the geometrical structure
of the catalyst material is responsible in bringing out the catalytic activity of the material. For
example, the atoms on the primary surfaces of palladium metal <100>, <110>, and <111> are
different, which causes an entirely different kind of interaction with reactant molecules at each
plane [51].

As shown in Figure 1.8 (Source: Osada et al. reference 51) there is huge variation in the
electrocatalytic activity on different planes of Pd for formic acid electro-oxidation. This can be
understood because the bonding energy of reactant will be different in a molecule and on the
metal surface atoms depending on the exposed metal surface geometry. In addition, if a metal is
used in conjunction with another metal there will be a change in the surface structure and the

catalytic activity will be affected.
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Fig. 1.8 CV for the electro-oxidation of formic acid on low index planes of Pd in HCIO,4 (Source:
Osada et al.[51])

Another noteworthy parameter that plays a crucial role in electrocatalysis is the electronic
structure of the catalyst material. The electronic structure is described by the electronic orbitals
of the catalyst atoms, especially the outer or valence electrons, which influence the catalytic
properties most on the interaction with neighboring atoms. A majority of the electrocatalytic
materials utilized for fuel cells are metals or more specifically the noble metals. These catalysts
include platinum, iridium, ruthenium, palladium, gold and silver. Few of the non-noble elements
have also demonstrated catalytic activity, often in combination with the noble elements, and they
include nickel, iron, cobalt, chromium, vanadium, molybdenum, tin, tungsten and others. The
most common electrocatalytic material is platinum metal because of its ability to function close
to the thermodynamic potential.

There is huge interest in identifying the new catalytic materials which are cheaper and
relatively more abundant. Volcano plots have been studied in the literature in order to understand
the properties of any catalytic material. These are plots which show the maximum in the activity
of a series of catalytic materials for a given value of the any property for example the heat of
adsorption of the intermediate on the electrode surface with a linear decrease in either side of the
plots. Figure 1.9 shows a typical volcano plot of electrocatalysis of hydrogen reaction. The
property studied here is the enthalpy of hydrogen adsorption. From the figure we can see that Pt
group metals have intermediate value of enthalpy of hydrogen adsorption and a high activity.

This suggests that an intermediate value of enthalpy of hydrogen adsorption is required for
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achieving high catalytic activity [52-54]. On Pt group metals, the chemisorption of hydrogen on

the metal surface can easily remove the adsorbed oxygen with the formation of water.
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Fig. 1.9 Volcano plot for the hydrogen evolution reaction (HER) for various pure metals

(Source: Conway et al.[53])

Nanomaterials offer unique properties either used as electrodes or electrolytes in fuel cell
devices. In the case of nanomaterials, which have very high surface area with small particle size
the electronic structure of the surface atoms changes drastically and the catalytic properties
improve. Nanomaterials of Pd, Au in combinations with other low cost materials have the
potential to emerge as a substitute for Pt.

Fuel cell is basically an electrochemical device that converts chemical energy to electrical
energy. In principle fuel cells operate in a way different from a battery in the sense that it does
not run down or require recharging after use. However it produces electrical energy as long as
the fuel is supplied. In a fuel cell, the fuel constantly flows into the cell so the cell never seizes,
as long as the flow of fuel is maintained into the cell the electricity flows. A typical fuel cell
consists of an electrolyte medium sandwiched between two electrodes. The first electrode or the
anode is the place where electrochemical oxidation of fuel occurs while at other electrode or the
cathode electrochemical reduction of oxidant takes place. lonic species generated after the
oxidation of the fuel are transported from anode to cathode through the ionically conducting but
electronically insulating electrolyte membrane. This membrane also acts as a barrier between the

fuel and oxidant. Electrons generated at the anode during oxidation have to pass through the
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external circuit on their way to the cathode, where the reduction reaction occurs. This movement
of electrons essentially creates the current. Since the fuel and oxidant do not mix at any point and
no combustion takes place, the fuel cells are not limited by the Carnot efficiency and
theoretically can yield 100% efficiency. However there are certain other issues which determine
the efficiency of a fuel cell. Fuel cells are primarily classified according to the electrolyte
material used. The choice of electrolyte material also governs the operating temperature of the
fuel cell.

The most common type of a fuel cell is hydrogen-oxygen fuel cell. The chemical reaction
in hydrogen oxygen fuel cell involves the following half-cell reaction schemes with the

production of water.

Anode: H, —  2H"+2¢ Eo=0V
Cathode: 1/20,+2H " +2¢ —5  H,0 Eo=1.23V
Overall reaction: H, + 1/20, —> H,O E=123V

Even though the efficiency of a fuel cell is not limited by the Carnot efficiency, the
operating efficiencies of the fuel cells are always lower than the theoretical values due to the
overpotentials caused by activation, ohmic, and mass transport phenomena. All the available

energy from the above reaction can be converted to electrical energy in an ideal process.
1.3.1 Electrocatalysis of small organic molecules

Due to the problems related to the processability, transmission and storage small chain alcohols
such as methanol and ethanol, which are liquid at normal temperatures. have been used as the
alternatives to hydrogen in fuel cells. The fuel cell devices that use these alcohols as fuel are
called direct alcohols fuel cells (DAFCs). Direct methanol fuel cell (DMFCs) is the most
common among the DAFCs. Methanol remains in liquid form from -97.0°C to 64.7°C at
atmospheric pressure, which is good enough to be used under all conditions. With higher energy
density than hydrogen, methanol has become the most attractive fuel for fuel cell technology.

The half cell reactions in DMFC are following:

Anode: CHOH+H,0 ——» G6H"+6e +CO,
Cathode: 3/)20,+6H" + 66— 3 H,0
Overall reaction: CH;OH+3/20, —» 2H,0+CO,
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A great amount of work can be found on metal based catalytic materials for
electrocatalysis [55-77]. For example the combination of different metal catalyst for methanol
electrocatalysis have been studied [55-59]. Methanol oxidation reaction always yields carbon
monoxide (CO), which strongly adsorbs on the platinum catalyst and reduces the catalytic
surface area, which eventually deteriorates the performance of the cell. The addition of another
metal for example ruthenium or gold is always useful in order to achieve CO tolerant catalytic
material. According to the well known theory these metals produce hydroxyl ions which get
adsorb on the catalyst and react with CO to form CO, [55-57]. Shukla et al. have studied the
effect of tungsten on the electrocatalytic activity of Pt towards methanol electro-oxidation [58].
Interestingly in a recent report it was observed that Pt in combination with Ti and W is an
excellent CO tolerant material [59].

Ross et al. have studied the effect of alloy on the electro-oxidation of methanol [60-62] in
particular tin modified Pt electrode [61]. The effect of temperature on the activity of the Pt-Ru
alloy was also studied [62]. Different aspects of the electrocatalysis were also studied by many
researchers especially the poisoning of the electrode [63,64] and the synergistic effect in the
electrocatalysis of methanol on Pt-Pd electrode [65].

In addition there are reports on the use of conjugated polymers and metal combinations
for methanol electro-oxidation [66-71]. One of the early reports on the use of conjugated
polymers appeared in a classic work by Kost et al. [69] wherein the Pt microparticles were
dispersed in conducting polyaniline matrix and the modified electrode was found to be a good
catalyst for hydrogen reduction and methanol electro-oxidation.

A majority of the electrocatalysis work is carried out with Pt as an electrocatalyst.
However the high price of Pt has forced researchers to work on the alternate catalytic materials.
In the present thesis we have studied the synthesis and applications of two different metals (Au
and Pd) and conducting polymers combinations as the electrocatalyst materials for possible

applications in fuel cell.
1.3.2 Alkaline fuel cells (AFCs)

Alkaline fuel cells (AFCs) are fuel cells which use alkaline electrolytes separating the anode and
cathode. Although fuel cells based on acidic electrolytes using Nafion, a perfluorinated polymer

containing sulfonic acid side groups as a proton exchange membrane have received lot of
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attention in the literature. However, alkaline electrolytes based fuel cells nevertheless have
plenty of scope since fuel cells based on acidic electrolytes function mainly with Pt based
catalysts and this dependency makes them more expensive [80-88]. However the AFCs can
function with relatively less expensive metals such as Au, Ag and Ni too. In a report by Vercoe
et al. it was observed that higher energy density fuel such as ethanol yields better results in AFCs
than methanol [83,84]. There are many advantages associated with the AFCs which make them
cost effective to manufacture than acidic electrolytes based fuel cells [81-84]. In AFCs a liquid
alkaline electrolytes such as metal hydroxides e.g., potassium hydroxide is used, which reacts
with CO, to form metal bicarbonates or carbonate salts. A sufficient amount of these salts can
precipitate and irreversibly block the cathode thus acting as a poison and decreasing its
electrolyte conductivity, which eventually results in a decline in the electrocatalytic performance.
To avoid such problems, polymers with attached organic cations have been used as alkaline
anion exchange membranes (AAEMSs) because their cations can not aggregate with anions to
form a crystal lattice [83,84]. This approach therefore is extremely useful for operation under
alkaline conditions in the presence of CO,.

Figure 1.10 shows the schematic of an alkaline fuel cell where the charge carriers are
hydroxyl ions which migrate from cathode to anode where the reaction with hydrogen produces
water and electrons.

The reactions at both the electrodes can be written as following:

Anode: 2H, +4 0OH — 4H,0+4¢ E;=0.828 V
Cathode: 0, +2H,0+4e—» 4 OH Ey=0.401V
Overall reaction: 2H,+ 0O, — 2 H,O E =1229V

In the case of methanol as a fuel the reaction can be written as following:
2CH;OH+30,+40H —  2COs% +6 H,0

It is clear from the reaction above that not only oxygen and methanol are consumed in the
reaction but two hydroxyl ions are used per methanol molecule. This requires a procedure of
electrolyte replenishment, which can be achieved by adding electrolyte with the consumption of
the methanol [67].

21



[ntroduction

Electrons *

-

Hydrogen | Oxygen
e <
e
e
Water
Q
D S
2 o« Electrolyte
Anode Cathode

Fig. 1.10 A schematic of an alkaline fuel cell.
1.4 Aims and scope of the present thesis

The first part of the thesis deals with the electron transfer properties of ultrathin films formed by
self-assembled monolayer, Langmuir-Blodgett films and layer-by-layer films. The thesis
contains the study of the electron transfer properties of different composite films such as the LB
film with a SAM or an LbL film in conjunction with SAM. We believe that the studies carried
out during the course of this research investigation lead to a better understanding of the processes
occurring during the electron transfer in different types of ultrathin films. The phenomenon of
electron transport through composite thin films is very important not only from the commercial
point of view but also in fundamental studies of electrochemical reactions especially in
biological systems.

In the second part of the thesis we have explored electrocatalytic applications of the
nanocomposite thin films of noble metals with conducting polymers. Different combinations of
metals (gold and palladium) were studied with different conducting polymers. In the thesis work
we have shown that the conducting polymers are a suitable matrix for the dispersion of the
electrocatalyst material. The nanocomposites of metals and conducting polymers are shown as an

efficient electrocatalyst material for oxidation of small organic molecules. The potential
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application of the small organic molecules ranging from methanol and ethanol to formic acid as
fuel in direct fuel cells have been explored and discussed in the thesis. We have focused more on
the electrocatalysis in alkaline medium for potential applications in alkaline fuel cells. The
alkaline fuel cells are relatively less explored by researchers but they have enormous applications
as they can be used with relatively less expensive metal catalysis, which makes them cheaper to

manufacture.
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Chapter 2

Experimental Methods

This chapter deals with the description, instrumentation and basic principles of several experimental technigues that have
been used during the thesis wark. This chapter also gives the details of all the chemicals used in the thesis work. The
experimental technigues are broadly classified into three types as electrochemical imaging and Spectrascopic techmiques.
Among the electrochemical technigues, we have extensively used DL technigues ke cyclic voltammetry (L)
chronoamperometry (L4) and chrongpotentiometry (UF) and ac technigue ke electrochemical impedance spectroscopy
(EIS). For the topographical infarmation of the surfaces, scanming tunneling microscopy (STH) and atomic force microscopy
(AFM) were used. Scanning electron micrascopy (SEM) was also used for imaging the nanocomposite films. brazing angle
Fourier transform infrared spectroscopy, [V-visible spectroscapy, photoluminescence  spectroscopy and X-ray

photoelectron spectroscopy (XPS) were used to characterize some of the materials and thin film coatings.
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2.1 Introduction

This chapter describes the experimental techniques used in this work. While mentioning the
specific instruments used and the configuration employed for different studies, the chapter also
deals with the principles as well as the salient features of the techniques and their potential utility

in the studies of this nature.
2.2 Electrochemical cell and electrodes

A conventional three-electrode electrochemical cell was used for performing the electrochemical
experiments. The cell is made up of glass with a Teflon lid machined to fit with the B-55 size
neck. The lid was made to accommodate the working, counter and reference electrodes. In
addition it also has the provision of inlet and outlet to allow the flow of inert gas to deaerate the
cell containing the electrolytic solution. All the electrodes were fitted with a ground joint of size
B-14 to use in the cell arrangement. The counter electrode is a platinum foil of large surface area,
which was sealed to a glass tube. The reference electrode is a saturated calomel electrode (SCE),
which was kept very close to the working electrode to minimize the ohmic drop. The working
electrode was held by an electrode holder, which is a long gold plated brass rod with a slot at one
end where the working electrode was held using screws. This sample holder was fixed to a
Teflon B-14 cone that was fixed to the socket of the central ground joint.

In our study, either the evaporated gold sample with predominantly Au (111) orientation
or a polycrystalline gold (disc) electrode was used as a working electrode. A platinum foil of
large surface area was used as a counter electrode. A saturated calomel electrode (SCE) was used
as a reference electrode in the aqueous medium whereas a silver rod was used as a quasi-
reference electrode in the experiments involving non-aqueous solvents. This electrode has a
stable potential and is also free from any liquid junction potential.

All the working electrodes used for the experimental studies were designed and
fabricated in our laboratory. The gold disk electrode was fabricated by sealing of a 99.99% pure
gold wire (obtained from Arora Mathey, Kolkata, India) of 0.5 mm diameter with the soda lime
glass having the thermal expansion coefficient close to that of gold. Prior to use, the gold disc
electrode was polished with emery paper, followed by polishing in aqueous slurries of
progressively finer alumina of sizes ranging from 1.0 to 0.3 to 0.05 um on a microcloth
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Gold (~100nm thickness) on glass with chromium underlayers (2-5) nm was used as the
substrate for SAM, LB, LbL and other nanocomposite films formation and characterization. The
substrate was heated to 350 C during gold evaporation under a vacuum pressure of 2x10™ mbar,
a process that normally yields a deposit with predominantly Au (111) orientation. The
evaporated gold samples with well defined area (about 0.2 cm?) were used as an electrode for
electrochemical studies. A conventional three-electrode electrochemical cell was used for
electrochemical studies. A platinum foil of large surface area as the counter electrode and a
saturated calomel electrode (SCE) as a reference electrode were used. The cell was cleaned
thoroughly before each experiment and kept in a hot air oven at 100°C for at least 1 hour for
drying before the start of the experiment. Evaporated Au strips or gold disc electrodes were used
for SAM formation and were pretreated with “piranha” solution (3:1 conc. H,SO4:H,0,). SAMs
were prepared by immersing the gold substrate in thiol solution in ethanol 12 hours. After the
adsorption of thiol, the substrates were rinsed with ethanol, distilled water and finally with

Millipore water and used for the further experiments.
2.3 Electrochemical studies

Electrochemical studies were carried out by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS). The barrier properties of the thin films modified electrodes in
aqueous system have been evaluated by studying the electron transfer reaction using the
potassium ferrocyanide/potassium ferricyanide couple ([Fe(CN)s]*™) and
hexaammineruthenium (I11) chloride as redox probes.

CV was performed in redox probes along with 1 M NaF as a supporting electrolyte. The
EIS measurements were carried out by applying an ac voltage of 10 mV amplitude at the formal
potential of the redox couple in a solution containing equal concentrations of both the oxidized
and reduced forms of the redox couples, for example 1 mM potassium ferrocyanide and 1mM
potassium ferricyanide in 1 M NaF. A frequency range of 100 kHz to 100 mHz was used for
impedance measurements. The interfacial capacitance measurements were carried out in a pure
supporting electrolyte of 1.0 M NaF without any redox species. All the electrochemical studies
were performed at 25° C. For electrochemical studies in nonaqueous system, 1 mM ferrocene

solution was used in ethanol with 0.1 M LiCIO, as a supporting electrolyte.

30



Chapter-2

2.4 Instrumentation

CV was carried out using an EG&G potentiostat (model 263A) interfaced to a PC through a
GPIB card. The potential ranges and scan rates used are shown in the respective diagrams. For
EIS studies, the potentiostat was used along with an EG&G 5210 lock in amplifier controlled by
the Power Sine software.

AFM and STM images were obtained at 25°C in air. We have used a Pico plus (Agilent)
AFM in tapping mode with a silicon tip. STM studies were carried out using a homemade STM
in ultra low noise mode [1]. The STM was operated in constant current mode of 0.5 nA at a bias
voltage of +100 mV. An electrochemically etched tungsten tip was used as the probe.

The images shown here are plane corrected and optimally Fourier filtered using scanning
probe image processor (SPIP) software (Image Metrology, Denmark). To ensure that the images
shown are representative of the monolayer morphology, multiple images were taken at different
locations and scan ranges.

The FTIR spectra were obtained using an FTIR 8400 model (SHIMADZU) with a fixed
85° grazing angle attachment (FT-85; Thermo Spectra-Tech). SEM and EDAX studies were
carried out using FESEM (Zeiss). In the case of Pd-PANI film for XPS studies, MULTILAB
2000 (THERMO SCIENTIFIC, UK) with Mg K alpha source at a pass energy of 10 eV was
employed.

2.5 Electrochemical techniques

2.5.1 Cyclic voltammetry

Cyclic voltammetry, also known as CV, is one of the most extensively used electrochemical
potential sweep techniques. The simplest of potential sweep techniques is linear sweep
voltammetry (LSV), which involves sweeping the electrode potential between the limits V; and
V; at a known sweep rate (v) and measuring the current flow through the electrochemical system.
In the case of CV the initial potential sweep is similar to that in LSV, but after reaching the
potential V, instead of terminating the scan, the sweep is reversed at the same scan rate as the
forward sweep. A typical potential-time profile used in CV is shown in the Figure 2.1. In CV, the
potential of the working electrode sweeps between the initial, V; and final V, values in the
forward and reverse direction, and the corresponding current at the working electrode is
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measured. Hence CV represents the current vs. potential profile in the electrochemical cell. The
current arises due to two reasons, first is faradaic current resulting from various electrochemical
processes like redox reactions, absorption etc and second is due to the double layer charging of
the electrode-electrolyte interface leading to the capacitance current [2,3].

Voltage

Vi

Time
slope

¥

Fig. 2.1 A typical potential vs. time curve used in case of cyclic voltammetry
A plot of measured current as a function of applied potential is known as cyclic
voltammogram from which the potential corresponding to different processes can be obtained.
From the dependence of peak current on the sweep rate, information regarding coupled
homogeneous reactions, adsorption, kinetic parameters and the mechanism of different
heterogeneous reactions occurring on the electrode surface can be obtained. The shape of the
cyclic voltammogram depends on the type of redox reactions. Figure 2.2 shows a typical cyclic

voltammogram for a reversible one-electron transfer process.

0.2
Voltage

Fig. 2.2 A typical current vs. voltage curve obtained for cyclic voltammetry
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For a typical reversible one-electron redox reaction of the type;

O+ne S R

where O is the oxidised species and R is the reduced species, the rate of charge transfer is always
greater than the rate of mass transfer at all potentials which means that the redox reaction is
under diffusion control. The ratio of concentrations of oxidant and reductant species of a
reversible reaction is given by the Nernst equation and a concentration gradient exists within the
region near the electrode surface known as Nernst diffusion layer, where the concentration
gradient of the electroactive species is linear. The Nernstian equilibrium is always maintained at
the electrode surface and at all the potentials. Based on this, the shape of current-potential profile
for a one-electron reversible redox reaction, as shown in Figure 2.2, can be explained as follows.
When the potential of the electrode is made more negative, at a characteristic potential for the
redox species, the surface concentration of the reactant O decreases progressively due to
reduction, thereby increasing the concentration gradient which leads to an increase in the current.
Therefore the surface concentration of O decreases from its bulk value in order to satisfy the
Nernst equation and a concentration gradient is setup. As a result, there is a flow of current
proportional to this concentration gradient at the electrode. Due to diffusion of ions, the
concentration gradient does not remain constant and it starts to decrease. At the same time, the
electrode potential is also continuously changing leading to a further decrease of surface
concentration of O until it effectively reaches zero. Once the concentration of O reaches zero, the
gradient decreases due to the accumulation of reduced species R, in the vicinity of the electrode
surface (relaxation effect) and hence the current flow also decreases. Overall, this behaviour
gives rise to a peak shaped current potential profile as shown in Figure 2.2. Using similar
arguments used for the forward sweep, it can be shown that the current change on reverse sweep
also exhibit a peak shaped response but with an opposite sign. On increasing the sweep rate, the
concentration gradient as well as the current resulting from it also increases due to the shorter
time scale of the experiment leading to less relaxation effect. The peak current density I, of the

cyclic voltammogram is related to various parameters by the following relationship:

nF 1/2
I, = —0.4463 nF [ﬁ] C§°D1/2v1/2

where, I, is the peak current density in Alcm?

n is the number of electrons involved in the redox reaction
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F is Faraday constant
R is gas constant
T is the absolute temperature
C, is the concentration of reactant O in mol/cm?®
D is the diffusion coefficient in cm?/s
v is the sweep rate in Vs™
This equation is known as the Randles-Sevcik equation and at a temperature of 25°C this
equation reduces to the form given as follows,
I, = —(2.69 x 10%)n%2CyDY/2y1/2
From the above equation, it can be noted that the peak current density (l,) of the
reversible reaction is directly proportional to the concentration of the electroactive species,
square root of the diffusion coefficient and also to the square root of the scan rate. The sign of
the current is negative because it is the current for cathodic reaction (as denoted by the
convention followed).

A test of reversibility of the electrochemical system is to check whether a plot of I, as a

12 ; 1/2

function of v is both linear and passes through the origin or alternatively (I, / v-'°) is constant.
If this is found to be true then further diagnostic tests, which are given below can be applied to
verify the reversible nature of the given electrochemical system. For a reversible system the
following are the diagnostic tests [3].
1. AE, = | E,® — E, | = 59/n mV (E,” and E,° are the peak potentials of anodic and cathodic
reactions respectively)
2.| Ep — Epr2 | = 59/n mV
3.11,271,° =1 (1, and 1, are the peak currents of anodic and cathodic reactions respectively)
4. 1y oc v
5. E, is independent of v

Apart from the reversible system the CV can also be used to find out the quasi-reversible and
irreversible nature of the electrochemical system. There are also diagnostic tests for these
systems to verify the quasi-reversibility and irreversibility of the given system.

We have extensively used CV in the present study especially in order to check the electron
transfer blocking behaviour of the different thin film modified electrodes in aqueous and non-

aqueous systems.
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2.5.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is basically an ac technique for the
electrochemical studies. In contrast to other electrochemical techniques such as CV, the EIS
measurements involve essentially a small perturbation of the electrode potential from the
equilibrium potential or desired dc potential by the application of a sinusoidal signal of 5-10 mV
peak-to-peak amplitude in a range of frequencies and measuring the response of the
electrochemical system. Usually, the response in terms of current to the perturbation, differs in
phase and amplitude from the applied voltage signal. Figure 2.3 shows the sinusoidal signal of
perturbation and response of the electrochemical system. The measurement of phase difference
and amplitude of the response signal compared to the applied signal over a wide frequency range
can be used for the analysis of different electrode processes like double layer charging, kinetics
of redox reactions, diffusion of the redox probes, homogeneous and heterogeneous electron
transfer reactions and coupled chemical and redox reactions. The impedance spectroscopy has
been extensively used in the study of corrosion, battery, membranes, ionic solids, solid
electrolytes, chemically modified electrodes and template deposited porous electrodes. In many
of the measurements involving the fast electron transfer reactions, the information has to be
obtained at very short times, otherwise diffusion rather than the Kkinetics becomes the rate
determining process. In such a case, the ac techniques are widely used to determine the rate

constant for the fast redox reactions.

Fig. 2.3 Schematic representation of a sinusoidal applied perturbation (E) and corresponding

current response (1)
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Due to the small perturbation, the system is in the linear regime and the advantage lies in
the ability to treat the response theoretically using the linear current-potential characteristics.
Since, the working region in this method is very close to the equilibrium, the detailed knowledge
about the behaviour of the current-voltage response over a large range of overpotential is not
required. This simplifies the treatment of kinetics and diffusion equations. Using this method, the
high precision measurements can be made because the response is indefinitely steady and
therefore can be averaged over a long period. Usually, a comparison is made between the
electrochemical cell and an equivalent circuit, which contains a combination of resistors and
capacitors that are assumed to behave like an electrochemical cell under consideration. The aim
of the impedance measurements is to interpret these equivalent circuits and the values
determined using these circuits, in terms of the interfacial phenomena occurring at the electrode-
solution interface. The impedance spectroscopy is frequently used for the evaluation of
heterogeneous charge transfer parameters and to study the double layer structure.

The electrochemical response of a cell to an ac perturbation can be analysed by the
knowledge of fundamental principles of ac circuits. If a sinusoidal signal of voltage V =Vosin(wt)
is applied to an electrical circuit that contains a combination of resistors and capacitors, the
response is a current, which is given by, | = lpsin(at+¢), where Vy is the maximum amplitude, Iy
is the maximum current, ® is the angular frequency and ¢ is the phase angle between the
perturbation and response. The proportionality factor between V and I is known as the impedance
Z. In phasor terms the rotating vectors are separated in the polar diagram by the angle. In the
case of a pure resistor, R, the phase angle ¢ is zero. According to Ohm’s law, V = IR, which
leads to I = Vosinot/R. There is no phase difference between the applied potential and the
response current. For a pure capacitor, C, the current I is given by, | =CdV/ dt .

On substituting the value of V as Vgsin(ot) and differentiating, the equations become;

| = oCVosin(ot+n/2)

I =Vosin(ot +1/2)/Xc

where Xc =(oC)* is known as the capacitive reactance. Here we find that the phase angle is 7/2,
implying that the current leads the potential by 90° or =/2 in the case of a pure capacitor.
Similarly, for a circuit element containing a pure inductance, the potential leads the current by

90°or m/2. In general, an electrode-solution interface can be considered as an impedance to a
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small sinusoidal excitation. The impedance of such kind of electrochemical interface is a
complex function, Z(®) that can be expressed either in polar coordinates or in Cartesian
coordinates, as shown below:

Z(0) = |Z}¢

Ca

Es 1
ﬁmt |
FAYAS— gy S
Rct WW

Fig. 2.4 4 simple Randle’s equivalent circuit for a diffusion controlled reaction

Z(w) =Z'(0) +] Z"(0)

|Z|2 = |Z're|2 + |Z”im|2

where Z'r and Z"i, are the real and imaginary components of the impedance.
The phase angle ¢ can be expressed as,

¢ = Arctan [Zin/Zr]= Arctan [Z" (w)/Z’ (w)] and

ZeorZ' (o) =|Z|cosd

Zim or Z" (o) =|Z|sind

Hence the electrode-electrolyte interface of the electrochemical cell can be represented
by a suitable equivalent circuit consists of resistors and capacitors that pass current with the same
amplitude and the same phase angle under a given excitation. In Figure 2.4 an equivalent circuit
popularly known as Randle’s equivalent circuit for a diffusion controlled electron transfer
reaction is shown which contains the solution resistance, Rs, the double layer capacitance Cy, the
charge transfer resistance, R and the Warburg impedance W, which is related to the diffusion of
the redox probe.

The total current on the working electrode is obtained by the sum of distinct contributions
from the faradaic current I and the double layer charging current I.. The double layer
capacitance arises from the charges stored at the electrode-electrolyte interface. This double
layer structure closely resembles a pure capacitor and hence it is represented by the element Cy,
in the equivalent circuit. The faradaic impedance Z; can be separated into two components

namely, the charge transfer resistance, R and the Warburg impedance, W. The charge transfer
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resistance, R denotes a resistance offered to the electron transfer process and W represents
resistance to the mass transfer process or diffusion. W depends on the frequency of the
perturbation.

At high frequencies, the Warburg impedance is small because the reactants do not have to
diffuse very far. In contrast, at low frequencies, the diffusing reactants have to move very far,
thereby increasing the Warburg impedance. The uncompensated solution resistance denoted by
Rs exists between the working electrode and the reference electrode. In the equivalent circuit
representation, the uncompensated solution resistance, R; is inserted as a series element since all
the current has to pass through this element.

For a planar diffusion, the value of R can be expressed as;

Rct =RT/nFly

where |y is the exchange current density. The solution resistance R is given by the following
expression;

Rs =x/xA

where x is the distance of the capillary tip from the electrode, x is the conductivity of the solution
and A is the area of the electrode. The values of Ry and W indicate whether a redox reaction is
charge-transfer controlled or diffusion controlled reaction. For reactions with large Iy value, Rt
will be proportionately less and dominated by W leading to a diffusion controlled reaction. On
the other hand, for very small I, value, where the kinetics of the reaction is very less, R¢ will be
very high, that results in a kinetically controlled reaction. The total analysis of the impedance is
known as complex plane impedance analysis. Randle’s equivalent circuits are used for the
representation of the elements involved in the circuits which are series and parallel combination
of the different elements like capacitors and resistors. This has two limiting cases. At low

frequencies, as ®—0, the real and imaginary parts of impedance are given by,
Z' = Ry+Rot +o00 2
7" = 00)71/2+2C52Cd|

where

( RT )( 1 N 1 )
o= |l———| —=+==
V2n2F24AD1/2) \C  Cy
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in which, D is the diffusion coefficient of the species in solution, A is the area of the electrode,
Co and Cg are the bulk concentrations of the oxidised and reduced species. On rearranging these
equations, we get,
7" = Z-Rs Ryt +26°Cy
This is the equation of a straight line of unit slope and with an intercept on the real Z" axis is
given by,
Rs + Rt — 2 6% Cy
At high frequencies where the Warburg impedance is negligible in comparison to R, the
two components are represented by,
Z' =Rs+ Rt/ (1 + 0 Ref® Co’)
and Z”"=Cg R0 /(1 +o°Ry Cyd)
Eliminating o using these two equations gives,
(Z' = Re Raf2)? + (Z)? = (Raf2)?
which is the equation of a circle with center at Z' = Rs + R¢/2 and a radius of R¢/2. A plot of the
whole expression for Z* verses Z™°, which is known as Cole-Cole plot or Nyquist plot, for a

kinetically controlled and a diffusion controlled reactions are shown in Figure 2.5.

a .o b ,

zn
-
Z

z z
Fig. 2.5 Nyquist plot for (a) kinetically controlled reaction and (b) diffusion controlled reaction

The Cole-Cole plot of a charge transfer controlled reaction shows a semicircle and it is
obtained by plotting the values of Z" and Z at different frequencies. It is also known as the
Nyquist plot. At infinite frequency, Z approaches zero as the capacitance in the equivalent

circuit offers a very little impedance. At low frequencies, the impedance is purely resistive,
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because the reactance of C is very large. The solution resistance has the effect of translating the
semicircle on the Z" axis. Rs can be determined by reading out the real axis value at the high
frequency intercept. Cy can be obtained from the maximum value of Z in the semicircular
region where @ = 1/RiCq . The diameter of the semicircle provides the value of R. For a
diffusion-controlled reaction, Warburg impedance is an additional term. At low frequencies, it
varies inversely with frequency and at very low frequencies, it increases and dominates, leading
to a straight line with a phase angle of 45°. Another way of representing the impedance data is by
the Bode plot, where both the logarithm of the modulus of impedance (log |Z|) and the phase
angle are plotted in the y-axis against a common abscissa of frequency (in logarithmic scale). On
such a plot a pure resistance is denoted by a horizontal line and a constant phase angle ¢ of 0°,
while a capacitor is a straight line of unit slope and a constant phase angle ¢ of 90°. The
impedance measurements must be made over a wide range of frequencies in order to attain the
high frequency limit of the impedance, which is equal to the electrolyte resistance. At high
frequencies, the capacitive effect is attributed to a pure double layer capacitance. The frequency
range for the measurement may be from 100 mHz to 10 MHz, depending on the electrochemical
system employed for the analysis.

There are different types of methods used to measure the impedance of an
electrochemical system namely, Wheatstone bridge, analogue ac analyser, phase sensitive
detection, sine wave correlation, frequency response analyser and Fourier transform methods
[2,3]. In our work, we have carried out the impedance measurements using a Perkin Elmer
Model 5210 lock-in amplifier controlled by Power Sine software. Phase sensitive detection
method was employed for the measurement of the impedance of the electrochemical cell above 5
Hz using a single-sine technique that provides the highest accuracy. Below 5 Hz, the
measurement of impedance was performed using a fast Fourier transform technique based on
multi sine experiments that avoids any drift or change in the impedance value of the
electrochemical system. The potential of the working electrode is held at a desired DC potential
of interest using a potentiostat. A small amplitude of sinusoidal ac voltage with 5-10 mV peak-
to-peak is applied to the cell from a lock-in amplifier. The current output from the cell has a
phase difference with respect to the input voltage. The lock-in amplifier measures this phase
difference and amplitude of the current response, which can be converted to the real and

imaginary part of the impedance.
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2.5.3 Chronopotentiometry

This is another electrochemical technique wherein, the current flowing through the cell is
instantaneously stepped from zero to some finite value and the potential of the working electrode
is monitored as a function of time while the overall reaction rate is fixed. This technique comes
under the galvanostatic (constant current) experiment. The plot of potential versus time is known
as chronopotentiogram. Figure 2.6 shows a typical chronopotentiogram for a reversible system.
Consider a simple reaction,

O +ne” =R,

as the current pulse is applied there is an initial fairly sharp decrease in the potential as the
double layer capacitance is charged, until a potential at which the species O is reduced to R is
reached. Then there is a slow decrease in the potential determined by the Nernst equation, until
the surface concentration of O essentially reaches zero. The flux of O to the surface is then no
longer sufficient to maintain the applied current and the electrode potential again falls sharply,

until a further electrode process occurs.
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Fig. 2.6 Schematic diagram of a chronopotentiogram for a reversible system

The dependence of current density on the transition time and the diffusion coefficient of
the species in this case are given by Sand’s equation, which is represented as follows:

| |‘l71/2 | =nF D01/2 nl/Z Cooo / 2
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where 7 is the transition time and Dy is the diffusion coefficient of the species. Thus the product

of 172

is independent of the applied current density and proportional to Co™. This is used as a
diagnostic test for a diffusion controlled process. In the present thesis, we have used
chronopotentiometry to deposit nanocomposite film of metal and conducting polymers on

electrode.
2.5.4 Chronoamperometry

This method is essentially a potential step method, wherein the potential of the working electrode
is changed instantaneously and the current-time response is recorded. The plot of change of
current with time at a constant potential is obtained. Figure 2.7 shows the typical potential step
applied to an electrochemical system and its response in terms of current that is being recorded
as a function of time. In chronoamperometry Cottrell equation describes how the current, I,
decays as a function of time.

| = NFAC D212t 12
Voltage
A
2 F-------
2 f I SRS
. . Time (1)
Current (-i)
A
Time (1)

Fig. 2.7 Schematic representation of potential step applied during chronoamperometric

measurements and the response in terms of current as a function of time
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We can see from the figure that as soon as the potential is applied to an electrochemical
system, there is a large flow of current due to the reaction occurring at the electrode surface.

Initially the electrode surface is covered fully with the oxidant species and once the
potential is applied to the electrode, it is being reduced, which leads to a large current flow.
Further, this current decreases with time due to its dependence on concentration gradient. In the
present thesis, we have used chronoamperometry to calculate currents at different overpotentials
in order to calculate the Tafel slope for electrocatalysis experiments as explained in chapter 5
and 6.

2.5.4.1 Tafel plot analysis

The Tafel plot analysis is extensively used in the corrosion studies and catalysis especially for
hydrogen evolving cathodes. In our work we have used Tafel plot analysis to study the
electrocatalytic activity of the nanocomposite films towards the oxidation of small organic
molecules (methanol and ethanol).
The general form of the Tafel equations, are given as follows:
For a cathodic reaction,
log [l =log lp- acn Fn /2303 RT
while for an anodic reaction,
log |l| =log lp + aan Fn/2.303 RT
where | is the total current density, lo is the exchange current density, ac and o are the
respective cathodic and anodic Tafel slopes and n is the overpotential, which is defined as the
deviation of applied potential from the equilibrium potential. The plot of log |I| versus n is
known as the Tafel plot, from which the values of ac, aa and exchange current density (lp) can

be determined from the slopes and intercept respectively.
Tafel slope in alcohol electro-oxidation

The slopes of the overpotential-current plots, which are generally called Tafel slopes, have some
special significance when they deviate from the ideal situation. The usage of the term Tafel slope
in the context of alcohol oxidation research is based on the nature of the surface conditions such
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as reaction intermediates, adsorption and surface poisoning etc., which affects the available
surface sites for the reaction.

There is a view in the literature, which we subscribe, that the term “Tafel slope does not
have its fundamental meaning in the electro-oxidation of small organic molecules, since the
straight line between overpotential and log I is not generally obtained.” The problem essentially
arises due to the presence of adsorbed poisonous intermediates on the surface partially blocking
the access to the electrode surface in varying extents at different potentials [4-6].

In most of the electrocatalysis experiments we have observed two slopes at low and high
overpotentials. Always the slope at higher overpotentials is higher than the one at low
overpotential. This aspect was also pointed out by Wieckowski et al.[4]. It is always desirable to
have a low value of the Tafel slope to achieve high electrocatalysis currents at low overpotentials
[6]. To achieve this, control on the rate determining step (rds) is required, which is not easy to
accomplish. Even in the literature, the values of Tafel slope for a given catalyst do not always
appear to be consistent. For instance, the different platinum based electrocatalysts show different
Tafel slopes. However a prior potential pulse program is always helpful in removing the
adsorbed intermediates [7]. The Tafel slopes measured and reported in this work provide some
significant insights into the reaction process and the effect of the temperature on the electro-

oxidation reaction. This aspect will be discussed in detail in chapter 5.
2.5.5 Anodic stripping voltammetry (ASV)

Anodic stripping voltammetry (ASV) is essentially a linear sweep voltammetry (LSV) method,
which is extremely useful and highly sensitive for the quantitative determination of trace amount
of ionic species. In ASV the analyte of interest is deposited on the working electrode by applying
a constant potential, before the potential sweeping. This is called the deposition step. During the
potential sweeping the deposited material gets oxidized from the electrode, which is also called
the stripping step. The current is measured during the stripping step. The oxidation of species can
be seen as a peak in the current vs. potential curve. We have carried out ASV studies in order to
check the lead sensing ability of the PTBA-PANI modified gold electrode. The lead sensing
studies with the help of ASV are discussed in detail in chapter 4.
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2.6 Imaging techniques

2.6.1 Scanning electron microscopy (SEM)

SEM is one among the electron microscopes, which were developed to overcome the limitations
associated with the light microscopes such as the magnification and resolution. The electron
microscopes are scientific instruments that use a beam of highly energetic electrons to image the
specimen on a very fine scale and to gain information on its structure and composition. The
images obtained from the SEM can provide information on the topography, morphology,
composition and the crystallographic orientation of the sample. There are two kinds of electron
microscope namely transmission electron microscope (TEM) and scanning electron microscope
(SEM) that are commonly used in the surface science. In the present work, we have used SEM to
characterize the surface morphology of the electrodeposited nanocomposite films.

SEM uses an electron beam rather than light to form an image. The electromagnets are
used to bend the electron beam to produce the image on a screen. By using the electromagnets,
we can have more control over the magnification and the use of electron beam provides clarity in
the image produced. The SEM has a large depth of field, which allows a large amount of the
sample to be in focus at one time. The SEM also produces images of high resolution, which
means that closely spaced features can be examined at a very high magnification.

A beam of electrons is generated from the electron gun using tungsten tip located at the
top of the column. The electron beam is attracted through the anode, condensed by a magnetic
lens and focused as a very fine point on the sample by the objective lens. The scan coils are
energized by varying the voltage produced by the scan generator and thus magnetic field is
created, which deflects the beam back and forth in a controlled pattern. There are many things
that occur when the beam hits the sample surface by the interaction of electron beam with the
surface as shown in the Figure 2.8.

In case of SEM imaging when the electron beam hits the sample surface, the secondary
electrons produced from the sample are collected by the secondary electron detector or the
backscatter detector, which are then converted to a signal resulting in an image in the viewing
screen. The image obtained corresponds to the surface topography of the sample. SEM is always
used in the vacuum, which avoids the problem of interaction of electron beam with the other

gaseous molecules, which would result in the lower contrast images.
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SEM Setup
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Fig 2.8 Schematic representation of electron beam interactions with specimen

An important criterion in the study of SEM is that the sample should be conducting and
for this reason a thin film of gold is sometimes coated over the sample surface using sputtering
technique before the process of imaging. The working principle of a scanning electron
microscope is schematically shown in the following, Figure 2.9.

In addition to imaging an SEM imaging system can be used for energy dispersive X-ray
spectroscopy (EDS or EDAX) which is an analytical technique used for the elemental analysis or
chemical characterization of a sample. It relies on the investigation of a sample through
interactions between electromagnetic radiation and matter, analyzing X-rays emitted by the
matter in response to being hit with electron beams. The characterization is done using the
fundamental principle that each element has a unique atomic structure allowing X-rays that are
characteristic of an element's atomic structure to be identified uniquely from one another. EDAX

analysis was used in our work to obtain the composition of the nanocomposites.
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Fig. 2.9 Schematic representation of an SEM

Recently there is lot of interest in a new high resolution version of SEM known as “field
emission scanning electron microscope” (FESEM). The emitter type is the main difference
between the SEM and the FESEM. SEM uses thermionic emitters where electrical current is
used to heat up a filament; the two most common materials used for filaments are tungsten (W)
and lanthanum hexaboride (LaBg). When the heat is enough to overcome the work function of
the filament material, the electrons can escape from the material. In conventional thermionic
emitters evaporation of cathode material and thermal drift during operation are the major
problems which cause less contrast in the images. In an FESEM a field emission source (FES)
also called a cold cathode field emitter, is used which does not heat the filament. The emission is
reached by placing the filament in a huge electrical potential gradient. The FES is usually a wire
of tungsten wrought into a sharp point. The significance of the small tip radius is that an electric
field can be concentrated to an extreme level, as a result the work function of the material is

lowered and electrons can leave the cathode. FESEM produces a cleaner image with less
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electrostatic distortions and better spatial resolution than SEM. In majority of our work, FESEM
was used to study the structural morphology of the electrodeposited metal and conducting

polymer nanocomposite films unless otherwise mentioned.
2.6.2 Scanning tunneling microscopy (STM)

STM is the precursor of all the surface probe microscopes [8]. It is a versatile tool in the area of
surface science to obtain the topographic images of smooth conductive surfaces. The instrument
scanning tunneling microscope was invented by Gerd Binnig and Heinrich Rohrer at the IBM
research institute, Zurich in the year 1982 for that they were awarded the Nobel prize in 1985. It
can be used in the investigation of very small areas of surfaces in the order of nanometers with
extremely high level of precision. It also has the advantage of studying atomically smooth
conducting surfaces in a variety of environments like ultra high vacuum (UHV), air, electrolytic
media etc. In a typical STM experiment an atomically sharp metallic tip made up of either Pt/Ir,
Pt/Rh, Pt or W is brought very close to the surface with the separation of the order of few
angstroms between them. The movement of the tip in all the three directions is carried out with
the help of piezoelectric crystals. Application of a small potential difference (~0.1V) between the
sample surface and the tip leads to the flow of tunneling current in the order of pA to nA. This
electron tunneling is due to the fact that the electron wave functions of the tip and the sample
overlap. The tunneling current is of the form I, ~ V e™*? where I, is the tunneling current, V is the
bias voltage, k is a constant that includes the work function of the material and d is the spacing
between the lowest atom on the tip and the highest atom on the sample. The strong exponential
dependence of the tunneling current on the tip-to-sample spacing makes it possible to use this
current in a feedback loop to control the motion of the tip precisely using a device known as the
piezoelectric scanner. In response to an applied voltage, the scanner moves the tip over an area of
the sample in a raster pattern and the feedback loop causes the tip to track the sample surface
with sub-angstrom precision. The coordinates of the tip's path can then be transformed into a
map of the surface topography. In fact, the STM image at atomic resolution corresponds to a
contour map of the local density of states (LDOS) of atoms on a conducting sample. The
tunneling current is very much sensitive to the distance between the tip and sample. This current
decreases about one order of magnitude per 1 A of the electrical gap width, which results in an

accuracy of the order of 0.1 A that can be achieved using STM. This extreme sensitivity of the
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STM means that the features, which are of atomic dimensions, can be imaged precisely provided
the distance between the tip and the sample is accurately controlled.

The STM can be operated in two ways namely, the constant current mode and the
constant height mode. In the constant current mode of operation, the tip is moved slowly in the
x-y plane, which is parallel to the sample surface and simultaneously the distance z from the
sample surface (height) is adjusted in such a way that the current will remain constant by the
application of a feedback voltage to the tip. The image is obtained as a map of this feedback
voltage versus the lateral x and y coordinates resulting in the topographic image of the surface.
In this way the structure of single crystal surfaces, the occurrence of steps, kinks and defects can
be realized. In the constant height mode, the tip is moved at a constant height z from the sample
to image the surface. As a result, the tunneling current will change as a change of tip-sample
separation. In this case, the current is recorded as a function of lateral coordinates to obtain the
topographic image of the sample. This technique is only used on atomically smooth conducting
surfaces, since on rougher surfaces the tip may hit a protrusion leading to tip crash that may
result in blurred images. In our work, we have carried out STM studies on different modified
surfaces using a home built instrument [9,10]. Figure 2.10 shows the schematic of the operation
of an STM and a representative highly oriented pyrolytic graphite (HOPG) STM image.
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Fig 2.10 Schematic representation of the working principle of an STM and 2x2 nm STM image of
HOPG surface
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2.6.3 Atomic force microscopy (AFM)

AFM provides a number of advantages over conventional microscopy techniques and also over
other scanning probe microscopes. AFM probes the sample and makes measurements in three
directions, X, y, and z, thus enabling the presentation of three-dimensional images of a sample
surface. This presents a great advantage over any microscope available with good resolution in
the x-y plane ranging from 0.1 to 1.0 nm and in the z direction is 0.01 nm (atomic resolution).
AFMs require neither a vacuum environment nor any special sample preparation, and they can
be used in either an ambient or liquid environment. With these advantages AFM has significantly
become a leader in the imaging of materials in the fields of materials science, chemistry, biology
and physics.

The AFM probes the surface of a sample with a sharp tip, a couple of microns long and
often less than 100A in diameter. The tip is located at the free end of a cantilever that is 100 to
200 um long. Forces between the tip and the sample surface cause the cantilever to bend, or
deflect. A detector measures the cantilever deflection as the tip is scanned over the sample.

There are basically three modes of imaging in AFM.
1. Contact mode
2. Non-contact mode

3. Tapping mode or intermittent contact mode
Contact mode

In contact AFM mode, also known as repulsive mode, an AFM tip makes soft "physical contact"
with the sample. The tip is attached to the end of a cantilever with a low spring constant, lower
than the effective spring constant holding the atoms of the sample together. As the scanner gently
traces the tip across the sample (or the sample under the tip), the contact force causes the
cantilever to bend to accommodate changes in topography. Once the AFM has detected the
cantilever deflection, it can generate the topographic data set by operating in one of two modes,
constant-height or constant-force mode. During this mode the height of the scanner is fixed. This
is used in taking atomic scale images where the variations are small.

In constant-force mode, the deflection of the cantilever can be used as input to a feedback

circuit that moves the scanner up and down in z direction, responding to the topography by
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keeping the cantilever deflection constant. In this case, the image is generated from the scanner's
motion. With the cantilever deflection held constant, the total force applied to the sample is

constant.

Non-contact mode

Non-contact AFM is one of the vibrating cantilever techniques in which an AFM cantilever is
vibrated near the surface of a sample. The spacing between the tip and the sample for non-
contact AFM is of the order of tens to hundreds of angstroms. Non-contact AFM is desirable
because it provides a means for measuring sample topography with little or no contact between
the tip and the sample. Like contact AFM, non-contact AFM can be used to measure the
topography of insulators and semiconductors as well as electrical conductors. Cantilevers used
for non-contact AFM must be stiffer than those used for contact AFM because soft cantilevers
can be pulled into contact with the sample surface. Non-contact AFM does not suffer from the
tip or sample degradation effects that are sometimes observed after taking numerous scans with
contact AFM. An AFM operating in contact mode will penetrate the liquid layer to image the
underlying surface, whereas in non-contact mode an AFM will image the surface of the liquid
layer. Figure 2.11 shows the schematic representation of the AFM, working in contact and non-

contact mode.
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Fig 2.11 Schematic representation of the working principle of an AFM in contact and non-

contact mode
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Tapping mode

To obtain quality images, in general, the AFM tip should not damage the surface while being
able to obtain the high resolution images of the surface. This is possible in tapping mode, which
is the most commonly used mode of imaging in AFM. In this mode the tip is just about to hit the
sample or the tip taps on the surface of the sample. Therefore this mode is also called “Tapping
mode”.

In this mode the cantilever oscillates and the tip makes repulsive contact with the surface
of the sample at the lowest point of the oscillation. In other words the cantilever is oscillated at
its resonant frequency and is positioned above the surface of the sample, so that it only taps the
surface. This method has the advantage that the tip does not damage the sample being scanned,
and there is also a large reduction in the lateral forces, since the proportion of time where the tip
and sample are in contact is quite low. Also, the phase of the oscillation can give information
about the sample properties, such as stiffness and mechanical information or adhesion. The
resonant frequency of the cantilever depends on its mass and spring constant; normally, stiffer
cantilevers have higher resonant frequencies. In this mode, the set point value is the amplitude of
the oscillation, so a higher set point value means less damping by the sample and hence lower
imaging forces. In our work, tapping mode of the AFM was used to image the hanocomposite

film modified surfaces.
2.7 Spectroscopic techniques

2.7.1 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy, also known as FTIR spectroscopy is mainly based on
the interaction of infrared (IR) radiation with a sample (liquid or solid) and measuring the
frequencies at which the sample absorbs the radiation. The FTIR spectrometer records the
intensities of absorption over a range of frequency and represented as a plot called IR spectrum.
The intensity is generally reported in terms of absorbance, the amount of light absorbed by a
sample, or percentage of transmittance, the amount of light that passes through the sample. The
frequency is expressed in terms of wave numbers. The chemical structure and the presence of
various functional groups in the given sample can be identified from this spectrum, as the

chemical functional groups absorb IR radiation only at certain fixed frequencies.
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In addition to bulk samples, FTIR can be used to study ultra thin organic films on various
metallic and non-metallic surfaces essentially to characterize the molecular packing and
orientation on the surface [11,12]. The spectrum is obtained using either internal or external
reflection modes of operation. The internal reflection mode is known as the (ATR) attenuated
total reflection spectroscopy, whereas the external reflection mode is known as reflection-
absorption or grazing angle spectroscopy. The beam is directed into an angled crystal and
reflected within the crystal until it emerges from the other end where it has been collected. The
number of reflections depends on the angle of incidence upon the crystal. The crystal is usually
made of KRS-5, zinc selenide or germanium. Grazing angle reflection or external reflection
technique provides a nondestructive method of measuring the surface coatings of thin films.
External reflectance is a mirror like reflection from the surface of a sample. The infrared
radiation is directed onto the surface of a sample at an angle of incidence 6,. For an external
reflectance, the angle of reflection, 6g, is equal to the angle of incidence, 6,. The amount of
radiation reflected from the sample depends on the angle of incidence, refractive index, surface
roughness and the absorption properties of the sample. The angle of incidence is selected on
basis of the thickness of coating, which is being used for the study. For very thin film coatings in
the range of nanometer thickness like ultra thin organic films, an angle of incidence of 85°-88° is
used for the characterization of modified surfaces. Reflectance measurements at this angle of
incidence are often called as grazing angle measurements.

In our work, we have carried out the FTIR spectroscopy studies for the thin film modified
surfaces using a FTIR 8400 model (SHIMADZU) with a fixed 85° grazing angle attachment (FT-
85; Thermo Spectra-Tech). The unique design of the FT-85 also features the built-in polarizing
elements. The silicon refracting elements are positioned at angles, which allow only the p-
polarization light to pass through the sample. The samples are placed on the horizontal sampling
surface of the accessory. Therefore, no clamps are necessary. The sample area is approximately
10 mm wide and 40-50 mm long. The FT-85 accessory is available for almost all the popular
FTIR spectrometers and is easily installed with minimal alignment. In addition we have also
used the FTIR spectra to analyze the different functional groups present in the metal conducting

polymer nanocomposite film coating.
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2.7.2 Ultraviolet-visible (UV-vis) spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy is a type of absorption spectroscopy in the ultraviolet
and visible spectral region. This spectroscopy exploits light in the visible and adjacent i.e. near-
UV and near-infrared (NIR) region of the electromagnetic spectrum. In this region of the
electromagnetic spectrum, molecules typically undergo electronic transitions. This technique is
complementary to the fluorescence spectroscopy, in a way that fluorescence deals with
transitions from the excited state to the ground state, whereas absorption measures transitions
from the ground state to the excited state. In the present work we have used this technique to
characterize conducting polymers and porphyrins based nanocomposites. Porphyrins show their
characteristic bands in the UV-vis spectra such as an intense Soret band at about 400 nm and Q

bands at higher wavelengths.
2.7.3 Photoluminescence spectroscopy (PL spectroscopy)

In photoluminescence spectroscopy light is directed onto a sample, where it is absorbed and
passes on the excess energy into the material in a process called photo-excitation. This excess
energy can be dissipated by the sample via the emission of light, or luminescence. In the case of
photo-excitation, the generated luminescence is called photoluminescence. The intensity and
spectral content of this photoluminescence is a direct measure of various important material
properties. Photo-excitation causes electrons in the material to move into permissible excited
states. When these electrons return to their equilibrium states, the excess energy is released and
may include the emission of light in a radiative process or may not emit (a nonradiative process).
The energy of the emitted light which is called the photoluminescence relates to the difference in
energy levels between the two electronic states involved in the transition. The quantity of the
emitted light is related to the relative contribution of the radiative process. We have used PL

spectroscopy to measure the emission characteristics of the porphyrin aggregates.
2.7.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) provides valuable information on the density of
occupied electronic states for a surface. The X-ray beam penetrates the material and ejects

electrons from the valence or core levels yielding information about the atomic composition and
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the oxidation states of the atom in the material [13]. With the help of XPS we can measure the
elemental composition, empirical formula, chemical state and electronic state of the elements
that exist within a material. XPS spectra are typically obtained by irradiating a material with a
beam of X-rays and simultaneously measuring the kinetic energy and number of electrons that
escape from the top few nanometers of the material. The technique requires ultra high vacuum
(UHV) conditions.

Because the energy of a particular X-ray wavelength is known, the electron binding
energy of each of the emitted electrons can be determined by using an equation that is based on
the formula:

Ebinding = Ephoton — (Exinetic + ¢)

where Epinging 1S the binding energy (BE) of the electron, Epnoton is the energy of the X-ray
photons being used, Exinetic 1S the Kinetic energy of the electron as measured by the instrument
and ¢ is the work function of the spectrometer. With the help of XPS many inorganic
compounds, metal alloys, semiconductors, polymers, pure elements, ceramics, paints, papers,
inks, woods, plant parts, teeth, bones, human implants and biomaterials etc. can be scanned. In
our work we have used XPS to characterize the palladium and polyaniline (Pd-PANI)

nanocomposite film.
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Chapter 3

Formation and Electrochemical Studies of Organic Thin
Films on Gold Substrate

Nanosize thin films are basically the layers of a material coated on any substrate with size ranging from a nanometer to
few micrometers in thickness. These films find useful applications in many device applications depending on the properties
of the material used in the fabrications of these films. The langmuir-Blodgett (LB) films, self-assembled monolayers (SAM)
and layer-by-layer (LbL) assembly are the three main methods of the preparation of thin films. The present chapter
describes our experimental results of electron transfer reactions on thin film modified electrodes by using a variety of
redox probes in agueous and non-agueous systems. Lyclic voltammetry (0V) and electrochemical impedance spectroscopy
(FIS) technigues have been used to evaluate the electrochemical parameters ie. the charge transfer resistance (K, and
double layer capacitance (Ly). Essentially the studies are a useful comparison of the electron transfer barrier property in
these three different kind of films. The study tells us that how the electron transfer process in the common redox systems

is affected by the presence of a thin film, as a barrier on the electrode.,
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3.1 Introduction

The Self-assembled monolayers (SAMs), Langmuir-Blodgett (LB) films, and layer-by-layer
(LbL) film assembly are three major techniques for the formation of thin films of organic
compounds. The ultrathin films of organic molecules are intensively studied for their potential
applications in organic LEDs, TFTs, solar cells and other molecular electronics studies. In
addition, they provide excellent model systems for fundamental studies in biology, study of
molecular recognition, single molecular spectroscopy and molecular transport phenomenon.

The SAM is essentially a single monolayer thick film of chemically adsorbed organic
molecules on solid surfaces mainly noble metals. SAMs exhibit a high degree of orientation,
molecular ordering and packing density [1,2]. Among several compounds that can form SAM,
the chemisorptions of thiols and disulphides on gold have attracted a great deal of attention
especially due to the simplicity and the ease of formation. They also find potential application in
a variety of fields such as sensors [3-7], photolithography [7-9], nonlinear optical materials [10],
high-density memory storage devices [11] and corrosion protection [12,13].

A single layer of amphiphilic molecules spread at air-water interface is termed as the
Langmuir monolayer. This layer can be transferred onto a solid surface by LB technique. The
necessary condition for the formation of LB film is that the compound should be amphiphilic in
nature so that it can be spread on water surface [2].

This chapter is divided into four parts. In the first part, we have described a method of
fabricating monolayer and multilayers films of cholesterol by a combination of SAM and LB
technique. The composite film was used for the study of electron transfer properties of some
redox active systems. Our intention was to study the properties of the composite self-assembled
and LB films, as such systems are not much explored in the literature. We have studied the
electron transfer and ion permeation properties through the cholesterol monolayers and
multilayer films formed on Au substrate modified with SAMs of thiophenol (TP) and 2-
naphthalenethiol (2NT). Molecular films of cholesterol have also been characterized using STM,
AFM and grazing angle FTIR studies.

The second part of the chapter deals with the formation and electron transfer properties of
the LB film of DNA and a pyridinium derivative of hexaalkoxytriphenylene (PyTp). The PyTp

and PyTp-DNA complex films were first formed at an air-water interface and then transferred
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onto gold substrates by LB technique. Electrochemical measurements viz. CV and EIS studies
were carried out on these LB films in different redox systems. AFM studies were also carried out
in order to know the topography of the modified surface.

Third part of the chapter contains the formation and characterization of an interesting
SAM film composed of cyclodextrins and thiocholesterol host-guest inclusion complex on gold.
The electrochemical barrier properties of the SAMs were analyzed in aqueous redox system.
Lateral force microscopy (LFM) and force-distance spectroscopy studies show the definite
demarcations of the regions of hydrophobic and hydrophilic nature. The above system was then
compared with another one composed of methyl B-cyclodextrin and thiocholesterol inclusion
complex.

In the fourth and the final part of this chapter we have described the formation and
characterization of LbL films of oppositely charged polyelectrolytes namely polystyrene
sulfonate (PSS) and polyallylamine hydrochloride (PAH). Over the past few years the LbL
deposition technique has become an efficient method for producing organized films of oppositely
charged molecules. There are several advantages of the LbL method such as simplicity,
versatility, low cost, and precise control of film thickness.

3.2 Electron transfer studies on cholesterol LB films assembled on thiophenol
and 2-naphthalenethiol SAMs

Cholesterol, a sterol and an amphiphilic molecule, is an essential component of cell membranes
and some of the hormones and is known to alter several properties of lipid bilayers as it
influences the permeability and fluidity of membranes [14-18]. In this work we propose a novel
method of fabricating monolayer and multilayers films of cholesterol by a combination of SAM
and LB technique and the use of the composite SAM/LB film for the study of electron transfer
properties. The particularly striking feature of the SAMs on a surface such as gold for the
electrochemical studies is their remarkable stability over a wide potential window in aqueous
medium.

There are very few reports in the literature on the studies of the composite SAM and LB
films. Recently Ashwell et al. have studied the rectification behavior in hybrid Au/SAM/LB
device [19]. Yu et al. have studied the different bridges for interfacial electron transfer in

azobenzene LB/SAM composite bilayers [20]. While cholesterols and its derivatives are known
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to form Langmuir monolayers at air-water interface [21-24] and LB films on substrates coated
with hexamethyldisilazane [25], there are very few studies of these films by using
electrochemical and surface probe techniques. Bin et al. have carried out the PM-IRRAS studies
on the effect of cholesterol on the DMPC bilayer supported at Au electrode [26,27]. Yang et al.
have reported the electrochemical and IRAS characterization of thiocholesterol SAM [28] and
thiocholesterol, fatty acids mixed SAM [29]. To the best of our knowledge, there is no report in
the literature on the study of electron transfer properties through the cholesterol monolayers and
multilayer films formed on aromatic SAMs. Such a study has the potential to improve our
understanding of the biological processes across the cell membranes. The composite SAM and
LB film can mimic the behavior of the soft membranes to provide a powerful model system for
the study of transport of biomaterials across cell membranes.

Ganesh et al. have reported the formation and characterization of the SAM of 2NT using
electrochemical techniques, STM and FTIR [30]. Due to its highly ordered structure, rich «
electrons density and hydrophobic nature, this aromatic thiol monolayer can act as a suitable
substrate for the LB film formation and for electron transfer studies. It is known that the
cholesterol molecules prefer hydrophobic surfaces rather than hydrophilic surfaces to form LB
films [25]. The 2-napthalenethiol SAM, with the hydrophobic aromatic group pointing upwards,
therefore lends itself as an ideal platform for the deposition of cholesterol LB films to form the
composite SAM/LB film. The aromatic thiol monolayer also facilitates electron transfer across
the film, a useful property in the present study involving composite films. For comparison, we
have also formed the LB film of cholesterol on thiophenol (TP) SAM surface and characterized
it in a similar manner.

In this part of the chapter we report the results of electron transfer and ion permeation
studies on the cholesterol monolayers and multilayers LB films on SAMs of 2NT and TP on the
Au (111) surface. We have used the redox system of [Fe(CN)s]*’* as a probe to evaluate the
barrier properties towards the electron transfer of the system using electrochemical techniques
such as CV and EIS. The films have been characterized using STM [31], AFM and FTIR
techniques.
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3.2.1 Methods and materials

3.2.1.1 Deposition of cholesterol on SAMs

Cholesterol solution of the concentration of 0.64 mg/ml was prepared in chloroform. The freshly
prepared solution was spread using a micro syringe (Hamilton) on the Millipore water in an LB
trough (NIMA 611M). The solvent was allowed to evaporate for 15 minutes before starting the
compression. The experiments were carried out at room temperature (25 C). The target surface
pressure was kept at 30 mN/m, which is well within the regime of monolayer (Figure 3.1). After
attaining the target pressure, a duration of 15 minutes was allowed for the monolayer to attain the
equilibrium. The monolayer of cholesterol was obtained from a single cycle of deposition while
for the formation of two, three and four layers, repeated cycles of the respective number were
performed. The speed of dipper was maintained at 10 mm/min and 5 mm/min for the downward
and upward motions. The electrochemical characterization of the cholesterol monolayer and
multilayer films was carried out using CV and EIS in order to understand the electron transfer

properties of the redox species across the film and also the ionic permeation through the film.
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Fig 3.1 Surface pressure-area isotherm of cholesterol at the air-water interface. The deposition

was carried out at a surface pressure of 30 mN/m, as indicated by the arrow
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3.2.1.2 Cyclic voltammetry

2-naphthalenethiol (2NT) system

Figure 3.2 shows the cyclic voltammograms of (a) bare gold electrode, (b) 2NT modified
electrode, (c) monolayer of cholesterol modified SAM (denoted as Au/2NT-SAM/1-ch) and (d)
bilayer of cholesterol modified SAM (Au/2NT-SAM/2-ch) in 1 mM potassium ferrocyanide with
1 M NaF as supporting electrolyte at potential scan rate of 50 mVs™. It can be seen that bare gold
electrode shows the reversible peaks for the redox couple, characteristic of a diffusion controlled
reaction. On the other hand, the SAM of 2NT modified electrode (Figure 3.2b) shows an
irreversible behavior with a large peak separation and lower peak currents. This indicates that the
SAM of 2NT considerably hinders the electron transfer process though not completely blocking
it. This behavior is also typical of aromatic monolayer covered surfaces with poor blocking
character towards the redox species [30]. It is generally known that aromatic thiols, due to their
highly delocalized & electrons in the aromatic ring and extended conjugation of the molecules do
not completely block the electron transfer reactions [32-38]. This property of the aromatic SAM
is made use of in sensor and catalysis studies [35-37]. In contrast to 2NT-SAM on gold, the CV
of the cholesterol monolayer on 2NT SAM (Figure 3.2c) shows almost complete blocking of the
electron transfer reaction. This is due to the formation of well-organized and good blocking
SAM-LB composite film on the surface of gold. The driving force for the organization of the
cholesterol molecules on the surface of SAM is by hydrophobic interaction, which is very much
stable and sustained in aqueous medium.

It has been shown earlier that cholesterol forms a well-organized LB monolayer only on a
hydrophobic surface and not on a hydrophilic surface [25]. This observation is supported by the
fact that our efforts to form a stable LB film of cholesterol on hydrophilic surfaces of bare gold
and 4-aminothiophenol modified gold were not successful. Figure 3.2(d) shows cyclic
voltammogram of the sample after the formation of two layers of cholesterol on the 2NT
modified gold substrate. It can be seen that the cholesterol bilayer modified electrode shows an
excellent blocking towards the redox reaction, which is even better than that of the monolayer
modified SAM electrode. This confirms that a stable film with excellent barrier properties for
electron transfer has been achieved by forming a bilayer of cholesterol on the 2NT-SAM.
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Fig. 3.2 Cyclic voltammograms of (a) bare gold, (b) 2NT SAM, (c) 2NT SAM and cholesterol
monolayer and (d) 2NT SAM and cholesterol bilayer in 1mM potassium ferrocyanide solution
with 1M NaF as supporting electrolyte

Thiophenol (TP) system

Figure 3.3 shows the cyclic voltammograms for the (a) bare gold, (b) TP-SAM, (c) monolayer of
cholesterol modified TP SAM (Au/TP-SAM/1-ch) and (d) bilayer of cholesterol modified SAM
(Au/TP-SAM/2-ch). We find that the TP-SAM does not block the electron transfer process
completely which is in agreement with the literature reports [39-42]. The composite film
however, exhibits a remarkable improvement in the blocking property towards the [Fe(CN)s]**
redox couple. The order of the blocking ability is, Au < Au/TP-SAM < Au/TP-SAM/1-ch <
AU/TP-SAM/2-ch. However, we find that the electron transfer blocking ability of the monolayer

and bilayer of cholesterol on TP SAM is less effective than in the case of 2NT SAM.
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Fig 3.3 Cyclic voltammogram of (a) bare gold, (b) TP SAM, (c) TP SAM and cholesterol
monolayer and (d) TP SAM and cholesterol bilayer in ImM potassium ferrocyanide solution

with 1M NaF as supporting electrolyte

The CV studies discussed above are only qualitative indicator of the electron transfer
process. In order to obtain quantitative information of the charge transfer resistance, we have

carried out EIS studies.

3.2.1.3 Electrochemical impedance analysis

2-naphthalenethiol (2NT) system

Figure 3.4 shows the impedance plots of (a) Bare gold (b) SAM of 2NT, (c) Au/2NT-
SAM/monolayer of cholesterol (1-ch) and (d) Au/2NT-SAM/bilayer of cholesterol (2-ch). The
experiments were performed in equal concentrations of [Fe(CN)g]*™ with 1 M NaF as the

supporting electrolyte.
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Fig 3.4 Impedance Nyquist plots for (a) bare gold, (b) 2NT SAM, (c) 2NT SAM and cholesterol
monolayer, (d) 2NT SAM and cholesterol bilayer, (€) 2NT SAM and cholesterol trilayer and (f)
2NT SAM and cholesterol tetralayer in 1mM potassium ferrocyanide/potassium ferricyanide

solution with 1 M NaF as supporting electrolyte

It can be seen from Figure 3.4(a) and the inset that the impedance plot for the bare gold
electrode shows a very small semicircle at high frequency range and a straight line over a wide
frequency window signifying a process that is fully under diffusion control. Figure 3.4(b) shows
the characteristic semicircle at higher frequencies representing the charge transfer process and a
low frequency Warburg impedance for the 2NT-SAM modified gold electrode. The diameter of
the semicircle increases for the cholesterol monolayer and bilayer deposited on the SAM (Figure
3.4(c) and (d)). The impedance plots were fitted to Randle’s equivalent circuit and the values of
Rt for each system were calculated. The equivalent circuits used for fitting the measured data are
also shown in the respective Figure (3.4 a-f). The typical Randle’s equivalent circuit is composed
of a series uncompensated resistance R, a series combination of charge transfer resistance R
and the Warburg impedance (W), which are in parallel with the double layer capacitance Cgy or a
constant phase element Q. The Warburg impedance, W is not considered wherever the low
frequency Warburg region is absent in the impedance plot. The values obtained from fitting the

impedance plots for various samples are shown in Table 3.1. There is a remarkable increase in
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the R¢; value in Au/2NT-SAM/1-ch system as compared to that of SAM modified electrode by a
factor of about 30.

Electrode Type Rct/ (Ohm.cm?) Q n
(S.sec".cm™) (0<n<1)
Bare gold 7.60 [RC(RW)] - -
SAM of 2NT 592.1 [RC(RW)] |- -
Cholesterol monolayer on 2NT | 19.57K [R(QR)] 2.4 x 10°® 0.97

SAM
Cholesterol bilayer on 2NT | 2.406M [R(QR)] 1.27 x 10°° 0.96
SAM

Cholesterol trilayer on 2NT | 786.0K [R(QR)] 1.4 x 10® 0.97
SAM
Cholesterol tetralayer on 2NT | 1.47M [R(QR)] 1.3 x 10° 0.97
SAM

Table 3.1 Charge transfer resistance (R;), constant phase element (Q) and its exponent (n) for
ferrocyanide/ferricyanide redox reaction from the equivalent circuit fitting of electrochemical

impedance spectroscopy data in 2NT system

We have calculated the surface coverage from the formula 6 = 1-R/R’¢¢ (by assuming
that the current is due to the presence of pinholes and defects within the monolayer) where R is
the charge transfer resistance of bare gold electrode and R’ is the charge transfer resistance of
the corresponding modified electrode. For the cholesterol monolayer the surface coverage is
calculated to be 99.94%. The bilayer of cholesterol shows very high charge transfer resistance,
which is more than two orders of magnitude higher compared to the Au/2NT-SAM/1-ch system.
The surface coverage in this case is calculated to be 99.99 %. This extremely high resistance is
attributed to the hydrophobic cholesterol molecules that are exposed to the solution and inhibit
the diffusion of ions through the film towards the electrode surface.

Cholesterol monolayer has the hydrophilic nature because of —OH group being in the
upright direction, the bilayer system is hydrophobic which is formed by two cycles of deposition.
We have extended the bilayer by two additional cholesterol layers in order to evaluate the
integrity and stability of the films. We find that trilayer, which is formed by three cycles of
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deposition interestingly shows less R¢; value than the Au/2NT-SAM/2-ch system (Figure 3.4 (e)).
This is due to the fact that the trilayer has the hydrophilic surface since three cycles of deposition
creates a surface with the —OH group of cholesterol exposed to the solution.

The hydrophilic character of the film helps the charged ions in solution to permeate the
film. Moreover, the presence of multiple layers increases the defects in the film, which opens the
path for the diffusing ions to permeate through the film. Interestingly, the deposition of fourth
layer increases the resistance of the film, which is higher than Au/2NT-SAM/3-ch system
(Figure 3.4(f)) though not so high as for the bilayer system. This is because, after the formation
of fourth layer, the surface again acquires hydrophobic character, which makes it difficult for the
ions to permeate through the film. However the value of R is less than Au/2NT-SAM/2-ch
system (Figure 3.4(b)). This implies that due to the weak adsorption, the formation of further
layers above the bilayer introduces more voids and defects by disorienting the cholesterol
molecules. This facilitates the permeability of ions from the solution and consequently decreases
the R.; compared to the more compact Au/2NT-SAM/2-ch system.

We have also carried out interfacial capacitance studies using EIS. The capacitance of the
electrical double layer precisely describes the adsorption properties and is being used widely in
the study of thin films on metal surfaces [43,44]. The interfacial capacitance can be precisely
measured in pure supporting electrolyte and by carefully selecting the high frequency region of
the impedance plot where the capacitance essentially remains constant [44]. The experiments
were performed in 1 M NaF solution without any redox species. The capacitance values
measured in this case are shown in Table 3.2. The values show that the additional layers beyond
the bilayer do not change the measured capacitance values significantly. This shows that the
small sodium and fluoride ions can penetrate through the cholesterol film of third and fourth
layers comparatively easily thereby effectively restricting the dielectric thickness to the bilayer
over SAM.

Table 3.2 shows that the measured capacitance value for 2NT-SAM as 2.6 pFem 2, which
corresponds to the expected value of the thickness based on the height of 2NT (0.8 nm)
molecules. This indicates that a compact film of 2NT is formed on the surface of gold. The
measured capacitance value of 1.76 chm_z for the cholesterol monolayer on 2NT-SAM is higher
than the expected value of 0.92 chm‘2 by assuming the total thickness of the composite film to

be 2.4 nm and dielectric constant € = 2.5 and by using the formula:

67



Chapter-3

C=¢¢gyld

Where g is the permittivity of the space and d is the distance between the two plates of the

parallel plate capacitor or height of the SAM in our case.

Electrode type Measured capacitance Calculated capacitance
pFem?) (nFem?)

SAM of 2NT 2.60 2.55
Cholesterol monolayer on 2NT | 1.76 0.92
SAM

Cholesterol bilayer on 2NT | 1.10 0.55
SAM

Cholesterol trilayer on 2NT | 1.13 0.40
SAM

Cholesterol tetralayer on 2NT | 1.14 0.31
SAM

Table 3.2 Capacitance values obtained from electrochemical impedance spectroscopy in
supporting electrolyte in 2NT system (1 M NaF aqueous solution)

Since the cholesterol film acts as a dielectric film over the 2NT SAM, the total measured
capacitance of 1.76 pFem 2 is the effective series capacitance of both the layers. From this value,
the cholesterol film capacitance alone can be calculated to be 5.5 uFem . This value is rather
large when compared to the theoretically expected capacitance value of 1.38 pFem™? for a
compact film. This suggests that the cholesterol layer over 2NT SAM has several defects through
which the ions can quite easily access the electrode surface. However, the R value for the
[Fe(CN)e]*™ has increased considerably for this system when compared to 2NT SAM. This
implies that in spite of the large number of defects, the redox reaction is considerably inhibited.
Based on this observation, we propose that the defect sites in the 2NT SAM have been filled by
cholesterol, which therefore effectively blocks the electron transfer reaction. The cholesterol
molecules, which fill the defect sites, may also be anchored by the hydrophobic interaction with
neighboring 2NT molecules. Besides, there can be a tilt of the cholesterol molecules over the
surface of the SAM, which can decrease the thickness and increase the capacitance. This model

is schematically depicted in Figure 3.5.
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The addition of a second cholesterol layer on top of the first one further lowers the
interfacial capacitance to 1.10 pFem™ The value of Ry has considerably increased to 2.4
MQ.cm? which confirms the formation of a compact bilayer of cholesterol on the 2NT SAM on

gold.

2NT /
molecule hydrophilic

4~ part
cholesterol |
molecule !

hydrophobic
part

Fig 3.5 Schematic representation of different layers of cholesterol on 2NT SAM (a) monolayer of
cholesterol, (b) bilayer of cholesterol, (c) trilayer of cholesterol and (d) tetralayer of cholesterol.

Cholesterol molecule is depicted showing the hydrophobic and hydrophilic ends in the figure

There is however, little variation in capacitance beyond the bilayer. It is therefore
concluded that the size and number of the defects increase in the higher layers, which facilitate

the permeation of ions closer to the surface till up to a certain distance.
Thiophenol (TP) system

The comparison between the electron transfer properties of 2NT system with that of TP system
was carried out. Figure 3.6 shows the impedance curves for TP system. Table 3.3 shows that the
R¢t values for the TP system increasing systematically from SAM of TP right up to the four
layers of cholesterol. However, the measured R values are less than the corresponding values of

2NT system. We also find that the interfacial capacitance values for Au/TP-SAM/1-ch, Au/TP-
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SAM/3-ch and Au/TP-SAM/4-ch are almost the same. The TP SAM shows a capacitance value
of 3.96 uFem™ which is quite higher than the theoretically expected value of 2.5 pFem™. This
may indicate a large tilt in the molecules forming the monolayer as has been suggested earlier by
Sabatani et al. [39]. In this system, the capacitance of the cholesterol monolayer alone on TP
SAM s calculated to be 2.00 pFcm™. This value of capacitance is somewhat larger when
compared to the theoretically calculated capacitance of 1.38 pFem™ by assuming a vertical
orientation of the cholesterol molecules. The reason for this increase could be due to the presence
of defects as well the tilt in the cholesterol arrangement on the surface of TP-SAM.

Significantly, the R value for the [Fe(CN)g]*™* redox system is not quite large as it is in
the case of cholesterol layer on 2NT. The rather low value of R is also consistent with the CV
results, which shows very poor blocking of the redox reaction both for the TP SAM and the
cholesterol on TP SAM.
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Fig 3.6 Impedance Nyquist plots for (a) bare gold, (b) TP SAM, (c) TP SAM and cholesterol
monolayer, (d) TP SAM and cholesterol bilayer, (¢) TP SAM and cholesterol trilayer and (f) TP
SAM and cholesterol tetralayer in 1 mM [Fe(CN)¢]*"* solution with 1 M NaF as supporting

electrolyte
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Electrode Type R (Ohm.cm?) Q (S.sec™.cm™) n(0<n<1)
Bare gold 7.60 [RC(RW)] - -

SAM of TP 462.5 [RQ(RW)] 1.6 x 107 0.93
Cholesterol monolayer on TP | 1.1K [RQ(RW)] 6.6 x 10°° 0.92
SAM

Cholesterol bilayer on TP | 2.34K [RQ(RW)] 28 %10 0.93
SAM

Cholesterol trilayer on TP | 76.0K [R(Q(RW))] 15 x 10° 0.98
SAM

Cholesterol tetralayer on TP | 308.0K [R(QR)] 16 x 10 0.97

SAM

Table 3.3 Charge transfer resistance calculation from the equivalent circuit fitting of
electrochemical impedance spectroscopy data for ferrocyanide/ferricyanide redox reaction in TP

system

There is however marked decrease in the capacitance of Au/TP-SAM/2-ch system from

that of the Au/TP-SAM system. Table 3.4 shows the capacitance values for thiophenol-

cholesterol system. The measured capacitance for the Au/TP-SAM/1-ch is smaller than that of
the Au/2NT-SAM/1-ch, which indicates a greater thickness of the film formed by the former

system. This is rather surprising since the TP is a shorter molecule and therefore the thickness of
TP-SAM is expected to be shorter than 2NT-SAM.

Electrode type

Measured

Capacitance (nFem ™)

Calculated

Capacitance (nFem™)

SAM of TP

3.96

Monolayer of cholesterol on TP SAM | 1.33
Bilayer of cholesterol on TP SAM 0.93
Trilayer of cholesterol on TP SAM 1.27
Tetralayer of cholesterol on TP SAM | 1.31

2.50
1.10
0.62
0.43
0.33

Table 3.4 Calculated and measured capacitance values in TP system by electrochemical

impedance spectroscopy in 1M NaF solution
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The measured capacitance value in the case of Au/TP/1-ch is close to the expected value
based on the thickness of the film (0.4 nm). There is no change in the capacitance beyond bilayer
in the case of TP system. This indicates that after the formation of bilayer, the system becomes
more permeable for sodium and fluoride ions. These ions approach closer to the surface, which
decreases the effective separation between the electrode surface and the solution. In other words,
the third and fourth layers of cholesterol molecules do not function as effective dielectric

separators.

3.2.1.4 Scanning probe and FTIR analysis of cholesterol monolayer on 2NT-
SAM
AFM studies

We have carried out tapping mode AFM studies on bare gold surface, 2NT-SAM and the
cholesterol monolayer film over the SAM system (Figure 3.7). Figure 3.7a shows the bare gold
substrate, which has crystalline domains typical of the vacuum, deposited and annealed surface
at this scan range. The AFM image of 2NT-SAM on Au essentially follows the crystalline
domains seen on the bare gold surface (Figure 3.7b). However, the AFM image of cholesterol
monolayer formed on the 2NT-SAM (Figure 3.7¢) shows several elongated domains, which were
absent in 2NT-SAM on gold. The elongated features present in cholesterol LB film can be
attributed to the formation of the cholesterol monolayer along the direction of dipping of the
substrate in the LB trough [45,46].

<o
vy

¢ mn SO0 ¢ m 200

0 nm 200

Fig 3.7 Tapping mode AFM images of (a) bare gold, (b) 2NT SAM on Au surface and (c)
cholesterol monolayer on 2NT SAM /Au
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STM studies

STM imaging has been carried out in constant current mode using +100 mV sample bias voltage
and 1 nA tunneling current to confirm the organization of cholesterol molecules and to obtain
information on the structural and orientational aspects of the cholesterol molecules arranged on
the 2NT-SAM. The structure of 2NT-SAM on Au (111) was already reported using STM [30]. It
was shown to form a well aligned (V3x 3) R 30° over layer structure on Au (111) surface. Figure
3.8a shows the STM image of the monolayer of cholesterol molecules on the SAM of 2NT on
evaporated gold surface. It can be seen that cholesterol molecules arrange themselves in rows

forming a striped pattern.

Z-range 2.586 [nm]

|

6.5
(a) X (nm)

Fig 3.8 Constant current STM images of (a) cholesterol monolayer on 2NT SAM showing
individual cholesterol molecules arranged in rows (b) 3-d view of cholesterol monolayer on
2NT SAM showing individual cholesterol molecules. The lines drawn on the image show 0.5 nm
along the rows and 1 nm along the columns. Tunneling current = 1nA; Bias voltage = +100 mV

(substrate)

Figure 3.8b shows several bright features in the image. The bright features can be
attributed to higher electron density polar —OH groups oriented in the upright direction. The
calculated area occupied by individual cholesterol molecule from STM images is 0.64 nm?. The
tilt angle can be measured from the arcos function of the ratio of the true area of the molecule

and area per molecule from STM image. This is calculated to be 28.96° from the surface normal.
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The STM studies confirm the formation of a well-aligned compact monolayer of cholesterol

molecules on 2NT-SAM. This is also in accordance with our electrochemical and AFM results.

Grazing angle FTIR analysis

We have carried out grazing angle FTIR spectroscopy on the Au/2NT-SAM/LB system to
confirm the organization of cholesterol on SAMs. Figure 3.9a and 3.9b are the FTIR spectra of

the Au/2NT/cholesterol and Au/TP/cholesterol respectively.
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Fig. 3.9 Grazing angle FTIR spectra of (a) cholesterol film on 2NT SAM and (b) cholesterol film
on TP SAM

We have observed the typical cholesterol peaks in both cases, which confirm the presence
of cholesterol. The peaks are representative of the different modes of vibrations present in
cholesterol. In 2NT system we have well defined peaks at 2833, 2886 and 2912 cm™ which
correspond to the CH,C-H symmetric stretch, CH3C-H symmetric stretch and CHC-H
asymmetric stretch respectively. Also we have peaks at 2941 and 2991 cm™ showing CH,C-H
asymmetric stretch and CH3C-H asymmetric stretch respectively. The transmittance peaks are
observed in case of TP system. Here the different peaks at 2841, 2889 and 2918 cm™ correspond
to the CH,C-H symmetric stretch, CH3C-H symmetric stretch and CHC-H asymmetric stretch
respectively. The peaks at 2938 and 2967 cm™ correspond to CH,C-H asymmetric stretch and
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CH3C-H asymmetric stretch respectively. The grazing angle FTIR spectra confirm the presence

of cholesterol monolayer on the 2NT-SAM.

3.3 Electrochemical characterization of LB films of a discotic liquid crystal

molecule and its complex with DNA

Discotic liquid-crystal molecules (discogens) are of interest for their intriguing supramolecular
architectures [47]. Their unique molecular electronic properties, such as two-dimensional
delocalization of electrons, make them potential candidates for applications in devices such as
light emitting diodes, photovoltaic solar cells and field-effect transistors [48]. In addition, these
molecules are biologically significant. There are some naturally occurring disk-shaped
biomolecules such as vitamins, hemoglobin and chlorophyll. Inspired by the wide range of
applications, researchers have designed and synthesized several types of discogens [47]. An
interesting class of discogens is the ionic discogen, which can find application in designing
anisotropic ion-conductive materials [49]. Moreover, the cationic discogen molecules can be
complexed with negatively charged biological molecules like DNA. In literature, there are
several reports on aliphatic lipid-DNA complexes, which are primarily stimulated by nonviral
gene delivery [50,51]. However, the discogen-DNA complexes have been studied only recently
and they are expected to have some novel properties [52].

The self-assembly of discogen-DNA complexes, prepared in the bulk, are reported to
exhibit a double lamello-columnar structure [53]. The discogen-DNA complex monolayer,
prepared at an air-water interface, exhibited increased stability and rigidity as compared to the
pure discogen monolayer [54]. Further, the discogen-DNA complex formed stable multilayers
with high efficiency (transfer ratio ~ 1) by LB technique. All these indicate a good packing
between discogen and DNA molecules. There is a unique matching between the structures of
DNA and discogen molecules. In a double-stranded DNA, the distance separating adjacent
planes of hydrogen-bonded base pairs is 0.34 nm, close to the n-n stacking distance of about
0.34 nm in the discogen columns. This enables a good packing between DNA and discogen
molecules by electrostatic attraction. Another important aspect of the system is that, both DNA
and discogen have their own intrinsic electronic properties. Therefore, complexing DNA with
discogen is a novel approach to develop functional materials for organic electronics. Hence, the

study of the electronic properties of such systems becomes significant. Recently, nanoscale
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conductivity of LB films of a discogen-DNA complex studied using current-sensing atomic force
microscopy was reported by Nayak et al. [55].

In this work, we report the electrochemical studies on LB films of an ionic discogen, viz.,
pyridinium tethered with hexaalkoxytriphenylene with bromide counterion (PyTp) and its
complex with DNA (PyTp-DNA). We have analyzed the electrochemical barrier property of the
LB films of discogen and its complex with DNA towards different redox systems. Our studies
show the electron transfer reaction of the ferrocene redox system was allowed whereas the
potassium ferrocyanide reaction was completely blocked. A mechanism for this interesting

behavior is proposed.
3.3.1 Methods and materials

The material hexaalkoxytriphenylene with bromide counterion (PyTp) was synthesized by
Sandeep Kumar et al. of this institute [56]. It is a discotic mesogen exhibiting columnar
mesophase with the phase sequence: Solid-columnar (Col); 83.7°C, Col-isotropic; 95 C. The
monolayer film of PyTp was prepared at air-water interface in a Langmuir trough (NIMA,
model: 611M). To obtain PyTp-DNA complex monolayer film at A-W interface, we formed a
PyTp monolayer on aqueous subphase containing 10® M concentration of DNA. We have used
double stranded deoxyribonucleic acid sodium salt (SIGMA) with approximate molecular weight
of 1.3 X 10° (~2000 bp).

The PyTp monolayer and the PyTp-DNA complex monolayer films were transferred at a
target surface pressure of 35 mN/m onto gold coated glass substrates by LB technique. We have
used both hydrophilic and hydrophobic gold substrates for LB film deposition. Evaporated Au
strips were used for SAM formation and were pretreated with “piranha” solution (3:1 conc.
H,SO,4: H,0,). The treatment with piranha removes all organic contaminations and yields the
hydrophilic gold substrate. For hydrophobic surfaces we have formed SAMs of TP on gold
surface. All the films with odd number of layers were transferred onto hydrophilic gold
substrates, and those with even number of layers were transferred onto hydrophobic gold
substrates.

The surface pressure-area per molecule isotherms of the PyTp monolayer, and the PyTp-
DNA complex monolayer formed with 10® M concentration of DNA in the subphase, are shown
in Figure 3.10. The chemical structure of the molecule PyTp is shown as an inset in Figure 3.10.
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On spreading the PyTp molecules on the surface of water, the Br™ counterions dissolve into the
subphase and a positively charged PyTp monolayer forms at the air-water interface [57]. When
such a monolayer was formed on an aqueous subphase containing DNA, the negatively charged
phosphate groups of DNA interacted electrostatically with the cationic pyridinium groups in the
PyTp monolayer and formed a PyTp-DNA complex monolayer film at the air-water interface.
The PyTp-DNA complex monolayer exhibited a collapse pressure 25 % higher than the pure
PyTp monolayer indicating enhanced stability.

For electrochemical studies, the PyTp film and the PyTp-DNA complex film were
transferred at a target surface pressure of 35 mN/m by LB technique. The transfer efficiencies of
these films were found to be in the range of 70-90 %. In an earlier report, it was shown that the

PyTp molecules exhibit an edge-on configuration at this surface pressure in both the films [54].
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Fig 3.10 Surface pressure (xz)-area per molecule (Ay) isotherms of pure PyTp monolayer
(dashed line) and PyTp-DNA complex monolayer (continuous line). The complex monolayer was
obtained with a subphase containing 10® M concentration of DNA in ultra pure water. Inset
shows the chemical structure of pyridinium tethered with hexaalkoxytriphenylene (PyTp)
molecule with bromine as counterion (PyTp)
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3.3.1.1 AFM studies

Figure 3.11 shows simultaneously acquired topography and phase images of the LB film of pure
PyTp transferred onto gold coated glass substrates along with TP SAM modified gold substrate.
The topography images (c.f. Figures 3.11a and c¢) could not reveal any significant differences in
the morphology of the films because of the crystalline nature of the bare gold substrate. In this
context, the respective phase images of these films provide very useful information (Figure 3.11b
and d).

The phase imaging is known to be a powerful method for mapping the variations in
composition, viscoelasticity, stiffness and adhesion of the sample surface at high spatial
resolution [58,59]. The fact that the phase shift is sensitive to the material properties enabled us
to distinguish between the LB films of pure PyTp and the PyTp-DNA complex [60].

=

Fig 3.11 AFM topography and phase images of the (a, topography and b, phase) TP SAM on
gold, (c, topography and d, phase) 1 layer of PyTp on TP SAM (all the images are 12m x 1.m)
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Figure 3.12 shows the AFM topographic and phase images of PyTp-DNA complex LB
films. In contrast to the pure PyTp film (Figure 3.11d), the phase images of the PyTp-DNA
complex LB films with 2, 4 and 8 layers (Figure 3.12b, d and f) exhibit dark patches which can
be attributed to DNA bundles present in the film. The PyTp-DNA complex LB film with 2 layers
also exhibits fine thread-like features in the phase image (Figure 3.12b) indicating the presence
of DNA [54]. These observations confirm the transfer of DNA from air-water interface to the air-
solid interface during the LB process. In the following sections, we have presented the
electrochemical studies performed on these films which revealed significant differences in the
charge transfer properties of pure PyTp films and the PyTp-DNA complex films.

Fig 3.12 AFM topography and phase images of the (a, topography and b, phase) 2 layers of
DNA-PyTp complex on TP SAM, (c, topography and d, phase) 4 layers of DNA-PyTp complex on
TP SAM and (e, topography, f phase) 8 layers of DNA-PyTp complex on TP SAM (all the images

are 1xmx 1zm)
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3.3.1.2 Electrochemical studies in aqueous system

We have deposited PyTp on both unmodified gold and TP SAM modified gold. It was shown
that the TP SAM surface was an ideal platform for the deposition of the LB film [61]. The CV
and EIS studies show that the LB film of PyTp on unmodified gold does not show any blocking
towards the electron transfer reaction of [Fe(CN)s]*"* (Figure 3.13a, 3.14a). This behavior shows
that PyTp does not form stable film on unmodified gold and the monolayer film detaches away
in the aqueous solution.

The LB deposition of PyTp was also carried out on TP SAM, it forms 2 layers on TP
SAM during upward and downward dipping. The superior LB deposition on TP SAM is because
of the hydrophobic nature of the TP SAM which is a suitable platform for the deposition of the
hydrophobic PyTp. TP SAM is useful in the electrochemical point of view also because it does

not show any electron transfer blocking of [Fe(CN)e]*"™

redox reaction and it is possible to study
the electron transfer barrier property of the subsequently deposited films on TP SAM [61].

The CV in 1 mM potassium ferrocyanide + 1 M NaF does not show any peak current for
Py-TP on TP modified surface which indicates the complete blocking of the electron transfer
reaction (Figure 3.13b). EIS quantifies the blocking ability of the system in terms of charge
transfer resistance (Rc) for the electron transfer reaction. The R value in the case of PyTp LB
film on unmodified gold is 5.17 Q.cm? (Figure 3.14a) whereas the R value for LB film of PyTp
on TP SAM is 9.93 KQ.cm? (Figure 3.14b). The more than three orders of magnitude change in
R¢t shows the formation of better organized film with very few pin holes and defect sites. The
above EIS results endorse the behavior of the two systems in CV experiment.

Measurement of interfacial capacitance is very important to study the ionic permeation
through a thin film. The capacitance of the electrical double layer precisely describes the
adsorption properties and is being used widely in the study of thin films on metal surfaces [61-
63]. We have earlier shown that the interfacial capacitance can be precisely measured in pure
supporting electrolyte and by carefully selecting the high frequency region of the impedance plot
where the capacitance essentially remains constant [61,63]. The capacitance measurements were
carried out in 1 M NaF solution without any redox species.

The interfacial capacitance value for the 2 layers LB film of PyTp on TP SAM is found

to be 1.45 pFem™. From this value, the calculated dielectric constant is 0.77 which is smaller
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than the observed dielectric constant value of triphenylene (2.5). The probable reason for this is
the ionic permeation through the pin holes and defects present in the LB film which causes the
electrolyte ions to reach near the electrode surface. Thus the decrease in the effective distance
increases the capacitance which otherwise would be 0.4 pFem™ for a fully compact and

impermeable film.
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Fig 3.13 Cyclic voltammogram of (a) LB film of PyTp on unmodified gold, (b) PyTp 2 layers on
TP SAM modified gold, (c) LB bilayer of DNA-PyTp on TP SAM modified gold (d) 4 layers of
DNA-PyTp complex on TP SAM modified gold and (e) 8 layers of DNA-PyTp complex on TP
SAM modified gold in 1mM potassium ferrocyanide solution with 1M NaF as supporting

electrolyte

DNA is found to form complex with PyTp at air-water interface and the complex is quite
stable under ambient conditions. We have deposited different number of layers of the complex
on the unmodified and TP SAM modified gold. The CV results show that the complex deposited
on gold does not show any blocking behavior towards the redox reaction of [Fe(CN)s]*™*. Thus
we can conclude that the LB deposition of DNA-PyTp on unmodified gold is poor. The LB
bilayer of DNA-PyTp on TP modified gold shows enhanced barrier properties towards the same
redox system. The cyclic voltammogram shows complete blocking of the electron transfer
reaction (Figure 3.13c). The blocking in case of DNA-PyTp bilayer is even better than the PyTp
bilayer.
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The observation is further confirmed by EIS studies where the DNA-PyTp bilayer system
shows very high R value, 21.4 KQ.cm? (Figure 3.14c). Hence we conclude that the DNA-PyTp
system has fewer pin holes and defects than the PyTp bilayer. The interfacial capacitance
analysis gives a capacitance value 1.24 pFem™. This again shows that this system is less

permeable for ions.
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Fig. 3.14 Nyquist plots for electrochemical impedance spectroscopy for (a) LB film of PyTp on
unmodified gold, (b) PyTp 2 layers on TP SAM modified gold, (c) LB bilayer of DNA-PyTp on
TP SAM modified gold (d) 4 layers of DNA-PyTp complex on TP SAM modified gold and (e) 8
layers of DNA-PyTp complex on TP SAM modified gold in ImM potassium ferrocyanide and
1mM potassium ferricyanide solution with 1M NaF as supporting electrolyte

We have further deposited 4 layers of DNA-PyTp complex on TP modified gold. We
found that 4 layers system still enhances the electron transfer barrier properties towards the redox
reaction. Cyclic voltammogram shows the decrease in the current (Figure 3.13d) and the
observed R value in this case is 41.2 KQ.cm? (Figure 3.14d). Interfacial capacitance value also
decreases in this system and it measured to be 0.91 uFem™. Deposition of further layers does not
improve the barrier property but it is rather stable. 8 layers LB film of DNA-PyTp complex

shows an R value 32 KQ.cm? and capacitance value 1.2 chm'Z (Figure 3.13e, 3.14e). The
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charge transfer resistance and interfacial capacitance values for all the systems are summarized
in Table 3.5.

Electrode type Rt (KQ.cm?) Cq (nFem™)
SAM of TP 0.46 3.96
2 layers of PyTP on TP SAM 9.93 1.45
2 layers of DNA-PYTP on TP SAM | 21.4 1.24
4 layers of DNA-PYTP on TP SAM | 41.2 0.91
8 layers of DNA-PYTP on TP SAM | 32.0 1.20

3

Table 3.5 charge transfer resistance (Rc) in [Fe(CN)s]*"" and interfacial capacitance (Cgq) in

pure supporting electrolyte, NaF for different LB films on TP SAM

3.3.1.3 Electrochemical studies in nonaqueous (ethanol) medium: Ferrocene

redox reaction

We have carried out electrochemical studies on the LB films of discotic liquid crystal and DNA-
discotic liquid crystal complex in ethanol for ferrocene redox system. 1 mM ferrocene solution
was prepared in ethanol with 0.1 M LiCIO4 as a supporting electrolyte. Figure 3.15 shows the
behavior of different layer systems in ferrocene. The electrochemical results show that the redox
reaction in the ferrocene is not hindered in any of the LB film system composed of discotic
liquid crystal and DNA-discotic liquid crystal complex.

Although there is slight asymmetry observed in the cyclic voltammograms which may be
due to the different number of LB layers on the electrode, nevertheless the anodic and cathodic
peak separation is close to 70 mV in all the cases. This shows the facile nature of the ferrocene
charge transfer process even in the presence of LB film of DNA-discotic complex. The EIS
results are shown in Figure 3.16. This shows that the process is fully under diffusion controlled.
This behavior is different from the [Fe(CN)s]*"* redox reaction. Normally such anomaly may be
attributed to the disorganization of the film in the non-aqueous solvent such as ethanol. To check

this, we again carried out CV experiment in [Fe(CN)g]*"*

soon after doing the experiment in the
ferrocene medium. Surprisingly we found that electron transfer reaction is not allowed in
[Fe(CN)s]*™ (Figure 3.17(a-d)). This confirms that the LB film has not been detached by the

nonaqueous electrolytic system.
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Fig 3.15 Cyclic voltammogram of (a) PyTp on TP SAM, (b) 2 layers of DNA-PyTp on TP SAM,
(c) 4 layers of DNA-PyTp on TP SAM and (d) 8 layers of DNA-PyTp on TP SAM in 1mM

ferrocene in ethanol with 0.1 M LiCIO, as supporting electrolyte
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Fig 3.16 EIS results for (a) PyTp on TP SAM, (b) 2 layers of DNA-PyTp on TP SAM, (c) 4 layers
of DNA-PyTp on TP SAM and (d) 8 layers of DNA-PyTp on TP SAM in 1mM ferrocene in
ethanol with 0.1 M LiCIO, as supporting electrolyte
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Moreover the potential range for the CV in ferrocene is also similar to what we employed
in [Fe(CN)g]*™ system therefore the question of the potential induced disturbance in the film is
ruled out.

We propose the probable cause for the ferrocene redox reaction as due to the bridge
mediated electron transfer [64] where the electron transfer takes place through the medium
between the electrode and the redox molecule. The medium could be a nanosize organic film. It
is well known that ferrocene undergoes an outer-sphere electron-transfer reaction in which the
redox species come close to the SAM-modified electrode surface and electron transfer takes
place with the metal at some distance. Also ferrocene has m-electrons which can also interact
with the n-electrons of the DNA-PyTp film.

150 100
a 80+ b
100
60
504
404
NE 04 20
¥ 04
<
=
\ ™ T
- 0.0 0.2 04 0.0 0.2 0.4
g 200
- 200 4 d
- 150 C
= 150 4
& 100
100 -
50.4
504
0
04
0.0 0.2 0.4 LR oA G B S gt

Potential V vs. SCE
Fig. 3.17 Cyclic voltammograms recorded in potassium ferrocyanide solution with 1.0 M NaF as
supporting electrolyte soon after the electrochemical experiment in ferrocene (a) PyTp on TP
SAM, (b) 2 layers of DNA-PyTp complex on TP SAM, (c) 4 layers of DNA-PyTp complex on TP
SAM and (d) 8 layers of DNA-PyTp complex on TP SAM
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This is in contrast to that of the redox reaction of the [Fe(CN)e]*™ system, which
involves the formation of reaction intermediates that get adsorbed on the electrode surface. But
in the present case of DNA-PyTp film the negative charge of the LB film will repel the
negatively charged [Fe(CN)s]*’*. That is also the reason of the high charge transfer resistance
shown in [Fe(CN)g]*™ case.

Discotic molecule PyTp and DNA-PyTp complex are rich in m-electrons. Furthermore
DNA has been shown to act as a bridge for electron conduction as well [65,66]. The presence of
n-electron rich discotic molecules between the electrode and redox species which is an LB film
in the present case, tends to promote the electron transfer process. The m-electrons of ferrocene
molecule will interact with the n-electrons of the LB film.

The bridge mediated electron transfer actually assists in the electron transfer process.
However, the electron transfer by tunneling depends upon the distance between the donor and
acceptor sites. When the redox species are somewhat far away from the surface, the electron
transfer would be slow whereas if the redox species are near to the electrode surface electron
transfer will be fast. In the case of distant-dependent electron transfer for a bridge mediated
system, the current (I) is exponentially related to the distance (x) between the donor and
acceptors by the relationship I a ™, where B is the inverse decay length. The value of B also
depends on the nature and structure of the film. 3 is observed to be smaller for the system with -
electrons compare to the saturated system without n-electrons like alkanethiols SAM [67-69].
This is attributed to the delocalization of donor and acceptor states on the bridge.

3.4 Cyclodextrin inclusion complexes (ICs) with thiocholesterol and their self-
assembly on gold: A combined electrochemical and lateral force microscopy
(LFM) analysis

Different approaches are being used for building the architecture for molecular electronics. Self-
assembly of certain organic thiol molecules on surfaces is of significant interest and it has been
widely perceived to find applications in molecular electronics [70-73], and fundamental studies
of creating hydrophobic and hydrophilic surfaces [74,75]. Cyclodextrins are the cyclic
oligosaccharides of glucose having different number of glucose units in them. For example a, B
and y cyclodextrins have 6, 7 and 8 glucose units respectively. Owing to their hydrophobic
cavity they are known to form inclusion complexes (ICs) with various hydrophobic compounds
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[76-80]. The main advantage of the inclusion complex (IC) is the increased solubility of the
guest in water. Also since cyclodextrins are nontoxic they find useful applications in drug, food,
agricultural and environmental related industries. B-cyclodextrin and methyl B-cyclodextrin are
extensively used to remove cholesterol from cultured cell [81-83]. There are several reports on
the formation of IC between cyclodextrins and cholesterol. Thiocholesterol is the thiol analogues
of the cholesterol and it forms SAM on gold. Yang et al. have studied the behavior of
thiocholesterol SAM by electrochemical methods and IRAS spectroscopy [84,85].
Thiocholesterol forms a defect rich monolayer (65% coverage) on gold surface. These defects
arise because the molecular packing in SAM is not compact because of its structure. There are a
few literature reports on the formation of the inclusion complexes and the self-assembly of the
inclusion complexes onto gold. Yan et al. have made the SAM of IC of alkanethiols [80] and
viologens [78] with a-cyclodextrin and B-cyclodextrin. The resulting SAM shows better electron
transfer blocking properties than corresponding alkanethiol. Samitsu et al. have immobilized the
molecular tubes made up of cyclodextrin on gold surface using self-assembly process [77].

In this work we report the self-assembly of the host-guest inclusion complex (IC) made
up of pB-cyclodextrin and thiocholesterol. We have characterized the SAM of IC by
electrochemical methods such as CV and EIS. Electrochemical characterization is very useful in
order to get the information about the ionic permeability of the SAM which is determined by the

compactness of the film. We have used the redox system of [Fe(CN)e]*"™

as probe to evaluate
the barrier properties of the system.

We have also carried out LFM, also known as friction force microscopy, studies on the
film. The LFM technique is known to reveal the presence of materials with different chemical
characteristics on surface [86-88]. It can give important information about the hydrophilic and
hydrophobic regions present on the surface. That arises because of the different kind of
interactions observed by the tip while scanning different regions on the substrate. Combined with
the topographical analysis by AFM and force distance curve, LFM is a compelling technique for
surface characterization. So far there is no study in the literature about the friction imaging of the
surface coated with the self assembled monolayer of IC and the measurements of the interaction
force by force-distance spectroscopy. In this work we have also studied the SAM composed of

IC of methyl B-cyclodextrin and thiocholesterol.
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3.4.1 Methods and materials

3.4.1.1 Inclusion complex: Formation and self-assembly on gold

Thiocholesterol solution was prepared in isopropanol/chloroform (2:1) in a beaker and 8 mg of
thiocholesterol was dissolved into 5 ml of that solution. 330 mg of B-cyclodextrin was dissolved
in 5 ml of the phosphate buffer solution of pH = 7. The B-cyclodextrin solution was kept for
heating at around 70°C and thiocholesterol solution was added slowly into the B-cyclodextrin
solution with continuous stirring. Initially there was a formation of turbid colored solution which
turned into a clean solution on further addition. This is the indication of the formation of the
inclusion complex. The IC was found to be very stable at room temperature for several days. We
have used the above IC solution directly as the loading solution for the SAM formation. The
similar procedure was followed in the case of methyl B-cyclodextrin too. For comparison we
have also formed the SAM of thiocholesterol. We have used 0.3 mM thiocholesterol solution in
ethanol as a loading solution for the SAM. Au strips were used for SAM formation and were
pretreated with “piranha” solution (3:1 conc. H,SO, : H,0,). SAMs were prepared by immersing
the gold substrate in the aqueous solution of IC for 24 hours. After the adsorption of IC, the
substrates were thoroughly rinsed with distilled water and finally with Millipore water and used

for the electrochemical and AFM analysis.

3.4.1.2 Electrochemical characterization

p-cyclodextrin-thiocholesterol and methyl p-cyclodextrin-thiocholesterol

3-/4-

inclusion complex SAM in [Fe(CN)¢]”" solution

The electrochemical characterization of the SAM was carried out using CV and EIS in order to
understand the electron transfer properties of the different redox species across the film and also
the ionic permeation through the film.

Figure 3.18 shows the cyclic voltammograms in the [Fe(CN)s]** for the (a)
Thiocholesterol SAM on gold surface, (b) p-cyclodextrin-thiocholesterol IC SAM on gold, (c)
methyl B-cyclodextrin-thiocholesterol IC SAM on gold and inset shows the response of gold
electrode. The relatively large current in the case of Figure 3.18(a) for the thiocholesterol SAM

can be attributed to the noncompact film formed in this case. The cyclic voltammogram for
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thiocholesterol shows very little peak current that confirms that the SAM does not block the
electron transfer reaction completely. However B-cyclodextrin-thiocholesterol IC SAM on gold
shows improved blocking behavior over the thiocholesterol SAM. The cyclic voltammogram
shows no peaks. It confirms that the electron transfer is blocked significantly that can happen
when cyclodextrin molecules form a rigid network on the electrode surface which does not allow
ions from solution to permeate the monolayer. B-Cyclodextrin has hydrophilic outer core due to
the presence of hydroxyl groups. These -OH groups are responsible for the high water solubility
of the cyclodextrin. Also the secondary hydroxyl groups located on the cyclodextrin can stabilize
the SAM by forming the intermolecular hydrogen bonds among themselves [80,89]. This kind of
network will be very stable compared to the thiocholesterol SAM. Figure 3.18(c) is the cyclic
voltammogram for methyl B-cyclodextrin-thiocholesterol IC SAM on gold which shows
excellent electron transfer blocking. Methyl B-cyclodextrin is known to form inclusion complex
with cholesterol and we find that it is more efficient than the B-cyclodextrin [83]. The reason for
the higher electron transfer blocking property arises due to the large number of ICs, forming a

more compact film which is better than the -cyclodextrin-thiocholesterol IC SAM.
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Fig. 3.18 Cyclic voltammograms in the [Fe(CN)¢]*'* for the (a) thiocholesterol SAM on gold
surface, (b) p-cyclodextrin-thiocholesterol IC SAM on gold, (c) methyl p-cyclodextrin-
thiocholesterol IC SAM on gold and inset shows the CV for bare gold electrode

89



Chapter-3

1,100 4
1804 @ 100m 10001 b %D@—}
160 900 3 W
140 161m 800 3
120 smam mw]‘ 700
100 600 dee =04
HEm 500 3 TER e =3 18.9
=1 30 a & @ "7
60 1es 100 & h-] 7:'28
10] 281 o® B72m 300 4 127 o
~ o 200 % 204 a2 D@yﬁ”
zg 452 100 % 520 259m
T T T T T 0 T T T
E 0 50 100 150 200 250 0 500 1.000 1,500
:"““ 9,000 ¢ 60,0004 ]
Q[ BT s s
I | 6.000 as 10,000
725 ' 2.81 ] 174
5,000 1] ] 108
ool 7 . \a a0 414 30,000 2-81‘: * en e
’ *a qoz 1 & ¥
3,000 4 20,000 5 a5z 412m
2000]0. b ram K t osom
' 0.4 259m 10,0008 7.2e &
1000% atem g P es 3,
0 T T 0 Y I A L
0 5,000 10,000 0 20,000 40,000 60,000

7' /Ohm ey’

Fig. 3.19 The electrochemical impedance spectroscopy results in the potassium
ferrocyanide/ferricyanide for the (a) bare gold electrode (b) thiocholesterol SAM on gold
surface, (c) p-cyclodextrin-thiocholesterol IC SAM on gold and (d) methyl p-cyclodextrin-

thiocholesterol IC SAM on gold

Figure 3.19 shows the EIS results in the [Fe(CN)g]*™ for (a) bare gold electrode (b)
thiocholesterol SAM on gold surface, (¢) B-cyclodextrin-thiocholesterol IC SAM on gold, (d)
methyl B-cyclodextrin-thiocholesterol IC SAM on gold.

It can be seen from Figure 3.19(a) that the impedance plot for the bare gold electrode
shows a very small semicircle at high frequency range and a straight line over a wide frequency
window signifying a process that is fully under diffusion control. Figure 3.19(b) shows the EIS
plot for the thiocholesterol SAM with the large semicircle showing the reaction is under charge
transfer control. The R value was found to be 1.1 KQ.cm? Figure 3.19(c) shows an increase in

the diameter of the semicircle, the R value for this SAM is observed to be 10.5 KQ.cm?. There
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is an increase in the R by ten times in this case. Figure 3.19(d) shows the impedance plot for the
methyl B-cyclodextrin-thiocholesterol SAM which shows a large Re; value 64.6 KQ.cm? These
results are in accordance with the CV results. Thus in summary the electron transfer blocking
sequence was found to be thiocholesterol SAM < B-cyclodextrin-thiocholesterol SAM < methyl
B-cyclodextrin-thiocholesterol SAM. The R values are shown in Table 3.6.

We have also carried out interfacial capacitance studies using EIS. We have earlier
shown that the interfacial capacitance can be precisely measured in pure supporting electrolyte
and by carefully selecting the high frequency region of the impedance plot where the capacitance
essentially remains constant [61]. The experiments were performed in 1 M NaF solution without
any redox species. Table 3.6 shows the values of interfacial capacitance in different electrode
systems.

We have observed a capacitance value of 3.5 pFem™ for thiocholesterol SAM. This value
is larger than the value expected from a compact SAM and this shows the porous nature of the
thiocholesterol SAM that is permeable for the ions in electrolyte solution. However the pB-

cyclodextrin-thiocholesterol SAM shows capacitance values of 3.0 pFem™.

Electrode Type Capacitance (uFem™) Ret (KQ.cm?)
Thiocholesterol SAM 3.5 1.1
B-cyclodextrin-thiocholesterol IC SAM | 3.0 10.5
Methyl B-cyclodextrin-thiocholesterol | 1.3 64.6
IC SAM
Table 3.6 Interfacial capacitance in pure supporting electrolyte (NaF) and charge transfer
resistance values for different systems in [Fe(CN)s]*™redox system

Methyl B-cyclodextrin-thiocholesterol SAM shows a further decrease in the capacitance
which is 1.3uFem™. The rather low capacitance value may arise due to the less hydrophilic
nature of the methyl B-cyclodextrin-thiocholesterol SAM than the B-cyclodextrin-thiocholesterol
SAM. Methyl B-cyclodextrin-thiocholesterol SAM as we have already discussed shows high Rq;
value. It is known that Methyl B-cyclodextrin forms complex with cholesterol more efficiently
than B-cyclodextrin [83]. The high R reflects a more ordered film. This also leads to lower

value of the capacitance as the ions are prevented from penetrating the film.
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3.4.1.3 Lateral force microscopy studies and force-distance measurements on
the different SAM systems

LFM imaging

Lateral force microscopy provides an excellent method to probe the lateral or the friction forces
present between the probe tip and the substrate. LFM studies are valuable for imaging the
variations in surface friction while scanning by an AFM in contact mode. Friction forces can
arise from inhomogeneity in surface properties for example the presence of the hydrophobic and
hydrophilic films on any surface, which can yield different values of friction force and this can
be easily probed with LFM. An LFM is a very sensitive tool to detect the changes in material

property when no accompanying changes in morphology occur [86-88].

. \l(- \3-'.:
PBED

Fig. 3.20 10 um x 10 um LFM image (a) and corresponding topographic image (b) for bare gold

Therefore it is suitable technique for imaging the SAM surface composed of f3-
cyclodextrin-thiocholesterol IC SAM and methyl B-cyclodextrin-thiocholesterol IC SAM.
Figures 3.20, 3.21, 3.22 and 3.23 show the different LFM images and their corresponding

topographic images.
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Fig. 3.21 10 um x 10 um LFM image (a) and corresponding topographic image (b) for
thiocholesterol SAM

Fig. 3.22 10 um x 10 um LFM image (a) and corresponding topographic image (b) of f-

cyclodextrin-thiocholesterol SAM
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Fig. 3.23 10 um x 10 um LFM image (a) and corresponding topographic image (b) of methyl f5-
cyclodextrin-thiocholesterol SAM

We have used hydrophilic silicon tip in all the AFM/LFM measurements. In case of bare
gold the LFM image Figure 3.20(a) and topographic image Figure 3.20(b) are almost identical
and this shows that the surface is uniformly made up of a single phase, in other words the force
of friction is almost uniform in bare gold surface. Figure 3.21 (a) and (b) are the LFM and
corresponding topographic images of the thiocholesterol SAM. In this case also the almost
identical images show that thiocholesterol monolayer is uniformly deposited and the surface
property is homogeneous.

Figure 3.22 (a, b) are the LFM and corresponding topographic images of the SAM
composed of B-cyclodextrin-thiocholesterol SAM. One can see that LFM image shows two
distinct phases which indicates different magnitude of friction. This shows that the SAM system
in case of B-cyclodextrin-thiocholesterol IC has two components where one component is the -
cyclodextrin-thiocholesterol IC and the other component is thiocholesterol alone. This is likely to
be possible since there might be some uncomplexed thiocholesterol which does not form IC with
B-cyclodextrin. The bright regions present in the LFM image are attributed to the hydrophilic
region which is composed of B-cyclodextrin-thiocholesterol IC and the dark regions are because
of the presence of thiocholesterol molecules. Hence the system is like a mixed SAM with clear

phase separation between the two components which is revealed by our LFM imaging. While the
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topographic image does not show any phase separation it does indicate that the SAM surface is
quite uniform and does not have multilayer kind of structure.

Figure 3.23 (a, b) are the LFM and corresponding topographic images of the SAM
composed of methyl B-cyclodextrin-thiocholesterol SAM. LFM image shows two distinct phases
that arise because of the different magnitude of friction observed by the tip. The bright regions
present in the LFM image are attributed to the hydrophilic methyl B-cyclodextrin-thiocholesterol
IC SAM and the dark regions are made up of thiocholesterol SAM.

We know from the literature that methyl B-cyclodextrin forms inclusion complex with
cholesterol more efficiently than B-cyclodextrin [83]. The reason for the more bright regions in
the LFM images is attributed to the more number of ICs present on the surface. This property of
methyl B-cyclodextrin is probably due the somewhat more hydrophobic outer surface of the
molecule, which is helpful in the inclusion complex formation. This was also reflected in the
electron transfer blocking property towards [Fe(CN)]*™
B-cyclodextrin-thiocholesterol IC SAM.

redox system, which is better than the

Force-distance measurements

We have also performed the force-distance spectroscopy on the SAM to measure the interaction
between the tip and sample, for which we have selectively chosen the bright and the dark region
on the LFM image and brought the tip near the different regions to measure the friction force. In
each case 50 force-distance curves were obtained, the plots shown are the average of all the
curves.

Figure 3.24 (a) and (b) are the force-distance curves taken at the dark (hydrophobic)
region and bright (hydrophilic) regions of the B-cyclodextrin-thiocholesterol IC SAM
respectively. From the figures it is clear that the calculated friction force is more in case of the
bright regions (2.6 nN) compared to the dark regions (1.5 nN) which can be due to the presence
of attractive hydrophilic-hydrophilic forces between tip and the hydrophilic IC SAM. On the
other hand the darker regions, due to their hydrophobic character, show less friction force. This
shows that bright regions in the LFM images are hydrophilic and dark regions are hydrophobic.

Figure 3.25 (a) and (b) are the force-distance curves taken at the dark (hydrophobic)
region and bright (hydrophilic) region of the methyl B-cyclodextrin-thiocholesterol IC SAM
respectively. The friction force in bright regions (2.1 nN) is more compared to the dark regions
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(1.4 nN) and this is again because of the presence of attractive hydrophilic-hydrophilic forces
between tip and the hydrophilic IC SAM. The friction force observed for the brighter region in
this case is lesser than the force observed in previous case of -cyclodextrin-thiocholesterol IC
SAM. The reason for this may be the less hydrophilic character of the methyl B-cyclodextrin

molecule than B-cyclodextrin molecule which causes a less tip surface interaction.
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Fig. 3.24 The force-distance curves taken at the dark (hydrophobic) region (a) and bright
(hydrophilic) region (b) of the p-cyclodextrin-thiocholesterol 1IC SAM respectively
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Fig. 3.25 The force-distance curves taken at the dark (hydrophobic) region (a) and bright
(hydrophilic) region (b) of the methyl p-cyclodextrin-thiocholesterol IC SAM respectively

3.5 The layer-by-layer (LbL) assembly of oppositely charged polyelectrolytes:
Morphological analysis and electron transfer studies

The nanostructured films prepared by the use of LbL assembly have tremendous advantages
especially to fabricate new devices whose properties can be tuned by carefully choosing the
desired polyelectrolytes. These films find several applications in the field of electrochromism,
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bioelectrocatalysis, electroanalysis and electrocatalysis. The simplest mechanism of LbL
adsorption can be described as a sequential adsorption of oppositely charged species by dipping
the substrate into the solutions alternatively. Recent results show that the film formation takes
place due to the charge overcompensation and this can only takes place till a threshold value of
surface charge density beyond which film formation will no longer take place [90-93]. In the
present work we have prepared an LbL film of opposite charged polyelectrolyte namely

polystyrenesulfonate (PSS) and polyallylamine hydrochloride (PAH) (Figure 3.26).

Fig. 3.26 Poly allylaminehydrochloride (PAH) and Polystyrene sulfoante (PSS)

These polyelectrolytes are widely used as a model system in LbL. In the present work,
we have utilized their opposite charges and prepared different number of layers of these
polyelectrolytes (4, 8, 12 and 16 bilayers). Here the term bilayer refers to a layer of PSS and
PAH. The deposition was carried out on gold electrode modified with a charged self-asembled
monolayer. The morphological characterization was carried out with the help of an AFM and

34 redox

electrochemical studies i.e. CV and EIS were carried out in the presence of [Fe(CN)g]
couple to measure the electron transfer properties of the different number of PSS and PAH layer

systems.
3.5.1 Methods and materials

Prior to the LbL deposition the gold substrate was modified with SAM of 4-
mercaptopropanesulfonate (4-MPS) to get a negatively charged surface. The SAM of 4-MPS
provides a negatively charged gold surface and does not block the electron transfer reaction of
[Fe(CN)e]*™ redox couple. For SAM preparation 10 mM 4-MPS was prepared in 10 ml ethanol
and a cleaned gold electrode was immersed into the solution for 12 hours. The SAM modified
gold surface was then immersed into the 1 mg/ml solution of PAH for 10 minutes followed by
cleaning in Millipore water to remove weakly adsorbed polyelectrolytes and again immersed in 1
mg/ml solution of PSS. This one cycle of deposition yields us a single bilayer of
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polyelectrolytes. For more number of bilayers formation that many cycles of deposition were

performed. Figure 3.27 shows the schematic representation of the LbL process.
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Fig. 3.27  Schematic  representation of the layer-by-layer  assembly  of
polyallylaminehydrochloride (PAH) and polystyrene sulfoante (PSS)

3.5.1.1 Characterization of the LbL films

Figure 3.28 a-d shows the AFM topographic images of different number of bilayer coated gold
surface. All the images are 10um x 10um scale. One can clearly see the difference in the
roughness as the number of bilayers increases. The inset in Figure 3.28 (a) shows the relatively
smooth unmodified gold surface. The AFM study confirm the adsorption of polyelectrolytes
(PSS and PAH) on gold surface.

98



Chapter-3

Fig. 328 AFM topographic images of the layer-by-layer assembly  of
polyallylaminehydrochloride (PAH) and polystyrene sulfoante (PSS). (a) 4 bilayers, (b) 8
bilayers, (c) 12 bilayers and (d) 16 bilayers. Inset in (a) shows the unmodified gold surface all

images are 10 um x 10 um

We have also carried out CV experiment in order to check the electron transfer barrier

3-/4-

property of the films towards [Fe(CN)s]™"* redox couple. Figure 3.29 shows the CV results for

the different number of bilayer modified gold electrode. One can see from the figure that bare

%4 But 2 bilayers

gold electrode shows no blocking of electron transfer reaction of [Fe(CN)g]
system is capable of blocking the electron transfer reaction. The extent of blocking increases for
more number of bilayers modified electrode. We also observe that there is not much change in
the electron transfer blocking properties after 8 bilayers. It was observed that 12 and 16 bilayers
systems have same extent of blocking. The similar electron transfer blocking character after 8

bilayers could be due to the porous network of the polyelectrolyte layers where electrolyte ions
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can penetrate the layers. This also manifests that a threshold value of surface charge density

exists beyond which film formation no longer takes place [90-93].
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Fig. 3.29 Cyclic voltammetry results for the different nyumber of layer-by-layer assembly of

polyallylaminehydrochloride (PAH) and polystyrene sulfoante (PSS).
3.6 Conclusions

This chapter deals with the preparation and electrochemical characterization of the ultrathin
molecular thin films on gold substrate. In the first part of the chapter, we have studied the
electron transfer and ion permeation properties through the cholesterol monolayers and
multilayer films formed on SAMs of TP and 2NT on Au substrate. The molecular films of
cholesterol have also been characterized using STM, AFM and grazing angle FTIR studies. We

find that the charge transfer resistance (Ry) value for the [Fe(CN)s]*™*

redox system has
increased remarkably by the deposition of cholesterol layers on the SAM. The R and interfacial
capacitance values depend upon the exposed part of the cholesterol molecules towards
electrolyte and also the structure of the monolayer. The modified electrodes show almost
complete blocking of the electron transfer reaction. Interfacial capacitance studies with EIS
confirm the formation of LB films onto the SAM. The STM and AFM studies of the cholesterol

monolayer show that it forms a good, compact and well-ordered film on 2-napthalenethiol SAM.
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The area per molecule is measured to be 0.64 nm? for cholesterol molecule with a tilt angle of
about 28.96° from the surface normal as obtained from STM studies.

In the second part of the chapter the electrochemical barrier properties of the discotic
liquid crystal and its complex with DNA were studied with three different redox probes namely
potassium ferrocyanide, ferrocene. The study shows that the bridge-mediated electron transfer
mechanism in the case of ferrocene redox system is responsible for the very low R values
whereas the high R values obtained in the case of potassium ferrocyanide system are due to the
fact that the LB film of DNA-Discogen is impermeable for the ferrocyanide ions. The study of
these biologically important DNA complex films is helpful in the understanding of the
conducting nature of these films and in designing the anisotropic ion conducting materials for
various applications.

In the third part we have analyzed the self-assembly of the inclusion complexes formed
between B-cyclodextrin and thiocholesterol and also between methyl B-cyclodextrin and
thiocholesterol. Electrochemical tools and AFM were used for the characterization of the SAM.
The solution formed contains the IC as well as free thiocholesterol. This was confirmed by our
lateral force microscopy analysis combined with the force measurements between the AFM tip
and the sample. AFM topographical images show that the system does not have multilayered
structure and it is quite uniform. Friction images were analyzed to understand the dissimilar
chemical nature of both the regions. Two distinct regions were found in each of the cases having
hydrophilic and hydrophobic nature. Hydrophilic region was made up of cyclodextrin IC
whereas the hydrophobic region was composed of only thiocholesterol molecules. Force-distance
spectroscopy reveals the greater tip-surface interaction in bright (hydrophilic) regions than the
dark (hydrophobic) regions. Electrochemical studies such as CV and EIS were also carried out in
aqueous medium to obtain the further insight to the IC SAM.

The fourth part of the chapter is about the LbL films of oppositely charged
polyelectrolytes namely PSS and PAH. We have analyzed the polyelectrolyte films with the help
of AFM and CV. AFM images of the LbL films shows increase in the roughness and electron

transfer barrier properties.
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Chapter 4

Formation of Nanostructures of Polyaniline (PANI) and
Porphyrin Derivative, AFM Analysis, Optical Properties and

Electrochemical Lead Sensing

In recent times nanostructures made from arganic compounds have found vast interest in material science especially
because these organic nanostructures can be tailored by means of chemical methods to achigve variety of applications.
Porphyrins are the orgamic compounds which can be very useful for building organic nanostructures. Porphyrins
derivatives can farm interesting nanostructures of different shapes and sizes. Ihese nanostructures form due to the ability
of porphyrin derivatives to form J-aggregates. In the present chapter we show that the nanostructures prepared from
conducting polymer, polyaniline and a parphyrin show interesting optical properties and their [6] farmed on gold substrate

can be used for metal ions sensing.
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4.1 Introduction

Porphyrins are derived from four pyrroline subunits and are highly conjugated aromatic
macrocycles. They are widely studied for their potential applications as molecular electronics
materials in light harvesting devices [1,2], catalysts [3], sensors [4] and in supramolecular
chemistry [5,6]. In recent times, there has been an immense interest in the formation and study of
nanostructures of porphyrins, which show interesting chemical, physical and optoelectronic
properties [7-11]. Just as in the case of metal nanoparticles, the challenge involved in the
synthesis of porphyrin nanoparticles is to control the size and prevent their agglomeration. There
have been reports on the use of polymers such as polyethylene glycol (PEG) as a stabilizer for
the nanoparticles of porphyrin [7] and also counterion-dependent aggregates of porphyrin
nanostructures in aqueous acidic solutions [8]. Rotomskis et al. have shown how the porphyrin
molecules attain ring shape by what is known as J-aggregation, which is similar to the “spread
deck of cards” like conformation. They hypothesized the formation of tubular structures from
porphyrin J-aggregates which was also confirmed by AFM images on silicon substrate [12]. The
ability of porphyrin derivatives to form interesting structures in the form of J and H-aggregates is
the key to the formation of nanostructures. The J-aggregates form due to the interaction between
the negatively charged functional groups attached to the porphyrin, and the positive charge at the
centre of the adjacent porphyrin. The H-aggregates form when porphyrin molecules are stacked
in a face-to-face configuration [7].

From the spectral shifts one can distinguish various aggregation patterns of the dyes in
different media. For instance, the bathrochromically shifted J-bands (J for Jelly, who was the
first worker to investigate these shifts) and hypsochromically shifted H-bands (H for
hypsochromic) of the aggregates have been explained in terms of molecular exciton coupling
theory [7,8]. According to the simple definition, the J-aggregate is a one-dimensional molecular
arrangement in which the transition dipole moments of individual monomers are aligned parallel
to the line joining their centers (end-to-end arrangement). The H-aggregate is also a one-
dimensional array of molecules in which the transition dipole moments of individual monomers
are aligned parallel to each other but perpendicular to the line joining their centers (face-to-face

arrangement).
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An extensive study on aggregates has resulted in the proposal that these aggregates exist
as a one-dimensional assembly in solution that could be in one of the following arrangement:
1. Ladder,
2. Staircase or
3. Brickwork type of arrangement.

The schematic of the assembly is shown in the Figure 4.1.

Ladder Staircase Brickwork

Fig. 4.1 Different kind of aggregate structures

H and J-aggregates show many interesting properties for example linear and nonlinear
optical (NLO) response, photoelectric, photorefractive, photochromism, superradiance,
superfluorescence, electroluminescence, photoluminescence, attenuated total reflection (ATR)
etc.

This chapter contains three parts, the first part describes the formation of porphyrin and
PANI nanostructures in the bulk, their characterization by spectroscopic and scanning probe
techniques and their optical properties. The second part includes the formation of these organic
nanostructures as a thin film on self-assembled monolayer modified gold substrate, their
characterization and application in lead sensing. In the last part we have discussed about the one
pot synthesis of porphyrin nanofibers and their interesting optical properties, in particular the
improved emission property.

A simple method of preparation of porphyrin nanoparticles and the study of their
nonlinear optical properties is discussed in this work. We also show in the second part that a film
of porphyrin nanoparticles with PANI can be used for electrochemical sensing of lead.
4,4' 4" 4"'-(porphine-5,10,15,20-tetrayl)tetrakis(benzoic acid) (PTBA) is used as the precursor.
The nanoparticles were prepared by mixing the PTBA solution with a dilute solution of PANI,

which is a well known conducting polymer. These nanoparticles show long time stability. PANI
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acts as an effective stabilizing agent which prevents further aggregation of the nanoparticles,
which otherwise would result in precipitation.

Nonlinear optics (NLO) is the branch of optics, which expresses the behavior
of light in non-linear media. Non-linear optical properties are very important in optics and they
give rise to the many phenomenons which include second harmonic generation, third harmonic
generation, sum frequency generation and optical rectification etc. Many organic compounds
including porphyrins, phthalocyanines, conjugated polymers etc. show good non-linear optical
properties. While the non-linear optical properties of porphyrins are well studied in literature
[13-15], we show that the porphyrin-polyaniline nanocomposite described here exhibits an
enhanced non-linear optical property compared to the parent compounds PTBA and PANI.

Since porphyrins are well known chelating agent they can be used to chelate poisonous
heavy metals such as lead. [16] Prolong exposure of lead may cause neurological harm, kidney
disease and also cardiovascular diseases [17,18]. In addition, lead interferes with a variety of
body processes and is found to be highly toxic, predominantly to children. The major sources of
lead are pants, pigments, cosmetics, and lead acid batteries which affect especially the workers in
automobile service stations.

However, the foremost tool for the detection of lead is the measurement of the blood lead
level, which can be achieved by a suitable lead sensor with very low detection limit. In the
present work we have shown that PTBA-PANI nanostructures modified gold electrode has the
potential to be used as lead sensor with the help of anodic stripping voltammetry.

4.2 Methods and materials

PANI was prepared by electrochemical potential cycling in an electrolyte containing 0.1 M
H,SO,4 and 0.5 M aniline at a potential range of -0.2 V to 1.0 V. An indium tin oxide (ITO)
electrode was used for the deposition of the PANI film. It is known that PANI has a higher
solubility in DMF when synthesized through electrochemical route than by chemical method
[19]. Ultrasonication of the electropolymerized PANI film for 10 minutes in DMF/water mixture
provides a good dispersion of PANI. To prepare the nanoparticles, a 12 uM solution of PANI
and a 0.25 mM solution of PTBA, both prepared in DMF/water (1:1), were used as the
precursors. When these two solutions were mixed in a 1:1 proportion the PTBA-PANI

nanocomposite was formed.
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For layer-by-layer assembly we have used gold coated mica substrate obtained from the
vacuum evaporation method. Prior to the deposition of PTBA and PANI, the gold substrate was
modified with the self-assembled monolayer of 4-mercaptopropane sulfonate sodium salt (4-
MPS) to create a negatively charged layer on gold substrate. Modified gold was dipped for 10
minutes in the solution of PANI and PTBA, alternately. The substrate was cleaned with
Millipore water each time after the layer deposition to remove weekly adsorbed PANI or PTBA.
We have performed 4 and 8 cycles of deposition of PTBA and PANI.

The UV-vis absorption spectra of PANI, PTBA and PTBA-PANI mixture were measured
using a spectrophotometer (Perkin Elmer-Lambda 35). Photoluminescence measurements were
carried out using a standard spectrofluorometer (Fluoromax 4, Horiba Jobin Yvon). Atomic force
microscopy (AFM) was used for the characterization of the nanoparticles and film. A drop of the
nanoparticle solution prepared in DMF/water system was deposited on mica substrate and the
solvent was allowed to evaporate. For AFM studies, we have used a muscovite mica substrate,
which was freshly cleaved by means of a Scotch tape. AFM studies were carried out using Pico
plus (Molecular Imaging) AFM in AC (tapping) mode with a silicon tip. The images obtained
were raw images, which were plane corrected using the scanning probe image processor (SPIP)
software (Image Metrology, Denmark).

The nonlinear absorption measurements were conducted using pulse laser facility
available at the Light and Matter Physics group of RRI. The experiments were carried out at the
excitation wavelength of 532 nm, using laser pulses of 7 nanoseconds duration obtained from a
Q-switched, frequency doubled Nd:YAG laser (Quanta Ray, Spectra Physics). The technique of
open aperture Z-scan [20] was used for the measurements.

Anodic stripping voltammetry (ASV) experiment was carried out for checking the
sensitivity of the modified electrode towards lead. Lead nitrate solution was prepared with 0.1 M
NaF as the supporting electrolyte in Millipore water of resistivity 18 MQ.cm. A conventional
three-electrode electrochemical cell was used for ASV. A platinum foil of large surface area as

the counter electrode and a saturated calomel electrode (SCE) as a reference electrode were used.
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4.2.1 Formation of the PTBA-PANI nanoparticles in the bulk and nonlinear

optical properties
4.2.1.1 Characterization of the nanocomposite

In porphyrins and phthalocyanines two kinds of bands are generally seen in the UV-vis spectra.
First one is an intense band in the blue wavelength region of the visible spectrum which is called
the Soret band and at higher wavelengths there are four Q bands. Any structural and functional
changes associated with these molecules are normally reflected by the change in the intensity,
shape and shifts of these bands. The samples and the UV-vis spectra of PTBA-PANI solution are
shown in Figures 4.2a and 4.2b respectively. The spectra show a clear splitting in the Soret band.
It is also seen that the Soret band is broadened and the Q bands are slightly shifted towards the
longer wavelengths which indicates the formation of the porphyrin aggregates in the solution
[7,21-26]. Usually the porphyrin aggregates fall into the two categories of H-type and J-type
aggregates. In H-type aggregation porphyrin molecules are stacked in a sandwich-like manner
which is also called the face-to-face configuration. In J-type aggregation the porphyrin molecules
are stacked in a spread deck of cards like arrangement. The absorption spectrum of the PTBA-
PANI mixture gives a clear indication of the formation of PTBA nanoparticles, which are

essentially the PANI stabilized aggregates of PTBA.

PANI
PTBA

-

. { e PANLPTEA

—
- »

Absorbance

Nanoparticle PTBA PANI

solution solution solution

0.0 4— - SR 3= - . B -
250 400 600 800 1000

b Wavelength (nm)

Fig. 4.2 Photograph of the solutions of PANI, PTBA and PTBA nanoparticles (a), and UV-VIS
absorption spectra of the samples showing the splitting in the Soret band (b). Inset shows the red
shift in the Q bands
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Figure 4.3 shows the tapping mode AFM topographic image of nanoparticles on the mica
substrate. It shows a homogeneous distribution of nanoparticles on mica substrate. The typical
particle size is found to be 80-100 nm and the z-height corresponding to the thickness of the
nanocomposite is 3-4 nm. In addition, a few bigger clusters are also observed in the topographic

image.

100 150 200 Z50 300 350 400 450 500
Position [nm]

Fig. 4.3 2 pm x 2 um AFM topographic image of porphyrin nanoparticles on mica substrate
showing the height and size of the individual nanoparticle

AFM phase imaging was also carried out, as it is known to yield much sharper features
than the topographic images. Figure 4.4 shows the 10 um x 10 um AFM phase image of the
nanoparticles on mica. The inset in Figure 4.4a shows the zoomed image where the well-resolved
individual nanoparticles can be clearly seen. The phase image confirms that most of the

nanoparticles are of uniform size ranging from 80-100 nm. It can also be seen from the Figure
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4.4(b) that the bigger clusters, which are found in the topographic image (Figure 4.4c), are

actually made up of smaller sized nanoparticles.

Fig. 4.4 10 um x 10 um AFM phase image of porphyrin nanoparticles on mica substrate. Inset

shows the zoomed 1 um x 1 um part. Phase image is sharper than the topographic image

We have also performed FTIR spectroscopy (Figure 4.5) to analyze the nanocomposite
formed by mixing PANI and PTBA.

—— PANI-PTBA
9 — PTBA

Transmittance

T T T T T T T T T
1050 1200 1350 1500 1650
Wavenumber /cm'1

Fig. 4.5 FTIR spectra of PANI and mixture of PANI and PTBA (nanoparticles) showing the
multiple IR peaks in the case of nanoparticles (from 1300 to 1700 cm™)
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In the case of porphyrin there is a broad peak of —C=0 stretching at 1670 cm™. In the
case of nanocomposite the broad peak at 1670 cm™ splits into few more peaks as shown by
arrows in Figure 4.5. The changes in the IR spectra in 1600 to 1800 cm™ region indicate the
structural changes surrounding the —C=0 group. The appearance of the new peaks at 1700 and
1716 cm™ is indicative of the interaction between -C=0 group and -NH groups. This information
although not confirmatory yet furnishes us a clue that there might be aggregation among the
PTBA particles in the PTBA-PANI nanocomposite sample.

The presence of water in the case of DMF/water system enhances the polarity of the
solvent which induces the aggregation of porphyrin cores. This polarity driven aggregation may
be helpful in controlling the size of the porphyrin nanoparticles. The driving forces behind the
formation of the nanoparticles are m-stacking effect and hydrophobic interaction. Some of the
PTBA molecules can also stack together to form J-aggregates due to the intermolecular
association between the positively charged porphyrin rings and the negatively charged benzoic
acid groups of the neighboring porphyrin molecules. The presence of four negatively charged
groups attached on the periphery of the porphyrin may not cause repulsion since the negative
charge of the attached groups is delocalized over the porphyrin ring [27,28]. The assembly of
such J-aggregates driven by hydrophobic interaction and 7 stacking leads to the formation of the
nanoparticles. This stacking of porphyrin has also been reported elsewhere [12,29]. Meso-tetra
(4-sulfonatophenyl)porphine (TPPS;) [12] and meso-tetrakis(4-hydroxyphenyl)porphyrin
(H2THPP) [29] have also been shown to form J-aggregates.

PTBA and PANI were also deposited separately on mica substrate and imaged using
AFM. In the case of PANI on mica, the AFM image (Figure 4.6) shows a few lumps of polymer.
In the case of PTBA (Figure 4.7) we observed clusters of aggregated mass (about 600 nm),
which are possibly the bigger J-aggregates of PTBA stacked together. From the AFM images it
is clear that the features we obtained in PTBA (Figure 4.7) are larger than the particles obtained
in the case of PTBA-PANI mixture.
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Fig. 4.6 5 um x 5 um AFM image of PANI deposited on mica substrate

Fig. 4.7 5 um x 5 um AFM image of PTBA deposited on mica substrate

The nanoparticle synthesis was also carried out in the absence of water i.e. in DMF alone.
Figure 4.8 shows the topographic image of the nanoparticles formed in the case of DMF as a
solvent. In this case AFM image on mica shows less z-height. The height observed in DMF is
around 0.5-0.8 nm while the x and y dimension are similar (80-100 nm) to the DMF/water case.
Interestingly the thickness of single PTBA molecule is 0.5 nm [12] so the height observed in this
case suggests the presence of nanostructures with the thickness of almost a single PTBA
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molecule. This indicates that nanoparticles are less aggregated in DMF and mostly lie flat on
mica sheet. The presence of water in the case of DMF/water system enhances the polarity of the
solvent which induces the aggregation of porphyrin cores. This polarity driven aggregation may
be helpful in controlling the size of the porphyrin nanoparticles.

Figure 4.9 shows the schematic diagram of the aggregation behavior of the PTBA

molecules in DMF and DMF/water solutions.

Position [nm]

Fig. 4.8 2 um x 2 um AFM image of porphyrin nanoparticles on mica substrate formed in DMF
and the height and size of nanoparticle

Table 4.1 summarizes the roughness parameters of the surface, the average roughness
(Sa), rms roughness (Sq) and developed surfaces area ratio (Sqr), which were measured using
SPIP software [30,31]. The mica surface which was modified with the nanoparticles (prepared in
DMF/water system) shows a value of Sy, 0.357 % whereas for a surface modified with
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nanoparticles formed in DMF, Sy, value comes out to be 0.0266%. Bare mica substrate shows the

least value of Sy, 0.00671 %. All the roughness data are calculated for a 10 pum region. The

higher roughness values in the case of nanoparticles in DMF/water system clearly indicates the

effect of water in the polarity driven aggregation as discussed earlier.

Substrate Average roughness | rms roughness (Sq) | Developed

(Se) surface

Area ratio (Sgy)

Bare mica 0.508 0.727 0.00554%
Nanoparticles (DMF/water) 1.96 2.99 0.357%
modified mica
Nanoparticles (DMF) modified | 0.56 1.23 0.0266%
mica

Table 4.1 The roughness parameters of the surface, the average roughness (S;), rms roughness

(Sq) and developed surfaces area ratio (Sqr)

DM F/water

.y

PTBA J-aggregate

Nanoparticles

Fig. 4.9 Schematic diagram of the aggregation behavior of the PTBA
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To check the optical nonlinearity of the PTBA-PANI sample when compared to the
individual components, we have carried out Z-scan experiment in each case. Figure 4.10 shows
the laser fluence vs. normalized transmittance curve for the samples, it shows the significant
enhancement in the nonlinear transmission for the PTBA-PANI nanocomposite compared to

either of the constituents alone.

1.0 4 ..;j:'::.'i‘g_b.-;;'*
Rl B B N s
o »
c ~.3 ™A
g 0.9+ & pete,
S ‘ <
§ i
c 3 . ’ \\
© 4
‘: 0.8 4 " N X
8 5
N %
— N
E 074 , , 3
re) | o PANI 910" myw y N
-7 PTBA - == 11x10" myw )
0.6- PANLPTBA | | - =-23x10"" m/W |
- T —
1.2x10’ 10* 8x10*

Fluence (J/m")
Fig. 4.10 Laser fluence vs. Normalized transmittance curve for the samples.

4.2.1.2 Photoluminescence spectroscopy analysis

There are a few reports on the enhancement of the nonlinear optical property in the case of
charge transfer complex formed by porphyrins and phthalocyanines [15,32-35]. We have carried
out photoluminescence measurements in the PTBA-PANI nanocomposite in order to get
information about possible charge-transfer interaction between PTBA and PANI. However, no
guenching was observed in the PTBA photoluminescence upon 420 nm excitation (position of
the Soret band), implying the absence of a charge-transfer interaction. The photoluminescence
spectrum of the nanocomposite shows the two-band red shifted luminescence similar to the
spectra obtained by Serpone et al. for J and H- aggregates in the case of meso-
tetraphenylporphyrin (H,TPP) [27]. Figure 4.11 shows the emission and excitation spectra of

the nanocomposite sample. The excitation spectrum was taken at the fixed emission wavelength
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of 650 nm (maximum emission wavelength), and it is almost identical to the absorption spectrum

of the sample.
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Fig. 4.11 (a) Emission spectra and (b) excitation spectra of the PTBA-PANI mixture

4.2.2 Formation of porphyrin/polyaniline nanostructures by layer-by-layer

assembly and their application in ppb level lead sensing

4.2.2.1 Structural analysis

Figure 4.12a is the AFM surface topography image of the 4 layers of PTBA-PANI. It shows the
presence of several nanoparticles of equal dimension. Figure 4.12b shows the z-height and x-y
dimension of these nanoparticles. All the nanoparticles are of same size with x and y dimension
around 150 nm and z-height of 13-15 nm.

In the first part of this chapter we have shown that the simple mixing of PTBA and PANI
produces nanoparticles of dimension around 80-100 nm and z-height of 3-4 nm [36]. The
formation of nanostructures during layer-by-layer assembly shows that interaction between
PTBA and PANI is possible not only in bulk solution but also during the process of alternate
layers formation. We have repeated the experiment to see the reproducibility of the AFM images.
We observed that the images are reproducible and the dimensions of the nanostructures are

comparable in all the images.
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Fig. 4.12 (a) 10x10 um AFM image of 4 layers of PTBA-PANI showing the nanoparticles. (b)
Zoomed portion from (a) showing the z-height and size of individual nanoparticles and 3d image

of the zoomed area

The origin for the formation of these nanostructures is stacking of the PTBA J-aggregates
[36]. These J-aggregates form due to the intermolecular association between the positively
charged porphyrin rings and the negatively charged benzoic acid groups of neighboring
porphyrins. Once we keep the 4-MPS modified substrate in PANI solution PANI deposits on the
negatively charged surface and subsequently keeping this in PTBA solution, J-aggregates of
PTBA assemble on the substrate. We repeat this process to build up alternate layers of PTBA
and PANI. The driving force behind the formation of the nanostructures is n-stacking effect.

To confirm our hypothesis regarding the structure of nanocomposite we have conducted
another experiment where we have deposited 8 layers of PTBA-PANI on 4-MPS modified gold
substrate. The substrate was then imaged with an AFM in AC mode. Figure 4.13a is the AFM
image of 8 layers of PTBA and PANI. We observed particles of x and y dimension around 200-
300 nm and z-height of 30-40 nm. Figure 4.13b is the 3d image of 8 cycles of deposition of
PTBA and PANI. The z-height observed in this case is almost twice the height of the
nanoparticles observed in the case of 4 bilayers. This increase in size clearly reveals that the
particles are growing in all the direction. Further layer deposition on gold shows the aggregation

of the nanoparticles where we observed clusters of aggregated mass.
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Fig. 4.13 (@) 10x10 um AFM image of 8 cycles deposited PANI and PTBA showing the
nanoparticles. (b). 5x5 um 3d image of 8 cycles deposited PANI and PTBA and z- height and

size of the nanoparticles

Different roughness parameters for the nanostructures modified gold substrate are shown
in Table 4.2 [30]. The Sq value calculated for 4-MPS modified gold substrate is 0.118% whereas
for 4 layers PTBA-PANI and 8 layers PTBA-PANI, Sy values are 0.713% and 1.19%

respectively. The higher Sy, values are the indication of the surface having features of bigger

size.
Substrate Average roughness rms roughness Developed surface area
(Sa) (Sq) ratio (Sar)
4MPS SAM on gold 0.708 0.959 0.118 %
4 cycles deposited 3.90 6.02 0.713 %
PTBA-PANI
8 cycles deposited 7.6 12.70 1.19 %
PTBA-PANI

Table 4.2 The roughness parameters of the surface the average roughness (S;), rms roughness

(Sq) and developed surfaces area ratio (Sqr)
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4.2.2.2 Lead detection

The property of PTBA to chelate with heavy metal ions has been used to study the lead sensing
response of the LbL film modified gold electrodes. The method used is the anodic stripping
voltammetry (ASV) which is essentially a linear sweep voltammetry (LSV) with a
preconcentration step [37-45]. At preconcentration step, lead deposits on the electrode surface on
the application of the negative potential which subsequently stripped off during the positive
potential scan. A very low concentration of lead down to 100 ppb was sensed with anodic
stripping voltammetry (ASV). The film used here was 4-cycles deposited PTBA-PANI on gold.

Lead was deposited for an hour at a fixed potential of -1.0 V vs. SCE during the
preconcentration step and it forms Pb®* ion during the scan. During the preconcentration step lead
deposits on the electrode surface and as the potential is scanned it oxidizes to Pb?* which forms a
chelate complex with the porphyrin present on the electrode surface in the nanoparticles. The
chelate complex formation was confirmed by carrying out a simple LSV study in pure NaF,
which shows the presence of the lead peak. This is also in accordance with the earlier work on
the formation of chelate complex between PTBA and lead [16]. Figure 4.14A shows the potential
scan during the ASV experiment. Figure 4.14B shows the ASV response for 100 ppb, 200 ppb,
300 ppb and 1000 ppb lead concentration. There is a clear stripping peak of lead observed at
around -450 mV with linearly varying current in each case. The inset in Figure 4.14B shows the
linear current vs. concentration curve.

For comparison the 8 layers PTBA-PANI was also studied. In this case the sensing was
limited down to 1000 ppb only. This may be due to the more aggregation of the particles (see the
AFM image Figure 4.13 in the case of 8 layers deposition) which may not be sterically
preferable for the chelation to takes place. Since PTBA-PANI was shown to form nanoparticles
just by simple mixing of the two components [36]. PTBA-PANI deposition on gold substrate
was also carried out to check its sensitivity towards lead. In this case we did not observe any lead
peak for 1000 ppb lead in our ASV experiment. The above experiment confirms that layer-by-

layer assembly is crucial in the determination of lead.
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Fig. 4.14 (A) Potential vs. time curve of anodic stripping voltammetry (ASV) for lead detection.
(B) Anodic stripping voltammogram for lead concentration (a) 100 ppb, (b) 200 ppb, (c) 300 ppb

and (d) 1000 ppb. Inset shows the current vs. concentration curve

A controlled deposition by layer-by-layer assembly provides us ample concentration of
PTBA-PANI composite which is necessary for the lead sensing. Table 4.3 shows the standard

deviation data for 1000 ppb lead concentration at different preconcentration time for 5 different

electrodes.
Time /s SD
480 0.608
720 0.687
900 2.48
1800 5.48
3600 10.88

Table 4.3 The standard deviation data for 1000 ppb lead concentration at different

preconcentration time for 5 different electrodes

4.2.3 Formation of porphyrin nanofibers (J-aggregates) and their optical
property

The self association of dyes in solution or at the solid-liquid interface is a frequently encountered
phenomenon in dye chemistry due to strong intermolecular van der Waals forces. As mentioned

earlier in the chapter the porphyrin aggregates fall into the two categories viz. H-type and J-type
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aggregates. The bathochromically shifted J-bands of the aggregates has been explained in terms
of molecular exciton coupling theory, i.e., coupling of transition moments of the constituent dye

molecules.
4.2.3.1 Synthesis and characterization of porphyrin nanofibers

A 0.25 M PTBA solution was prepared in 1:1 DMF/water solvent as mentioned in the beginning
of the chapter. The solution was made acidic by the addition of dilute H,SOy into the solution
until a pH of 4.5 was achieved. This process is accompanied with the change in the color of the
solution (from wine red to light yellow). The acidic PTBA solution was kept at 50'C using a
water bath for 150 seconds. A drop of the above solution was casted on the freshly cleaved mica
surface and allowed to evaporate in order to perform AFM imaging on the modified surface.
Figure 4.15 shows the AFM image of the porphyrin nanofibers. The image shows an entangled
network of the PTBA nanofibers of width about 50-100 nm. To check the reproducibility, the
AFM imaging was carried out with different set of samples at different regions and we observed
similar features everywhere. AFM imaging was also carried out for unheated sample and we did
not observe any fibrous structures on the surface, which suggests that the significant activation

energy is required for the formation of the aggregates in the form of the fibers.

Fig. 4.155 um x 5 um AFM image of porphyrin nanofibers formed in DMF/water
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4.2.3.2 Optical properties of the PTBA nanofibers (UV-vis and

photoluminescence spectroscopy)

Figure 4.16 shows the UV-vis spectroscopy results for PTBA solution (black) in the absence of
acid, (blue) PTBA solution after acid addition and PTBA solution after the addition of acid and
heating at 50 C (red). All the three samples show a Soret band at 420 nm followed by a series of
Q bands at higher wavelengths. In addition, the heated sample (red) shows a shoulder band in the
Soret band and slightly red shifted Q bands. These features are attributed to the formation of J-
aggregates in the solution [7,21-26,36].

Figure 4.17 shows the photoluminescence (PL) spectra of the PTBA solution at 420 nm
excitation (without acid) in black, PTBA solution (after acid addition) in blue and PTBA solution
(after addition of acid and heating) in red. The spectra are typical of the porphyrin PL spectra
[38]. One can clearly see the huge enhancement, of about 20 times in the emission in the case of
heated sample of PTBA. In fact the addition of acid also increases the emission (of about 2

times) as can be seen from the Figure 4.17.
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Fig. 4.16 UV-vis spectra of PTBA solution (black), PTBA after acid addition (blue) and PTBA
after acid addition and heating (red)
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Fig. 4.17 PL spectra of PTBA solution (black), PTBA after acid addition (blue) and PTBA after
acid addition and heating (red)

There are many reports on the quenching of the emission in case of aggregation but the
enhancement in the emission phenomenon in the case of aggregates is a rare phenomenon [46-
48].

The excited state of the aggregates often decays via non-radiative pathways, which is
known as aggregation-caused quenching (ACQ) of light emission in the condensed phase. For
example the formation of the aggregates solely due to the m-m interaction tends to be non-
emissive. In the aggregation induced emission (AIE) system, intramolecular motions (rotation
and vibration) serve as relaxation pathways to deactivate the excited state in solutions. The
excitonic energy can be transferred to the solvent during collisions of the excited molecule with
the surrounding solvent molecules in the form of heat and therefore the restriction of these
motions will decrease the nonradiative recombination rate of the excited state and enhance the
emission efficiency, thus showing an AIE feature. In the present case also the formation of J-

aggregates (spread deck of card kind of structures) leads to the blockage of the intramolecular

motions and resulting in highly emissive aggregates.
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4.3 Conclusions

We have shown that the porphyrin derivative 4,4',4".4"'-(porphine-5,10,15,20- tetrayl) tetrakis
(benzoic acid) (PTBA) forms nanoparticles when mixed with the conducting polymer PANI in a
DMF/water mixture. The UV-vis absorption spectrum of the mixture shows the formation of the
J-aggregates. Nonlinear optical absorption measurements at 532 nm show that the
nanocomposite has an enhanced optical limiting property compared to the precursor compounds
PTBA and PANI. This enhancement in the nonlinear absorption is due to the formation of
aggregates of PTBA within the PTBA-PANI nanocomposite, which is also confirmed from AFM
studies. The present studies is a clear demonstration of the fact that under favorable conditions
for nanoparticle formation, even a simple procedure like mixing of two components can lead to a
substantial modification of the net nonlinear optical property of a given chemical system.

We have also presented a simple technique to form nanostructured thin film by layer-by-
layer assembly. The structural analysis was carried out using an AFM in AC mode. 4 and 8
layers of deposition was carried out on gold coated mica. Prior to the deposition, gold substrate
was modified with self-assembled monolayer of 4-MPS to yield a negative charged layer. The
modified electrode was used for lead detection and it was observed that the electrode is capable
of detecting lead down to 100 ppb with the help of anodic stripping voltammetry.

We have also synthesized porphyrin nanofibers which are essentially the J-aggregates of
porphyrin and studied their structure with the help of AFM. The optical properties (UV-vis and
PL spectra) of the nanofibers were studied and it was observed that the nanofibers are highly

emissive, contrary to the behavior of usual dye aggregates.
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Chapter 5

Electrochemical Synthesis of Palladium and Conducting
Polymer Nanocomposite films for Applications in

Electrocatalysis

Platinum is the most extensively used noble metal for the electro-oxidation of small organic molecules such as
methanal, ethanol and farmic acid in direct fuel cells (OFLs), and in spite of the remarkable pragress in minimizing the
Pt lpading to achieve gptimum performance, the high price of Pt is a major constrait on its utility as an
electrocatalyst. Iherefore there is a clear need for a realistic, less expensive substitute of Pt without compromising
on catalytic activity. Owing to its lower cost. higher abundance and proven electrocatalytic effect on small organic
malecules, Pd has the potential to emerge as a substitute for Pt Instead of using conventional non-conducting carbon
based supports, conjugated polymers pravide the opportunity to have an encapsulating suppart matrix. This chapter
deals with the synthesis, characterization and electrocatalytic studies on palladium and conducting polymer based

/75/7[75[7/77/705/.1‘5.5’.
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5.1 Introduction

Nanoparticles of noble metals in combinations with other low cost materials have the
potential to emerge as unique catalysts materials for fuel cells. This approach of the
formation of nanocomposites, would eventually lead towards the synthesis of low cost
alternatives to Pt. The major challenge in effectively exploiting the high surface activity of
the nanoparticles is to immobilize them on appropriate matrix without loss of catalytic
activity. Carbon based supports are generally used for dispersing the nanoparticles and to
achieve very high catalytic activity. In this respect conducting polymers are effective
substitutes to the carbon supports due to their lower ohmic drop across the electrode and the
ease with which they can be functionalized with biomolecules for different applications.

Among different metal nanostructures the palladium and its nanocomposites are
drawing increasing attention in recent times due to their importance as catalytic material [1-
4], hydrogen storage material [5-8], and sensors [9,10]. It is however essential to prepare
porous Pd nanostructures containing nanosized particles on suitable substrates to exploit the
high surface area to volume ratio and enhanced catalytic activity. Therefore, the preparation
of Pd nanostructures that are either solution based or coated on suitable substrates is of
considerable interest among various research groups [11-28].

Most of the methods for the preparation of Pd nanostructures reported in the literature
are solution based and typically yield the nanoparticles that can be spread on the electrode
surface or mixed with an electrode material such as carbon for immobilization and study of
the catalytic reactions such as electro-oxidation of methanol, ethanol [12-14], or formic acid
[15-24]. A strong potential dependent particle size effect was found by studying the particle
effect in the Pd catalyzed electro-oxidation of formic acid [23]. Wieckowski et al. have
studied the size effect of the unsupported palladium nanoparticles as the catalyst for the
formic acid electro-oxidation [17] and concluded that the smaller particles having less ‘d’
band characteristics bind -COOH intermediate weakly, leaving the surface free for the
oxidation reaction. There have been some reports on the formation of Pd-PANI composite in
solution phase as well as on surfaces [29,30]. The studies show that there is a strong
interaction between PANI and Pd nanoparticles in the composite. However most of the
methods available in the literature for metal and conducting polymer nanocomposite
synthesis are multistep.

In addition to PANI, PEDOT is another most studied conducting polymer. The very
stable and highly conductive cationic-doped state and the low HOMO-LUMO bandgap of
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conductive PEDOT makes it a useful component of many commercial devices such as
antistatic films, transparent conductor, organic light emitting diodes, thin film transistors and
electrochromic windows [32-40]. PEDOT can be prepared either by chemical or
electrochemical polymerization. It is known that protic acids and a variety of Lewis acids can
be used to catalyze an equilibrium reaction of EDOT to yield dimeric and trimeric
compounds [41]. However mineral acids such as sulphuric acid, hydrochloric acid and other
strong acids are commonly used for the electrochemical synthesis of PEDOT [41].

The present chapter is divided into two parts. The first part deals with the synthesis
and characterization of Pd-PEDOT nanocomposite film and the electrocatalytic response of
the resulting film towards ethanol oxidation in alkaline medium and hydrogen evolution
reaction in acidic medium. The method consists of in-situ electrochemical generation of Pd
ions in the solution from Pd wire anode which is immediately followed by reduction with
EDOT present in the solution which in turn undergoes oxidative polymerization.

Second part deals with the synthesis and characterization of Pd-PANI nanofiber film
and electrocatalytic response towards formic acid oxidation in acidic medium and alcohols
(methanol and ethanol) oxidation in alkaline medium. The nanocomposite film was formed
on gold substrate and later characterized using SEM, EDAX, ICP-MS and AFM.

5.2 Methods and materials

We have carried out the electrochemical characterization studies by coating Pd-PEDOT and
Pd-PANI films on a gold disc working electrode of geometric area about 0.002 cm?. We have
used Pd—PEDOT and Pd-PANI films deposited on larger area gold substrate (deposited on
glass by vacuum evaporation with chromium underlayer) for SEM, EDAX and AFM studies.
For galvanostatic deposition of nanocomposite film, a 0.5 mm thick Pd wire of 99.9% purity
(Advent, UK) was used as an anode and a gold electrode as the cathode.

The chronoamperometry measurements were carried out by the application of a
potential pulse of 10 s duration with a step size of 10 mV. Prior to the application of each
potential step, the electrode surface was subjected to a potential program of 5s each at 0.8 V
and —0.65 V vs. SCE. Application of the positive potential ensures the removal of surface
poisons and the subsequent negative potential reduces the surface oxides formed during the
application of the positive potential. This applied potential program acts as a pre-treatment
for the surface exposing a fresh surface for chronoamperometry studies. This method is an

adaptation of the pre-treatment technique reported by Herrero et al. [42]. The current data
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obtained at the end of 10s of the potential pulse are used for the polarization plots and
measurement of the Tafel slopes. More detailed discussion on Tafel slopes and their
significance in the context of alcohols oxidation reaction is presented later in the chapter.
Galvanostatic deposition was carried out using an EG&G potentiostat (model 263A) in
constant current mode and interfaced to a PC through a GPIB card (National Instruments).
The electrolyte temperature was varied using a temperature controller (JULABO- Model
F25).

5.2.1 Enhanced electrocatalytic activity of Pd dispersed PEDOT film in

hydrogen evolution and ethanol electro-oxidation reactions

In the present chapter very high electrocatalytic activity of Pd nanoparticles dispersed
PEDOT film on gold surface for ethanol electro-oxidation reaction in alkaline medium and
H, evolution reaction in acidic medium has been demonstrated. The mechanism of the
formation of the film in this case is similar to that of Li et al. of electrophoretic depositing
PANI colloids on solid surfaces [43]. In their method the presence of -NH" groups on PANI
helps in the electrophoretic deposition of PANI. While the reported methods in the literature
generally involve multisteps, the present method has the benefit of having just a single step to
simultaneously deposit Pd nanoparticles and PEDOT to form a stable nanocomposite thin
film.

There are a few reports in the literature of metal and PEDOT composites where the
nanocomposites of PEDOT were formed with gold, platinum and palladium [45-47]. Reetz et
al. have described a method of producing size-selective Pd and Ni nanoclusters by using the
respective metals as sacrificial anodes [48a,b]. In this method, for example, the dissolving Pd
ions migrate towards the cathode which are then electrochemically reduced on the surface as

Pd atom clusters and subsequently stabilized in the solution by tetraalkylammonium cations.
5.2.1.1 Synthesis of the Pd-PEDOT nanocomposite on gold substrate

The electrolyte was prepared by dissolving 5 mg of EDOT and 0.01 M SDS in 5 ml of 0.1 M
HCI. Sodium dodecyl sulfate (SDS) was added in the electrolyte solution to increase the
solubility of EDOT monomer in the electrolyte. The electrostatic interaction between SDS
anion and EDOT radical cation yields strongly bonded complex between these ions [49,50].
In addition, an ordered film of PEDOT on gold can be formed at lower potentials in the

presence of SDS in aqueous medium.
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The present method consists of in-situ electrochemical generation of Pd ions from a
Pd wire anode at high current densities. The dissolved Pd ions immediately form
chloropalladate complex with chloride ions present in the solution. [51,52]. The
chloropalladate being an oxidizing agent can initiate the polymerization of EDOT,
chloropalladate in turn gets reduced to Pd nanoparticles. These Pd nanoparticles adhere on
the PEDOT and form Pd-PEDOT nanocomposite. A similar process was reported earlier for
the preparation of PANI coated Au nanostructures by using chloroauric acid, a powerful
oxidizing agent [53]. The Pd-PEDOT nanocomposite owing to the positively charged
thiophene moieties in it [41], electrophoretically deposit on the gold substrate as a thin film, a
process similar to that of the electrophoretic deposition of PANI colloids on gold [43].

The electrolyte was continuously stirred using magnetic stirrer during the experiment.
A Pd wire of 5 mm length and 0.5 mm diameter with an area of 0.1 cm? dipped in the
electrolyte served as the anode and working electrode while a gold disc electrode of 0.002
cm?® geometric area acted as the cathode and counter electrode. We have carried out the
deposition in the galvanostatic mode with different current values for an hour to study the
effect of current on the nature of coating. During the electrolysis there was an intense
evolution of gases at both the electrodes due to water electrolysis. (Caution! the cell should
have gas outlets near both the electrodes!) The solution, which was colorless in the
beginning, turned light blue initially and to brown at the end. Simultaneously, a dark colored
thin film is formed on the cathode surface. At higher currents (60 and 70 mA) the gas
evolution was rapid and the dissolution of the metal was not uniform. Hence for all the
characterization studies of the film, the specimen was deposited at a controlled anodic current
of 50 mA. Figure 5.1 shows a photograph of the Pd-PEDOT nanocomposite coated on 0.15

cm? area electrode.

Fig.5.1 A photograph of the Pd-PEDOT nanocomposite film deposited on evaporated gold on

glass substrate
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The Pd content of the nanocomposite was evaluated using inductively coupled
plasma-mass spectroscopy (ICP-MS) by dissolving the nanocomposite film in aquaregia (1:3
conc. HNOs:conc. HCI). The film was found to have a Pd content of 0.31 ug mm™in the

nanocomposite.

5.2.1.2 Characterization of the Pd-PEDOT coated surface

SEM and EDAX analysis

Figure 5.2 shows the SEM image of the Pd-PEDOT coated gold surface containing large
clusters of about 200 nm in size, spread throughout the surface. There are also smaller

particles on those clusters of size around 10-15 nm.

Fig. 5.2 FE-SEM image of Pd-PEDOT nanocomposite showing the Pd nanoparticles
(smaller particles) dispersed in PEDOT (Pd-PEDOT nanocomposite)

Table 5.1 presents the results of the elemental analysis obtained from the EDAX on
the Pd-PEDOT modified surface. The weight % of Pd is 2.68, which is quite low compared to
a much larger amount of carbon (13.38%) arising from the PEDOT film. Besides, the
analysis reveals the presence of S, Na and O on the surface. The very large amount of gold
(82.20 weight %) is contributed by the gold substrate, indicating the porous nature of the
film. From the EDAX data, the amount of Pd present in the nanocomposite film (excluding

the concentration of Au from the substrate) is calculated to be about 15%.
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Element Weight% Atomic%
C 13.40 67.71
0] 0.92 3.50
Na 0.50 1.27
S 0.34 0.64
Pd 2.68 1.53
Au 82.20 25.36

Table 5.1 EDAX elemental analysis results for Pd-PEDOT nanocomposite film

AFM analysis

We have carried out AFM imaging on the nanocomposite thin film to look into the 3-

dimensional profile of the film. Figure 5.3 shows a 5 pum x 5 um AFM image of the Pd-

PEDOT coated surface. The corresponding line scan is also shown in the inset of the figure.

Zovange: 718 nm

Fig. 53 5 wm x 5 wm AFM image of Pd-PEDOT nanocomposite showing the Pd

nanoparticles dispersed PEDOT film with the corresponding line scan in the inset

The features observed in the AFM image show good similarity with those seen in the

SEM image. As shown in the figure, there are disc like clusters on the surface (indicated as

circles) and attached to them are smaller clusters (shown by arrows). We have carried out

AFM imaging at several different regions on the surface and observed similar features. The
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average height of the features observed in AFM image is 16 nm with an rms roughness of 9
nm. The rms roughness of the unmodified gold surface was 4.5 nm indicating that the surface

roughness of the coated film is not significantly higher than that of bare substrate.

5.2.1.3 Voltammetric response of the Pd-PEDOT coated electrode in acid

medium, catalytic activity towards hydrogen evolution reaction (HER)

Palladium is well known to absorb massive quantities of hydrogen in bulk to form hydrides
and therefore has a good technological potential as a hydrogen storage material [54]. We
have carried out CV studies in acidic medium in order to study the hydrogen evolution
reaction (HER) on Pd nanostructure enclosed in PEDOT matrix.

Figure 5.4 shows the voltammetric behavior of the Pd-PEDOT coated electrode in 0.5
M H,SO, at a scan range of -0.3 V to 1.2 V and at a scan rate of 100 mV s™. The inset shows
the voltammetric behavior of the Pd disc electrode in the same electrolyte. The CV for the Pd
disc electrode in 0.5 M H,SO,4 shows a single broad anodic peak around 0.00 V. This broad
hump is due to the oxidation of both the absorbed and adsorbed hydrogen on the Pd disc
electrode, as reported earlier for bulk Pd electrodes [5,12]. On the other hand, the CV for the
Pd-PEDOT coated disc electrode shows two peaks, one of which is a small shoulder peak in
the negative potential region during the anodic sweep. The first peak at -0.13 V corresponds
to the oxidation of the adsorbed hydrogen (Hags) While the subsequent peak at 0.0 V is due to
the oxidation of the absorbed hydrogen (Has) on Pd surface [5]. It is known from the
literature that two well resolved peaks for the oxidation of adsorbed and absorbed hydrogen
in Pd are manifested exclusively in the case of Pd nanoparticles [5,12]. This behavior is
attributed to the larger number of surface sites available for adsorption on nanoparticles
surface. The CV results support the above observation by exhibiting the characteristic

behavior of the Pd nanoparticles on the electrode surface.
Effective catalytic surface area (ECSA) determination

Since in the case of Pd, the absorption of hydrogen takes place along with its adsorption, the
area calculated by measuring the charge under the Hags peak does not reflect the true surface
area of the Pd in the nanocomposite [26]. However the electroactive surface area or the
effective catalytic surface area (ECSA) of Pd can be measured from the palladium oxide
stripping analysis [12,26]. The charge value under the stripping peak is measured to be 0.7
uC and with the conversion factor of 424 pC cm™ for Pd oxides stripping current [12], the
ECSA for the Pd-PEDOT film is measured to be 1.65 x 10 cm?,
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Fig. 5.4 Voltammetric behaviour of the Pd-PEDOT coated disc electrode in 0.5 M H,SO4
(scan rate= 100 mV s™) showing the presence of two well separated peaks for the oxidation
of adsorbed hydrogen and absorbed hydrogen. Inset shows the voltammogram for Pd disc
electrode in 0.5 M H,SO4

Even though the effective surface area value is relatively low for the electrode, it
nonetheless exhibits a very high hydrogen evolution activity. This observation also confirms
the very low Pd content measured using EDAX and ICP-MS, which show a value of 15 wt

% and 0.31 ug mm™ Pd content in the nanocomposite film respectively.
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Fig. 5.5 (A) (a) The voltammetric behavior of the Pd disc electrode in 0.5 M H,SO, at a scan
rate of 100 mV s and (b) the CV for Pd-PEDOT nanocomposite coated gold disc electrode
in 0.5 M H,SO, at same scan rate. (B) The total impedance plot in 0.5 M H,SO, at different
potentials (from a = -300 mV to f = -400 mV) for the Pd-PEDOT nanocomposite film
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Figure 5.5A (a) and (b) show respectively the voltammetric behavior of the Pd disc
electrode and Pd-PEDOT coated Au disc electrode in 0.5 M H,SO, at a scan rate of 100 mV
s, It is clear from the figures that there is a huge increase in the hydrogen evolution current
for Pd-PEDOT nanocomposite film. The measured onset potential (-0.28 V) is also
significantly lower than -0.50 V, observed for Pd disc electrode. The large hydrogen
evolution current is truly catalytic and not just due to the increase in surface area of the Pd
nanoparticles. This aspect is clear when the hydrogen evolution currents are compared for
unit area of the respective surfaces. For example, at a potential of -0.45 V, the currents per
unit area in the case of Pd electrode and Pd-PEDOT modified electrodes are 7.0 and 230 mA
cm™ respectively, an enhancement by a factor of about 33. In all the cases the currents are
normalized with respective true surface area or effective catalytic surface area (ECSA),
which was calculated by measuring the charge under the palladium oxides reduction peak as
described earlier in this section.

According to the Heyrovsky-Volmer mechanism the HER follows the following

reaction scheme for the Pt group metals [55].
H +Hy,+e — H, (1)
H +e — H, (2

In the above reactions H,, denotes the weakly absorbed hydrogen into the bulk of the

metal. In the case of Pd, as it absorbs hydrogen, a penetration reaction operates as follows:

In the above reaction Pds, Pd, and Hs, Hy, represent the surface and bulk state of Pd
and hydrogen respectively. The absorbed hydrogen atoms later diffuse to the electrode
surface where electro-oxidation reaction occurs according to the reaction 1 and 2 [56,57].

We have carried out EIS at different potentials between -300 mV to -400 mV in 0.5 M
H,SO, for the Pd-PEDOT nanocomposite film. Figure 5.5B shows the plots of total
impedance vs. frequency at different potentials (a) -300 mV, (b) -320 mV, (c) -340 mV, (d) -
360 mV, (e) -380 mV and (f) -400 mV. The corresponding values of total impedance
measured at the lowest frequency of 0.1 Hz are 10 kQ, 5.6 kQ, 3.2 kQ2, 1.8 k€2, 1.1 kQ and
0.7 kQ respectively. This shows that the total impedance decreases systematically with the
applied cathodic potential, thereby confirming the facile nature of the electron transfer
process. The results of the EIS studies carried out in 0.5 M H,SO, for Pd disc electrode in the

same conditions are shown in Figure 5.6. We have fitted the EIS data to an equivalent circuit
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that is appropriate for porous films formed by layer-by-layer assembly [58]. The results

obtained are presented in the Table 5.2 and the fitted curves are shown in Figure 5.7. Table

5.2 lists the impedance values obtained at 0.1 Hz for the Pd-PEDOT electrode. It can be seen

that the impedance values are very much less in the case of Pd-PEDOT electrode towards

HER.
Potential | R\ RA RcAOhm | C:\ F Ca\F Warburg (Y,)
\mV Ohm | Ohm (n=0.9) |(n=0.8) \ S st

-300 58.74 | 4852 | 3116 39x107 [1.17x10° |[55x10"
-320 58.59 |3564 | 1339 42x107 |174x10° |1.78x10°
-340 56.09 |[2108 | 784 7.0x107 |1.0x10° 48x10°
-360 58.93 [1387 | 3015 46x107 |23x10° 1.95 x 107
-380 57.27 | 805 209 7 x 10”7 1.0x 107 0.038

-400 58.98 |[517.2 |126.7 58x107 |1.0x10° 0.08

Table 5.2 The values obtained after fitting the data are shown in the table. The admittance

(Yo) is shown for the Warburg part
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Fig. 5.6 The total impedance plot at different potentials (from a = -300 mV to f = -400 mV)
for the Pd disc electrode in 0.5 M H,SO,4
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Fig. 5.7 Fitting of the Nyquist plots obtained for HER reaction on Pd-PEDOT nanocomposite
film at different potentials in 0.5 M H,SO,. Inset in the first figure shows the equivalent

circuit used for the fitting of the data

In addition to the charge transfer resistance (Rc;) and double layer capacitance (Cq),
the contributions from film capacitance (Cs), film resistance (Rf) and Warburg impedance
(Z.) are also considered. The diffusion of H" ions to the Pd nanoclusters embedded in the
polymer matrix results in the Warburg impedance in the equivalent circuit. The value of Ry
and Ry decreases with decreasing potential i.e. from -300 mV to -400 mV, which shows the
increasingly facile nature of the reaction at higher cathodic potentials. The Warburg
admittance (inverse of the Warburg impedance), increases with the potential which shows the
enhanced diffusion of the reactants (hydrogen ions) at more negative potentials. The constant
phase elements (CPEs) obtained by equivalent circuit fitting is analogous to the film
capacitance (Cs) and double layer capacitance (Cgq) with n values 0.9 and 0.8 respectively.

The variation in capacitance values with potential, however, is not very significant.

5.2.1.4 Catalytic activity of Pd-PEDOT coated electrode towards electro-

oxidation of ethanol

Cyclic voltammetry in alkaline medium

The electrocatalytic oxidation of small alcohols has been intensively studied as it is the

anodic reaction in direct alcohol fuel cells (DAFCs). Among other small chain alcohols
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ethanol is being increasingly viewed as a better and safer alternative to methanol, in direct
fuel cells, due its lower toxicity, higher energy density and easy availability through
renewable and green chemical sources. Since the Pd nanoparticles are not directly deposited
on the electrode surface and embedded within the polymeric matrix, the available effective
active centers are higher which makes it an ideal electrocatalytic material.

A great amount of research work is focused on the alcohol oxidation in acidic media,
for direct fuel cells with the use of proton exchange membranes especially Nafion. However
due to the excessive reliance on Pt and with its loading reaching its lowest limit, there is an
increasing interest in other noble and non-noble metal alternatives. Since many of the non-
noble metals are stable in alkaline medium, a significant interest in the development of the
hydroxyl ion conducting membranes, such as polysulphones is taking place worldwide [59].

In this work we have explored the Pd-PEDOT as a potential catalyst material in
alkaline medium for electro-oxidation of ethanol. We have evaluated the electrocatalytic
activity of Pd-PEDOT nanocomposite coated electrode by studying ethanol electro-oxidation

as a model system in 0.5 M NaOH.
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Fig. 5.8 CVs for the electro-oxidation of 1 M ethanol in 0.5 M NaOH for (a) Pd-PEDOT
nanocomposite and (b) Pd disc electrode. (insets) (i-1) CV for ethanol oxidation on PEDOT
film surface without Pd. (i-2) zoom portion of the CV for ethanol oxidation on Pd disc

electrode (scan rate : 100 mV s™)
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Figure 5.8 (a) shows the ethanol electro-oxidation voltammogram for the Pd-PEDOT
modified electrode in 1 M ethanol in 0.5 M NaOH. The onset potential for the ethanol
electro-oxidation, at about 3% of the peak current was found to be around -0.56 V and the
maximum current at -0.21 V of 137 mA cm™. The onset potential for the electro-oxidation
and peak current observed in this work is comparable to the values reported in the literature
[60-64]. For example Ksar et al. have reported a value of 1.9 A cm® mg™ at 50 mVs™ for Pd
nanowires, Nie et al. have observed a comparable value of 150 mAcm™ for Au-Pd alloy
catalyst.

During the reverse scan there is a secondary peak which starts at -0.18 V and the
current reaching the peak at -0.27 V. The anodic current during the reverse potential scan
arises due to the fact that the reduction of palladium oxides formed during the forward scan,
creates a partially oxide free surface and the electro-oxidation of ethanol takes place on the
freshly created Pd atoms sites. This reverse anodic peak behavior can be explained as due to
the fact that the Pd atoms are not in equilibrium with the metallic lattice after the reduction of
blocking oxide film and therefore the high energy sites possess excellent catalytic activity
[15a,22]. The inset i-1 in Figure 5.8 shows the CV for ethanol electro-oxidation on PEDOT
film without Pd. It can be seen that there is no peak corresponding to the electro-oxidation of
ethanol. The voltammogram for ethanol electro-oxidation conducted in 1 M ethanol in 0.5 M
NaOH using a Pd disc electrode is also shown in Figure 5.8(b). The peak potential in this
case is —0.2 V and the corresponding peak current density is 0.65 mA cm? (inset i-2). This is
much lower than a current of about 137 mA cm 2 in the case of the Pd-PEDOT electrode. The
observed current values are quite large for a very low Pd loading of 0.31 pg mm™. This

translates into a mass current density of about 4.8 A mg™.
Mechanism of ethanol electro-oxidation

The established mechanism for the electro-oxidation of ethanol in alkaline medium involves
the oxidation of ethanol to acetate ions at the anode. The reaction can be summarized as
following [61,62].

Pd + OH —_— Pd-OHags+ € — (1
Pd-(C,HsOH)ags+30H" — Pd-(CH3CO)ags + 3H,0 + 36— (2)
Pd-(CH3CO)ags + Pd-OHygy ———» Pd-CH;COOH +Pd  (rds) ——  (3)

The third reaction, which is the removal of the adsorbed acyl groups by the adsorbed

hydroxyl groups is the rate determining step (rds) [61,62]. This shows that an appropriate
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amount of the adsorbed hydroxyl groups is required to achieve a high electro-oxidation

current.
Role of gold in the electrocatalysis reaction

The synergistic effect of Au in Pd catalytic activity is very well known in literature. It is also
known from the literature that Au and Pd alloy is a good catalytic material for ethanol
electro-oxidation [63,64]. The effect of gold ad-atoms on Pd electrocatalysis in methanol
oxidation reaction was studied by Watanabe et al. [65a]. Pd-Au alloy is also considered as
good electrocatalyst [65b]. Gold as nanoparticles is also known to be a good catalyst for CO
oxidation [65c].

To understand the role of underlying Au substrate on the electro-oxidation, we carried
out an independent experiment on Pd-PEDOT nanocomposite film on Pd disc electrode (in
the absence of Au), prepared in a similar way. This Pd-PEDOT electrode on Pd electrode
does not show the significant catalytic activity towards ethanol electro-oxidation reaction.
This indicates the role of gold surface in the catalysis. Since the nanocomposite film is thin
and porous, we can not ignore the effect of substrate (Au) on the catalytic activity. Therefore
we attribute this very high catalytic activity to the underlying gold substrate. This possibility
arises from the adsorption of OH" ions on gold which can help in removing the poisonous CO
in the form of CO, [63,64].

Long term Stability test

To check the long term stability of the Pd-PEDOT electrode towards the electro-oxidation of
ethanol, we have conducted the CV for 200 cycles. We observed a very little decline (from
137 mA cm™ to 132 mA cm™) in the electro-oxidation current of ethanol as can be seen in
Figure 5.9. This shows that there is negligible poisoning of the catalytic surface due to any of
the reaction products of ethanol oxidation. This is an important advantage of Pd-PEDOT
nanocomposite electrode as the electrode poisoning is a major problem in electro-oxidation

reactions of alcohols.
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Fig. 5.9 The 1% and 200" CVs for Pd-PEDOT nanocomposite coated Au disc electrode in 1
M ethanol in 0.5 M NaOH (scan rate: 100 mV s

5.2.1.5 Kinetics of ethanol electro-oxidation

Activation energy (E,) determination

The Arrhenius plots (log I vs. 1/T) for ethanol oxidation on Pd-PEDOT electrode at different
potentials, measured at potentials corresponding to the foot of the CV (-500 mV to -300 mV)
are shown in Figure 5.10. A good linear relationship can be seen from these plots. This
indicates that the essential mechanism of ethanol electro-oxidation remains the same at all the
temperatures.

The apparent activation energies were calculated from the slope of the curves (slope =
-E4/ 2.3R), R being the gas constant. The activation energy values have been labeled adjacent
to their respective plots. The average E, value for the potential range studied is 36.7 KJ mol™.
The E, values obtained are comparable to the values observed for Pt, Au and Pd [60,65c¢,66]
based catalytic materials. This indicates the facile nature of the ethanol electro-oxidation on

Pd-PEDOT nanocomposite film.
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Fig. 5.10 The Arrhenius plots (log I vs. 1/T) for ethanol oxidation on Pd-PEDOT electrode at
different potentials, near the foot of the CV (-500 mV to -300 mV). The potentials and

corresponding activation energies, associated with each potential are labeled in the figure

There may be several reasons for the effective electrocatalytic activity of the Pd
nanoparticles, such as the presence of porous conducting polymer network, the role of
underlying gold substrate and effective removal of poisoning intermediates [62]. This
experiment also reveals that conducting polymers can be a potential alternative to carbon
supports in electrocatalysis.

Figure 5.11 shows the CVs for ethanol oxidation at different temperatures. It is clear
from the figure that the ethanol electrocatalysis currents have increased with the temperature
and also the onset potentials have shifted to more negative values. This phenomenon can be
attributed to the lower activation energy required at higher temperatures. The data is

presented in Table 5.3.

Temperature / °C Onset potential / V Peak current / mAcm™
7 -0.47 70
15 -0.50 101
25 -0.56 147
35 -0.58 253
45 -0.60 355
55 -0.64 413

Table 5.3 Onset potential and peak current values for ethanol electro-oxidation at different
temperatures
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The high currents may be explained due to the fact that the increase in the temperature
accelerates the adsorption of OH" ions to form OHggs. In the presence of OH,gs the electro-
oxidation current is higher which minimizes the formation of poisoning species on the
electrode [62,67-71]. As a consequence the electro-oxidation currents increase at higher
temperatures. We find that the anodic current of reverse potential scan also increases with

temperature. This current eventually attains a value higher than the anodic current of the

forward potential scan.
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150

CURRENT/ mAcm

0

Fig. 5.11 CVs for electro-oxidation of 1 M ethanol on Pd-PEDOT electrode in 0.5 M NaOH
at different temperatures (scan rate = 100 mV s)

Tafel plot analysis

The Tafel plots are known to provide valuable information on the nature and mechanisms of
electrochemical kinetics. However in the case of electro-oxidation of organic molecules on
the noble metal catalysts, the overpotential-current plots have totally different connotation.
The surface poisoning by the intermediates during the reaction is a major problem in these
reactions. Therefore the current—potential plots do not follow usual linear plots and the
measured slopes are not the Tafel slopes referred in the exact sense of the term arising from
the Butler-Volmer equation [70,71]. The values thus obtained are unusually large and do not

reflect the mechanistic process. However, in keeping with the general literature terminology,

149



Chapter-a

the slopes obtained here will be called the ‘Tafel slopes’. The information obtained with the
Tafel slopes are quite valuable in understanding the effect of impurities on the surface sites,
since the overpotential to be applied is larger for surface with the ‘blocked’ sites, which also
changes with potential. The straight line between overpotential and log | is not generally
obtained [71] in the case of alcohols oxidation reaction.

Figure 5.12a-f shows the current-potential polarization plots for the ethanol oxidation
observed at different temperatures (a (7 C), b (15C), ¢ (25C), d (35C), e (45C) and f
(55°C)). The plots were obtained by carrying out chronoamperometry experiment at the foot
of the CV, a region of interest for any realistic application of a fuel cell.

The chronoamperometry measurements were carried out for Tafel plot by the
application of a potential pulse of 10 s duration with a step size of 10 mV. Prior to the
application of each potential step, the electrode surface was subjected to a potential program
of 5s each at 0.8 V and —0.65 V vs. SCE as shown in Figure 5.13. The measured slope values
as a function of temperature are given in Table 5.4. One can see from the plots that there are
two slopes for all the temperatures studied. The values of the first slope (at lower
overpotentials) are lower when compared to those of the second slopes (at higher
overpotentials). This shows that as the reaction progresses more impurities get adsorbed on
the surface, which can only be removed at very high anodic overpotentials.

The high values of Tafel slopes (dn/dlogl) where n is the overpotential and | is the
current density shows that when a larger overpotential is applied for a given value of current
to flow, the slope becomes high. On a contaminated surface, the active surface sites are
depleted due to which more overpotential is needed to maintain the defined current. The first
slope value is low at lower temperatures and increases initially with the temperature and
reaches a steady value at elevated temperatures. The value of the second slope, on the other
hand, is smaller at lower temperatures but increases steadily with the temperature. The higher
value of slopes at higher temperatures indicates that the large amounts of carbonaceous
species generated during the oxidation of the ethanol adsorb at higher temperatures.

The Tafel slopes can act as reliable indicators for understanding the reaction process
and its temperature dependence. In the present case, the value of the first Tafel slope
(obtained at low overpotentials) increases initially with the temperature and then reaches a
constant value of about 120 at higher temperatures. The values measured in this work are

similar to those reported by Liang et al. [70].
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Temperature ( C) 1% slope 2" slope
7 64.5 139.5
15 82.9 150.0
25 106.2 167.5
35 117.2 170.2
45 122.0 173.6
55 115.7 1745

Table 5.4 Tafel slope values for ethanol electro-oxidation at different temperatures near the

foot of the voltammogram for Pd-PEDOT nanocomposite film

Reaction order calculation

The effect of ethanol concentration on the reaction rate was also studied in order to know the
reaction kinetics. This was carried out by calculating the reaction order by plotting the log |
vs. log (ethanol concentration) as shown in Figure 5.14. The order was calculated by using

the following equations [60]:
| = nFkc™

Therefore,

log I =lognFk + mlog c

where F is the Faraday’s constant, k is the reaction constant, c is the ethanol concentration

and m is the reaction order with respect to ethanol.
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Fig. 5.14 Linear fitting of the plots of log I vs. log ¢ (ethanol concentration) at different

potentials for calculating the reaction order
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The slope of the plot at constant temperature and a given potential gives the apparent
reaction order (m) of ethanol electro-oxidation reaction with respect to the ethanol
concentration [60]. We have calculated the order at two different potentials -0.4 V and -0.25
V. The values of the measured reaction orders are 1.28 and 1.4 at -0.4 V and -0.25 V
respectively, which shows that there is no significant change in the reaction order with
potentials and the reaction mechanism for ethanol oxidation essentially remains same at

different potentials.

5.2.2 Electro-oxidation of formic acid, methanol and ethanol on

electrodeposited Pd—PANI nanofiber film in acidic and alkaline Media

In this part of the chapter a simple and direct electrochemical method of depositing a porous
Pd-PANI nanofiber film on conducting surfaces is presented. The one step method consists of
the in-situ polymerization of aniline in the solution and simultaneous formation of a film of
Pd-PANI. The electrocatalytic property of the Pd-PANI nanostructured film towards electro-
oxidation of formic acid and alcohols was studied in acidic and alkaline media respectively. It
is worth pointing out here that formic acid is being increasingly viewed as a better and safer
alternative to methanol in direct fuel cells, due to its lower toxicity, ability to function in
acidic media and easy availability through renewable energy sources.

5.2.2.1 Synthesis of the Pd-PANI nanofiber film on gold substrate

The electrolyte was prepared by dissolving 5 mg aniline in 5 ml of 0.1 M HCI. This was
continuously stirred using a magnetic stirrer during the experiment. A Pd wire of 5 mm
length and 0.5 mm diameter with an area of 0.1 cm? dipped in the electrolyte served as the
anode and working electrode while an evaporated gold film electrode of 0.15 cm? geometric
area acted as the cathode and counter electrode. We have carried out the deposition in the
galvanostatic mode with different current values (10, 20, 30, 40 and 50 mA) for an hour. At
these currents there was an evolution of gases at both the electrodes due to water electrolysis.
(Caution! the cell should have gas outlets near both the electrodes to allow the evolving
gases to escape) The solution which was colorless in the beginning turned light yellowish and
finally to pink. Simultaneously, a dark colored film is formed on the cathode surface. At
higher currents the gas evolution was rapid and the dissolution of the metal is not uniform.
The deposition was also carried out at 60 and 70 mA currents and it was observed that the
film was brittle and disintegrates gradually during the gas evolution. Hence the current value

of 50 mA was observed to be the optimum, based on the studies of formic acid oxidation on
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surfaces prepared at different galvanostatic currents. For all the characterization studies of the
film, the specimen was deposited at the current of 50 mA unless otherwise stated.

The anodic dissolution of palladium produces Pd®* ions in the solution which form
complex with the chloride ions from the supporting electrolyte to form chloropalladate ions.
The chloropalladate, being an oxidizing agent initiates the oxidative polymerization of aniline
to form PANI in the solution while in the process being reduced to nanoparticles of Pd
[51,52]. The process is similar to the bulk chemical preparation of Au-PANI nanostructures
using chloroauric acid, a powerful oxidizing agent and aniline [53].

Mechanism of the nanocomposite film formation

The oxidative polymerization of aniline can be considered as a typical redox process which is
dependent on the reduction potentials of the species involved [72]. The PANI binds and
stabilizes the reduced Pd clusters within its matrix by forming the Pd-PANI nanocomposite in
the solution [30]. In a strong acid medium, the Pd-PANI is positively charged with the amine
and imine groups being protonated to (-NH,"-) and (-NH" =) respectively [73]. In our system
the positively charged protonated Pd-PANI composite can be deposited electrophoretically on
the cathode surface in the form of nanofibers. The potential measured at the applied current
of 50 mA is -4.5 V, a relatively low potential for the electrophoretic deposition. Li et al. [43]
have recently reported similar process of electrophoretic method of depositing positively

charged protonated PANI colloidal suspension in acetonitrile.
5.2.2.2 SEM, EDAX, AFM and XRD studies on Pd-PANI nanofiber film

Figure 5.15a and b show the SEM images of the Pd-PANI nanocomposite deposited surface.
The images show a highly porous nanocomposite film with a dendritic growth of the fibers
that are about 50-100 nm diameter and a few pm in length. The SEM images at different

locations on the modified substrate exhibit similar features.
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Fig. 5.15 (a) Low resolution (scale bar-5 um) and (b) high resolution (scale bar-500 nm)
SEM images of the Pd-PANI film showing dendritic growth of the deposited film

In the high-resolution image (Figure 5.15b), several white spots of about 50 —100 nm
are seen on the structures, which are Pd clusters adhering on the surface of PANI exhibiting
fibrous structure. At very high current density beyond the limiting current density regime, the
deposition takes place by fresh nucleation at different sites. The process creates new grains
unlike the layer type growth preferred at low current densities. This leads to a dendritic
growth of the Pd-PANI film as observed by SEM. EDAX of the Pd-PANI modified surface is
shown in Figure 5.16a. The spectrum shows a clear peak for Pd and a peak for gold which is
due to the underlying gold substrate [25,27].

Figure 5.16b shows the XRD pattern of coated Pd-PANI nanofiber film. The XRD
pattern exhibits the diffraction lines corresponding to (111), (200), (220), (311) and (222)
planes of Pd with the most dominant crystal plane being (111). [25-27]

155



Chapter-a

Au
Pd

2000

1500

1000
a
500 Au
N Au
Pd 1/ Au
c e A A A ol I\
0 T T T T T T T T T T ‘VNI \‘T
1 2 3 1 5 6 7 8 9 10 " 12
kev
600 p=
3821

480

420
= 360
oS
&
Z b *
= 240 {
L |
= ‘
B 180 |

120 28 46 '

‘ | 4446 64.58 7771 8183
. 71
1.._..4.;. 1 .Ax__._d_.,;_..AA_J__LL_L_x __L__..__.A__LA_.
20.0 27.0 340 41.0 48.0 550 62.0 69 o 76.0 83.0 90.0
20

Fig. 5.16 (a) Energy dispersive X-ray analysis (EDAX) spectra showing the peak for the
metallic Pd and (b) XRD pattern of Pd-PANI nanocomposite showing the different crystal
planes of the Pd. The most predominant plane is (111) plane at 38.21

Atomic force microscope (AFM) was used to examine the surface of nanocomposite
film and to study the 3-dimensional structure of Pd-PANI film. Figure 5.17 shows the 1500
nm x 1500 nm AFM images of the Pd-PANI nanocomposite film. The long rod like features
present on the surface are uneven and inhomogeneously distributed Pd-PANI fibers.

The surface of the Pd-PANI nanocomposite shows high roughness and most of the

features are more than 200 nm in height.
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Z-range: 327.1 nm

Fig. 5.17 1.5 um x 1.5 um AFM topographical 3d image (a) and phase image (b) of the Pd-

PANI nanodendrites film
5.2.2.3 FTIR spectroscopy analysis

Figure 5.18 shows the FTIR spectrum of the coated material, which was scrapped out from
the surface. The coated material (Pd-PANI nanocomposite) shows distinctive infra-red peaks
for the conjugated polymer PANI [27]. The position of the peaks is shown in Table 5.5. The
peak at group frequency region (2926 cm™) is for aromatic C-H stretching.

PANI shows characteristic infra-red peaks at the fingerprint region (between 800 cm™
to 1700 cm™). The peak at 1266 cm™ is for the C-N stretch, which is the usual characteristic
infrared peak for the aromatic amines. PANI infra-red spectra also show the characteristic
peaks of benzenoid and quinoid form of the aromatic phenyl ring system. The two peaks at
1509 cm™ and 1642 cm™ are for the benzenoid and quinoid forms of the PANI respectively
[73]. Both the peaks have almost similar intensity. The presence of the above mentioned
infrared peaks confirms the presence of the polymer form of aniline in the coated material.
Benzenoid and quinoid infrared peaks are slightly shifted towards the longer wavelength
when compared to that in the case of hydrochloric acid doped PANI [73]. The shift in the
infrared peaks can be rationalized as due to the change in the electron density near the
benzenoid and quinoid units of PANI due to the presence of the Pd clusters surrounding

them.
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Fig. 5.18 FTIR spectrum of Pd-PANI nanocomposite showing the characteristic benzenoid

and quinoid peaks for the PANI in the composite

Peak position (cm™) Peak
1266 C-N stretching
1509 Benzenoid phenyl ring
1642 Quinoid phenyl ring
2926 Aromatic C-H stretching

Table 5.5 The observed FTIR peaks for Pd-PANI nanofibers

The integrated intensity of IR peaks at 1642 cm™ (quinoid peak) and 1509 cm™
(benzenoid peak) can be used to calculate the “R” value which is the ratio of the area under
the IR peaks at 1642 cm™ and 1509 cm™. The R value for Pd-PANI nanocomposite was
calculated to be 1.01. This shows that there is almost equal amount of both the forms in
coated material [73-77]. From the R value which is often related to the oxidation state of the
PANI, we define the following structure of PANI in the coated material.

For the following structure, with the R value:
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1.01=1-Y/Y
Y =0.498 and 1-Y = 0.502

We get the following structure:

oL o)

0.498 0.502

The above structure of PANI shows that no significant change has occurred in the

structure of PANI and it is in conducting form.
5.2.2.4 X-ray photoelectron spectroscopy (XPS) analysis

XPS provides valuable information on the density of occupied electronic states for a surface.
The X-ray beam penetrates the material and ejects electrons from the valence or core levels
yielding information about the atomic composition and the oxidation states of the atom in the
material [78]. Figure 5.19 shows the XPS survey spectrum for the Pd-PANI nanofiber film
where typical peaks for the Pd, carbon and nitrogen can be clearly identified. In addition, a
peak for oxygen is also present in the survey spectrum, which is probably either due to the
partial surface oxidation of material or simple chemisorption of oxygen on the surface. The
binding energy values for Pd are in good agreement with the values reported in the literature
for Pd nanoparticles. These peaks are the indication of the presence of metallic Pd in the Pd-
PANI nanocomposite.

Figure 5.20a is the Pd 3d XPS spectrum which splits into two components, one at
lower binding energy 336.2 eV (Pd 3ds2) and another at 341.5 eV (Pd 3ds). The binding
energy values are lower than that reported in the literature for Pd (1) salts (338 eV for Pd3ds,
and 343.5 eV for Pd3ds,) [27,79]. However they are quite close to that of the oxide form of
the Pd, PdO (336.1 eV for Pd3ds;, and 341.8 eV Pd3dsp,) [73]. The Oys peak present in the
XPS spectra may point to partial surface oxidation of the material due to the formation of

PdO on the surface or chemisorption of oxygen on the surface [27,80-82].
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Fig. 5.19 XPS survey spectrum for the Pd-PANI nanocomposite showing the characteristic
peaks for Pd, C, N and O

Figure 5.20b shows the C;s XPS spectrum of the material, which can decompose into
three peaks by a simple standard line shape analysis with binding energies 284.5 eV, 285 eV
and 286.3 eV. The maximum intensity peaks are at 284.5 and 285 eV which can be attributed
to the C-C, C-H and C-N species according to the literature [83,84]. The peak at higher
binding energy can be assigned to the oxidized carbon species such as C-O. Figure 5.20c
shows the XPS spectrum for the Nyis with the binding energy peak at 401.5 eV. This peak
may be assigned to the N* species in Pd-PANI composite. Figure 5.20d is XPS spectrum of
the Oy with the peak at 531.7 eV, and as discussed above this peak may be due to the partial

surface oxidation of the nanocomposite.
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Fig. 5.20 (a) Pd 3d XPS spectrum, (b) Cys XPS spectrum, (c) XPS spectrum for the N5 and

(d) Oys XPS spectrum of the nanocomposite showing the characteristic binding energy peaks

5.2.2.5 Cyclic voltammetry analysis and electrocatalytic activity of the Pd-
PANI coated electrode

Voltammetric response of the Pd-PANI coated electrode in acid medium

Palladium is well known to absorb massive quantities of hydrogen in bulk to form hydrides
and therefore has a great technological potential as a hydrogen storage material [85]. We
have carried out CV studies in acidic medium to examine the affinity of hydrogen towards
Pd-PANI nanofibers. Figure 5.21 shows the voltammetric behavior of the Pd-PANI coated
electrode in 0.5 M H,SO, at a scan rate of 100 mVs™. The inset shows the voltammetric
behavior of the Pd wire electrode in the same electrolyte. The CV for the Pd wire in 0.5 M
H,SO, shows a single broad anodic peak around 0.00 V. This broad hump is due to the
oxidation of both the absorbed and adsorbed hydrogen on the Pd wire and has been earlier
reported for bulk Pd electrodes [12]. On the other hand, the CV for the Pd-PANI coated disc
electrode shows two distinct peaks, one of which is a small shoulder peak in the negative
potential region during the anodic sweep [5,12,54,86]. The first peak at -0.18 V corresponds
to the oxidation of the adsorbed hydrogen (Haq) while the subsequent peak at -0.04 V is due
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to the oxidation of the absorbed hydrogen (H,p) on Pd surface [5]. The cathodic peak during
the reverse scan at -0.15 V is due to both absorption and adsorption of hydrogen. It is known
from the literature that two well resolved peaks for the oxidation of adsorbed and absorbed
hydrogen in Pd are manifested exclusively in the case of Pd nanoparticles [5,12,54,86]. This
behaviour is attributed to the larger number of surface sites available for adsorption on

nanoparticles surface.
Effective catalytic surface area (ECSA) determination

The electroactive surface area of Pd has been measured from the palladium oxide stripping
analysis [12,26]. The Pd oxide stripping appears during the reverse potential scan at 0.2 V
and the charge under the peak is measured to be 850.0 uC. With the value of the conversion
factor of 424 uC cm™ for Pd oxide stripping current [12,26], the effective catalytic surface
area (ECSA) for the Pd-PANI film is measured to be 2.0 cm? This is a very large real surface
area for the gold disc electrode with an initial geometric area of 0.002 cm?. This large surface
area arises due to highly porous PANI film in which the Pd nanoparticles are dispersed
making a dot-on-fibers type of structure. Since the Pd nanoparticles are not directly deposited
on the electrode surface, the available effective active centers are higher which makes it an
ideal electrocatalytic material.
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Fig. 5.21 Voltammetric behaviour of the Pd-PANI coated disc electrode in 0.5 M H,SO..
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(Geometric area of the gold substrate before forming the film = 0.002 cm?). Inset shows the
behaviour of Pd wire electrode in 0.5 M H,SO4
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Catalytic activity towards electro-oxidation of formic acid

The electrocatalytic oxidation of formic acid has been intensively studied as it is the anodic
reaction in direct formic acid fuel cells (DFAFCs) [15-19]. This is especially important from
the point of view of the development of micro fuel cells [17]. Formic acid is also an
environment friendly alternative to methanol. There have been several catalytic materials
such as Pt, Pt-Au, Pt-Ru, Pt-Sn and other alloys of Pt in acid media which have been explored
as formic acid oxidation catalyst. Some of the early studies of formic acid electro-oxidation
was carried out by Baldauf and Kolb on electrodeposited and epitaxially grown Pd thin film
formed on low index planes of gold and Pt [14]. The advantage of Pd over Pt in catalyst
materials for formic acid fuel cell is said to arise due to its resistant to CO poisoning [15a,b].

The catalytic current response is found to be sensitive to the crystallographic
orientation of Pd [15a,17]. Wieckowski and co-workers have shown that Pd nanoparticles
have excellent catalytic properties towards formic acid oxidation [17]. They have concluded
that for unsupported Pd catalyst, the smaller sized nanoparticles of 9-11 nm possess better
electrocatalytic properties than the larger (>40 nm) ones.

It is also observed by many of the researchers that the poisoning of the surface due to
the carbon monoxide (CO) is not very significant in Pd nanoparticles modified electrodes
[15a,b,18,24].

The formic acid electro-oxidation reaction can be considered to follow the following equation
[15a]:
HCOOH pyk—> HCOO s +HY ——> 2H" +2e + CO,

Figure 5.22a shows the 1% and 10™ cycles of CVs for the electro-oxidation of 0.2 M
formic acid on Pd-PANI film electrode in 0.5 M H,SO, solution. All the currents are reported
for unit effective catalytic surface area (ECSA). It can be seen that the formic acid oxidation
starts at about -0.11 V and maximum occurs at 0.07 V, where the peak current is measured to
be 2.30 mA cm.

Effect of oxides removal

During the negative scan the oxidation current starts at +0.6 V, a feature observed by other
workers also. The anodic current during the reverse potential scan arises due to the fact that
the reduction of palladium oxides formed during the forward scan is followed by the electro-

oxidation of formic acid on the freshly created Pd atoms sites.
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Fig. 5.22 (a) The CV for the electro-oxidation of 0.2 M formic acid in 0.5 M H,SO, (a)
without any time delay, (b) with 5 s time delay at 0.8 V, (c) 10 s time delay, (d) 20 s time
delay. Current values are reported for per unit effective catalytic surface area (ECSA) (Scan
rate: 100 mV sec * Geometric area of the gold substrate before forming the film = 0.002 cm?

and effective catalytic surface area (ECSA) = 2.0 cm?)

Such a behaviour has been explained as due to the fact that Pd atoms are not in
equilibrium with the metallic lattice after the reduction of oxide film and they possess good
catalytic activity [15a,22]. The formic acid electro-oxidation current obtained for Pd-PANI
nanofiber film are comparable to the currents observed by other researchers [17,21]. The
onset potential and peak potential values for the electro-oxidation are also towards more
negative potentials [17,21].

To further study the effect of oxide reduction on the response of formic acid
electrocatalysis we have performed an interesting experiment in which we have given
different time delays at the positive potential (0.8 V) to accumulate more Pd oxides in the
form of monolayer and multilayer oxide films on the surface as observed in the literature
[20a-d]. Figure 5.22b, ¢ and d shows the CV experiments performed with time delays of 5, 10
and 20 seconds respectively at the positive potential. Table 5.6 shows the values of current
obtained during reverse potential scan at different time delay. We observed an increase in the

reverse anodic current with the time and the peak becomes sharper, which clearly
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demonstrate the effect of oxide film removal on the electrocatalytic property of the Pd-PANI

nanofiber film.

Time delay / s Peak current/ mA cm™
0 0.62
5 0.91
10 1.52
20 2.67

Table 5.6 The observed formic acid electro-oxidation peak currents during reverse potential
scan at different time delays

The above experiment shows that Pd-PANI nanofibers can be easily tuned to achieve
high electrocatalytic activity towards the formic acid electro-oxidation.

The presence of PANI in the material provides an extensive network of conductive
paths which facilitate the electro-oxidation of formic acid on the Pd-PANI nanofiber film. To
find whether PANI coated surface by itself can catalyze the electro-oxidation of formic acid,
we have carried out CV studies on Pd free PANI film on gold in the same electrolyte
containing formic acid and 0.5 M H,SO, The PANI film on gold was prepared by
electropolymerization of aniline in 0.5 M H,SO,. Figure 5.23 shows that there is no formic
acid oxidation reaction on the PANI film on gold confirming that the electro-oxidation is due
to Pd nanoparticles present in the nanocomposite. The only peak present during the forward
scan in the CV at 0.2 V is due to the oxidation of emeraldine form of PANI.

Table 5.7 shows the maximum current measured at 0.07 V for the formic acid electro-
oxidation on the Pd-PANI nanocomposite film electrodes, which are prepared under different

deposition currents.
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Fig. 5.23 The CV for PANI film (without Pd) in 0.2 M formic acid in 0.5 M H,SO,4
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Deposition current / mA Formic acid oxidation peak current/ mA cm™
10 0.49
20 0.40
30 0.63
40 1.83
50 2.30

Table 5.7 The observed formic acid electro-oxidation peak currents measured at 0.07 V for

different electrodes coated at different deposition currents

There is almost systematic increase in the values of the measured peak currents for
formic acid oxidation with the increasing deposition current during the preparation of the Pd-
PANI. We have also deposited Pd-PANI nanocomposite film on a large area (0.15 cm?)
electrode in order to calculate the mass current density. The mass of the Pd-PANI
nanocomposite film deposited on this electrode was 0.04 mg and the corresponding mass
current density for formic acid electro-oxidation was calculated to be about 0.822 A mg™ of
Pd. This large current value is very much comparable to that obtained by Ge et al. on hollow

Pd nanospheres and nanoparticles supported on carbon [87].

5.2.2.6 Kinetics of the formic acid oxidation

Activation energy calculation

To understand the kinetic behaviour of formic acid catalysis on Pd-PANI electrode, we have
carried out the electro-oxidation studies at different temperatures. The Pd-PANI system was
found to be quite stable till 25°C beyond which there is an instability in the acid medium.
Therefore the upper temperature limit of the experiment was kept at 25 C. The experiment
was carried out at five temperatures i.e. 0, 3, 7, 15 and 25 C. Figure 5.24 shows the log | vs.
1/T plot (Arrhenius plot) for formic acid electro-oxidation on Pd-PANI electrode. The
activation energy values calculated at different potentials are also shown in the figure. The
average activation energy was calculated to be 45 KJ M™. Figure 5.25 shows the formic acid
electro-oxidation voltammograms taken at different temperatures. The data obtained from
CVs is shown in Table 5.8. It is clear from the figure and table that the currents of formic
acid oxidation have increased and the onset potential values have shifted to more negative
potentials.
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Fig. 5.24 The Arrhenius plots (log I vs. 1/T) for formic acid oxidation on Pd-PANI electrode
at different potentials, near the foot of the CV (-30 mV to 30 mV). The potentials and

corresponding activation energies, associated with each potential are shown in the figure
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Fig. 5.25 CVs for electro-oxidation of 0.5 M formic acid on Pd-PANI electrode in 0.5 M
H,SO;, at different temperature (scan rate = 100 mV s%)
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Temperature / °C Onset potential / mV Peak current/ mA
0 0.20 0.30
3 0.12 0.36
7 0.01 0.56
15 -0.03 0.76
25 -0.04 1.09

Table 5.8 Onset potential and peak current values for ethanol electro-oxidation at different
temperatures

Reaction order calculation

The variation in the electro-oxidation current with varying formic acid concentration was
analyzed at two different potentials. This yields the reaction order for the formic acid electro-
oxidation reaction with respect to formic acid concentration as discussed in the first part of
the chapter. The plot of log I vs. log ¢ is shown in Figure 5.26. The reaction order at -0.1 V
was observed to be 0.33 while at 0 V the reaction order could not be calculated from the plot
due to the nonlinear curve especially at higher concentration of formic acid, where the curve
tends to become a plateau. There is a significant difference in the nature of the plots at 0.0 V
and -0.1 V.

The apparent reason of this anomalous behaviour may be due to the fact that at -0.1 V
there is another reaction taking place along with the formic acid oxidation reaction, which is
the oxidation of adsorbed and absorbed hydrogen in the acid medium. The overall effect of
these two reactions may influence the reaction rate calculation. The plot at 0.0 V shows that
at higher concentration of formic acid the reaction does not entirely depend on formic acid
concentration and essentially becomes zero order reaction with respect to formic acid

concentration.
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Fig. 5.26 Plots of log I vs. log ¢ (formic acid concentration) at two different potentials for

calculating the reaction order

5.2.2.7 Catalytic activity of Pd-PANI surface towards electro-oxidation of

ethanol and methanol

To examine the electrocatalytic activity of the Pd-PANI film in alkaline medium, we have
studied the ethanol and methanol electro-oxidation reactions. The electrocatalytic oxidation
reactions of these alcohols have been intensively studied as the anodic reaction in direct
alcohols fuel cells (DAFCs). In this work we have evaluated the electrocatalytic activity of
Pd-PANI nanocomposite coated electrode by studying electro-oxidation in 0.5 M NaOH.
Figure 5.27a shows the CV for the electro-oxidation of 1 M ethanol in alkaline media. The
figure in the inset shows the voltammogram in the absence of ethanol.

The ethanol oxidation starts at -0.70 V and peak current appears at -0.17 V. During
the reverse scan there is a secondary peak at -0.40 V. This peak arises due to the reduction of
Pd oxides formed during the forward scan which exposes a fresh Pd surface for electro-
oxidation of alcohols.

We have carried out 200 cycles potential scans to check the reproducibility of the
voltammogram. In Figure 5.27a the 1% and 200" cycles are indicated by arrows. We observed
no decline in the electro-oxidation current even after 200 cycles potential scans as can be
seen by comparing the currents of 1% and 200" cycles from Figure 5.27a. This shows that
there is no adsorption of intermediates which can poison the catalytic surface. This is an

important advantage of Pd-PANI nanocomposite electrode.
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The mass current density for ethanol electro-oxidation is measured to be about 1.3 A
mg™ of Pd. This value, though substantial, is comparatively less than 2.0 A mg™ peak current
for Pd nanowires synthesized in hexagonal mesophase [61].

Figure 5.27b shows the CV for the electro-oxidation of 1 M methanol in alkaline
media. The methanol oxidation current starts at about -0.62 V and reaches the maximum
current at -0.20 V. The maximum current observed was 0.82 mA cm™. During the reverse
scan there is a secondary oxidation peak at -0.40 V. In this case also we did not observe any
decline in the electro-oxidation current even after 200 potential scans as can be seen from
Figure 5.27b (1% and 200™ cycles are shown by arrows). From the Figure 5.27b, the peak
mass current density for methanol oxidation is calculated to be about 1.03 A mg™. This value
is more than 10 times the value reported for Pd nanoflowers supported by carbon-PTFE

matrix reported by Yin et al. [11].
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Fig. 5.27 (a) 200 cycles CV for the electro-oxidation of 1 M ethanol in 0.5 M NaOH, (b) The
200 cycles CV for the electro-oxidation of 1 M methanol in 0.5 M NaOH, inset shows the CV

in the absence of alcohols (scan rate = 100 mV s™)
Mechanism of electro-oxidation

The generally accepted mechanism for the electro-oxidation of ethanol in alkaline medium,

which involves the oxidation of ethanol to acetate ions at the anode, can be summarized as

follows [61].

C;Hs0H + 30H » CH3COgqs + 3H,0 + 3e
OH p OHgs + 1€

CH3COggs + OHags » CH3;COOH

CH3;COOH + OH CH;COO + H,0

v
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It is known from the literature that the methanol oxidation reaction follows the
following reaction of generation of formate ions similar to the acetate ions, observed in the
case of ethanol [88,89].

CH30H + 50H » HCOO +4H,0 + 4e
Activation energy calculation

Figure 5.28 a,b shows the log I vs. 1/T plots (Arrhenius plot) for a (ethanol) and b (methanol)
electro-oxidation. The activation energy values calculated at different potentials are also
shown in the figure. The average activation energy for ethanol electro-oxidation was
calculated to be 20.0 KJ M™ whereas average E, for methanol electro-oxidation was
calculated to be 23.0 KJ M. The E, values are quite low, which indicates the facile nature of
catalytic oxidation of these alcohols on Pd-PANI nanofiber electrode. Figure 5.29 a,b shows
the ethanol and methanol electro-oxidation voltammograms respectively taken at different
temperatures. It is clear from the figure that the currents of alcohols oxidation have increased
and the onset potential values have shifted to more negative potentials with temperature. The
results obtained from CV for the ethanol and methanol electro-oxidation on Pd-PANI

electrode are shown in Table 5.9 and 5.10 respectively.
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Fig. 5.28 The Arrhenius plots (log | vs. 1/T) for alcohols oxidation on Pd-PANI electrode at
different potentials, near the foot of the CV (a) ethanol electro-oxidation (-0.65 V to -0.35 V)
and (b) methanol electro-oxidation (-0.25 V to -0.5 V). The potentials and corresponding

activation energies, associated with each potential are shown in the figure
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Current / mA
Current / mA

Fig. 5.29 CVs for electro-oxidation of (a) 1.0 M ethanol and (b) 1 M methanol on Pd-PANI
electrode in 0.5 M NaOH at different temperatures (scan rate = 100 mV s™)

Temperature / °C Onset potential / V Peak current / mA
15 -0.62 1.29
25 -0.65 141
35 -0.67 1.60
45 -0.69 177
55 -0.71 1.93

Table 5.9 Onset potential and peak current values for ethanol electro-oxidation on Pd-PANI
modified electrode at different temperatures

Temperature / °C Onset potential / V Peak current / mA
15 -0.51 1.30
25 -0.54 1.98
35 -0.56 2.37
45 -0.58 3.00
55 -0.59 3.17

Table 5.10 Onset potential and peak current values for methanol electro-oxidation on Pd-
PANI modified electrode at different temperatures

Tafel slope analysis

The Tafel slope analysis of alcohol electro-oxidation was carried out on Pd-PANI nanofiber
film electrode at different temperatures, the overpotential range was chosen sufficiently

negative which is also practically useful in fuel cells. The chronoamperometry measurements
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were carried out for Tafel plot analysis by the application of a potential pulse of 20 s duration
with a step size of 10 mV. Prior to the application of each potential step, the electrode
surface was subjected to a potential program of 5s each at 0.8 V and -0.65 V vs. SCE similar
to Figure 5.13.

These slopes, as we have discussed earlier can provide significant information about
the reaction mechanism. Figure 5.30 shows the Tafel plots taken at 5 different temperatures
(15, 25, 35, 45 and 55 C) for ethanol electro-oxidation. The plots were fitted for 2 slopes at
all the temperatures. Table 5.11 shows the values of 1% and 2™ slopes.

Figure 5.31 and Table 5.12 shows the Tafel plot characteristics of the methanol
electro-oxidation on Pd-PANI nanofiber electrode. All of these Tafel plots fit well for a curve
with two slopes except for temperature 45°C. The first slope does not vary much with
temperature while the second slope shows slight variation with temperature. It was earlier
pointed out that the Tafel slopes in the case of adsorbed intermediate species on the electrode
surface indicate the extent of blocking of the surface by the reaction intermediates. Since both
the Tafel slopes are high, it indicates significant electrode contamination. The second slope is
significantly higher than the first one at all temperatures. The first Tafel slope increases with
temperature till 45 ° C while there is no clear pattern in the second Tafel Slope variation with
temperature.

In both the cases the first slope value is always lower than the second one, which
indicates the adsorption of the impurities on the surface as the reaction progresses, these
impurities can only be removed at very high anodic overpotentials. We have also observed
that the slope values increase with temperature. The higher value of slopes at higher
temperatures indicates that the large amounts of carbonaceous species generated during the
oxidation of the ethanol get adsorb at higher temperatures. The Tafel slopes (dn/dlogl) values
are higher since a larger overpotential needs to be applied for a given value of current to flow.
On a contaminated surface since the active sites are blocked, there is lack of available surface
sites for adsorption of the reactants (alcohol) which demands for more overpotential to

maintain the current.
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Fig. 5.30 Linear fittings for Tafel slopes for ethanol electro-oxidation at different

temperatures (near the foot of the voltammogram)

Temperature ( C) 1% slope 2" slope
15 187.7 318.5
25 205.7 347.2
35 151.6 346.9
45 241.5 361.1
55 204.1 355.4

Table 5.11 Tafel slope values for ethanol electro-oxidation at different temperatures (near

the foot of the voltammogram) for Pd-PANI nanocomposite film
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Fig. 5.31 Linear fittings for Tafel slopes for methanol electro-oxidation at different

temperatures (near the foot of the voltammogram)

Temperature ( C) 1% slope 2" slope
15 166.2 334.2
25 186.6 283.0
35 192.0 291.0
45 223.0 -
55 169.0 341.6

Table 5.12 Tafel slope values for methanol electro-oxidation at different temperatures (near

the foot of the voltammogram) for Pd-PANI nanocomposite film

Reaction order calculation

In addition to the Tafel slope calculation the reaction order calculation at two different
potentials (near the foot of the voltammogram) with respect to the ethanol and methanol
concentrations was also carried out as shown in Figure 5.32. The reaction orders for ethanol
electro-oxidation reaction calculated at -0.6 V and -0.45 V are 0.23 and 0.26 respectively
(Figure 5.32 a). For methanol the reaction orders calculated at -0.4 V and -0.2 V are 0.30 and
0.22 respectively (Figure 5.32 b). The reaction order values are lower compared to the values
we obtained in the case of ethanol electro-oxidation on Pd-PEDOT nanocomposite film

which signifies the less dependency of the reaction rate on reactant concentration in the case
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of Pd-PANI nanocomposite. The values of reaction orders at these potentials are almost

same, which indicates that no change in the reaction kinetics at different potentials.
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Fig. 5.32 Plots of log I vs. log c, (a) (ethanol concentration) and (b)(methanol concentration)

at different potentials for calculating the reaction order
5.3 Conclusions

In the present work we have proposed a single step electrochemical method of synthesizing
Pd-PEDOT and Pd-PANI nanocomposite films on gold surface by the galvanostatic
dissolution of Pd wire in the chloride containing acidic EDOT or aniline solution. A thin film
of nanocomposite containing Pd nanoparticles embedded in the polymer matrix was formed
on the surface. The Pd-PEDOT nanocomposite film exhibits very good stability and turns out
to be an effective electrocatalyst for the hydrogen evolution and the ethanol electro-oxidation.
The activation energy calculations and Tafel plot analysis at different temperatures further
confirm the excellent catalytic activity of the nanocomposite film on gold surface. We have
also described a novel electrochemical route to deposit Pd-PANI nanofiber film on an
electrode surface. We have demonstrated that the galvanostatic dissolution of Pd wire in the
acidic aniline solution yields Pd-PANI nanofibers on the cathode surface. The SEM images
of the surface show the fibers of Pd-PANI nanocomposite with Pd nanoparticles adhering on
the PANI surface. The film was characterized using SEM, EDAX, AFM, XRD and XPS. The
Pd-PANI nanofiber film on the electrode shows voltammetric behaviour quite different from
that of the pure Pd wire electrode for hydrogen adsorption and absorption in acidic medium.
The excellent electrocatalytic activity of the nanofiber film electrode was confirmed from the

electro-oxidation of formic acid in acidic media and ethanol and methanol in alkaline media.
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Our studies show that the nanocomposite films of Pd with conjugated polymers are effective
substitute of Pt in direct fuel cells (DFCs).

177



Chapter-a

Bibliography

[1] B.J. Gallon, R.W. Kojima, R.B. Kaner, P.L. Diaconescu, Angew. Chem. Int. Ed., 46
(2007) 7251.

[2] Y.F. Han, Z. Zhong, K. Ramesh, F. Chen, L. Chen, T. White, Q. Tay, S.N. Yaakub, Z.
Wang, J. Phys. Chem. C, 111 (2007) 8410.

[3] J. Hu, Y. Liu, Langmuir, 21(2005) 2121.

[4] K. Mukhopadhyay, B.R. Sarkar, R.V. Chaudhari, J. Am. Chem. Soc., 124 (2002) 9692.

[5] H.P. Liang, N.S. Lawrence,T.G.J. Jones, C.E. Banks, C. Ducati, C. J. Am. Chem. Soc.,
129 (2007) 6068.

[6] H.P. Liang, N.S. Lawrence, L.J. Wan, L. Jiang, W.G. Song, T.G.J. Jones, J. Phys. Chem.
C, 112 (2008) 338.

[7] H. Kobayashi, M. Yamauchi, H. Kitagawa, Y. Kubota, K. Kato, M. Takata, J. Am. Chem.
Soc., 130 (2008) 1828.

[8] S. Horinouchi, Y. Yamanoi, T. Yonezawa, T. Mouri, H. Nishihara, Langmuir, 22 (2006)
1880.

[9] F.J. Ibafiez, F.P. Zamborini, J. Am. Chem. Soc., 130 (2008) 622.

[10] P. Zhou, Z. Dai, M. Fang, X. Huang, J. Bao, J. Gong, J. Phys. Chem. C, 111 (2007)
12609.

[11] Z. Yin, H. Zheng, D. Ma, X. Bao, J. Phys. Chem. C, 113 (2009) 1001.

[12] W. Pan, X. Zhang, H. Ma, Z. Zhang, J. Phys. Chem. C, 112 (2008) 2456.

[13] B. Keita, G. Zhang, A. Dolbecq, P. Mialane, F. Sécheresse, F. Miserque, L. Nadjo L. J.
Phys. Chem. C, 111 (2007) 8145.

[14] M. Baldauf, D.M. Kolb, J. Phys. Chem., 100 (1996) 11375.

[15] (a) N. Hoshi, K. Kida, M. Nakamura, M. Nakada, K. Osada, J. Phys. Chem. B, 110
(2006) 12480. (b) C. Liao, Z.D. Wei, S.G. Chen, L. Li. M.B. Ji, Y. Tan, M.J. Liao J.
Phys. Chem. C, 113 (2009) 5705. (c) V.N. Andreev, Russian. J. Electrochem., 42 (2006)
1936.

[16] F. Cheng, S.M. Kelly, N.A. Young, C.N. Hope, K. Beverley, M.G. Francesconi, S.

Clark, J.S. Bradley, F. Lefebvre, Chem. Mater., 18 (2006) 5996.

[17]. W.P. Zhou, A. Lewera, R. Larsen, R.l. Masel, P.S. Bagus, A. Wieckowski, J. Phys.

Chem. B, 110 (2006) 13393.

[18]. K. Nishimura, K. Kunimatsu, K. Machida, M. Enyo, J. Electroanal. Chem., 260 (1989)

181.

178



Chapter-a

[19] H. Meng, S. Sun, J.P. Masse, J.P. Dodelet, Chem. Mat., 20 (2008) 6998.

[20] a. M.I. Manzanares, A.G. Pavese, V.M. Solis, J. Electroanal. Chem., 310 (1991) 159. (b)

K.S. Kim, A.F. Gossmann, N. Winograd, Anal. Chem., 46 (1974) 197. (c) V. Chausse, P.

Regull, L. Victori, J. Electroanal. Chem., 238 (1987) 115. (d) L.D. Burke, M.B.C. Roche, J.

Electroanal. Chem., 186 (1985) 139.

[21] H. Lee, S.E. Habas, G.A. Somorijai, P. Yang, J. Am. Chem. Soc., 130 (2008) 5406.

[22] V. Mazumder, S. Sun, J. Am. Chem. Soc., 131 (2009) 4588.

[23] W. Zhou, J.Y. Lee, J. Phys. Chem. C, 112 (2008) 3789.

[24] J. Zhang, C. Qiu, H. Ma, X. Liu, J. Phys. Chem. C, 112 (2008) 13970.

[25] Y. Li, G. Lu, X. Wu, G. Shi, J. Phys. Chem. B, 110 (2006) 24585.

[26] L. Xiao, L. Zhuang, Y. Liu, J. Lu, H.D. Abruna, J. Am. Chem. Soc., 131 (2009) 602.

[27] S.V. Vasilyeva, M.A. Vorotyntsev, |. Bezverkhyy, E. Lesniewska, O. Heintz, R.
Chassagnon, J. Phys. Chem. C, 112 (2008) 19878.

[28] Y. Zhou, H. Itoh, T. Uemura, K. Naka, Y. Chujo, Langmuir, 18 (2002) 277.

[29] J. Wang, K.G. Neoh, E.T. Kang, K.L. Tan, J. Mater. Chem., 10 (2000) 1933.

[30] J.E. Park, S.G. Park, A. Koukini, O. Hatozaki, N. Oyama, Synth. Met., 141 (2004) 265.

[31] Hong-Shi, M. Josowicz, D.R. Baer, M.H. Englehard, J. Janata, J. Electrochem. Soc., 142

(1995) 798.

[32] Q. Pei, G. Zuccarello, M. Ahlskog, O. Inganas, Polymer, 35 (1994) 1347.

[33] P. Andersson, D. Nilsson, P.O. Svensson, M. Chen, A. Malmstrom, T. Remonen, T.

Kugler, M. Berggren, Adv. Mater., 14 (2002) 1460.

[34] AJ. Epstein, F.C. Hsu, N.R. Chiou, V.N. Prigodin, Synth. Met., 137 (2003) 859.

[35] S.K.M. Jonsson, J. Birgerson, X. Crispin, G. Greczynski, W. Osikowicz, A.W. Denier

van der Gon, W.R. Salaneck, M. Fahlman, Synth. Met., 139 (2003) 1.

[36] J. Ouyang, Q. Xu, C.W. Chu, Y. Yang, G. Li, J. Shinar, Polymer, 45 (2004) 8443.

[37] T. Aemouts, P. Vanlaeke, W. Geens, J. Poortmans, P. Heremans, S. Borghs, R. Mertens,

R. Andriessen, L. Leenders Thin Solid Films, 451 (2004) 22.

[38] M.H. Halik, H. Klauk, U. Zschieschang, T. Kriem, G. Schmid, W. Radlik, K. Wussow,

Appl. Phys. Lett., 81 (2002) 289.

[39] F. Jonas, G. Heywang, Electrochim. Acta, 39 (1994) 1345.

[40] H.W. Heuer, R. Wehrmann, S. Kirchmeyer, Adv. Funct. Mater., 12 (2002) 89.

[41] S. Kirchmeyer, K. Reuter, J.C. Simpson, in: T.A. Skotheim and J.R. Reynolds, (Eds)

Conjugated Polymers-Theory Synthesis Properties and Characterization CRC Press Taylor &

Francis Group Boca Raton, FL. 2007, 3rd Edition.

179



Chapter-a

[42] E. Herrero, K. Franaszczuk, A. Wieckowski, J. Phys. Chem., 98 (1994) 5074.

[43] G. Li, C. Martinez, S. Semancik, J. Am. Chem. Soc., 127 (2005) 4903.

[44] H. Mao, X. Lu, X. Liu, J. Tang, C. Wang, W. Zhang, J. Phys. Chem. C, 113 (2009)

9465.

[45] S.S. Kumar, C.S. Kumar, J. Mathiyarasu, K.L. Phani, Langmuir, 23 (2007) 3401.

[46] B. Vercelli, G. Zotti, A. Berlin, J. Phys. Chem. C, 113 (2009) 3525.

[47] S. Harish, J. Mathiyarasu, K.L.N. Phani, V. Yegnaraman, J. Appl. Electrochem., 38

(2008) 1583.

[48] (@) M.T. Reetz, W. Helbig, J. Am. Chem. Soc., 116 (1994) 7401, (b) M.T. Reetz, W.

Helbig, S.A. Quaiser, U. Stimming, N. Breuer, R. Vogel, Science, 267 (1995) 367.

[49] S.H. Cho, S.M. Park, J. Phys. Chem. B, 110 (2006) 25656.

[50] N. Sakmeche, E.A. Bazzaoui, M. Fall, S. Aeiyach, M. Jouini, J.C. Lacroix, J.J. Aaron,

P.C. Lacaze, Synth. Met., 84 (1997) 191.

[51] R.K. Pandey, V. Lakshminarayanan, J. Phys. Chem. C, 113 (2009) 21596.

[52] K.H. Lubert, M. Guttmann, L. Beyer, K. Kalcher, Electrochem Commun., 3 (2001) 102.

[53] K. Mallick, M.J. Witcomb, A. Dinsmore, M.S. Scurrel, Macromolec. Rapid Comm., 26

(2005) 232.

[54] Y. Gimeno, A. Hernandez Creus, S. Gonzalas, R.C. Salvarezza, A.J. Arvia, Chem.

Mater., 13 (2001) 1857.

[55] M. Wu, P.K. Shen, Z. Wei, S. Song, M. Nie, J. Power Source, 166 (2007) 310.

[56] W.S. Zhang, X.W. Zhang, H.Q. Li, J. Electroanal Chem., 481 (1997) 13.

[57] A.C.D. Angelo, in : Jerkiewicz, G.; Feliu, J. M.; Popov, B. N. (Eds) Hydrogen at

surface and interfaces: proceedings of the international symposium, Electrochemical Society

Meeting, Pennington, NJ, Electrochemical Society, Inc., 2000.

[58] T.H. Silva, V. Garcia-Morales, C. Moura, J.A. Manzanares, F. Silva Langmuir, 21
(2005) 7461.

[59] S. Lu, J. Pan, A. Huang, L. Zhuang, J. Lu, Proc. Nat. Ac. Sci., 105 (2008) 20611.

[60] D. Chu, S. Gilman, J. Electrochem. Soc.,143 (1996) 1685.

[61] F. Ksar, G. Surendran, L. Ramos, B. Keita, L. Nadjo, E. Prouzet, P. Beaunier, A.

Hagege, F. Audonnet, H. Remita, Chem. Mater., 21 (2009) 1612.

[62] C. Bianchini, P.K. Shen, Chem. Rev., 109 (2009) 4183.

[63] F. Cheng, X. Dai, H. Wang, S.P. Jiang, M. Zhang, C. Xu, Electrochim. Acta, 55 (2010)

2295

[64] M. Nie, H. Tang, Z. Wei, S.P. Jiang, P.K. Shen, Electrochem. Commun.,9 (2007) 2375.

180



Chapter-a

[65] (@) M. Watanabe , S. Motoo, J. Electroanal. Chem., 60 (1975) 259. (b) R. W.J. Scott,

O.M. Wilson, S.-K. Oh, E.A. Kenik, R.M. Crooks, J. Am Chem. Soc., 126 (2004) 15583, (c)

M. Haruta, Gold Bulletin, 37 (2004) 27.

[66] Y. Su, C. Xu, J. Liu, Z. Liu, J. Power Sources, 194 (2009) 295.

[67] M. Beltowska-Brzezinska, J. Heitbaum, J. Electroanal Chem., 183 (1985) 167.

[68] R. Parsons, T. VanderNoot, J. Electroanal. Chem., 257 (1988) 9.

[69] Z. Borkowska, A. Tyomsiak-Zielinska, R. Nowakowski, Electrochim. Acta, 49 (2004)

2613.

[70] (@) Z.X. Liang, T.S. Zhao, J.B. Xu, L.D. Zhu, Electrochim. Acta, 54 (2009) 2203, (b) W.

Chrzanowski, A. Wieckowski, Langmuir, 14 (1998) 1967.

[71] S.L. Gojkovic T.R. Vidakovic, D.R. Durovic Electrochim. Acta, 48 (2003) 3607.

[72] N. Gospodinova, L. Terlemezyan, Prog. Poly. Sci., 23 (1998) 1443.

[73] D.W. Hatchett, M. Josowicz, J. Janata, J. Phys. Chem. B, 103 (1999) 10992.

[74] D.W. Hatchett, M. Josowicz, J. Janata, J. Electrochem. Soc., 146 (1999) 4535.

[75] Y.W. Wei, K.F. Hsueh, G.W. Jang, Macromolecules, 27 (1994) 518.

[76] S. Quillard, G. Louarn, S. Lefrant, A.G. MacDiarmid, Phys. Rev. B, 50 (1994) 12496.

[77] X.R. Zeng, T.M. Do, J. Polym. Phys., 35 (1997) 1993.

[78] J. Chastain, Handbook of XPS, Perkin Elmer: Minneapolis, MN, 1992.

[79] S.W. Huang, K.G. Neoh, C.W. Shih, D.S. Lim, E.T. Kang, H.S. Han, K.L. Tan, Synth.
Met., 96 (1998) 117.

[80] M. Borasio, O. Rodriguez de la Fuente, G. Rupprechter, H.J. Freund, J. Phys. Chem. B,
109 (2005) 17791.

[81] E.H. Voogt, A.J.M. Mens, O.L.J. Gijzeman, J.W. Geus, Surf. Sci., 373 (1997) 210-220.

[82] R. Imbihl, J.E. Demuth, Surf. Sci., 173 (1986) 395.

[83] W. Liang, J. Lei, C.R. Martin, Synth. Met., 52 (1992) 227.

[84] G.B. Street, In Handbook of Conductive Polymers; Skotheim T. A., Ed., Marcel Dekker:
New York, 1986; Vol. 1.

[85] J.C. Barton, J.A.S. Green, F.A. Lewis, Nature, 197 (1963) 1293.

[86] C. Batchelor-McAuley, C.E. Banks, A.O. Simm, T.G.J. Jones, R.G. Compton,
ChemPhysChem, 7 (2006) 1081.

[87] J. Ge, W. Xing, X. Xue, C. Liu, T. Lu, J. Liao, J. Phys. Chem. C, 111 (2007) 17305.

[88] Z. Borkowska, A. Tymosiak-Zielinska, G. Shul, Electrochim. Acta, 49 (2004) 1209.

[89] K.A. Assiongbon, D. Roy, Surf. Sci., 594 (2005) 99.

181



Chapter-6

Chapter 6

Electrochemical Synthesis of Nanocomposite Films of
Gold with Different Conducting Polymers and Their

Applications in Electrocatalysis

Polyaniline (PAN)), polypyrrole (PPY), polythiophene (PIF) and poly(3 4-ethylenedioxythiophene) (PEDDT) are four most
studied conducting polymers (LFs) for device applications and in preparation of different polymeric nanostructures.

These polymers are very stable under ambient conditions, and also quite stable in contact with strong acidic and
alkaline electrolytes, including nafion film, KOH and Nallfl. This makes them as potential medium for the dispersion of
electrocatalyst materials. Ihe present chapter is focused on the electrocatalytic studies carried out with gold and

different conducting polymers nanocomposites.
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6.1 Introduction

Gold is generally considered inert in bulk form. Interestingly it is a potent catalyst when used
as nanoparticles [1]. Incorporating gold nanoparticles in CP matrix is an appropriate method
of tapping the potential of gold nanoparticles as catalyst material. Among many advantages
of using conducting polymers (CPs) as a matrix, the important one is its use as an alternative
to the carbon powder normally used as a support in fuel-cell electrodes [2-10]. CPs possess
the advantage of being able to accommodate large quantities catalytic of particles. The high
porosity and extended structure of CPs allow electrocatalytic materials to properly disperse in
a 3-dimensional structure. This makes maximum number of catalytic centers available for the
reacting species and thus significantly improves the electrocatalytic performance.

There are two main methods of preparation of the CPs viz. chemical method and
electrochemical method. For the chemical synthesis of polymer, ammonium peroxydisulfate,
hydrogen peroxide etc., are among the most common oxidizing agents for monomer
oxidation. Whereas acids such as sulfuric acid, hydrochloric acid and other strong acids are
commonly used electrolytes for the electrochemical synthesis of the polymers. There are
reports available on the use of gold tetrachloride as an oxidizing agent for the aniline
oxidation [9,10]. Wang et al. have in their recent work prepared PANI nanofibers and gold
nanoparticles simultaneously by using chloroaurate (AuCly) as the oxidant [10,11]. But most
of the methods available in the literature are solution based and multistep. In literature there
IS no report on singe step electrochemical preparation of the Au-CP nanocomposites.

This chapter is essentially an extension of the last chapter except the main focus of
study will be gold nanoparticles dispersed conducting polymers namely; polyaniline
(PANI), polypyrrole (PPY), polythiophene (PTP) and polyethylenedioxythiophene
(PEDOT). We present the electrochemical method similar to one described for Pd
nanocomposite [12], to produce gold and CP nanocomposite films on the conducting
surfaces. The unique method involves the in-situ polymerization of the monomer to yield the
polymer nanocomposite with gold and subsequent deposition on cathode. PANI, PPY, PTP,
and PEDOT were the polymers studied in this work.

The polymer and gold nanocomposites were formed in-situ during the galvanostatic
deposition process in the presence of their respective monomers in HCl with Au wire as
anode and another gold electrode as cathode. The conjugated polymer based metal

nanocomposites are very useful electrocatalyst for the oxidation of small organic molecules
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as shown by the studies on the electro-oxidation of methanol on Pt-PANI and Pt
nanoparticles dispersed PEDOT electrodes [13,14].

The present method is of particular significance due to the fact that it is a single step
electrochemical method which avoids the extra steps of the preparation of CPs separately and
subsequent mixing of polymer and gold. The prepared nanocomposite film can be directly
used for further studying its properties such as electrocatalytic activity. The surface of the
film was examined with SEM, EDAX, AFM and FTIR spectroscopy. The nanocomposite of
Au and CPs modified surface was found to be exceptionally porous.

A high rate of electro-oxidation of ethanol in alkali media was observed for
nanocomposite modified electrode. The electrocatalytic activity of all the nanocomposite
films towards ethanol electro-oxidation was studied in alkaline medium and their
electrocatalytic responses were compared. The high electrocatalytic activity of the
nanocomposite films is attributed to the presence of additional active centers on gold
nanoparticles dispersed in the conducting matrix of CP.

The studies presented here will be useful in understanding the formation of interesting
nanocomposite structures from gold and also as an efficient substitute of Pt in direct ethanol
fuel cells (DEFC). Ethanol can be obtained in large amount through a fermentation process
from sources such as sugar cane, wheat, corn, etc. This kind of supply chain is already
available for ethanol worldwide without the worry of fuel getting over. This is in sharp
contrast to the use of fossil fuels. The use of ethanol would also help in overcoming both the
storage and developing infrastructure challenge of hydrogen for fuel cell applications.

Although fuel cells based on acidic electrolytes (mainly Nafion) have received more
attention in the literature than alkaline electrolytes based fuel cells yet there is plenty of room
for alkaline electrolytes based fuel cells because fuel cells based on acidic electrolytes
function mainly with Pt based catalysts. This dependency makes them more expensive
[15,16]. However the alkaline fuel cells can function with cheaper metals such as Au, Ag and

Ni too.
6.2 Methods and materials

Galvanostatic deposition was carried out using an EG&G potentiostat (model 263A) in
chronopotentiometry mode and interfaced to a PC through a GPIB card (National

Instruments). For Tafel slope calculations for ethanol electro-oxidation on different Au-CPs
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systems, we have carried out chronoamperometry with a potential program similar to the one

used in chapter 5 (Figure 5.13) with delay at negative and positive potentials.
6.2.1 Synthesis of the Au-CP nanocomposites on gold substrate

The method is similar to the synthesis of Pd-PEDOT and Pd-PANI nanocomposite films as
described in previous chapter [17-20]. The nanocomposite preparation method can be
summarized as following. A 10 ml beaker was used as an electrochemical cell for
galvanostatic deposition, 5 mg of monomer (aniline for PANI, pyrrole, for PPY thiophene,
for PTP and 3,4-ethylenedioxythiophene for PEDOT) solutions were prepared in 5 ml 0.1 M
HCI, a current of 50 mA was used during the process of deposition. Au wire of 5 mm length
and 0.5 mm diameter working as anode and an evaporated gold film electrode of 0.15 cm?
area working as cathode were used. The deposition was also carried out at different currents,
and it was observed that at lower currents (<50 mA) the electrocatalytic response of the film
of coated material was comparatively low. At higher currents (>50 mA) the Au-CP
nanocomposite was not adhering enough on the cathode surface during the gas evolution.
However we found that the deposition at a current of 50 mA provides very good
electrocatalytic activity and better adhesion. Therefore we have optimized the current value
to 50 mA based on shorter time of deposition, improved electrocatalytic response and robust
surface film. Therefore, for all the characterization studies of the film, all the specimens were
deposited at a current of 50 mA unless otherwise stated.

The synthetic approach for all the Au-CP nanocomposite films are similar as
described earlier for Pd dispersed PANI and PEDOT. We present below only the observation

during the formation of the film.
Au-PANI nanocomposite

In the beginning of the experiment the aniline solution turned to light bluish color from the
colorless solution which finally, at the end of experiment turned to reddish-pink.

Simultaneously, a dark brown colored film was formed on the cathode surface.
Au-PPY nanocomposite

The pyrrole solution which was colorless in the beginning turned to black color soon after the
start of the experiment, indicating of the formation of PPY in the solution. The electrode was

coated with the film of black color, simultaneously during the experiment.
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Au-PTP nanocomposite

The colorless thiophene solution turned to light yellow color in the beginning of the
experiment which remained the same after the completion of the experiment. Simultaneously

a light yellow-brown film was formed on the electrode surface.
Au-PEDOT nanocomposite

The 3,4-ethylenedioxythiophene solution turned blue in the beginning and finally into a dark
blue colored solution at the end of the experiment. Simultaneously a black film was formed
on the electrode surface.

6.2.2 Characterization of Au-CP nanocomposites with SEM, EDAX, AFM
and FTIR spectroscopy

6.2.2.1 SEM analysis

Figure 6.1-6.4 show the SEM image of the Au-CPs nanocomposite deposited on the gold
substrate. Figures 6.1a,b shows the SEM images of Au-PANI nanocomposite film. Figure
6.1a shows the spherical disc like features of diameter around 100-400 nm. In addition there
are smaller features present on the surface of diameter around 50-100 nm. We observed

similar kind of features at different locations on the modified substrate.

Fig. 6.1 (a) FESEM image of Au-PANI nanocomposite film (scale bar = 400 nm) and (b)
high resolution FESEM image of Au-PANI nanocomposite showing the gold nanoparticles

adhering on the surface (scale bar = 100 nm)
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Fig. 6.2 (a) FESEM image of Au-PPY nanocomposite film scale bar = 400 nm and (b) high
resolution FESEM image of Au-PPY nanocomposite showing the features in detail (scale bar
=100 nm)

Fig. 6.3 (2) FESEM image of Au-PTP nanocomposite film showing the dendritic growth of

the nanostructures (scale bar = 400 nm) and (b) high resolution FESEM image of Au-PTP

nanocomposite clearly shows the dendritic structures (scale bar = 200 nm)
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Fig. 6.4 (a) FESEM image of Au-PEDOT nanocomposite film shows the cauliflowers like

fractal growth of the nanostructures (scale bar = 400 nm) and (b) high resolution FESEM
image of Au-PEDOT nanocomposite showing the flower like structures in detail (scale bar =
200 nm)

Figure 6.1 b is high resolution SEM image of the Au-PANI nanocomposite film. It
shows clearly that the disc like features observed in Figure 6.1a are actually composed of
smaller particles of 5-10 nm size embedded in it, which appear to be the gold nanoparticles
embedded in the PANI matrix.

Figure 6.2a, b shows the SEM images of the Au-PPY coated surface. The images
show features of irregular shapes with sharp edges. These features are 20-100 nm in size and
spread throughout the surface. In addition to these features there are few cauliflower like
structures present on the surface showing the fractal morphology of the Au-PPY
nanocomposite in those regions. Figure 6.2b shows the high resolution SEM image of the Au-
PPY nanocomposite film showing the nanostructured features with size of about 10-20 nm.

Figure 6.3a, b is the SEM images of the Au-PTP nanocomposite coated surface.
Unlike the other Au-CPs nanocomposite the images show the presence of dendritic structure
of the Au-PTP nanocomposite. These dendritic structures are more than a pum in length and
from the high resolution SEM image (Figure 6.3b) of a single dendrite structure in much
better resolution, we observe that the side branches of the dendritic structure have diameters
of about 10-20 nm.

Figure 6.4a, b is the SEM images of the Au-PEDOT nanocomposite coated surface.
The image shows the presence of cauliflower like nanostructures throughout the surface with
sharp edges. These features resemble to the flower like structure with fractal growth. The size

of these structures varies from 20 nm to 100 nm, which can grow as large as 500 nm as seen
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in the figure. In high resolution Figure 6.4b, the fractal nature of growth is clearly visible and
it shows that the flower like structures are composed of small 10-30 nm features.

The above SEM imaging analysis shows that the structure of the Au-CP
nanocomposite coated surface varies for different CPs. This is an important observation as we
can form varieties of nanostructures for various applications by this simple one step
preparation method. However one common feature among these nanocomposite films is the
fractal like growth, which indicates diffusion limited aggregation at high current densities
employed for the film formation [21].

6.2.2.2 EDAX analysis

EDAX studies were also carried out on all Au-CPs coated surfaces. Tables 6.1-6.4 show the
EDAX elemental analysis results for Au-PANI, Au-PPY, Au-PTP and Au-PEDOT
nanocomposite films respectively. EDAX results show the presence of metallic Au and
carbon in all the Au-CPs nanocomposite films along with nitrogen (Au-PANI and Au-PPY)
and sulfur (in Au-PTP and Au-PEDOT). The Au-PEDOT nanocomposite film also shows the
presence of O and Na (from SDS). The EDAX analysis confirms the presence of Au and
respective CPs in all Au-CPs nanocomposite films.

Element Weight % Atom %
C 7.66 46.45
N 4.02 20.88
Au 88.33 32.67

Table 6.1 EDAX elemental analysis results for Au-PANI nanocomposite film

Element Weight % Atom %
C 5.18 44.12

S 2.49 7.93

Au 92.33 47.95

Table 6.2 EDAX elemental analysis results for Au-PPY nanocomposite film
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Element Weight % Atom %

5.18 44.12
S 2.49 7.93
Au 92.33 47.95

Table 6.3 EDAX elemental analysis results for Au-PTP nanocomposite film

Element Weight % Atom %
C 3.93 26.15

S 2.00 4.98

Au 85.3 34.6

0] 2.5 12.49

Na 6.27 21.78

Table 6.4 EDAX elemental analysis results for Au-PEDOT nanocomposite film
6.2.2.3 AFM analysis

The 3-dimensional nature and the roughness parameters of the Au-CP nanocomposite films
were studied using an AFM, operating in tapping mode. Figure 6.5a-d shows the 5 um x 5
pum AFM topographic images of Au-PANI, Au-PPY, Au-PTP and Au-PEDOT
nanocomposite films respectively. Au-PANI and Au-PTP nanocomposite films were found to
be very rough while the roughness of Au-PPY and Au-PEDOT nanocomposite films was
considerably less.

The roughness parameters, i.e. the average and rms roughness calculated from the
respective 5 um x 5 um AFM images are presented in Table 6.5. The average and rms
roughness are maximum for Au-PTP surface followed by Au-PANI, Au-PEDOT and Au-
PPY surface.
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1.2 um 2. 451.8nm

Z 902.7 nm
z 14pm

x5 pm

Fig. 6.5 AFM image of Au-CP nanocomposites (a) Au-PANI nanocomposite, (b) Au-PPY

nanocomposite, (c) Au-PTP nanocomposite and (d) Au-PEDOT nanocomposite

Nanocomposite Average roughness / nm rms roughness / nm
Au-PANI 187.0 229.0

Au-PPY 57.0 70.0

Au-PTP 185.0 225.0
Au-PEDOT 106.0 137.0

Table 6.5 Roughness parameters calculated from the AFM images
6.2.2.4 FTIR spectroscopy analysis

Infra-red spectroscopy was performed to check the chemical composition of the material in
the film. Figure 6.6 shows the FTIR spectrum of the coated material in all the Au-CPs
nanocomposite films.

Figure 6.6a shows FTIR spectra of Au-PANI nanocomposite, the distinctive infra-red
peaks for the PANI are clear in the spectra. The peak at 1266 cm™ is for the C-N stretch
which is the characteristic infrared peak for the aromatic amines. The infra-red spectra of
PANI show the characteristic peaks of benzenoid and quinoid form of the aromatic phenyl
ring system. The two peaks at 1513 cm™ and 1637 cm™ are for the benzenoid and quinoid
forms of the PANI respectively. The presence of the above mentioned infrared peaks
confirms the presence of the polymer form of aniline in the coated material [12,22-26].
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The integrated intensity of IR peaks at 1637 cm™ (quinoid peak) and 1513 cm™ (benzenoid
peak) can be used to calculate the R value, which is the ratio of the area under the IR peaks at
1637 cm™ and 1513 cm™ [12,22].

A 1200 W 200

%T / au

{ C d

Now 120 1600 2000 1) 150 20000

-1
Wavenumber / cm

Fig. 6.6 FTIR spectra of Au-CP nanocomposites (a) Au-PANI nanocomposite showing the
characteristic benzenoid and quinoid peaks for the PANI in the composite, (b) Au-PPY

nanocomposite, (c) Au-PTP nanocomposite and (d) Au-PEDOT nanocomposite

In Au-PANI nanocomposite the R value was calculated to be 0.91. This shows that
there are more benzenoid rings than quinoid rings in the PANI. With the help of R value
which is often related with the oxidation state of the PANI, we have defined the following

structure of PANI in the coated material.

H
o ofoo
0.52 0.48

Figure 6.6b shows the FTIR spectra of Au-PPY scraped out from the coated surface.
The peaks at 1456 and 1377 cm ™ may be assigned to typical PPY ring vibrations. The peaks
at 721, 770 and 1160 cm™ is assigned due to the =C-H out of plane vibrations and C-N
stretching vibrations respectively [27-29]. Figure 6.6¢c shows the FTIR spectra of the Au-PTP

scraped out from the coated surface. It shows a C=C aromatic ring stretch at 1555, 1460 and
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1374 cm ' and in-plane C—H deformation at 1027 and 1072 cm ™. The spectra also show the
C-S bending band at 850 cm™ [28,30]. Figure 6.6d is the FTIR spectra of the Au-PEDOT
nanocomposite. The spectra show the infrared peaks at 1374, 1462, 1520 cm™ for stretching
mode of C-C and C=C in the thiophene ring. The peaks at 770 and 720 cm™ are associated
with the C-S bending vibration. The peaks at 1650, 1700 and 1750 cm™ may be assigned to
the doped state of the polymer [31]. In all the above mentioned cases the slight shift in the
peak positions is due to the presence of gold atoms which are attached to the polymer and

cause the change in the electron density.

6.2.3 Electrocatalytic activity of Au-CP nanocomposite films for ethanol

oxidation

The electrocatalytic oxidation of small chain alcohols has been intensively studied as it is the
anodic reaction in direct alcohol fuel cells (DAFCs). The CP nanocomposites with gold have
the potential to emerge as a very good catalytic material due to the high porosity, conducting
nature and easy access of reacting species to the electrocatalytic centers.

)

CURRENT / mAcm”

~ ~ — + - v - T - '
ns wn 0ns 0 0ns on 0ns

POTENTIAL/V vs,. SCE

Fig. 6.7 200 cycles, voltammogram for the electro-oxidation of 1.0 M ethanol in 0.5 M NaOH
at different Au-CP nanocomposite film (a) Au-PANI nanocomposite film, (b) Au-PPY
nanocomposite film, (¢) Au-PTP nanocomposite film and (d) Au-PEDOT nanocomposite film
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We have evaluated the electrocatalytic activity of different Au-CP nanocomposite
coated electrodes by studying ethanol electro-oxidation as a model system in alkaline
medium of 0.5 M NaOH.

Figure 6.7a-d shows the ethanol electro-oxidation voltammogram for the different
Au-CP modified electrodes (a-Au-PANI, b-Au-PPY, c-Au-PTP and d-Au-PEDOT) in 1 M
ethanol in 0.5 M NaOH. In all the cases we have carried out 200 potential cycles experiment
in order to determine the reproducibility of the electrocatalysis results and stability of the
nanocomposite modified electrode. All the current values are corrected to the respective
effective catalytic surface area (ECSA). ECSA of all Au-CP nanocomposite films was
measured from the gold oxide stripping analysis carried out in 0.5 M sulfuric acid solution
[32].

Table 6.6 shows the CV results obtained for different Au-CP nanocomposites in terms
of onset potential, peak potential and peak current. Among the four systems we have studied,
the Au-PTP system was found to be the best in terms of onset potential for ethanol oxidation.
The Au-PTP modified electrode shows the lowest onset potential of -0.40 V followed by Au-
PEDOT (-0.36 V), Au-PPY (-0.35 V) and Au-PANI (-0.34 V) modified electrodes. The onset

potential was constant in all the four systems even after the 200 potential cycles.

Nanocomposite ~ Onset Potential / V Peak Potential /V  Peak Current/ mAcm™

1 cycle 200™ cycle 1%cycle 200™cycle 1%cycle 200" cycle

Au-PANI -0.34 -0.34 0.314 0.286 3.36 3.5
Au-PPY -0.35 -0.4 0.144 0.128 2.02 2.0
Au-PTP -0.40 -0.4 0.17 0.20 1.63 1.68
Au-PEDOT -0.36 -0.36 0.118 0.124 2.93 1.8

Table 6.6 The ethanol electrocatalysis results obtained for different Au-CP nanocomposites
in terms of onset potential, peak potential and peak current

The Au-PANI nanocomposite modified electrode was found to be the best in terms of
peak current. The peak current, 3.36 mAcm™ of Au-PANI electrode was found to be the
maximum among the four systems studied, which was closely followed by Au-PEDOT (2.93
mAcm?), Au-PPY (2.02 mAcm™) and Au-PTP (1.68 mAcm™). The peak currents of Au-
PANI, Au-PPY and Au-PTP modified electrodes were unchanged after 200 potential cycles.
The decline in the peak current was observed in Au-PEDOT modified electrode from 2.93

mAcm™ to 1.80 mAcm™.
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During the reverse potential scan there is a secondary peak in all the Au-CP
nanocomposite systems. This reverse anodic peak behavior can be explained as follows. The
oxide film forms during the forward scan and it gets removed from the surface during the
reverse scan, this process exposes fresh gold surface and the exposed Au atoms are not in
equilibrium with the metallic lattice and therefore these high energy sites possess excellent
catalytic activity [33].

6.2.3.1 Mechanism of electro-oxidation

The established mechanism for the electro-oxidation of ethanol in alkaline medium involves
the oxidation of ethanol to acetate ions at the anode. The reaction can be summarized as
following [34-37].

C,HsOH + 30H" CH3COgyqs + 3H20 + 3e (1)

v

OH » OHggs + 1€ 2
CH3COOH + OH » CH3;COO + H,0 4)

In the above mentioned reaction scheme reaction 3 is the rate limiting step. An in-situ
FTIR spectroscopy studies by de Lima et al. shows that the acetate ions are the primary
product of ethanol electro-oxidation on gold in alkaline medium [36].

In all the nanocomposite systems the onset potential is more negative and the current
is more than the previous reported values for ethanol electro-oxidation on porous gold
nanoparticles film [36,37]. This shows that the combination of CP and gold in the form of
nanocomposite serves as a better electrocatalyst for ethanol oxidation than gold nanoparticles
alone. Except in Au-PEDOT system which shows a 38% decline in the catalytic current, 200
cycles, voltammetry experiment in Au-CP nanocomposite films shows no decline in the
electro-oxidation current of ethanol. This shows that there is negligible poisoning of the
catalytic surface due to any of the reaction products of ethanol oxidation and a high CO
tolerance. This is an important advantage of Au-CP nanocomposite electrodes as the

electrode poisoning is a major problem in electro-oxidation reactions of alcohols.
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6.2.4 Kinetics of ethanol electro-oxidation

6.2.4.1 Activation energy (E,) determination

Figure 6.8 shows the CVs for ethanol oxidation at different temperatures for all Au-CP
nanocomposite films. In all the Au-CP nanocomposite films it is clear from the figure that the
ethanol electrocatalysis currents have increased with the temperature and also the onset
potentials have become more negative.

The change in the onset potential at higher temperature is attributed to the low
activation energy requirement at higher temperatures. This can be due to the fact that the
increase in the temperature accelerates the adsorption of OH" ions to form OH,gs and the
presence of OHyg;s is in fact helpful in achieving higher electro-oxidation current. It also helps
in suppressing the formation of poisoning species, like CO which is converted to CO, rapidly
at higher temperatures [38-41]. The adsorption of hydroxyl ions on gold has been a well
established fact in the literature [42-44]. The adsorption plays a key role in determining the
catalytic properties of gold electrode for electro-oxidation of small organic molecules [45].

At high temperatures we also observe an increase in the anodic current of reverse
potential scan. This current eventually becomes higher than the anodic current of the forward
potential scan.

The plots between log I vs. 1/T (Arrhenius plot) for ethanol oxidation on all Au-CP
electrodes at different potentials, near the foot of the CV (-500 mV to -100 mV) are shown in
Figure 6.9. A very good linear relationship can be seen from these plots. This shows that the
essential mechanism of ethanol electro-oxidation remains the same at all the temperatures.
The apparent activation energies were calculated from the slope of those curves (slope = -E,/
2.3R), R being the gas constant. The activation energy values are labeled adjacent to their
respective plots. The average E, values for different Au-CPs films in the potential range
studied are 37.5 kJ mole™, 56.7 kJ mole™, 54.1 kJ mole™ and 56.9 kJ mole™ for Au-PANI,
Au-PPY, Au-PTP and Au-PEDOT nanocomposite films respectively. It is clear that the E,
required for the Au-PANI system is the lowest among all the Au-CPs, this is followed by Au-
PTP system. While for Au-PPY and Au-PEDOT the activation energies required are almost
the same. The lower E, value in the case of Au-PANI system than other Au-CPs systems can
be accounted due to the small size particles present on the surface as seen in the SEM image
(Figure 6.1b). The values obtained of E, are comparable to the values observed for Pt, Pd and
Au [46-48], based catalytic materials.
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Fig. 6.8 Cycle voltammograms for the electro-oxidation of 1.0 M ethanol in 0.5 M NaOH at
different Au-CP nanocomposite film at different temperatures (a) Au-PANI nanocomposite
film, (b) Au-PPY nanocomposite film, (c) Au-PTP nanocomposite film and (d) Au-PEDOT
nanocomposite film
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Fig. 6.9 Log I vs. 1/T (Arrhenius plots) for different Au-CP nanocomposite film at different
potentials, corresponding activation energy values are labeled adjacent to the curves. (a) Au-
PANI nanocomposite film, (b) Au-PPY nanocomposite film, (c) Au-PTP nanocomposite film

and (d) Au-PEDOT nanocomposite film
6.2.4.2 Tafel plot analysis for ethanol electro-oxidation

As pointed out in the previous chapter the current—potential plots and the Tafel slopes derived
from them have different connotation in the case of alcohol oxidation reaction in which the
surface active sites are blocked by adsorbed intermediates. However the values of Tafel
slopes provide meaningful information on the surface blocking by adsorbed intermediates.

Figures 6.10 to 6.13 show the Tafel plots for the different Au-CP systems Au-PANI
(Figure 6.10), Au-PPY (Figure 6.11), Au-PTP (Figure 6.12) and Au-PEDOT (Figure 6.13).
The values of the slopes for all the Au-CP systems are given in Table 6.7.
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Slopes
Nanocomposite —» Au-PANI Au-PPY AuU-PTP Au-PEDOT
Temperature 1™ 2" 1 2 2" 1 2"
7C 65.8 144.7 | 247.0 - 137.2 | 248.0 222.0 -
15°C 73.6 146.2 | 173.0 - 191.2 | 269.7 243.0 -
25C 63.1 129.0 | 98.6 308.0 [202.9 |308.0 |313.0 -
35°C 106.3 | 160.1 |192.0 |449.0 |223.0 | 360.0 381.0 -
45°C 118.1 | 184.8 | 447.0 - 269.0 |445.0 469.0 -
55 C 132 | 211.8 |479.0 - 319.3 |[650.0 |668.0 | -

Table 6.7 The Tafel slopes for ethanol electrocatalysis obtained at different temperatures for

different Au-CP nanocomposites
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Fig. 6.10 Tafel plots (Overpotential (7) vs. log | (mAcm™)) for Au-PANI nanocomposite at

different temperatures and the fitting for two slopes
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Fig. 6.12 Tafel plots (Overpotential (7) vs. log | (mAcm™)) for Au-PTP nanocomposite at

different temperatures and the fitting for two slopes
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Fig. 6.13 Tafel plots (Overpotential () vs. log I (mAcm™)) for Au-PEDOT nanocomposite at

different temperatures and the fitting for a straight line

It can be seen that the Tafel slopes are unusually large for all systems except Au-
PANI electrode. This shows that the extent of contamination and surface blocking by
adsorbed intermediates are minimum in the case Au-PANI compared to other polymers. The
plots of Au-PANI and Au-PTP systems fit for the two slopes at lower and higher
overpotentials, having the first slope value lower than the second slope as can be seen from
the Figure 6.10 and 6.12. The values of both first and second slopes increase steadily with the
temperature. The higher slope values at higher temperatures indicate the enhanced adsorption
of carbonaceous species, formed after the ethanol electro-oxidation reaction, on the electrode
surface at elevated temperatures. These adsorbed species may block the available active sites
and can only be oxidized at very high overpotentials. The values of the first slope (at lower
overpotentials) can be compared to those of the second slopes (at higher overpotentials). It
can be seen that second slope values are always higher than the first slope, which again
shows that as the reaction progresses the impurities get adsorbed on the surface, which can
only be removed at very high anodic overpotentials. The higher slope values of both the
slopes (first and second) in Au-PTP system than that of Au-PANI system indicate that the
reaction is more favored in the case of Au-PANI system than Au-PTP system.

Tafel plot analysis of Au-PPY system (Figure 6.11) shows completely different
behavior with temperature. At lower temperatures (7 and 15°C) the Tafel plot which is linear

in the beginning (lower overpotentials) deviates to become nonlinear at higher overpotentials.
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The plots fit well for two slopes at intermediate temperatures (25 and 35°C) and again deviate
at elevated temperatures (45 and 55 C).

Unlike Au-PANI and Au-PTP systems the Tafel plots of Au-PEDOT system can be
fitted for the straight line at all the temperatures as can be seen from Figure 6.13. Au-PEDOT
system also shows the trend of higher slope values with increasing temperature. The slope
values are much higher than those of Au-PANI system. The presence of a linear curve and
higher slopes values perhaps indicate the significant electrode poisoning and the adverse
effect of impurities adsorption, which does not vary much as the reaction progress.

Au-PANI system shows the lowest slope values among all the Au-CP systems studied
in this work. The smaller slope values even at elevated temperatures in the case of Au-PANI
indicate that the adverse effect of the carbonaceous species is the lowest in this case. All
these observations suggest that Au-PANI has the potential to emerge as the best catalyst for
the ethanol oxidation research. This is also in conformity with the low activation energy

values measured for ethanol electro-oxidation in Au-PANI system.
6.2.4.3 Reaction order calculation

The reaction order with respect to ethanol was also calculated by plotting the log I vs. log ¢
(ethanol concentration) for all Au-CP nanocomposite films as shown in Figure 6.14. The
order was calculated by using the following equations:

| = nFkc™and

log | = log nFk + m log c, where, F is the Faraday’s constant, k is the reaction rate constant, c
is the ethanol concentration and m is the apparent reaction order with respect to ethanol.

The slope of the log I vs. log ¢ plot, at any constant temperature gives the apparent
reaction order (m) of ethanol electro-oxidation reaction with respect to the ethanol
concentration [46,49,50]. We have calculated the reaction order at two different potentials -
0.2 V and 0.0 V. The values of reaction order are shown in Table 6.8. In all the Au-CP
systems except the Au-PANI system there is a change in the reaction order at different
potentials. Reaction order of Au-PANI remains the same at both the potentials with a value of
0.57. This shows that the reaction mechanism for ethanol oxidation essentially remains same

at different potentials.
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Fig. 6.14 Log | vs. log c plots for different Au-CP nanocomposite films at two different
potentials (a) Au-PANI nanocomposite film, (b) Au-PPY nanocomposite film, (c) Au-PTP

nanocomposite film and (d) Au-PEDOT nanocomposite film

The slight change in the reaction order in Au-PPY, Au-PTP and Au-PEDOT systems
can be seen from the Table 6.8, the reaction order is more at lower overpotentials (-0.2 V)

and less at higher overpotentials (0 V).

Nanocomposite Reaction order
-0.2V 0.0V
Au-PANI 0.57 0.57
Au-PPY 0.77 0.66
Au-PTP 0.92 0.74
Au-PEDOT 0.97 0.83

Table 6.8 The calculated reaction order with respect to ethanol concentration for different

Au-CP nanocomposites
6.3 Conclusions

In conclusion a novel one step electrochemical method to prepare gold and different CP
namely PANI, PPY, PTP, PEDOT nanocomposites in ambient conditions is proposed. The

nanocomposites were then subjected to ethanol electrocatalysis experiment and found to be
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very efficient catalysts for ethanol electro-oxidation reaction. Based on the electrocatalysis
experimental results we can conclude that Au-PANI nanocomposite is the best electrocatalyst
material among all the nanocomposites studied in this work in terms of the activation energy
required, electro-oxidation current and lower Tafel slopes. The other Au-CP nanocomposites
although show a low onset potential value for ethanol electro-oxidation yet require relatively
higher activation energy. We believe that the analysis of Au and CP nanocomposites towards
ethanol electro-oxidation carried out in this work, may have useful implication in the

development of anode catalyst in direct alkaline alcohol fuel cells.
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Chapter 7

Summary and Prospects for Future Works

In this chapter we summarize the work presented in the thesis, highlight the significant results
and also indicate the importance and possible future prospects. In broad terms the work
presented in the thesis can be classified as follows:

1. Formation and characterization of different types of ultrathin films on gold substrate for
example, Langmuir-Blodgett (LB) film, self-assembled monolayer (SAM) and polyelectrolytes
layer-by-layer assembly (LbL).

2. Formation and characterization of diverse range of nanostructures in bulk and in the form of a
thin film, from a porphyrin derivative and polyaniline (PANI): Optical properties and
electrochemical lead sensing.

3. A simple route for electrochemically synthesizing the nanocomposite film of palladium and
polyethylenedioxythiophene (PEDOT). The electrocatalytic studies on the nanocomposite film
towards ethanol oxidation in alkaline medium and hydrogen evolution reaction (HER) in acidic

medium.

4. Electrochemical synthesis and characterization of the nanocomposite film of palladium and
polyaniline (PANI). The electrocatalytic studies on the nanocomposite film towards the
oxidation of small chain alcohols (ethanol and methanol) in alkaline medium and formic acid

oxidation in acidic medium.

5. Electrochemical synthesis and characterization of nanocomposite films of gold with different
conducting polymers namely; polyaniline (PANI), polypyrrole (PPY), polythiophene (PTP) and
polyethylenedioxythiophene (PEDOT). The electrocatalytic studies on nanocomposite films

towards ethanol oxidation in alkaline medium.
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(1) Formation and characterization of different types of ultrathin films on
gold electrode: Langmuir-Blodgett (LB) film, self-assembled monolayer

(SAM) and polyelectrolyte layer-by-layer assembly (LbL)

In this work, we have prepared and characterized different types of ultrathin molecular films on
gold substrate. We have also studied the electrochemical properties of these films in aqueous and
nonaqueous systems. The electron transfer and ion permeation studies were carried out through
the cholesterol monolayers and multilayer films formed on self-assembled monolayers of
thiophenol (TP) and 2-naphthalenethiol (2NT) on Au substrate. The molecular films of
cholesterol have also been characterized using STM, AFM and grazing angle FTIR studies. We
observed that the charge transfer resistance and interfacial capacitance values depend upon the
structure of the monolayer. A model is proposed for the structure of the cholesterol molecules
on 2NT SAM modified surface.

In the second part of the work, the electrochemical barrier properties of the LB films of a
discotic liquid crystal (hexaalkoxytriphenylene with bromide counterion (PyTp) and its complex
with  DNA were studied with two different redox probes namely, potassium
ferrocyanide/ferricyanide and ferrocene. The study shows that in the case of ferrocene redox
system the bridge-mediated electron transfer process is responsible for the very low charge
transfer resistance values. However, the high charge transfer resistance values obtained in the
case of potassium ferrocyanide system is due to the fact that the LB film of DNA-discogen is
impermeable to the ferrocyanide ions.

In the third part, we have analyzed the self-assembly of the inclusion complexes formed
between B-cyclodextrin and thiocholesterol. Electrochemical and AFM studies were carried out
for the characterization of the SAM. The self-assembled monolayer was imaged by using lateral
force microscopy (LFM) and the force-distance measurements between the hydrophilic AFM tip
and the sample were also carried out. Two distinct regions were found in each of the cases
having hydrophilic and hydrophobic nature. Friction images were analyzed to understand the
dissimilar chemical nature of both the regions. Hydrophilic region was made up of cyclodextrin
inclusion complex whereas the hydrophobic region was composed of only thiocholesterol
molecules. Force-distance spectroscopy reveals the greater tip-surface interaction in hydrophilic

regions than the hydrophobic regions. Electrochemical studies such as cyclic voltammetry and
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electrochemical impedance spectroscopy were also carried out in aqueous medium to obtain the
further insight to the inclusion complex SAM.

The final part of the chapter deals with the layer-by-layer (LbL) films of oppositely
charged polyelectrolytes namely, polystyrenesulfonate (PSS) and polyallylamine hydrochloride
(PAH). We have analyzed the polyelectrolyte films with the help of AFM and cyclic
voltammetry. The studies show an increase in the roughness and electron transfer barrier
properties (in potassium ferrocyanide/ferricyanide system) with the increasing thickness of the

film.

(2) Formation and characterization of nanostructures of a porphyrin
derivative and polyaniline (PANI): Optical properties and electrochemical

lead sensing

We have studied the nanoparticles formed by a porphyrin derivative 4,4',4",4"'-(porphine-
5,10,15,20-tetrayl)tetrakis(benzoic acid) (PTBA) and polyaniline (PANI) in a DMF/water
mixture. The nanostructures were characterized with the help of AFM by drop casting them onto
a freshly cleaved mica sheet. Nonlinear optical absorption measurements were carried out at
532 nm, which show that the nanocomposite has an enhanced optical limiting property compared
to the precursor compounds PTBA and PANI.

We have also presented a simple technique to form nanostructures by layer-by-layer
assembly. These nanostructures are composed of alternate PTBA-PANI layers and grow
perpendicular to the surface. The morphological analysis of the LbL films was carried out using
an AFM in tapping mode. Multilayer films of 4 and 8 layers were formed on gold-coated mica.
The modified electrode was used for lead detection and it was observed that it is capable of
detecting lead down to 100 ppb with the help of anodic stripping voltammetry.

We have also prepared PTBA nanofibers, which are essentially the J-aggregates of
porphyrin. The nanofibers were characterized with the help of AFM, UV-vis spectroscopy and
PL spectra. It was observed that the nanofibers are highly emissive, contrary to the behavior of

usual dye aggregates.
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(3) A novel electrochemical synthesis of nanocomposite film of palladium and

polyethylenedioxythiophene (PEDOT) and its electrocatalytic studies

We have proposed a novel single step electrochemical method of synthesizing Pd-PEDOT
nanocomposite film on gold surface by the galvanostatic dissolution of Pd wires in the acidic
EDOT solution. A thin film of nanocomposite containing Pd nanoparticles embedded in the
polymer matrix was formed on the surface. The nanocomposite film surface was characterized
by using SEM, EDAX, ICP-MS, AFM and electrochemical experiments. The ICP-MS and Pd
oxides stripping peak in cyclic voltammetry show that the Pd loading in the nanocomposite is
quite low. Nevertheless, the nanocomposite film exhibited good stability over time and proved to
be an effective electrocatalyst for hydrogen evolution and ethanol electro-oxidation reactions in
these experiments. The activation energy calculations and Tafel plot analysis at different
temperatures further confirm the excellent catalytic activity of the nanocomposite film on gold

surface.

(4) Electrochemical synthesis and characterization of the nanocomposite film

of palladium and polyaniline (PANI) and its electrocatalytic studies

In this work, we have described a novel electrochemical route to deposit Pd-PANI nanofiber film
on electrode surface. We have demonstrated that the galvanostatic dissolution of Pd wire in the
acidic aniline solution yields Pd-PANI nanofiber film on the cathode surface. The film was
characterized using SEM, EDAX, AFM, XRD and XPS. The SEM images of the surface show
the nanofibers of Pd-PANI nanocomposite with Pd nanoparticles adhering on the PANI surface.
The Pd-PANI nanofiber film on the electrode shows a different voltammetric behavior
from that of the pure Pd wire electrode for hydrogen adsorption and absorption in acidic
medium. The excellent electrocatalytic activity of the nanofiber film electrode was confirmed
from the electro-oxidation of formic acid in acidic medium and alcohols (ethanol and methanol)
in alkaline medium. The activation energy calculations and Tafel plot analysis at different
temperatures were also carried out to understand the kinetics of the electrocatalysis on Pd-PANI
modified surface. These studies show that the nanofiber film of Pd-PANI is a potential substitute
of Pt in direct fuel cells (DFCs). The mass current densities observed in all the experiments were

either superior or comparable to the best available electro-oxidation currents in the literature.
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(5) Electrochemical synthesis and characterization of nanocomposite films of

gold with different conducting polymers and their electrocatalytic studies

In this work a single step electrochemical method to prepare nanocomposite films of gold and
different conducting polymers namely; polyaniline (PANI), polypyrrole (PPY), polythiophene
(PTP) and polyethylenedioxythiophene (PEDOT) in ambient conditions is proposed. The
nanocomposite films were characterized using SEM, EDAX, FTIR spectroscopy and AFM.

The nanocomposite films were found to be very efficient catalysts for ethanol electro-
oxidation reaction. The activation energy calculations and Tafel plot analysis at different
temperatures were carried out in order to study the kinetics of the electro-oxidation. Based on the
electrocatalysis experimental results, we conclude that Au-PANI nanocomposite is the best
electrocatalytic material among all the Au-CP nanocomposites studied in this work in terms of
the low activation energy, high electro-oxidation current and low onset potential required for the

ethanol electro-oxidation reaction.
Prospects for future works

The work presented in the thesis can be broadly divided into two parts with the first part dealing
with the formation of thin films of different materials and their applications. The second part
deals with the electrocatalysis studies with metal and conducting polymers nanocomposites. We

summarize below the importance of these studies and the prospects and scope for future work.

(1) In chapter 3 and 4 we have given an account of different types of ultrathin films that can be
formed on different substrates i.e. the Langmuir-Blodgett (LB), self-assembled monolayer
(SAM) and layer-by-layer (LbL) films. Among them, the layer-by-layer assembly has several
potential applications in biosensor devices due to its ability to accommodate bio-molecules in its

soft surroundings.

(2) We have carried out the immobilization of cholesterol on different self-assembled
monolayers modified surfaces, which is important from the point of view of biological systems.
For example the immobilization of certain phospholipids along with cholesterol on gold surface
can mimic the bilayer membrane on solid surfaces. The electron transfer and ionic mobility

studies through these model membranes can have considerable significance in biology.
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(3) Nanoscale films produced with the above techniques find applications in the fabrication of
nanomaterials and molecular electronics. Fundamental processes such as charge transfer
mechanisms involving biomolecules can also be investigated at the molecular level. For
example, the study of the DNA complex films will be helpful in understanding the nature of
electrical and ion conduction mechanism of these biomolecular films and in designing the

anisotropic ion conducting materials for different applications.

(4) Our studies with cyclodextrins and thiocholesterol inclusion complex SAMs are the examples
of how patterned hydrophilic and hydrophobic surfaces can be prepared. The mixed hydrophilic
and hydrophobic surfaces of this type will be useful in molecular recognition, pathogen detection

and bio-sensing applications in general.

(5) In fourth chapter we have discussed the synthesis of nanostructures from a porphyrin
derivative and polyaniline and their LbL film. The present study is a clear demonstration of the
fact that under favorable conditions for nanoparticle formation, even a simple procedure like
mixing of two media can lead to a substantial modification of the net nonlinear optical property
of a given chemical system. Different conducting polymers can also be used for the preparation
of the nanostructures, which have interesting optical properties. In addition, the electrochemical

method of sensing lead shows the potential of the nanostructured thin film in metal ion sensing.

(6) The nanofibers, which are essentially the J-aggregates of porphyrin show enhanced emission
property. The interesting results obtained from the optical and electrochemical studies signify the

importance of these nanostructures in various optical and sensing devices.

(7) Our studies with Pd-PEDOT and Pd-PANI nanocomposite films have shown that these films
can find potential applications in direct fuel cells (DFCs). Most of the electrocatalytic materials
utilized for fuel cells are either metals or more specifically the noble metals. Some of the main
catalytic materials include platinum, iridium, ruthenium, palladium, gold and silver. As of now
the most common electrocatalytic material is platinum metal because of its ability to function
close to the thermodynamic potential. However the high price of Pt has led researchers to work
on developing alternative catalytic materials. A few of the non-noble metals have also
demonstrated catalytic activity, often in combination with the noble elements, and they include

nickel, iron, cobalt, chromium, vanadium, molybdenum, tin, tungsten. The study shows that a
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similar method when adopted for non-noble metals in combinations with conducting polymers

will lead to interesting possibilities in electrocatalysis.

(8) We believe that further studies will reveal that the mesoporous Pd-PEDOT nanocomposite
and Pd-PANI nanofiber films prepared by the method described in this work may find wide
applications as materials for catalysts, sensors and hydrogen storage.

(9) We have formed gold and conducting polymers nanocomposites, which may find useful
applications in electrocatalysis. A detailed study, which includes the study of the electrocatalysis
kinetics, Tafel slope analysis and activation energy calculation, carried out by us reveals the
importance of these nanocomposite films in ethanol electrocatalysis in alkaline medium. Further

studies will throw more light on the practical applications of these materials in alkaline fuel cells.

(10) The work presented here on metal-conducting polymer nanocomposites primarily focuses
on the method of preparation and nature of these films. The possible potential applications have
been explored and discussed. However, to confirm their utility in practical device applications,
for example in fuel cells, a more detailed study of the material stability at higher temperatures,
integrity in strong acidic and alkaline environments and the effect of surface contaminations by
adsorbed impurities on the catalytic activity etc., are required.
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Appendix

This section contains the list of the essential chemicals used during the thesis work. All the
chemicals used in this study were AR grade reagents and most of them were used without further
purification. Millipore water having a resistivity of 18.2 M cm was used to prepare the aqueous
solutions throughout the work. The table below shows the most common chemicals used during

the thesis work.

Chemical Manufacturer
2-naphthalenethiol (2NT) Aldrich
Thiophenol (TP) Spectrochem
5-cholest-3B-ol (cholesterol) Aldrich
HPLC grade ethanol Merck
HPLC grade chloroform (Merck). Merck
B-cyclodextrin Fluka
Methyl B-cyclodextrin Fluka
Thiocholesterol Aldrich
Isopropanol Merck
Polystyrene sulfonate (PSS) Aldrich
Polyallylamine hydrochloride Aldrich
4,4' 4" 4"'-(Porphine-5,10,15,20-tetrayl)tetrakis(benzoic acid) (PTBA) | Aldrich
HPLC grade DMF Merck
3,4-ethylenedioxythiophene (EDOT) Aldrich
Sulfuric acid Merck
Hydrochloric acid Nice Chemicals
Sodium dodecyl sulfate (SDS) S D Fine Chemicals
Aniline Merck
Pyrrole Spectrochem
Thiophene Spectrochem
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