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Synopsis

Electrochemical studies on functionalized
Indium Tin Oxide (ITO) and graphite oxide

(GrO) surfaces

This thesis describes the electrochemical studies on functionalized indium tin oxide (ITO)
and electrochemically intercalated graphite substrates (+/-1GS). Modification of ITO surfaces
with organic thin films open up various applications in using them as electrodes since they
have the potential to tune the surface characteristics. By tailoring the terminal functional
groups of monolayer it is possible to explore the modified surfaces for applications in bio
sensors, micro-arrays, molecular electronics, and nanostructures.

A comparative adsorption kinetics and electrochemical studies of phosphonic acid (PA),
silane, and carboxylic acid (CA) modified ITO surfaces have been the focus of early chapters.
The highlights of this part are the studies on adsorption and electron transfer kinetics of
phosphonic acids by varying their terminal functional groups. This is to understand the
interaction between the functionalized redox molecules and the modified surfaces and its
influence on the adsorption and electron transfer kinetics. The PA modified surfaces have
been demonstrated to adsorb proteins which in turn have been studied for their bio sensing
property. In addition, the 3-aminopropyltrimethoxysilane (APTMS) was studied for several

interesting properties with potential application for bio-molecular adsorption.

In the latter part of the work, the results of the studies on graphite substrates which are
electrochemically intercalated by the application of DC potential are presented. By
controlled intercalation these are used as integral graphite substrate electrodes. Since the
layers in between graphite are held together by Van der Waals forces, they have been
separated by the application of an electric field in an electrolytic medium. The intercalated
graphite substrate (+/-)IGS has been used as a support for immobilization of bio-molecules

and metal nanoparticles.
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Chapter 1: Introduction

This chapter gives a brief introduction to the topics covered in the thesis and contains two
parts. First part deals with the materials and methods used in the work. This includes a
description about the self-assembled monolayers and their characterization. The second
part of the chapter deals with the different experimental techniques that have been used in
the thesis. Electrochemical techniques like cyclic voltammetry (CV), chronoamperometry
(CA), chronopotentiometry (CE) and electrochemical impedance spectroscopy (EIS) have
been used for the characterization of different systems. This section also deals with other
experimental techniques like Raman spectroscopy, X-ray diffraction (XRD), scanning
tunneling microscopy (STM), atomic force microscopy (AFM), and scanning electron

microscopy (SEM).

Chapter 2: Adsorption Kinetics of phosphonic acids and proteins on
functionalized Indium tin oxide (ITO) surfaces using electrochemical

impedance spectroscopy

Phosphonic acids (PAs) bind strongly to the ITO and their resistance towards
homocondensation polymerization makes them preferable for supports in bio-sensing
applications. In this chapter, the adsorption kinetics of phosphonic acids onto ITO using
electrochemical impedance spectroscopy are presented. It is shown that the rate of
adsorption of PAs occurs in two different steps. EIS has an advantage over other
electrochemical techniques since it uses very small amplitude voltage signals without
significantly perturbing the electrochemical interface thereby providing reliable
measurement of interfacial parameters such as charge transfer resistance (Rct) and double
layer capacitance (Cai). Such a small AC voltage perturbation causes measurable variations
in the impedance of the interface in a way that is related to the properties of the liquid or
solid under investigation. The adsorption kinetics was measured at an identified frequency
for various phosphonic acid molecules by following the changes in imaginary component of

the impedance with adsorption time (t) by keeping the frequency constant.
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Figure 1. Normalized capacitance vs. time curves for ITO in 10mM PPA using 0.1M NaF as
supporting electrolyte at ocp vs. SCE, (a). ImM PPA, (b). 5mM PPA, (c). 10mM PPA, (d). 20mM
PPA.

For our studies on PA adsorption, on ITO surface, we have used small chain length PAs such
as PPA, BuPA, BPA, and ABPA along with a long chain decylphosphonic acid (DecPA). We
have also studied the adsorption of a heme protein cyt ¢ and an enzyme, urease on the PA
modified surfaces. The adsorption of these bio molecules on PA modified surface was
confirmed using atomic force microscopy (AFM) and the retention of their activity studied
using chronoamperometry (CA) and electrochemical impedance spectroscopy (EIS)

measurements.

Chapter 3: Adsorption Kinetics and electron transfer reactions on self-
assembled monolayers (SAMs) oflong chain alkylphosphonic acids, silanes, and

carboxylic acids on Indium Tin Oxide (ITO) surface

This chapter deals with the electron transfer barrier properties of self-assembled
monolayers (SAMs) of long chain alkyl phosphonic acids (PAs), alkyl silanes, and carboxylic
acids (CAs) on ITO in ethanol, water (only PA), toluene, hexane, and neat solvent (except in
the case of PA). It is concluded that long chain PA monolayers can form more impermeable

films on ITO than silanes and carboxylic acids. A study of the adsorption kinetics of PAs,
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silanes, and CAs in ethanol show that the adsorption follows two distinct kinetic steps for the

formation of complete monolayer. Adsorption rate depends on the chain length of monolayer

also.
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Figure 2. (A) Cyclic voltammograms and (B) Electrochemical impedance spectroscopy plots
of ImM [Fe(CN)s]3/* in 0.1M NaF supporting electrolyte towards (a) bare ITO, (b) ODPA/ITO,
(c) ODTMS/ITO and (d) STA/ITO respectively.

Chapter 4: Electron transfer studies of ferrocene derivatives on short chain

phosphonic acid (PA) modified Indium Tin Oxide (ITO) surfaces

This chapter reports the electrochemical studies of different ferrocene derivatives for the
purpose of understanding the effect of substituents on the rate of electron transfer process
on the hydroxylated ITO and phosphonate monolayers formed by benzyl phosphonic acid
(BPA), 3-phosphonopropionic acid (PPA), butylphosphonic acid (BuPA), and 4-
aminobenzylphosphonic acid (ABPA). The behaviors of phosphonate monolayers show that

the monolayer functionality influences the electron transfer behavior.
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Figure 3. (A) Cyclic voltammetry and (B) Electrochemical impedance spectroscopy plots of
ImM [Fe(CN)eJ3/+ in 0.IM NaF supporting electrolyte towards (a) bare ITO, (b)
Benzylphosphonic acid (BPA), (c) 3-Phosphonopropionic acid (PPA), (d) Butylphosphonic acid
(BuPA) and (e) 4-Aminobenzylphosphonic acid (ABPA).

It is shown here that the blocking behavior of modified ITO electrodes depend upon the
terminal groups, nature of the redox moiety, and solvent under study. For ionic redox
species, electrostatic interaction stabilizes the redox species within the film which leads to a
positive shift in formal potentials of redox moieties. However, in the case of hydrophobic
redox species it is observed that the formal potential shifts towards negative side of the

potential axis.

The electrochemical behavior of these modified electrodes has been characterized using CV
and EIS. Phosphonic and carboxylic acids form better monolayers in ethanol solvent,
whereas silanes form compact monolayers in chloroform solvent. The difference in
adsorption and electrochemical behavior is explained by the stability of the monolayer
binding to the substrate. The distribution of pinholes and defects in the monolayer are

characterized using electrochemical impedance spectroscopy.

Chapter 5: Electrochemical and morphological characterization 3-

aminopropyltrimethoxysilane (APTMS) on indium tin oxide (ITO) surfaces

In this chapter, the studies on 3-aminopropyltrimethoxysilane (APTMS) modified ITO

surface have been presented. Unlike phosphonic acids and carboxylic acids which bind to the
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oxide surfaces by losing a proton from the adsorbate, whereas silanes adsorb onto oxide
surface by losing its hydroxyl group by reacting with hydrogen of metal hydroxide. The
terminal amino group of APTMS has good anchoring ability to bind bio macromolecules. This
property was used to anchor biomolecules like lipids, lipophilic compounds, and proteins
etc. The morphologies of these substrates were studied through atomic force microscopy
(AFM) and scanning electron microscopy (SEM) which show vesicle like features on the
surface. The electrochemical studies show that redox active molecules like [Fe(CN)s]3-/4,
[Ru(NHs)e]3+/2+, and ferrocene methanol (FcOH) adsorb onto the silane films and undergo
electron transfer process by diffusing through the film. Due to the presence of amino groups
at the terminal, electrochemical behavior of the APTMS/ITO electrode is highly pH
dependent.
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Figure 4. Cyclic voltammograms of 1mM potassium [Fe(CN)s]3/4 redox couple using 0.2M
phosphate buffer solution at (A) bare ITO, (B) APTMS/ITO substrate in (a) acidic, (b) neutral,
and (c) basic pH conditions.

Chapter 6: Electrochemically exfoliated graphite substrates for immobilization

of metal nanostructures

In this chapter, the studies on electrochemically intercalated graphite oxide surface are
presented. A large increase of electroactive surface area takes place due to the intercalation

of ions between the layers of graphite. This provides an ideal surface for electrodeposition
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of metal nanoparticles. The electrodepositied nanoparticles onto intercalated exfoliated

graphite substrates used as an electrocatalyst for ethanol and methanol oxidation studies.

The electrocatalytic activity of these substrates were evaluated by cyclic voltammetry, Tafel

analysis, and Arrhenius plots.
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Figure 5. (A) Cyclic voltammograms and (B) reaction order calculation plots obtained for

ethanol oxidation reaction on Pd/GS electrode.

Chapter 7: Summary and future scope of the work

This chapter summarizes the results and conclusions and future of the work.
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Chapter 1

Introduction

The recent progress in materials chemistry has provided several new and powerful opportunities
for applications in surface electrochemistry ranging from micro to nano-electronics, energy
harvesting and energy conversion devices, sensors, biosensors, etc. [1-6]. While traditionally, the
focus had been on the metal and alloy surfaces, the advent of molecular self-assembly has provided
a means of modifying the surfaces and developing applications, taking advantage of some unique
functional properties of the modifiers [7-9]. For example, one of the most extensively studied
phenomena in electrochemistry for the past three decades is the self-assembled monolayers (SAM)
of organic thiols on noble metal surfaces, especially on gold [9-13]. The voluminous studies of
the SAMs on gold has enriched electrochemistry, especially in our understanding of the kinetics
of the formation of molecular self-assembly on surfaces, electron transfer properties across SAM
which eventually lead to the development of biosensors including DNA array biosensor, biological
self-assembly, surface wetting, corrosion, passivation, etc. [9,14-18]. While such studies provided
the wealth of information and have opened up several potential applications, the cost of using
noble metal like gold as a substrate is a hindrance for wider applications. The advantage of gold is
that, apart from being inert in almost all solvents and electrolytes, it is easy to clean and does not
oxidize under ambient conditions, thereby ensuring excellent surface reproducibility. There have
been several attempts to explore alternative and less expensive electrode materials such as silver,
copper, and nickel, whose surface can be modified or functionalized to suit any specific
requirement [9]. However, these surfaces are very much prone to surface oxidation in ambient
atmosphere and therefore it is difficult to modify the surfaces and use them for further studies
except under strictly controlled conditions.

In this work, two major oxide materials, namely, indium tin oxide (ITO) and graphite oxide (GO)
explored as electrode materials for surface modification with organic self-assembly and
functionalization. The advantage of the ITO as an electrode material is that it is an optically
transparent conducting oxide (TCO) that is relatively inert, inexpensive, and can be surface

functionalized with hydroxyl groups on which organic thin films can be formed. The graphite



oxide is another electrode surface, which is conductive, inexpensive, and the surface

functionalization can be achieved relatively easily for further modification.

The first part of the thesis deals with the modification of hydroxyl-functionalized ITO surface with
organosilanes, organophosphonates, and carboxylates by solution processing method. The major
focus of the study on ITO electrodes is the adsorption kinetics of formation of the organic self-
assembled film and subsequent electron transfer behavior of the modified surface towards some
chosen redox species. The purpose of such a study is to explore the possibility of utilizing the
transparent conducting oxide in electrochemical applications especially relating to sensors and

biosensors.

The latter part of the thesis deals with electrochemical exfoliation of flexible graphite sheets (GS)
to form functionalized graphite oxide and developing them as an electrode support for
electrodeposition of Pd nanoparticles and Pd-PANI nanocomposites. The Pd modified surface
explored for potential applications as an electrocatalyst for the electro-oxidation of small organic
molecules such as methanol and ethanol. This surface makes the current study relevant for direct
alcohol alkaline fuel cells (DAAFCs) with some potential advantages over the more extensively
studied acid based direct alcohol fuel cells (DAFCs). Cyclic voltammetry, Tafel analysis, and
Arrhenius plots were employed to analyze the electrocatalytic behavior of the electrocatalysts.
Surface characterization of the catalytic material was done by using x-ray diffraction (XRD),
scanning electron microscopy (SEM), Raman spectroscopy, and energy dispersive Xx-ray

spectroscopy (EDAX).

1.1. Self-Assembled Monolayers (SAM):

Self-assembled monolayers (SAMs) are extremely thin organic films of single molecular thickness
spontaneously formed on an appropriate solid substrate, by immersion into dilute solutions of
organic molecules. A study on SAMs enhances the fundamental understanding of the mechanism
of self-organization, structure-property relationships, and interfacial phenomena. The possibility
of functionalizing with appropriate head or tail groups of the adsorbing molecules provides a route
for attaching bio-molecules and metal nanostructures on the surface. There are several molecules
which form self-assembly over solids, e.g. thiols (-SH) on gold, silver, and copper, organosilicons
(-SiXs), organophosphonates (-POzH>), and carboxylic acids (-COOH) on hydroxylated surfaces



(Al, Au, ITO, SiO; etc.), alcohols, and amines on platinum [10]. A schematic representation of

self-assembled monolayer is shown in figure 1.

QOO OO )
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Figure 1. Schematic diagram of self-assembled monolayer (SAM).

1.1.1. Organosilicon self-assembly on ITO:
Organosilicon compounds (-SiXs, -X = -Cl, -OR) are organometallic compounds containing
covalently bonded carbon-silicon atoms. Formation of organosilicon self-assembly requires
surface hydroxyl groups for anchoring. The driving force for this self-assembly is the in situ
formation of highly reactive silanol (-SiOH) groups, by the reaction between water and the
functional groups of silane (equation 1).

2RSiX3 + 6H0 > 2RSi(OH)s + 6HX (1)
where X- -Cl, -OCHg, -OCzHsetc.

Water for the above process derived from the ambient atmosphere, the solvent, and the

hydroxylated substrate.
These reactive silanols undergo two reactions:
(1). Homocondensation with silanol groups of nearest molecules and form polysiloxane (Si-O-Si)
network.

RSi(OH)3 + RSi(OH)3 > R(OH)2Si-O-Si(OH)2R (2
(2). Covalent binding with the hydrogen atom of surface hydroxyls leading to the hetero-

condensation reaction.
MOH + RSi(OH);3 > MO-Si(OH):R (3)




The above two reactions occur simultaneously in the solution. There is a competition between
polysiloxane formation and the reaction of silanols with the surface hydroxyl groups. Since silane
oligomers have better tendency to bind hydroxyl surfaces, it is enriched with the polymeric silanes
after adsorption. Silanes, however, form disorganized films over the substrate leaving pinholes and
voids within the polymer chain. Substrates on which these films have been successfully prepared
include silicon oxide [19-24], aluminum oxide [25,26], quartz [22—-24], glass [27], mica [28-31],
zinc selenide [25,27], germanium oxide [27], and gold [32,33]. Goss et al. employed
mercaptotrimethoxysilane (MPTMS) as a molecular adhesive to fabricate vapor deposited gold
electrodes on glass and mica substrates making the silane an excellent replacement as an
underlayer for the deposition of noble metals on insulating materials like glass, mica, and various
metal oxides [34]. Markovich et al. studied the electrochemical behavior of
octadecyltrimethoxysilane (ODTMS) on ITO towards [Fe(CN)s]*>"* redox couple and suggested
that silanes form disorganized monolayers unlike thiols [35]. These disorganized films contain
micron-sized pores through which amphiphilic species like redox active proteins, cyclams, redox
species, etc. can be immobilized [35-38]. Muthurasu et al. studied the electron transfer behavior
of various silanes by varying the terminal groups of the adsorbate [39]. Schematic illustration of

silane formation on oxide surfaces is shown in figure 2.
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Figure 2. Schematic illustration of the mechanism of siloxane bond formation with the surface

hydroxyl groups and within the solution.



1.1.2. Phosphonic acid self-assembly on ITO:

Phosphonic acids or organophosphonates (-POsH2) show high affinity to bind hydroxyl terminated
solid substrates. Unlike silanes, phosphonic acids do not undergo homo-condensation reactions to
form a polymer thereby making it possible to avoid stringent environmental conditions for
adsorption [40]. Phosphonic acids form stronger bonds than carboxylic acids and silanes on an
extensive range of metal oxides, developing well-packed SAMs with excellent thermal stability
[41]. Ramsier et al. adsorbed and studied the vibrational spectra of several phosphorous acids
adsorbed on alumina and suggested that these acids adsorb through hetero-condensation reaction
[42]. Phosphonic acids form a symmetrical tridentate bonding with the substrate using all three
oxygen atoms. The strong P-O-M bond enables the fabrication of electronic structures, modifying
the work function, and organic field effect transistor (FET) devices [43-45]. Phosphonates bind to
oxide substrates with weak hydrogen bonds between (6)-POsH> head group and the surface
hydroxyl group of oxide substrates. An annealing step is required at the end of the adsorption
process to get better adhesion for phosphonate molecules to the substrate [46]. To enhance the
binding of phosphonates to glass or silica substrates, an ultrathin layer of metal oxide is deposited
to overcome the weak physical interactions between the phosphonic acid precursor and SiOx [47].
Giza et al. observed that octadecylphosphonic acid (ODPA) undergoes adsorption at an enhanced
rate after application of water plasma prior to modification. Thus they suggested that adsorption
behavior of phosphonates depend on the number of surface hydroxyl groups on the surface [48].
Felhosi et al. studied the corrosion resistance properties of alkyl diphosphonates on oxides of iron
[49].
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Figure 3. Mechanism of phosphonate binding to the metal oxides after hydroxyl

functionalization.



1.1.3. Self-assembly of carboxylic acid on ITO:

Carboxylic acid-based monolayers on ITO have been investigated systematically, [10,50-54] with
a focus on long chain aliphatic carboxylic acids, as they were expected to form close-packed,
highly organized monolayer films [51,52,55]. Carboxylic acid monolayers usually prepared by
three methods (1) Langmuir-Blodgett (LB) technique, (2) attachment from a dilute solution, and
(3) vapor phase growth [56,57]. Solution based monolayer preparation is a preferred technique
since it produces better quality monolayers. Since carboxylic acids chemisorb onto the metal
surface, the metal-carboxylic acid moiety in such layers has been labeled as an “inner-sphere
adsorption complex” [58]. Adsorption mechanism of alkanoic acids involves dissociation of
proton of the carboxylic acid head group to form carboxylate [51]. The binding characteristics of
the carboxylate to metal oxides had been analyzed using IR spectroscopy [59]. Compared to
phosphonic acids, carboxylic acids form weak bonding to the substrate surface at room
temperatures. This behavior is due to the reversible hydrolysis of carboxylates with the
chemisorbed water on substrates [60,61]. Heating the modified substrate at higher temperatures
above 100°C results in the formation of stable monolayers, since annealing process releases water
from the substrate surface. Allara and Nuzzo have studied the formation, dynamics, and physical
properties of long-chain n-alkanoic acids adsorbed from solution on an oxidized aluminum surface
using IR spectroscopy [52]. They suggested that carboxylic acids form stable monolayers over
aluminum oxide surfaces and found that the order of the monolayers increases with the increase in
its chain length.

The multi-dentate binding behavior of alkanoic acids had been used for attaching to CNTs and
fullerene [62] which finds applications in dye-sensitized solar cells [63], high-temperature
superconductors [64], and industrial scale surface coatings typically as lubricants, corrosion-
resistant materials, and as linkers to catalysts [65-72].
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1.2. Flexible graphite sheet (GS):

Graphite is an allotropic form of carbon which possesses electrical conducting behavior and is its
most stable form at room temperature. It is made up of sp? hybridized carbon atoms arranged in a
honeycomb lattice with a C-C bond distance of 0.142nm forming two-dimensional graphene layers
connected by weak Van der Waals forces in the perpendicular direction and separated by a distance
of 0.335nm. Graphite shows anisotropic properties due to the presence of strong covalent bonds
within the graphene layers and weak Van der Waals forces in between graphene layers. The weak
Van der Waals bonds between graphite layers make graphite vulnerable for soft chemical reactions
to take place without disrupting the covalent bonds thus expanding the gap between graphene
layers during the reaction to accommodate the reagent. These soft reactions are called intercalation
reactions, and they are reversible in most cases. In these reactions, carbon acts as an amphoteric
element, where graphite can provide or accept electrons [73]. Due to the intercalation process,
graphite layers increase their interlayer separation and expand. The expanded graphite acts as an
efficient substrate due to the increased surface area. These expanded graphite substrates can be
used as conductive fillers, high-temperature gaskets, seals, lubricant supports, and packing [74].
Intercalation improves the thermal stability and electrical conductivity [75]. Intercalation of
graphite can be carried out by top-down approaches like mechanical, solution processing,
chemical, and electrochemical methods as well as bottom-up approaches like chemical synthesis,
epitaxial growth, and chemical vapor deposition [76].

1.2.1. Electrochemical exfoliation of graphite:

Electrochemical intercalation of ions and compounds within graphite is carried out by the
application of potential for certain interval or by scanning the potential of the graphite electrode
within a potential range [77-79]. The intercalation experiments can be carried out in both aqueous
and organic solvents. By the application of a positive potential, intercalation of negatively charged
ions into the graphite layers can occur and vice versa. Alanyalioglu et al. electrochemically
synthesized graphene flakes with an average size of 500nm and a thickness of 1nm successfully
[80]. Application of high positive potentials yield oxidized graphene (graphene oxide), which is
rich in oxygen functional groups and structural defects, while the negative potential reduces some
of the oxygen functional groups, but this process, however, cannot reconstruct a pristine graphene
structure [81]. This method has several advantages over other methods, indeed more

environmentally friendly and can be employed under room temperature conditions, while
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exfoliation can be carried out precisely by controlling the applied potential or current and is fast
and efficient. However, it is hard to produce graphene sheets and a layer with a homogeneous
distribution. The functional groups created on graphite due to the intercalation are at the expense
of sp-hybridized carbon network. The method is irreversible since it is not possible to regenerate
the sp-hybridized carbon network to the state of defectless graphene after the electrochemical
process. Besides, the structural damage and oxygen functionality, intercalation has an enormous

impact on the electrochemical properties of the resulting graphene [82,83].

Exfoliation of graphite results in a 3-dimensional structure of the highly rough surface and
enhanced electrical conductivity due to the corrugations which makes it an excellent substrate to
deposit a large number of metal nanostructures and immobilization of biomolecules [84]. These
deposited substrates are useful in electrocatalytic studies like alcohol oxidation, oxygen reduction,
and hydrogen evolution. The high surface area allows diffusion of the reactant molecules thus
avoiding liquid sealing effect [85].

The exfoliation process also introduces several surface and edge functional groups such as —OH,
-COOH, epoxides, etc. [86] which are hydrophilic and used as anchoring sites for biomolecules.
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Figure 5. Schematic representation of electrochemical intercalation of graphite substrates.

1.2.2. Substrate for electrochemical deposition of nanomaterials:

Flexible graphite sheets are made by compression of graphite particles without using a binder.
These are stable and produce high currents due to the presence of a large number of edge planes
[87]. Electrochemical exfoliation of flake graphite sheets creates a vast amount of defects within

the planes of graphite resulting in increasing the edge sites as well as the electrochemical surface



area. Controlled exfoliation of graphite enables us to use these substrates as electrode supports.
Due to the creation of defects after intercalation process which gives rise to an in-plane disorder,
the exfoliated substrate provides a large surface area for the dispersion of metal particles. The
micrometer-sized highly rough domains in the exfoliated graphite substrates act as structure units
to form pores and channels that significantly reduce the liquid sealing effect for electrocatalytic
oxidation of alcohol [85,88]. Due to this, the fuel circulates through the pores and evolves CO> out
of the catalyst layer easily.

1.3. Electrochemical cell and electrodes:

The experiments have been performed by the use of a conventional three-electrode electrochemical
cell. The cell prepared by closing one end of the B-55 glass cone with a Teflon lid designed to fit
its mouth. Teflon lid consists of three holes through which working, counter, and reference
electrodes can fit. All the electrodes were made to fit with a B-14 ground joint glass for use in the
arrangement of the cell. A platinum foil sealed to a glass tube used as counter electrode. The Ohmic
drop of the electrolyte minimized by the addition of supporting electrolyte to the analyte solution.
Gold plated brass rod used as an electrode holder, with a slot at one end to hold the working
electrode, is used as an electrical contact. Teflon B-14 cone has fixed to the sample holder which
is made to fit the socket of the central ground joint. Schematic illustration of the electrochemical

cell is shown in figure 6.

The working electrodes used in our studies were indium tin oxide (ITO) coated glass plate and
mechanically compressed flexible graphite sheet (GS). Platinum foil or platinum wire used as
counter electrode. Saturated calomel electrode (SCE), Ag/Ag* (non-aqueous)/0.1M salt,
Ag/AgCI/3MNaCl, and mercury-mercurous oxide (Hg/HgO) were used as reference electrodes,

whereas silver wire used as a quasi-reference electrode for particular electrochemical studies.

Indium tin oxide (ITO) glass plate of dimensions 355mm X 406mm X 1.1mm were purchased
from XINYAN technology limited, Singapore. These glass plates are fabricated into appropriate
sizes for experimental purposes in our laboratory. Prior to the use, ITO strips were cleaned by
ultrasonication in acetone, ethanol, and Millipore water for 15 minutes each. These strips were
transferred immediately after cleaning into a solution mixture of hydrogen peroxide (H202, one
part): ammonia (NHs, three parts): water (H20, ten parts), for surface pre-treatment
(hydroxylation). Pre-treated indium tin oxide (ITO) is used as a substrate for self-assembly of



phosphonic acids, silanes, and carboxylic acids. Modification of ITO with the amphiphiles
mentioned above was carried out by immersing the pre-treated ITO substrate in respective SAM
solutions. The modified substrates (except carboxylic acids case) were kept in a hot air oven at
100°C for at least an hour and allowed to cool down to room temperatures.

0.3mm thick flexible graphite sheets (GS) (Changyi Dong Feng sealing materials, China) were
kindly provided by Prof. A.K. Shukla, SSCU, I1Sc Bangalore. This sheet is cut into a size of 4mm
X 10mm and used as a working electrode for our studies. Since these sheets are very thin, they can
be cut into desired sizes by the use of scissors. These fabricated strips were cleaned by
ultrasonication for 15 minutes each in ethanol and Millipore water. These strips are
electrochemically exfoliated by the application of constant potential for a certain interval of time.
The flexible graphite sheet (GS) and exfoliated graphite sheets have been used as substrates for
electrochemical deposition of Pd-PANI and its electrocatalytic activity for ethanol and methanol

were studied.
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Figure 6. Schematic diagram of a 3-electrode compartment of an electrochemical cell.
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1.4. Electrochemical studies:

Electrochemical experiments were carried out wusing cyclic voltammetry (CV),
chronopoteniometry  (CP), chronoamperometry (CA), and electrochemical impedance
spectroscopy (EIS). The electron transfer blocking properties of various self-assemblies have
evaluated by using the potassium ferrocyanide/potassium ferricyanide couple [Kzs(Fe(CN)s)],
hexammineruthenium (111) chloride/hexammineruthenium (1) chloride [Ru(NH3)e]Cls/2, ferrocene
methanol (FcOH), ferrocenedicarboxylic acid (Fcdc), and ferrocene acetic acid (FCAc) for aqueous
solution while ferrocene (Fc) redox probe used for electrochemical studies in non-aqueous

systems.

Cyclic voltammetric studies of the redox probes were performed in appropriate supporting
electrolyte solutions. The EIS measurements were carried out in a solution containing equal
concentrations of redox couple by the application of 10mV amplitude at the formal potential of
the redox couple. All EIS measurements were carried out in the frequency range of 100kHz to

100mHz, whereas adsorption kinetics experiments were carried out at a constant frequency.
1.5. Instrumentation:

Cyclic voltammetry (CV) and chronoamperometry (CA) were carried out using an EG&G
potentiostat (model 263A) interfaced to a PC through a GPIB card. Chronopoteniometry (CP) was
carried out using EG&G potentiostat in the galvanostatic mode for electrochemical deposition.
Electrochemical impedance spectroscopy (EIS) was carried out using EG&G (model 5210) lock-
in amplifier along with EG&G potentiostat (Model 263A) interfaced with PC.

AFM and STM studies were carried out at room temperature in air. We have used a Pico plus
(Agilent) AFM in the non-contact mode with a silicon tip. STM studies were carried out in constant
current mode at a bias voltage of +100mV by using finely scissored platinum wire as a probe. SEM
images and EDAX profiles were recorded using Ultra plus field emission scanning electron
microscope (FESEM). X-ray diffraction studies (XRD) were performed by using Cu-Ka
(A=1.54A) radiation from a Rigaku Ultrax18 rotating anode generator (5.4kW) monochromated
with a graphite crystal. Raman spectra were obtained with a high-resolution triple Raman
spectrometer (T64000, Horiba Jobin Yvon), using a He—Ne Laser (A=514.0nm) with a 50X
objective lens. Laser power maintained at 23mW.
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1.5.1. Cyclic Voltammetry (CV):

Cyclic voltammetry is often carried out in an electroanalytical study for understanding the
mechanism of electrochemical reactions. This technique gives the necessary information on the
thermodynamics and diffusion behaviors of redox processes. In cyclic voltammetry, the potential
of the working electrode (wrt a reference electrode) swept between the potential limits E; and E
as a function of time in a triangular waveform, and the current response at the working electrode
is measured (figure 7). Mass transport and heterogeneous reaction kinetics of an electrochemical
reaction can be determined by the varying the scan rate.
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Figure 7. (a) Potential-time waveform applied (b) current-potential profile in a cyclic
voltammetric experiment.
The currents obtained during the CV scan are due to two reasons: [89,90]
(i). Capacitive currents are owing to double layer charging of the electrode/electrolyte interface.
The capacitive currents can be observed typically in a supporting electrolyte solution that contains
no electroactive species.
(it). Faradaic current arises due to the electrochemical processes like redox reactions.
For a usual reversible one-electron redox reaction of the type,
O+esR

Typically, reversible electrochemical reactions follow Nernst equation and ratio of the
concentration of oxidized (Co) and reduced species (Cr) are given by:

E=E,+ (ﬂ) ln%

F Co

The region adjacent to the electrode surface called as Nernst diffusion layer, where the

concentration gradient of the electroactive species is linear. During the negative potential sweep,
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the surface concentration of the oxidant decreases by the reduction reaction. This results in an
increase in concentration gradient near the surface of the electrode due to which the currents are
increased. The surface concentration of the oxidant reduces further with the continuous increase
of negative potential due to which the concentration of oxidant eventually becomes zero. The
concentration gradient reaches the maximum at this point, and the maximum current obtained. At
the potential beyond this point, the concentration gradient starts to decrease due to the diffusion of
oxidant from the convection layer of the solution, causing a decrease in concentration gradient
which results in the decrease in current. The peak-shaped current response obtained in cyclic
voltammograms is due to the initial increase which is followed by a decrease in the concentration
gradient. The scan in reverse, i.e., towards the positive side of the potential axis also gives similar
I-V profile but with an opposite sign.

The length of the diffusion layer changes with the scan rate. The diffusion layer grows substantially
further from the electrode at slow scan rates. Accordingly, the diffusion of analyte species to or
from the electrode surface is considerably smaller at slow scan rates. Consequently, the currents
are lower at slow scan rates. Large currents at high scan rates are because of the insufficient time
provided for the diffusion layer to relax due to which the concentration gradient, as well as the

current resulting from it, also increases [91].

The peak current in cyclic voltammetry determined by using the Randles-Sevcik equation,
ip = (2.69x105) n¥2ADY2,12C
where n-number of electrons in the redox reaction, A-area of the working electrode, D-diffusion
coefficient for the analyte, v-scan rate, and C-concentration of analyte solution. If the concentration
of the analyte is known, then cyclic voltammetry can be used to calculate the diffusion coefficient
of the analyte.
The cyclic voltammogram of a reversible redox reaction is described by, [89]
1. AEp=|Epa—Epc| = 59/n mV
2. |Ep—Epr2| = 59/n mV
3 lpal lpc|=1
4. 1, avt?

5. Ep is independent of v
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where Epa and Epc are the peak potentials, Ipa and Iy are the peak currents of anodic and cathodic
reactions respectively.

1.5.2. Electrochemical Impedance Spectroscopy (EIS):

Electrochemical impedance spectroscopy (EIS) is an analytical AC technique that gives accurate,
kinetic, and mechanistic information on redox reactions. It is carried out by the application of a
very small perturbation voltage of 10mV amplitude sine wave to the test electrode at an appropriate
DC potential in a range of frequencies onto a system which is close to the steady-state equilibrium.
From the input AC potential and the resulting current response of the test electrode, the
corresponding impedance is calculated at any given frequency. A plot of the logarithm of measured
impedance against frequency is known as Bode plot, while the plot of real part of the impedance
(Z’) against imaginary component (Z”) at a range of frequencies is the Nyquist plot.

Figure 8 shows the current response (1) to the sinusoidal perturbation (V) on the test electrode of
the electrochemical system. The data on charge transfer kinetics, electrode capacitance, and
diffusion of the redox species can be obtained through the measurement of phase difference and
amplitude of the current response with respect to the applied potential signal over a wide frequency
range and plotting them as Bode or Nyquist plots. For this reason, EIS has found wide applications
in diverse areas of research in electrochemistry like corrosion, batteries, ionic solids, chemically

modified electrodes, membranes, solid electrolytes, and template deposited porous electrodes.
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Figure 8. Schematic representation of a small sinusoidal applied perturbation (E) and the current
response (I).

1.5.2.1. The Principle of AC circuits:

A theoretical understanding of the fundamentals of AC circuits is a pre-requisite to analyze the
electrochemical response of a cell to an AC perturbation. By the application of a sinusoidal signal
of voltage, V =Vo Sin (ot) to an electrical circuit which is made up of a combination of resistors
and capacitors, the resulting current response, is given by | = I, Sin (ot+®). Here, Vo is the
maximum amplitude, lo is the maximum current, ® is the angular frequency, and ® is the phase
angle between the applied potential and current response. Impedance (Z) is the proportionality
factor for the applied potential (V) and current response (I). According to the concept of phasors,
the current and potential are considered as rotating vectors and separated by a phase angle in the
polar diagram. The phase angle (®) is zero in the case of the resistor (R) which means that the
applied potential and the response current are in-phase. The relation | = Vo Sin (wt)/R acquired

from the Ohm’s law, V = IR for the simple resistor. The current (1) is given by, I = C (dV/dt) in

15



case of a pure capacitor (C). Thus, substituting the value of V = Vo Sin (wt) followed by
differentiating, the equation becomes,
I = ®CVo Sin (ot+®/2),
| = Vo Sin (ot+®/2)/Xc
where Xc = (oC) ! is known as the capacitive reactance. Thus, from the above equation, it can be
seen that the current leads the potential by 90°or 7/2 in case of a pure capacitor. By following the
similar calculation, for a pure inductance electrical circuit, the potential leads the current by 90°or
/2.
1.5.2.2. The equivalent circuit of an electrochemical cell:
The electrochemical reactions taking place at the electrode/electrolyte interface can be modeled to
an electronic circuit made up of the specific combination of resistors and capacitors. The values
are ascertained by investigating these analogous circuits, regarding the interfacial phenomena
occurring at the electrode-solution interface. For an electrochemical reaction,
O+nesR
Figure 9 shows the electrical double layer and a simplified equivalent circuit proposed by Randles.
The charge transfer at the electrode interface leads to both faradaic and non-faradaic components,
the former arising due to redox processes and the latter due to purely charging of the
electrode/electrolyte interface.
An electrode/electrolyte interface can be regarded as impedance which is sensitive to a small
sinusoidal excitation. The impedance of the electrochemical interface is a complex function, Z (o)
that can be expressed either by Cartesian or polar coordinates,
Z(0)=2(0) +] Z"(w)
Z(0) = |Z|¢
ZP =122+ 2]
where Z’ and Z”-the real and imaginary components of the impedance.
The phase angle (®) can be expressed as,
® = arctan (Z/Z),
Z’(0) =|Z| Cos®, and
Z7(®) =|Z | Sin®
Figure 9(b) shows an equivalent circuit for a diffusion controlled electron transfer reaction

(Randles equivalent circuit). The electrical components of the circuit are solution resistance (Rs),
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double layer capacitance (Cai), charge transfer resistance (Rct), and the Warburg impedance (W).
The net current at the working electrode is attained by the sum of the individual contributions of
the Faradaic current (If) and the double layer charging current (Ic). The double layer capacitance
values measured at the electrode/electrolyte interface are due to the formation of charges at the
interface which is analogous to an electrical capacitor and hence it is denoted by Cqi in the
equivalent circuit. The Faradaic impedance (Zs) has two components namely, the charge transfer
resistance (R¢t), and the Warburg impedance (W). While the resistance offered to the electron
transfer is given by the charge transfer resistance (Rct), the impedance to the diffusion of the redox
probe is given by the term W. The term W is small at high frequencies because the reactants do
not have sufficient time to diffuse towards the interface. However, at low frequencies, the diffusing
reactants have to move very far towards or away from the electrode/electrolyte interface during
each cycle and hence the Warburg impedance (W) is very high at these frequencies. The solution
resistance (Rs) occurs between the working electrode and the reference electrode. While depicting
the equivalent circuit, the uncompensated solution resistance (Rs) is inserted as a series element
since all the current has to pass through this element. For a planar diffusion, the value of Rt is
given by,

Re = RT/nFI,
where o is the exchange current density.
The solution resistance (Rs) expressed as,

R, = x/kA

where x is the distance of the capillary tip from the electrode, k is the conductivity of the solution,
and A is the area of the electrode.
The relative magnitude of Retand W at any frequency provides the information of the kinetic and
diffusion controlled behavior of the electron transfer. If I, is very large, Rct—0 and will be too
small to measure and only W will be effective. In other cases, a slow electrochemical reaction
exhibits a very high value of Rc that will be dominant over Warburg component (W). The total
analysis of the impedance recognized as complex plane impedance analysis. Randles equivalent
circuits are used for the depiction of the elements incorporated in the circuits which are in series
and a parallel combination of the different elements like capacitors and resistors. There are two

limiting cases.
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Figure 9. (a). Electrified interface with a positively charged electrode; counter anions aligned
along the electrified surface. (b). The electrical circuit elements corresponding to each interface
component.
At low frequencies, as ®—0, the real and imaginary parts of impedance are presented by,

Z’ =Rs+Ra + oo™

7’ = o+ 2 6°Cq)

1

c°°)'D is the diffusion coefficient of the species in
R

where o = (RT/V2n?F?ADY?) (= +
solution, A is the area of the electrode, Co and Cr are the bulk concentrations of the oxidized, and
reduced species. By rearranging these equations, we get,

7’ =7"— [Rs"‘ Rct - 2 02 Cdl]
This above equation corresponds to a straight line of a unit slope. The intercept on the real Z’ axis

is given by Rs + Ret —26°Ca.
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At high frequencies, where the Warburg impedance (W) is negligible in comparison to R, the two
components are represented by,

Z’ = Rs+ Rer/(1+0? Re?Car?) and

7" =CaiRc?w/(1+ o Rei? Car).
Eliminating ® from these two equations gives,

(Z—Rs —Rct/2)? + (Z27)? = (Rct/2)?
which is the equation of a circle with center at Z’ = Rs+Rct/2 and a radius of Ret/2.
A plot of the whole expression for Z’ vs. Z”, which is known as Cole-Cole plot or a Nyquist plot,
for a kinetically controlled and a diffusion controlled reactions shown in figure 10. For a charge
transfer controlled reaction, the plot of Z’ and Z” at different frequencies (Cole-Cole plot) gives a
semicircle.
At infinite frequency, the capacitance in the equivalent circuit offers a very little impedance and
hence imaginary component (Z”) approaches zero. Whereas at low frequencies, the impedance
becomes purely resistive, because the reactance of C is very large. The real axis value at the high-
frequency intercept corresponds to Rs. In the semi-circular region, at the peak position the
maximum value of Z” is obtained where wp = 1/Rct Cai gives the value of Cqi. The diameter of the
semicircle provides the value of Rct. The Warburg impedance (W) term becomes significant for a

diffusion-controlled reaction which varies inversely with frequency.

7

kinetically controlled

03]

diffusion controlled

/  R+Rs 7

B A+E.-2c-Cy
Figure 10. Nyquist plot depicting kinetically controlled and diffusion controlled regions for an
electrochemical reaction.
The value of W is very high at very low frequencies. At these frequencies, the value of W controls
the electron transfer behavior and gives a straight line with a phase angle of 45°. A plot of log |Z|

vs. frequency (f) is known as Bode plot. Phase angle (®) component also has been used in Bode
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plot which provides the information concerning magnitude and phase angle at a frequency. In EIS,
the resistor and capacitor are related to a phase angles of 0° and 90°, as mentioned earlier. Thus,
the Bode plots for a pure resistor and a capacitor are described by a horizontal line and straight
line of unit slope respectively.
The potential of the working electrode is held at a DC potential of interest using a potentiostat.
Small amplitude of sinusoidal AC voltage with 10mV peak-to-peak is applied to the cell from a
lock-in amplifier. The lock-in amplifier measures the phase difference of the current output with
respect to the input voltage and the amplitude of the current response, which can be converted to
the real and imaginary part of the impedance.
1.5.3. Chronopotentiometry (CP):
Chronopotentiometry is a galvanostatic technique, in which the current flowing in an
electrochemical cell is instantly stepped from zero to a certain finite value, i.e., the overall reaction
rate is fixed and the potential of the working electrode is observed continuously as a function of
time. The graph obtained for variation of potential (E) as a function of time (t) is called
chronopotentiogram.
For a simple one-electron electrochemical reaction, a chronopotentiogram will typically look like
the plot in figure 11.

O+nesR
There is a sharp decrease in potential which is observed initially as the current pulse is applied,
during the charging of double layer capacitance. This sharp decrease in potential continues, as
more and more O is reduced to R. Later, the potential decreases slowly as determined by the Nernst
equation, until the surface concentration of O reaches nearly zero. At this point, the flux of O to
the electrode surface is no longer sufficient to maintain the applied current; thus another sharp fall

in the electrode potential occurs. This continues till electrode process, if any, starts.
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Figure 11. Schematic diagram of a chronopotentiogram for a reversible system.

1.5.4. Chronoamperometry (CA):

Chronoamperometry is an electrochemical technique, where the potential of the working electrode
is stepped, and the current response at the electrode followed as a function of time. Figure 12
shows the typical potential-time profile applied and the current response measured as a function
of time. The Cottrell equation describes the change in electric current response with respect to time
for the electrochemical system under study. The sharp increase in current at initial stages is due to

the double layer charging at the interface. Nevertheless, this current is substantial only during the
initial period.

i = nFACDY* Nt
where i = current (A),

n = number of electrons,
F = Faraday constant, 96485 C/mol,
A = area of the (planar) electrode (cm?),
C = initial concentration of the reducible analyte (mol/cm?),
D = diffusion coefficient for species (cm?/s),
t = time (S).
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As the faradaic reaction starts, the current response shows a decrease as a function of time due to
its dependence on concentration gradient. The chronoamperometry technique can be used to
measure the currents at different overpotentials applied as steps. This method was utilized to carry
out Tafel analysis in this work.

Eo

E1

1(A)

E2

time (5)

Figure 12. Schematic representation of potential step applied during chronoamperometry.
1.5.5. Tafel plot analysis:
Tafel plots are polarization curves, in which the logarithm of current density (I) plotted against
overpotential (n) (figure 13). The difference of applied potential from the steady state or
equilibrium potential of the electrochemical system under study is known as overpotential (). The
slope of the lines measured from these plots provide information of the reaction mechanism and
the rate determining step involved in the process, while the intercept of the straight line at current
axis gives the value of the exchange current density (lo). Tafel plots have extensive applications in
corrosion and electrocatalysis studies. In this work, Tafel analysis was carried out for the
evaluation of electrocatalytic activity of the nanocomposites. In electrocatalysis, low Tafel slopes
indicate better electrocatalytic behavior. The electrocatalytic activity of different materials can be
compared with their respective Tafel slope values. The extent of deviation of Tafel slopes from its
ideal values provides a measure of the catalytic property and the surface coverage by reaction
intermediates or poisoning by any impurities [92-94].
The general form of the Tafel equations given as follows:
For a cathodic reaction,
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log |I| = log lo - aCnFr/2.303RT
while for an anodic reaction,
log |I| = log lo + aAnFn/2.303RT
where | is the total current density, lo is the exchange current density, aC and oA are the respective

cathodic and anodic Tafel slopes, and 1 is the overpotential.

nv)
0.30 +

0.20 +

0.10 t

log i
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Figure 13. Tafel plot for an anodic process.

1.5.6. Scanning electron microscopy (SEM):

Scanning electron microscopy (SEM) is a powerful imaging tool which provides images of a
sample surface at very high resolution by focusing a beam of electrons on the sample surface. The
electron beam interacts with atoms in the sample surface, producing various signals which consist
of the information regarding the sample's surface topography and composition. The incident beam
scanned in a raster pattern over the sample and its position is combined with the identified signal
to produce an image. These signals are due to the secondary electrons, backscattered electrons
(BSE), photons, and heat. Secondary electrons and BSE are useful for imaging of samples. In
addition to that, secondary electrons provide necessary information on the morphology and
topography of samples, whereas the backscattered electrons show the contrasts of composition in
multiphase samples. The detected signals provide the information regarding the sample which
comprises the chemical composition and external morphology (texture) orientation of materials
forming the sample. A resolution better than one nanometer can be achieved by using SEM. It can

also be operated with the variation of pressure and temperature.
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In this study, the morphological characterization of the electrodeposited nanoparticles was carried
out by FESEM. SEM images and EDAX profile were recorded using Zeiss (Ultra plus) field
emission scanning electron microscope (FESEM).

Necessary components of all SEMs comprise the following:

Electron source (Gun)

Electron lenses

Sample stage

Detectors for all signals of interest

Display/Data output devices

I A

Infrastructure requirements:
o Power supply
o Vacuum system
o Cooling system
o Vibration-free floor
o Room free of ambient magnetic and electric fields

The electron source at the top signifies the electron gun through which a stream of electrons
produced. This electron stream is concentrated when passed through the first condenser lens which
is used to form the beam and limit the amount of current in the beam by discarding a few high-
angle electrons using an aperture. A coherent beam is formed with the remaining electrons by
passing through the second condenser lens. When the beam collides with the sample, the
interactions occur inside the sample and the secondary, as well as backscattered electrons (BSEs),
are detected. Before the beam moves to the next point, the sample is raster scanned, and further
processing constructs the morphological surface image. An essential requirement in SEM studies
is that the sample should be conducting. X-rays of fixed wavelength emitted, as the excited
electrons return to lower energy states (difference in energy levels of electrons in different shells
are the characteristic of a given element).

SEM system can also be employed for energy dispersive X-ray spectroscopy (EDAX) which is an
analytical technique used for the elemental analysis or chemical characterization of a sample. It

depends on the probing of a sample through interactions between electromagnetic radiation and
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matter, analyzing X-rays emitted by the material in response to being struck with electron beams.
The characterization based on the principle that each element has a distinct atomic structure which
allows X-rays that are specific to an element's atomic structure to be recognized uniquely from one

another. In our studies, EDAX was used for obtaining the composition of the nanocomposites.
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Figure 14. Schematic representation of the scanning electron microscope: Credits:

https://serc.carleton.edu/research_education/geochemsheets/techniques/SEM.html

1.5.7. Atomic force microscopy (AFM):

Atomic force microscopy (AFM) or scanning force microscopy (SFM) is a very high-resolution

scanning probe microscope (SPM) with a resolution on the order of nanometers which allows us
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to analyze the structure of surface from the 3D-surface profile. The basic principle of this
microscope is to make use of interatomic and molecular forces to compute the interactions between
a sharp probing tip and surface of the sample under study. A schematic block diagram of AFM
shown in figure 15.
In atomic force microscopy, the probing tip attached to a cantilever. Images are obtained by the
lateral movement of the probing tip over the surface of the sample in a raster pattern. The cantilever
deflections are digitized as a function of its lateral position by using a piezoelectric diode. There
are three modes of imaging in atomic force microscopy technique.

1. Contact mode

2. Non-contact mode

3. Tapping mode or discontinuous contact mode.

The main components of an AFM are (Figure 15):

e asharp tip mounted on a soft cantilever (AFM probe),
e aphotodiode for measuring the cantilever deflections,

e afeedback loop that allows for monitoring the interaction forces between the molecules on
the tip with the ones on the cell surface,

e apiezoelectric scanner that moves the tip relative to the sample in a 3D pattern,

e aconversion system from raw data acquired by the instrument into an image or other useful.

1.5.7.1. Contact mode:

Contact mode AFM works in a repulsive mode, in which tip makes a soft "physical contact" with
the surface of the sample. Cantilever with low spring constant is attached with probe tip at the end.
The deflection of the cantilever used as an input to a feedback circuit which moves the scanner up
and down in z-direction, responding to the topography by keeping the cantilever deflection display
constant. The total force applied to the sample in this mode is constant, since the cantilever
deflection is held constant. During the scan across the sample, the contact force causes the
cantilever to bend for adjusting the changes in topography. The topographic data obtained can be
categorized into one of the two modes, constant-height or constant-force mode and used for

generating the images of the sample.
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Figure 15. Block diagram of atomic force microscope (AFM).

(Credits: https://medicine.tamhsc.edu/afm/principles.php).

1.5.7.2. Non-contact mode:

Unlike contact mode AFM, the tip of the cantilever will not have any contact with the surface of
the sample. In the case of non-contact AFM mode, the tip and sample surface are separated from
each other within an order of ten to hundreds of angstroms. The cantilever is in oscillating motion
at its resonant frequency during the scan. The cantilever is kept close to the sample in between 1
to 10nm range, where the sample and cantilever interact through the VVan der Waals forces. Due to
this interaction, there will be a decrease in the resonance frequency of the cantilever. The distance
of the tip-sample is adjusted by feedback loop system thus retaining the resonant frequency of the
tip. The topographic image of the sample surface is constructed by measuring the tip-sample

distance at each dwell point. Since there is no contact of the tip with the sample surface, non-
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contact mode AFM is a preferable technique over contact mode AFM for measuring soft samples,

e.g., organic thin films and biological samples.
Non-contact mode AFM is divided into two categories:

1. Frequency modulation, where a phase-locked loop keeps track of the cantilever’s
resonance frequency, to keep the cantilever amplitude constant.
2. Amplitude modulation, in which the oscillation amplitude or phase provide the feedback

signal for imaging.
1.5.7.3. Tapping mode:

Samples absorb moisture from surroundings, which might develop liquid meniscus over the
sample surface and lead to unavoidable errors during the contact mode. This problem can
overcome by the use of dynamic contact mode in which cantilever is driven to oscillate up and
down near its resonance frequency. The oscillation of the cantilever is controlled by a small piezo
element in the system. The cantilever’s frequency and amplitude are kept constant during the entire
scan. As the tip gets close to the sample, there exists a small interaction like VVan der Waals forces,
dipole-dipole interactions, electrostatic forces, etc. between tip and surface of the sample. The
amplitude of the cantilever changes due to these tip-sample interactions. Therefore, the images
obtained in tapping mode AFM are generated due to the force of the discontinuous contacts of the

tip with the sample surface.
1.5.8. Scanning tunneling microscopy (STM):

Scanning tunneling microscopy (STM) is a powerful tool for investigation of very small areas of
surface with an extremely high level of precision. It has been extensively applied to analyze the

monolayer coated surfaces, e.g., thiol-coated gold substrates.

In a typical STM experiment, an atomically sharp metallic tip is brought very close to 10A to the
surface. If a small potential difference (~100mV) applied between the surface and the tip, a
tunneling current will flow. This process of tunneling occurs due to the fact that the wavefunctions
extend over the surface and there is an overlap between atoms on the tip and atoms on the surface.
In an STM experiment, the tip is scanned over the surface even while the tunneling current
monitored. Since this current decreases by one order of magnitude per ~1A change of the electrical

gap width, an accuracy of the order of 0.1A can be achieved. There are two ways to carry out an

28



STM experiment, the first being the constant current and second the constant height approach. In
the first method, the tip height above the sample adjusted by maintaining the current constant and
the image obtained as a map of the tip height (z), versus the lateral coordinates x and y. In the latter
approach, the height is kept constant, and the current (I) recorded as a function of the lateral

coordinates.

While imaging the SAM-coated metals using STM, damage to the monolayer and the substrate
can be prevented if prolonged scanning at high current densities avoided. For STM, the observed
images are the function of surface topography and electron density, while for AFM the images
combine topography with the forces between the AFM tip and the substrate. Both methods can
generate images with atomic resolution on a SAM-coated substrate. Scanning probe techniques
have been used to determine pinhole defect density, monolayer morphology, and monolayer
structure on the substrate.

1.5.9. Contact Angle:

One of the essential properties of a monolayer is the wetting behavior. The wetting contact angle
is measured by placing a small drop of a probe liquid on a horizontal substrate and measuring the
angle subtended by the edge of the drop and the substrate. Both the advancing angle (drop volume
increasing) and the receding angle (drop volume decreasing) are of interest since the hysteresis in
the contact angle is indicative of the degree of order in the monolayer. Schematic diagram for the
contact angle measurement shown in figure 16. For homogeneous monolayers, close packing and
the high degree of orientation generate a surface in which effectively only the terminal group of
the tail is exposed outside. These types of surfaces exhibit strong characteristic wetting properties.
The highest values are observed for water in contact with alkyl monolayers of -CF3 terminal group
[95-97]. These high wetting contact angles show that the monolayer chains are well oriented so
that only the terminal group exposed to the contacting liquid. Monolayers possessing very polar

terminal group like -COOH show zero contact angle which indicates complete wetting.
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Figure 16. Schematic diagram of contact angle measurement.

1.5.10. Raman Spectroscopy:

Raman spectroscopy works on the principle of inelastic scattering of monochromatic light by the
molecules of the sample. The wavelength of the scattered light is shifted with respect to the
incident wavelength. This shift provides information regarding the molecular structure. Raman
spectroscopy is highly sensitive to carbon-carbon bonds and as such is a method of choice for
characterizing carbon nanomaterials like carbon nanotubes, graphene, graphene oxide, fullerenes,
etc. Raman spectroscopy is employed in this work to characterize the electrochemically exfoliated

graphite oxide material.

1.5.11. X-ray diffraction:
X-ray diffraction is a technique employed for analyzing the atomic and molecular structure of a
solid in the form of a crystal or powder, in which the atoms of the sample trigger the incident X-
rays to diffract into many specific directions. Crystalline samples produce sharp diffraction
patterns due to their regular arrangement, whereas the nanometer-sized materials which do not
have regular shape produce broad diffraction patterns. The crystallite size is determined from the
FWHM of the broadened peaks.
The wavelength of an incident X-ray is related to the lattice spacing and the diffraction angle by
Bragg’s law,
nA = 2d Sind
where A - wavelength of the incident X-ray,
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d- distance between two crystal planes and
0 - Scattering angle.
The schematic representation of this law shown in figure 17. In our studies, XRD mainly used for
the characterization of the metal nanoparticles phase composition, crystallite size, and
crystallographic orientation of the metal nanoparticles. The Scherrer equation relates the size of

crystallites in a solid to the broadening of a peak in a diffraction pattern.
The Scherrer equation can be written as:
D =kA/B Cos6

D is the crystallite size, A is the wavelength of the radiation, 0 is the Bragg's angle, and B is the full
width at half maximum (FWHM) of the broadened peak.
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Figure 17. Schematic representation of the scattering of X-ray leading to the Bragg'’s

reflection.
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1.5.12. Electrochemical evaluation of self-assembled monolayers:

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) are the most widely
used electroanalytical techniques for assessing the permeability of the monolayer [98]. Electron
transfer at the interface can be influenced by the introduction of a monolayer between electrode
and electrolyte solution since the active surface of the electrode is inaccessible to the redox species.
Formation of monolayer increases the thickness of the electrochemical double layer and introduces

a dielectric material at the interface which eventually leads to lowering of capacitance.

SAM acts as a barrier to the electron transfer of any redox species by blocking their access directly
to the electrode surface. However, the electron transfer can still occur through the gaps present in
the monolayer (pinholes) or by tunneling through the monolayer. Due to the surface modification,
the electron transfer reactions occur at higher overpotentials with a reduced reaction rate. It is well
known that interfacial capacitance of the gold electrode surface decreases due to the formation of
alkanethiol monolayer [99]. Porter et al. studied the electron transfer behavior of alkanethiol
modified gold with varying the chain length of the adsorbate and suggested that alkanethiols form
better monolayers with increasing chain length [100]. Subramaniam et al. measured the adsorption
kinetics and thickness of the monolayer by using electrochemical impedance spectroscopy (EIS)
[101].

Cyclic voltammetry can be used to measure the capacitance of the electrode in the absence of redox
active species. The interfacial capacitance of the SAM-modified electrolyte is a combination of
double layer capacitance (Cq)) and capacitance of the monolayer film (Cs) in series. At higher
electrolyte concentrations (0.1M), the interfacial capacitance is dominated by the monolayer
capacitance, as the capacitance of the Gouy-Chapman layer is very high. The expression for

monolayer capacitance (Cs) based on Helmholtz model which is given by [102],
Cf = ngoA/d

where d-thickness of the double layer, &¢-static dielectric constant of the monolayer, A-area of the

electrode, and &,-the permittivity of free space (8.854 x 10712 F /m).

Pinholes and defects are the patches in the SAM due to the absence of monolayer. The density of
pinholes can be obtained by using cyclic voltammetry (CV) and electrochemical impedance

spectroscopy (EIS) [98]. These are the areas where the redox species can directly access the
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electrode surface. The blocking of electron transfer at these sites is not significant when compared
to the blocking behavior of areas where the monolayer is defect free. The deviation of perfect
blocking behavior by the modified electrode is an indicator for the presence of pinholes and defects
in the monolayer. The pinholes in the monolayer can be analyzed using CV by following some
faradaic reactions such as metal oxidation, underpotential deposition of metals or using redox
species undergoing electron transfer process. The true surface area of the gold electrode can be
measured by the gold oxide stripping current in acidic and alkaline medium [98,103]. The charge
measured under the oxide-stripping peak is proportional to the amount of gold oxide formed during
the anodic sweep. The decrease in the magnitude of the gold oxide stripping peak current gives
the estimation of pinholes in the monolayer [33,104]. Peak area ratio of a bare gold electrode and
SAM-modified gold electrode provides the information of the surface not covered by the
monolayer on the electrode surface area (1-0) value. A good monolayer yields the (1-0) value
between 0.001 and 0.0001 [98]. The density of pinholes increases when the SAM-coated electrode

is subjected to repeated CV scan in the oxide forming regions.

The formation of close-packed hydrocarbon chains inhibits the electron transfer reaction of the
redox species at the interface. Several aspects such as heterogeneous electron transfer rate constant,
the size, the solubility of redox species, and mechanism of electron transfer (inner sphere and outer
sphere) have significant effect on the electron transfer behavior over SAM modified surface.
Inhibition of metal deposition over the electrode surface is another effect of monolayer formation.
The metal deposition far from thermodynamic potentials is known as underpotential deposition
(UPD) and can be used for measuring the pinhole area. The area of the stripping peak under the
UPD is a measure of the pinholes on the monolayer which is an indicator for the integrity of the

film.
1.6. Major objectives of the thesis:

The first objective of the thesis is to explore the optically transparent and electrically conducting
surface of hydroxyl-functionalized indium tin oxide (ITO) on the glass as a viable and less
expensive alternative to noble metals like gold and silver for the surface modification to form
organic thin films of organosilanes, phosphonates, and carboxylates. The adsorption Kinetics of
the formation of monolayers and their role in inhibiting the electron transfer kinetics of some redox

species were studied in this work. The surface functionalization of silanes with redox active
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proteins like cytochrome ¢ and lipid-like DPPC have also been investigated. It is expected that
these studies can be carried forward for the development of electrochemical and enzyme-based

bio-sensors.

The second objective is to exploit high surface area possessed by exfoliated graphite oxide to
deposit noble metal catalyst Pd nanoparticle and Pd-PANI nanocomposite. This modified graphite
oxide is used as an integral electrode material for studying the electrocatalysis of methanol and
ethanol oxidation reactions in an alkaline medium which can find applications in low-temperature

alkaline alcohol fuel cells.
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Chapter 2

Adsorption Kinetics of phosphonic acids and
proteins on functionalized Indium tin oxide (ITO)
surfaces using electrochemical impedance

spectroscopy

2.1 Introduction:

The unique property of the phosphonates to form monolayers on several metal oxides like Al2Os,
Si03, Fe203, Fes04, In203, SN0, ITO, etc., opens up several possibilities usually associated with
organic thiols on gold including their potential applications for developing sensors and biosensors
[1]. It also provides an opportunity for surface modification with phosphonate monolayer film on
optically transparent and electrically conducting substrates, which can function as a platform for
adsorption and subsequent study on bio-molecules such as enzymes, proteins, and nucleic acids
by spectrochemical and electrochemical techniques.

Phosphonic acids (PAs) undergo chemisorption through hetero-condensation by reacting with
hydroxyl groups on metal oxide surface [2]. The chemisorption mechanism of phosphonic acids
on metal oxide surface is influenced substantially by reaction conditions, such as temperature, pH,
nature of the dissolving solvent, and the type of oxide substrate [2—7]. In literature, there is a lack
of agreement on the deposition protocols to be employed and on the nature of the phosphonate
film obtained. The process of self-assembly effected by the simple immersion of oxide substrates
or using the well-known immersion procedure known as “T-BAG” method [6]. There are also
reports on the development of techniques for grafting of phosphonic acids onto oxide surfaces
[2,6].

Muthukumar et al. have studied the effect of roughness on the crystallinity and the defect density

of the monolayer and concluded that the adsorption rate depends on the hydroxyl density of ITO

47



[8]. It was reported that the amorphous ITO provides an excellent substrate surface for well packed
phosphonic acid monolayers, in contrast to the use of crystalline ITO surfaces which lead to
monolayer films with several surface defects. Gardner et al. have studied the preferential
adsorption of PAs onto ITO in the presence of carboxylic acids and thiols [9]. However, in
literature, there are only a few reports on the adsorption kinetics of PAs onto ITO. For example,
Paniagua et al. studied the adsorption kinetics of fluorine-substituted phosphonic acids using XPS
by following the intensity ratio of Fluorine/Indium (F/In) at different intervals during the
adsorption and also studied the tuning of the work function of ITO [7]. Jo et al. studied the
adsorption kinetics of 3-phosphonopropionic acid (PPA), 6-phosphonohexanoic acid (PHA), and
11-phosphonoundecanoic acid (PUA) using electrochemical impedance spectroscopy (EIS). The
adsorption Kkinetics of the carboxyl-terminated phosphonic acids were measured the by monitoring
the change in charge transfer resistance (Rct) value during the adsorption of PAs at different time
intervals [10]. While these reports provide valuable information on adsorption process at longer
time scales, information in the literature on the initial stages of adsorption Kinetics at shorter time
scales of the order of several seconds is however sparse. In this work, the method of measurement
of double layer capacitance using the electrochemical impedance spectroscopy (EIS) technique for
the study was adopted, since it has an excellent time resolution and therefore provides information
on the adsorption kinetics at very short timescales. It was earlier shown by Subramanian et al. in
case of thiol adsorption onto Au surface, that EIS as an effective method for following the kinetics
of adsorption by monitoring the changes in interfacial capacitance with time which is related to
the evolution of surface coverage of monolayer film [11]. It is shown here that the ITO-electrolyte
interface is very well suited for such studies, since it behaves as an ideal low leakage capacitor at

low-frequency ranges normally employed in EIS studies.

Also explored are the methods for the study of adsorption of proteins, which are interfacially active
molecules on the phosphonate modified ITO surfaces. The study of protein adsorption on solid-
support is essential for understanding the enzyme-substrate reaction leading to the development of
biosensors. As the protein aggregates on the surface, the net charge of the surface adsorbed species
changes at the protein-solution interface which impacts the electrical double layer close to the
macromolecule. This process of structural changes in the vicinity of the double layer at the
interface manifests itself in the changes of interfacial capacitance as reflected by the measured

impedance.
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Until recently, the protein surface interactions are being characterized using infrared spectroscopy
(FT-IR), filter binding assays, circular dichroism (CD), gel-electrophoretic mobility, microscopic,
NMR, UV-visible spectroscopy, and microarray techniques [12—20]. While these methods have
provided valuable information on the nature of protein-surface interactions, they are however not
easily adaptable for studying real-time interactions of surface immobilized macromolecules
involving other ligands either in solution or at interfaces. Vladimir et al. [21] studied the adsorption
kinetics of proteins onto carboxyl and amine terminated thiol monolayers on gold by monitoring
the capacitance changes of the electrode. The presently available methods for the study of the
adsorption are somewhat complicated, making use of autoradiography [14], microscopy [22], total
internal reflection fluorescence spectroscopy [14], and FT-ATR [20], etc. Recently, Matsuda et al.
used the measurement of absorbance of cyt ¢ on the glass surface for the studies on the kinetics of
adsorption using time-resolved optical waveguide spectroscopy [23]. However, it is shown that
electrochemical method like electrochemical impedance spectroscopy (EIS) is simple and elegant
for real-time studies and is quite amenable to the development of the stand-alone instrument for

bio-sensing applications.

EIS has an advantage over other electrochemical techniques since it uses a very small amplitude
voltage signals (5-10mV) without significantly perturbing the electrochemical interface thereby
providing the reliable measurement of interfacial parameters such as charge transfer resistance
(Ret) and double layer capacitance (Car). Such a small AC voltage perturbation causes measurable
variations in impedance in a way that is related to the properties of the liquid or solid under

investigation.

For the study of PA adsorption on ITO surface, small chain length PAs such as PPA, BUPA, BPA,
ABPA, and a long chain PA namely DecPA were employed. Also, the adsorption of a heme protein
cyt ¢ and an enzyme, urease on the PA modified surfaces were studied. The adsorption of these
biomolecules on the PA modified surface was confirmed using scanning electron microscopy
(SEM) and atomic force microscopy (AFM). The bio-molecular activity was studied using

chronoamperometry (CA) and electrochemical impedance spectroscopy (EIS) measurements.

The second part of the chapter deals with the electrochemical sensing of hydrogen peroxide (H202)
using hydroxylated ITO electrode. Hydrogen peroxide has a significant importance in biological

systems, and therefore, an efficient and inexpensive electrochemical H2O> sensor has essential
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applications. In electrochemistry, H>O> can either be oxidized or reduced at an electrode or
modified electrode surfaces. Various materials such as Prussian Blue (PB), heme proteins, carbon
nanotubes (CNTs), and transition metals have been employed in the production of hydrogen
peroxide sensors [24-27]. However, these systems in electroanalytical applications limited by the
slow electrode kinetics and high overpotential which might reduce the electrode performance and
may suffer interferences from other electroactive species in biological samples such as ascorbate,
urate, bilirubin, etc. On the other hand, in recent years, metal oxides have attracted significant
research interest because of their desirable chemical, physical, and electronic properties that are
different from those of bulk materials. Furthermore, functionalizing of the ITO surface by the
hydrolysis step enhances the electrocatalytic property of the electrode making it sensitive to
hydrogen peroxide detection. Herein, it is shown that ITO electrode exhibits a very good sensitivity
to H202 with just a simple hydroxyl pre-treatment. The electrochemical H.O> determination is

carried out by using cyclic voltammetry (CV) and chronoamperometry (CA) technique.

2.2 Experimental Section:
2.2.1 Chemicals:

All chemicals used in this study were analytical grade (AR) reagents. Benzylphosphonic acid (97%
purity, Aldrich), 3-phosphonopropionic acid (94% purity, Aldrich), butylphosphonic acid
(Aldrich), 1-decylphosphonic acid (98% purity, Alfa Aesar), 4-aminobenzylphosphonic acid (95%
purity, Aldrich), sodium fluoride (Merck), sodium phosphate monobasic (99% purity, Sigma),
sodium phosphate dibasic (99% purity, Sigma), ethanol (AR. grade 99.9%, Yanguan chemical),
hydrogen peroxide (30% pure, SDFCL chemicals limited), ammonia solution (25% AR SDFCL
chemicals limited), cytochrome ¢ extracted from horse heart (99% purity, Sigma), urease extracted
from jack beans (SRL Pvt. Ltd.), were used in our study as received. Millipore water having a
resistivity of 18MQcm was used to prepare all aqueous solutions employed in this work. ITO
coated glass plates purchased from Xin Yan Technology Ltd. This plate (355mm X 406mm X
1.1mm) is a single side polished, a SiO> passivated glass plate coated with ITO film. For
electrochemical studies, this larger plate was cut into small pieces of a pre-defined geometric area

and used as strips.

50



2.2.2 Fabrication of electrodes and electrochemical cell:

An electrochemical cell with a conventional three-electrode configuration used for the study. A
platinum wire (Pt) and a saturated calomel electrode (SCE) were utilized as a counter and reference
electrodes respectively. The pretreated ITO and phosphonic acid modified ITO substrates were
used as working electrodes for the studies of the kinetics of adsorption of phosphonic acids and
proteins respectively. Initially, ITO pieces were cleaned ultrasonically using ethanol and water for
15 minutes each. They were then removed and immersed in 20ml of an aqueous solution consisting
of hydrogen peroxide, liquid ammonia, and water in the ratio of 1:3:5 for about an hour. Later,
these pre-treated ITO strips were washed thoroughly with Millipore water and immediately used
for the analysis. This method is known to produce well-covered hydroxyl functionalization on the
surface. Fabrication of a working electrode was carried out by connecting the pre-cleaned ITO
plates to the electrode holder. A distinct area of the specimen was exposed to the electrolyte with

the remaining portions well insulated.
2.2.3 SAM preparation:

Monolayers prepared by keeping the pre-treated ITO substrates in 10mM aqueous solutions of
BPA, PPA, BuPA, ABPA, and DecPA for 18 hours. Later, the phosphonic acid SAM-modified
ITO electrodes taken out, sonicated in Millipore water three times and rinsed with Millipore water
to remove any traces of loosely attached phosphonic acid molecules. Further, these ITO strips
dried in an oven at 80°C for an hour and allowed to cool to room temperature and used for

electrochemical and morphological characterizations.
2.2.4 Instrumentation:

Adsorption kinetics experiments were conducted using EG&G PAR potentiostat connected to SRS
Model SR830 DSP Lock-In Amplifier interfaced to a PC. The amplitude of the sinusoidal voltage
kept at 10mV rms. The whole set up connected to the computer through NI-GPIB card. The
program for running this experiment was written in LabVIEW 2012 software (SRS 830) and
sampled at a rate of 1s per data point. All adsorption studies carried out at open circuit potential of
the working electrode measured with respect to a reference electrode. The morphology of the bare
ITO, phosphonic acid monolayer, and protein modified 1TO substrates were recorded through
FESEM (Ultra Plus, Carl Zeiss) and AFM (Agilent technologies).
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2.3 Results and Discussion:

2.3.1 Adsorption Kkinetics studies of PAs on ITO surface:

The adsorption kinetics of PPA, BuPA, BPA, ABPA, and DecPA onto the pretreated ITO strips
was followed by measuring the changes in the double layer capacitance at the selected frequency
as a function of time during the adsorption process. Subramaniam et al. earlier reported a similar
method for the measurement of adsorption kinetics of alkanethiols on a gold surface using
electrochemical impedance spectroscopy [11]. The process was shown to provide interfacial
capacitance changes that precisely correspond to the chain lengths of different alkanethiols
adsorbed on the gold surface.

Figure 1 shows the Bode plot of phase angle (®) vs. log f for (a). 0.1M NaF and (b). 10mM PPA
in 0.1M NaF solution respectively. From the above plot, it can be seen that the bare ITO exhibits
almost ideal capacitive behavior with phase angles close to 90° at lower frequencies (10Hz-0.1Hz).
Therefore, if an appropriate frequency chosen, the capacitance values can be derived directly from
the imaginary component of impedance (Z”), since the electrode-solution interface behaves as an

ideal capacitor at this frequency range with a capacitance given by equation (1),
C=1/2nfZ" (D

A frequency of 10Hz was chosen to monitor the interfacial capacitance changes to study the

adsorption kinetics of PAs onto hydroxylated 1TO surface.

Figures 2 (a-d) shows the normalized capacitance vs. time for ITO electrode in 0.1M NaF
supporting electrolyte containing 1mM, 5mM, 10mM, and 20mM PPA respectively with
measurements carried out at open circuit potential. The initial capacitance values were normalized
at different concentrations to unity as these values are dependent on the concentration of PPA in
the solution as indicated in the parenthesis of figure 2 caption. It can be seen from the figure 2,
that the capacitance decreases initially rapidly and later slowly to asymptotically reach a constant
value in all the cases. This variation is due to the adsorbed molecules forming a dielectric barrier
between the electrode and solution interface. As can be seen from figure 2, a little or no change in
the capacitance observed beyond the duration of the experiment (3600 seconds), showing that the
saturation coverage has reached. A closer observation of the plots reveals that ~70-75% of the
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adsorption takes place within the first 100 to 200 seconds followed by a slower process which in

any case does not extend beyond ~30-40 minutes for all the PAs studied in this work.
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Figure 1. Phase angle (®) vs. log f Bode plot for ITO in (a). 0.1M NaF and (b). 10mM .PPA +
0.1M NaF solution respectively.

The variation of capacitance with time can be employed to study the adsorption kinetics of PAs
onto the ITO substrate. Measurement of interfacial capacitance provides a convenient way of
measuring the surface coverage of organic adsorbates as it is dependent on the relative areas of the
covered and uncovered surface region [28]. The surface coverage (0) is the fraction of the adsorbed
surface with the monolayer. This can be obtained by using the expression:

0= (Co—Cp)/(Co— Cf) (2)

where C, is the capacitance of bare ITO substrate, C; is the capacitance at any time, and Csis the

capacitance of the fully covered monolayer.
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Figure 2. Normalized Capacitance vs. time curves for ITO in 10mM PPA in 0.1M NaF electrolyte
at ocp vs. SCE, (a). ImM PPA (14.93 uF/cm?), (b). 5mM PPA (15.67 uF/cm?), (c). 10mM PPA
(20.45 pF/cm?), (d). 20mM PPA (22.12 pF/cm?). The values in the parenthesis are the actual
initial capacitance (UF) in each case for 1cm? area. The standard deviation for the initial
capacitance measured for ITO electrode in 1mM PPA and 5mM PPA concentrations are
respectively 14.93 + 0.0585 pF /cm? and 15.67 + 0.1665 uF /cm?.

The adsorption kinetics studies conducted at three different concentrations of PAs, namely, 1mM,
5mM, and 10mM with three samples and the measured rate constants reported are the mean of
these measurements. The following adsorption models were considered for fitting either alone or

in combination to explain the experimental data [28,29]:

1. Langmuir model: Here, the dependence of coverage on the time of adsorption expressed
by the relation

6 =1— exp(—kt) (3)
2. Diffusion-controlled Langmuir model (DCL):
6=1- exp(—k\/t) (4)

where 0 is the fractional surface coverage at any instant of time (t) and k is the rate constant
of adsorption.

3. Purely diffusion controlled adsorption:
0 =kyVt (5)

where Ky is the diffusion rate constant given by
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ka = (227/, ..)  (6)

where B is the number of molecules per unit area at fractional coverage, c is the concentration,

and D is the diffusion coefficient.

Figure 3 shows the adsorption kinetics of PPA, ABPA, BPA, BuUPA, and DecPA at different
concentrations. While PPA and BPA are freely soluble in water, the other PAs dissolve easily only
below 10mM concentration. The analysis show two different time constants that can be fitted on
the coverage (0)-time (t) plots, in all the cases except for DecPA at 1mM concentration. The two-
step adsorption process was quite well studied in the case of adsorption of thiols on gold [4,11].
This behavior is reasoned as a rapid first step of adsorption forming an imperfect monolayer
followed by a slower process of reorganization and enhanced packing of the film [30,31]. Similarly
in the case of PAs, the adsorption kinetics initially follows the diffusion controlled Langmuir
mechanism which is followed by the Langmuir adsorption isotherm. During the first step, 70-75%
of the final coverage attained and the second slower step extends for the rest of the coverage. This
behavior closely resembles adsorption of organic thiols on gold [32]. If it is assumed that the
adsorption behavior of PAs on ITO is similar to thiols on gold, then, the first step corresponds to
the rapid adsorption of PAs to the ITO surface without any organization. Since the initial
adsorption of PAs on the surface is rapid, the process of diffusion of the adsorbing species through
the Nernst diffusion layer to the electrode surface controls the overall rate during this initial stage.
Hence, the adsorption during the initial phase follows the diffusion controlled Langmuir
mechanism. Later in the second step, the adsorbed PA molecules attempt to reorganize their
structure by deformation from the lying down phase to aligning phase which is normal to the
surface [30,31]. During this step, PA molecules align and form an organized monolayer. During
the second step, the lateral order in the monolayer increases. The adsorption rate increases with
increase in the concentration of PAs as is obvious from the figure 3A. Maximum coverage is
attained only at the highest concentrations of 20mM in the case of PPA and BPA, whereas it is
10mM in the case of the rest of the PAs. In fact, the maximum monolayer coverage is obtained
only after 4-5 hours of adsorption (figure 4). However, at lower concentrations, there is an initial
rapid rise in the coverage followed by a distinct plateau region that asymptotically reaches a
surface coverage of less than one. The rate constants of PA adsorption on ITO is shown in Table

1. In the case of thiol adsorption on the gold surface, 1mM concentration is sufficient to get full
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coverage in contrast to the PAs on ITO where nearly 10-20 times of this concentration are needed
to get maximum surface coverage [11]. In this work, three trials were conducted for the PPA
experiment at ImM and 5mM concentrations to check the validity of the adsorption kinetics
experiment and averaged out the values to get the coverage value which used for measuring the

rate constants for various concentrations.

It can be seen from the Table 1 that PPA shows higher adsorption rate constant compared to the
rest of the PAs. This high adsorption rate for PPA can be attributed to the high affinity of the
hydrophilic interaction between hydroxylated 1TO surface and the terminal carboxylic group of
PA. This assumption validated by the fact that the adsorption rate constants for the rest of the PAs
are comparatively less and the decrease in the adsorption rate constants follow the increasing
hydrophobic nature of PAs. The concentration-dependent rate constants also show a decreasing
trend with the increase in concentration. The variation in the rate constant values follow the order
according to the increasing hydrophobic nature of the PAs viz., PPA> ABPA> BPA~ BuPA >
DecPA. The DecPA has the highest hydrophobic behavior compared to the other PAs under study,
which therefore adsorbs slowly at 1mM and 5mM concentrations. Interestingly, at higher
concentration of 10mM, DecPA shows higher adsorption rate constant. The reason for this counter-
intuitive behavior is that above 2.7mM, DecPA forms micelles to avoid hydrophilic-hydrophobic
interactions between water and decyl chains of DecPA [33]. These micelles project the hydrophilic
PA group outwards and hydrophobic alkyl chains inside the aqueous medium. Since the
hydrophilic PA groups are on the outside of the micelle, they show a higher affinity to bind with -

OH groups of ITO resulting an increase in the rate of adsorption at this concentration.

There are very few reports in the literature on adsorption kinetics studies of PAs on ITO surface.
Paniagua et al. studied the growth of pentafluorobenzylphosphonic acid onto ITO employing XPS
studies [7]. Jo et al. studied the adsorption kinetics of PPA, PHA, and PUA using electrochemical
impedance spectroscopy (EIS) [34]. In both of the above studies, the adsorption kinetics
measurements were carried out for several hours and fitted with Langmuir adsorption isotherm
with a single time constant. From our studies, we find that the 75% of adsorption of PAs takes
place rapidly at short time scales of within 200s and therefore short timescale measurement is
crucial for getting information on the initial stages of adsorption. Interestingly, these studies show
that there are two time constants, the first of which is diffusion controlled Langmuir (DCL) which
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is followed by Langmuir adsorption unlike a single time constant measured for the Langmuir

kinetics in the earlier reports [7,34].

Table 1 lists the rate constants calculated for different PAs using DCL model (plot of 8 vs. t*/2) for
1ImM, 5mM, 10mM, and 20mM concentrations. In the case of 1mM DecPA, the reaction fitted to

pure diffusion control kinetics. The latter behavior may be due to the long chain of the DecPA

molecule which needs to be at proper orientation on the surface for effective adsorption. At low

concentrations, the diffusion of the molecules from the solution to the surface controls the

adsorption process and therefore the rate constants.
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Figure 3. Adsorption curves of different PAs with 0.1M NaF as supporting electrolyte
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3-Phosphonopropionic acid (a). 1mM, (b). 5mM, (c). 10mM, (d). 20mM
4-Aminobenzylphosphonic acid (a). 1mM, (b). 5mM, (c). 10mM
Benzylphosphonic acid (a). 1mM, (b). 5mM, (c). 10mM, (d). 20mM
Butylphosphonic acid (a).1mM, (b). 5mM, (c). 10mM

Decylphosphonic acid (a).1mM, (b). 5mM, (c). 10mM
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Figure 4. A plot of capacitance vs. time for 10mM BPA in 0.1M NaF supporting electrolyte.

Table 1. Rate constants of Kads (52), Kc (M s2) PA adsorption onto ITO in 0.1M NaF solution

for different PAs obtained using DCL model at 1mM and 10mM concentrations.

PA 1ImM smM 10mM 20mM
Kads Kec Kads Ke Kads Ke Kads Kec
PPA 0.03 31.9 0.057 11.4 0.159 | 15.9 | 0.054 2.7
ABPA 0.02 26.0 0.04 7.8 0.059 5.9 ---
BPA 0.026 26.0 0.034 6.8 0.032 3.2 0.01 0.5
BuPA | 0.025 25.0 0.029 5.8 0.036 | 3.6
DecPA | 0.005* 5.0* 0.001 0.2 0.085 8.5 ---

* purely diffusion controlled adsorption following equation (6).

2.3.2 Immobilization of biomolecules:

Virtually all physiological processes in living matter occur in the aqueous medium, which means
for immobilization study of the species by electrochemical methods, the bio-molecules need to be
positioned on the surface of the electrode with the hydrophilic domain as a supporting structure.
Besides, the hydrophilic support should allow penetration of water-soluble species by the process
of diffusion to gain access to the immobilized bio-molecular species. For example, in the study of
enzyme-catalyzed reactions, the enzyme molecules should maintain the spatial arrangements in

water to retain its maximum activity. The hydrophilic support also helps to avoid any non-specific
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interactions of a hydrophobic moiety which may deactivate the enzyme and denature it. The
molecules containing hydrophilic groups like amide, epoxides, hydroxyl groups or even charged

groups like carboxylate ions, sulfo groups, amines, etc. have all been used as support [35-45].

The adsorption of redox active heme protein cyt ¢ and urease on ABPA and PPA modified ITO
electrode is studied in this work. The surface structure of cyt ¢ has been characterized by using
AFM. Being a soft surface after adsorption of protein molecules, the imaging was carried out in
non-contact mode and the displayed AFM images are phase contrast images that define the soft

features more prominently.

2.3.3 Non-contact mode AFM studies:

Figure 5A shows the phase AFM images of (a) bare ITO, (b) ABPA/ITO, and (c) cyt c/ABPA/ITO.
Figure 5B (a,b) shows the surface morphologies of PPA/ITO and cyt c/PPA/ITO surface
respectively. While the bare ITO exhibits typical crystalline morphology, the ABPA modified ITO
surface while retaining the essential crystalline features presents spherical and marginally larger
domain structures. Figure 5A (c) corresponds to the cyt c immobilized ABPA/ITO electrode which
shows distinct elongated and stripe-like features formed by the non-covalently immobilized cyt c.
The average roughness (Ra) values reflecting the surface heterogeneity of the samples calculated
from AFM images. These values for bare ITO, ABPA/ITO, and cyt c/ABPA/ITO are 0.7nm, 1nm,
and 1.7nm respectively. The variation in Ra values show that there is a definitive increase in the
roughness of the surface after cyt ¢ adsorption on ABPA/ITO.

Figure 5B (a,b) corresponds to the AFM images of PPA/ITO and cyt c/PPA/ITO substrates. After
immobilizing cyt ¢ onto PPA/ITO, the grain morphology of the substrate vanishes producing the
stripe-like features of cyt ¢ on the PPA/ITO surface seen in figure 5B (b). The average roughness
(Ra) values for the PPA/ITO and cyt ¢/PPA/ITO are 0.7 and 2.1nm respectively indicating a

significant increase in the roughness values after cyt ¢ adsorption.

The different morphological features of the cyt ¢ protein on ABPA/ITO and PPA/ITO surfaces can

be attributed to the different affinities of the protein towards these two monolayers.
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Figure 5. Phase AFM images of (A.) (a). Bare ITO, (b). ABPA/ITO and (c). Cyt c/ABPA/ITO,

(B.) (). PPA/ITO and (b). Cyt ¢/PPA/ITO.

2.3.4 Adsorption Kkinetic studies of cyt c on ABPA/ITO and PPA/ITO surfaces:

The adsorption kinetics of cyt ¢ onto ABPA/ITO and PPA/ITO were studied by monitoring the

capacitance changes during the adsorption of protein.

Cytochrome c is a biomolecule which is quite well characterized in electrochemistry since it is a
redox protein with heme groups that can undergo electron transfer reaction after the surface
immobilization. It is hydrophilic and positively charged below pH=10. Waldemar et al. extensively
studied the immobilization of cyt ¢ on amino terminated thiols and found that cyt ¢ does not
denature after immobilization in phosphate buffered solutions contrary to the previous reports [39].
This behavior was explained by the fact that phosphate ions specifically adsorb onto the amine-
terminated SAMs, thereby creating a net negative charge on the surface. The negative charge on
the surface leads to the adsorption of positively charged cyt ¢ on the surface while at the same time
without loss of any of its activity after immobilization. Chen et al. successfully immobilized cyt ¢

on amino terminated thiols without denaturation of the protein [46]. Figure 7 shows the
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electrochemical reduction of hydrogen peroxide on cyt ¢ adsorbed ABPA/ITO and PPA/ITO
surfaces which confirms that cyt c retains the redox activity even after surface immobilization and
adsorption on PA modified surface. In both the above cases, the protein adsorbs in a conformation
that allows rapid exchange of electrons between its heme group and the electrode surface. It was
also suggested that carboxyl terminated SAMs have surface inhomogeneity arising due to

protonation and deprotonation of carboxyl groups [39].

Figure 6A shows the coverage vs. time plots for cyt ¢ onto ABPA modified ITO electrode
measured using the imaginary component of impedance at a constant frequency of 10Hz. We
monitored the adsorption below 100ug/ml cyt ¢ concentration, as the final coverage attained
corresponds to maximum adsorption for cyt ¢ beyond which there is no further increase. The
adsorption data were fitted to the plot using the expression proposed by Jose et al. which represents

Langmuir adsorption Kinetics with two successive times viz.,[43]
0 =A;(1 —exp(—kqt)) + A,(1 — exp(—k,t)) (7)
where k;and k, — adsorption rate constants

The rate constant depends on the concentration of cyt ¢, and it is directly proportional to the
concentration of the adsorbing species.

Therefore, ky = k.,C and k, = k., C (8)
where K¢i, k.2 —concentration-dependent rate constants

This concentration-dependent rate constant changes with the concentration of protein adsorbing
onto the modified surface. Since most of the adsorption occurs in the initial stages, the first

adsorption rate constant corresponds to the surface anchoring of protein molecules.

Figure 6B shows the adsorption kinetics of the cyt ¢ on the PPA modified ITO electrode at (a).
50pg/ml and (b). 100pg/ml concentrations respectively. In this case, too, cyt ¢ adsorption follows
two different rate constants. The two different rate constants attributed to initial fast adsorption
followed by slower reorganization of the cyt ¢ on the monolayer modified electrode.

Jose et al. studied the adsorption kinetics of cyt ¢ onto a glass surface and measured 2.2s™ as the

rate constant for adsorption of protein using time-resolved optical waveguide spectroscopy up to
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a short time scale of 10 seconds [43]. They find that after initial fast adsorption of protein, there is
a slower process of rearrangement on the surface. Shrikrishnan et al. have earlier studied the
adsorption kinetics of alkaline phosphatase enzyme onto 3-mercaptobenzoicacid (MBA) on the
gold electrode in phosphate buffer and measured the adsorption rate constant to be 0.23s™ by fitting

with Langmuir adsorption isotherm with a single time constant [44].

From Table 2, it can be seen that cyt ¢ adsorbs faster onto the ABPA/ITO compared to the PPA/ITO
surface. ABPA which is an amine terminated phosphonic acid positively charged at pH=7, at
which the study conducted. These positively charged amine groups are solvated by phosphate
groups in solution, which results in a negative charge on the surface that facilitates faster
adsorption of cyt c. However, on PPA with the carboxyl terminated monolayer being

inhomogeneous the adsorption process takes place slowly.
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Figure 6. Coverage (0) vs. time (t) plot for adsorption of cyt ¢ onto (4) ABPA modified ITO
electrode (a) 50ug/mL cyt c, (b) 100ug/mL cyt ¢, (B) PPA modified ITO (a) 50ug/mL cyt c, (b)
100ug/mL cyt ¢ in 0.2M phosphate buffer solution of pH=7.
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Table 2. Rate constants of adsorption of cyt ¢ and urease on modified ITO.

Concentration Kads (51) Ke (M1 st

ABPA PPA | ABPA | PPA

50pg/mLcytc | 0.0205 | 0.0093 | 410 | 190
100ug/mL cytc | 0.0446 | 0.0129 | 446 | 129

Figure 7 shows the cyclic voltammetric behavior of (A). cyt c/ABPA/ITO and (B). cyt c/PPA/ITO
electrodes towards the addition of 1mM H202 increments for each experiment. The current begins
to increase at potentials more negative to -0.1V vs. SCE on the addition of H,O> due to its reduction
to HO5 ions by cyt c. The current saturation occurs for the cyt c/ABPA/ITO electrodes at 5mM and
4mM in the case of cyt c/PPA/ITO electrode.
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Figure 7. Cyclic voltammograms of (A). Cyt c/ABPA/ITO and (B). Cyt ¢/PPA/ITO in 0.1M
phosphate buffer solution of pH=7.0 on the addition of ImM H20- in increments (b-f).

Electrochemical sensing behavior of cyt c immobilized on hydrophilic terminated phosphonic acid

modified electrodes were studied using chronoamperometry technique by the addition of 0.5mM
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H>0> at 30 seconds interval for 300 seconds. Figure 8A shows chronoamperograms obtained for
cyt ¢ immobilized on ABPA/ITO (figure 8A (b)) coated electrodes along with the response of the
monolayer coated electrode (figure 8A (a)). A similar response also seen for PPA coated ITO
electrode, with the addition of 0.5mM H:O: to (a). PPA/ITO electrodes and (b). cyt c immobilized
on PPA/ITO electrode. The response shown by the protein modified electrodes suggests that
adsorbed cyt ¢ protein is stable on the surface and retains its native state. Cyt c/ABPA/ITO
electrode shows better sensitivity for the addition of H.O> compared to cyt c/PPA/ITO which can
be inferred from figures A and B in figure 8. The difference in sensing behavior can be attributed
to the electrostatic attraction between positively charged cyt ¢ and negatively charged ABPA
(negative charge on ABPA arises due to the adsorption of negatively charged phosphate ions over
positively charged monolayer) [39]. Due to the electrostatic interactions, the positively charged
cyt ¢ lies close to the electrode surface due to which cyt c/ABPA/ITO exhibits better
electrochemical response. Moreover, 4-aminobenzylphosphonic acid consists of electron rich
phenyl group which provides a facile pathway for the electron transfer between heme protein and

electrode surface.

Ags B

W

”) 1
2|+ i
e -21 _‘—L_
= 6 b &b
-84 _ ' 2 -31 ’
0 100 200 300 0 100 200 300
Time (s)

Figure 8. Chronoamperometry curves for 0.5mM H.O; standard addition (A) (a) ABPA/ITO,
(b) Cyt c/ABPA/ITO, (B) (a) PPA/ITO, (b) Cyt c/PPA/ITO.

2.3.5 Adsorption Kinetic studies of urease on ABPA/ITO and PPA/ITO surfaces:

Urease, an enzyme belongs to the super family of amidohydrolases and phosphotriesterases. It is

found in numerous bacteria, fungi, algae, plants, and some invertebrates, as well as in soils [47,48].
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It is a nickel-containing metalloenzyme of a high molecular weight of 480kDa. It catalyzes the

hydrolysis of urea into carbon dioxide and ammonia.

NH,CONH, + H,0 > (0, + 2NH, 9)

The active site of the urease consists of dimeric nickel center, with an interatomic distance of
~3.5A [49]. The water molecules are located towards the opening of the active site and form a
tetrahedral cluster that fills the cavity site through hydrogen bonds, and the urea binds to the active
site for the reaction, displacing the water molecules. The amino acid residues participate in the
substrate binding, mainly through hydrogen bonding, stabilize the catalytic transition state, and
accelerate the reaction.

Urease enzyme can be immobilized onto various supports through entrapment, copolymerization,
encapsulation, non-covalent, and covalent binding depending on the nature of the support.
Stability and retaining the activity of the enzyme is the main criterion of immobilization [50-52].
Selvamurugan et al. studied the stability of urease immobilized on various matrices and their
applicability towards urea sensing and suggested that covalently immobilized urease on Nylon
beads show better stability and activity compared to the Ca-alginate trapped urease enzyme [52].
Shrikrishnan et al. have studied the adsorption kinetics of urease enzyme immobilized on 3-
mercaptobenzoic acid (3-MBA) on gold. The urea-urease kinetics were studied by monitoring the
imaginary component of impedance with the addition of urea near the urease immobilized 3-
MBA/gold electrode [44].

Figure 9 shows the coverage vs. time adsorption plot for 100 and 250ug/ml of urease in solution
onto ABPA/ITO and PPA/ITO surfaces. While, for 100ug/ml, the adsorption rate constant follows
diffusion controlled Langmuir (DCL) kinetics, at higher concentration of 250ug/ml it follows the
Langmuir adsorption kinetics with a single time constant. It can be seen from Table 3, that the rate
of adsorption of urease on PPA is comparable with that of cyt ¢ (Table 2). Urease activity has been

studied using urea as a substrate at different concentrations.

Figure 10 gives a schematic representation of the reaction between urea and urease enzyme. Urea
sensing studies were carried out by monitoring the interfacial capacitance changes by the addition
of different quantities of urea near the (A). urease/ ABPA/ITO and (B). urease/PPA/ITO electrodes
in 0.1M phosphate buffer solution at a constant frequency of 10Hz (figure 11). Addition of urea to
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electrolyte system in the presence of non-covalently immobilized enzyme electrode resulted in the
production of ammonium and carbonate ions at the surface of these membranes. These ions alter
the electrostatic fields at the electrode/electrolyte interface of membranes. The increased
electrostatic attraction between the protein and the substrate results in variation of interfacial
capacitance at the interfaces. Therefore, there is a reduction in the number of trap-sites causing a

decrease in the interfacial capacitance of the electrode [53].
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Figure 9. Urease adsorption kinetics onto ABPA and PPA modified ITO electrode in 0.1M
phosphate buffer (A) (a). 100ug/ml urease, (b). 250ug/ml urease addition on ABPA/ITO, (B) (a).
100pg/ml urease, (b). 250ug/ml urease addition on PPA/ITO.

It can be seen from the figure 11, that the net change in capacitance increases with increasing
amount of urea in the electrolyte. Urease immobilized on PPA/ITO causes large changes even at
low concentration of urea, whereas urease on ABPA/ITO electrode needs a much large amount of
additions for significant variations to be observed. The difference in sensing behavior might be
attributed to the configuration obtained by urease after immobilization onto these substrates. The
minimum amount of urea detected is 0.2mM and 1mM respectively in the case of urease/PPA/ITO
and urease/ABPA/ITO electrodes.
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Figure10. Schematic representation of urea-urease reaction.
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Figure 11. Capacitance vs. time curves on (A). urease/ABPA/ITO (a). OmM urea, (b). ImM

urea, (c). 5mM urea, and (d). 10mM urea, and (B). urease/PPA/ITO, (a) OmM urea, (b).0.2mM
urea, (c). 0.3mM urea, (d).0.4mM urea, and (€). 0.5mM urea.

2.3.6 Hydrogen peroxide sensor studies on ITO:

The interaction of hydrogen peroxide (H202) with metal surfaces is significant because it is a

byproduct of various biological processes such as enzyme reactions of glucose oxidase [54],
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cholesterol oxidase [55], pyranose oxidase [56], xanthine peroxidase enzymes [57], and acts as a
substrate for reaction with proteins such as cytochrome c [58], catalase [59], etc. The reaction of
H>0, with the metal surfaces are largely mediated by hydrogen bonding between H>O> and surface
hydroxyl groups of the electrodes. Thus, a close interaction between the oxygen atoms of hydrogen
peroxide and the metal atoms are also present in the oxide [60]. Stewart et al. suggested that
peroxide undergoes reduction on surface hydroxyls of copper oxides by the dissociative adsorption
of peroxide forming HO; radicals [61]. One of these radicals can further abstract an H atom
initially bound to surface oxygen and form H20. Cai et al. earlier reported that indium tin oxide
film coated glass substrates can be used as a non-enzymatic amperometric hydrogen peroxide
sensor. The peroxide sensitivity of the ITO substrate determined through chronoamperometric
technique [62]. Reddy et al. studied the electrocatalytic behavior of template electrodeposited
copper/copper oxide nanoparticles formed on pencil graphite lead substrate towards hydrogen
peroxide sensing [63].

To evaluate the catalytic efficiency of indium tin oxide towards hydrogen peroxide (H20.), cyclic
voltammetric (CV) and chronoamperometry experiments were performed. Figure 12 shows cyclic
voltammetry and chronoamperometry response curves for the successive addition of 1mM H20-
in 0.1M phosphate buffer solution at pH 7. Indium tin oxide (ITO) reduces hydrogen peroxide to
water at -0.15V vs. SCE. As observed from the figure 12A, CV shows increasing current response
with the hydrogen peroxide addition at the negative potential region.

Chronoamperometric studies were carried out with the successive addition of 1ImM HO, for the
30-second interval at a constant applied potential of -0.2V vs. SCE in a solution containing 0.1M
phosphate buffer at pH 7.0 (Figure 12B). The sensitivity of ITO substrate for H>O2 is measured to
be.1.75pA/mM.

Figure 13 shows the cyclic voltammograms of bare ITO electrode in 1mg/ml of GOx solution using
0.1M phosphate buffer by increasing the concentration of glucose by 0.5mM during each addition.
Glucose oxidase in the presence of oxygen converts glucose to gluconic acid and hydrogen
peroxide. Hydrogen peroxide which is a by-product of this enzyme-substrate reaction undergoes
electrochemical reduction at the ITO surface. The current increase during each experiment is the
result of the production of the equivalent amount of hydrogen peroxide evolved due to the enzyme-

substrate reaction. The reaction becomes saturated over the concentration of 5mM of glucose
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addition to the electrolyte solution. The enzyme kinetics of glucose oxidase and glucose reaction

is followed by monitoring the hydrogen peroxide concentration near the electrode surface.
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Figure 12. (A). Cyclic voltammetric and (B). Chronoamperometric curves for ITO electrode in

0.1M phosphate buffer solution with increments of 1mM H.Ox.
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Figure 13. Cyclic voltammetric curves for bare ITO electrode in 1mg/ml GOy solution of 0.1M

phosphate buffer with increments in addition of glucose by 0.5mM each experiment.

Glucose + 0 — =—3 Gluconic acid + H,0, (10)

H,0, =——> 0,+ H,0 (11)
Figure 14 shows the (A). chronoamperometric response curves with the incremental addition of
glucose to the electrolyte solution and (B). Michaelis-Menten curve for calculation of Michaelis-

Menten constant (km) value for the glucose oxidase enzyme Kinetics. The electrolyte solution
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consists of 1mg/ml concentrated glucose oxidase solution and is continuously stirred using a
magnetic stirrer. The byproduct of glucose oxidase-glucose reaction is hydrogen peroxide. The
released peroxide is electrochemically reduced on the ITO surface which results in the
corresponding increase in the current. The increase in currents reaches saturation after the addition
of 5mM glucose suggesting the saturation of the enzyme activity. Figure 14B shows the Michaelis-
Menten curve for the reaction. The rate of generation of H.O, measured from figure 14A. The
Michaelis-Menten curve shown in figure 14B, where the rate of generation of H,O> plotted against
H202 concentration.
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Figure 14. (A). Chronoamperometric curves of sequential concentration increments (5 x 10
mol/l) at an ITO electrode which is immersed in 1mg/ml concentrated GOy solution in 0.1M

phosphate buffer solution; operating potential -200mV (B). Michaelis-Menten curve obtained for
glucose oxidase-glucose enzyme kinetics. (km=2.16mM).

2.4 Conclusions:

The adsorption kinetics of different phosphonic acids and proteins on functionalized ITO were
studied. It is found that the adsorption kinetics of PAs correlate very well with the nature of the
terminal functional groups and their hydrophobic nature. It is further demonstrated that the
enzyme, such as urease and heme protein cyt ¢ can be immobilized onto the modified surface while
retaining their protein activity, thereby providing a completely stabilized monolayer/enzyme or
monolayer systems. Except for DecPA at lower concentrations, all PAs follow two rate constants

for adsorption onto ITO electrode. The adsorption kinetics of a heme protein cyt ¢ and an enzyme
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urease onto ABPA/ITO and PPA/ITO surfaces have also studied. The cyt ¢ adsorption follows two

rate constants, Langmuir adsorption in both the steps In the case of urease, it follows diffusion

Langmuir adsorption at low concentration and Langmuir adsorption at high concentrations with a

single time constant.

Finally, it is shown that hydroxylated ITO surface can be very sensitive to H20 detection as

demonstrated by using cyclic voltammetry and chronoamperometry studies. This method has been

applied for sensing glucose in the presence of glucose oxidase enzyme, and the Michaelis-Menten

constant was determined using hydroxylated ITO electrode surface.
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Chapter 3

Adsorption Kinetics and electron transfer reactions
on self-assembled monolayers (SAMs) of long chain
alkylphosphonic acids, silanes, and carboxylic acids

on Indium Tin Oxide (ITO) surface

3.1. Introduction:

Electron transfer behavior at the electrode/solution interface can be controlled by chemically
modifying the electrode surface. For example, organic thiol molecules can be used for modifying
the noble metal surfaces due to their high affinity towards them. Thiol-modified surfaces have
been extensively studied for the application towards bio-sensors, molecular electronics, micro
arrays, etc [1-5]. Recently, there have been several reports of using cheaper alternatives to gold as
a substrate for similar applications [6-8]. For example, transparent conducting oxides (TCOs)
show excellent affinity towards phosphonic acids (PAS), silanes, and carboxylic acids (CASs). They
form monolayers which adsorb onto surface through bidentate binding [9-11]. It was reported that,
thiols can be removed by putting a load of 80nN on the modified surface, whereas to remove the
monolayers on oxide substrates a larger force of 400nN was required [12]. This shows that the

monolayers formed on ITO surfaces are strongly bound and quite stable.

Jo et al. [13] studied the formation kinetics and electrochemical behavior of phosphonic acids of
three different alkyl chain lengths by using CV and EIS, with [Fe(CN)s]*’* as a redox probe and
suggested that blocking behavior of PA monolayer increases with increasing its chain length.
Binding behavior of siloxane and phosphonate monolayers were compared by using dynamic
contact angle experiments on Ti alloy [14]. Gardner et al. studied the coverage of the phosphonic
acid and carboxylic acid monolayers onto indium tin oxide substrates and found that phosphonic
acid covers the substrate four times more compared to its counterpart [15]. Xiao et al. studied the

frictional properties of alkylsilanes of various chain lengths on mica substrate [16]. Felhési et al.
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studied the formation kinetics of alkyl phosphonic acids on mica [17] substrate and oxides of iron
using AFM technique [18]. Lim et al. fabricated In,O3 nanowires by modifying with ODPA to
improve the quality of the nanowire transistors [19]. Okahata et al. studied the electron transfer

reactions on silane modified SnO; electrode [20].

Several surface sensitive experimental techniques like infrared spectroscopy (IR), surface plasmon
resonance (SPR), quartz crystal microbalance (QCM), ellipsometry, second harmonic generation
(SHG), atomic force microscopy (AFM), electrochemical impedance spectroscopy (EIS), and
cyclic voltammetry (CV) have been used for following the in situ adsorption behavior of self-

assembled monolayers [21-28].

There have been several reports on the modification of work function of ITO surface by using
phosphonic acid SAMs. Paniagua et al. and wood et al. studied the work function changes of ITO
on modifying it with fluorine substituted benzyl phosphonic acids [11,29]. Li et al. described a
systematic study of PA/ITO interface by considering a variety of binding sites and coverage
densities which provides a very good insight into the modification of ITO by PA molecules [30].
It was also reported that crystalline structure of ITO plays an important role in defining the order

of the monolayer [31,32].

Till now, there are no reports on electrochemical studies of the monolayers formed by PAs, silanes,
and CAs on ITO in terms of their electron transfer Kinetics to understand their blocking behavior
using different redox species. There is also no reference to any comparative study of the three
different monolayers in terms of their wetting behavior, adsorption kinetics, and electron transfer
blocking properties. In this work, we report the results of our study using different redox probes
on the monolayers formed by PAs, silanes, and CAs on ITO surface. Such a study is important

from the point of view of applications ranging from bio-sensors to organic electronics.

The electrochemical behavior of modified ITO electrode is studied by using cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS). Morphological properties of the
modified ITO were characterized by using atomic force microscopy (AFM). Compactness of the
monolayers was studied using contact angle (CA) experiments. By using CV and EIS, the blocking
behavior of monolayers was studied towards ferro/ferricyanide redox couple on modified

electrodes.
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3.2. Experimental Section:
3.2.1. Chemicals:

All chemicals used in this study were analytical grade (AR) reagents hexadecylphosphonic acid
(97%  purity,  Aldrich),  octadecylphosphonic ~ acid  (97%  purity,  Aldrich),
hexadecyltrimethoxysilane (85% purity technical grade, Aldrich), octadecyltrimethoxysilane
(90% purity technical grade), palmitic acid (99% purity, Aldrich), and stearic acid (95% purity
reagent grade Aldrich). Solvents used are toluene (AR grade, SDFCL), hexane (AR grade,
SDFCL), and ethanol (absolute for analysis, Merck chemical). Hydrogen peroxide (30% pure,
SDFCL), ammonia solution (25% AR Grade, SDFCL chemicals limited), were used in our study
as received. Millipore water having a resistivity of 18MQcm was used to prepare all aqueous
solutions employed in this work. ITO coated glass plates were purchased from Xin Yan
Technology Ltd. This plate (355mm X 406mm X 1.1mm) is a single side polished, SiO> passivated
float glass coated with ITO film. For electrochemical studies, this large plate was cut into small

pieces of pre-defined geometric area and was used as strips.
3.2.2. Fabrication of electrodes and electrochemical cell:

An electrochemical cell with a conventional three electrode configuration was used for the
adsorption and electrochemical study. A platinum foil (Pt) and a saturated calomel electrode (SCE)
were utilized as counter and reference electrodes respectively. The pre-treated ITO and modified
ITO substrates were used as working electrodes for studying the kinetics of adsorption of
molecules under study and their electron transfer behavior. Initially, ITO pieces were cleaned
ultrasonically using acetone, ethanol and Millipore water for 15 minutes each. These were then
removed and immersed in aqueous solution consisting of hydrogen peroxide, liquid ammonia and
water in the ratio of 1:3:10 about an hour. Later, these strips washed thoroughly with Millipore
water and immediately used for analysis. This method is known to produce well covered hydroxyl
functionalization on the surface. The specimen was held by an electrode holder with a well-defined
area exposed to the electrolyte with the remaining portions well insulated by covering with

parafilm and Teflon.
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3.2.3. SAM preparation:

Monolayers were prepared by immersing the pre-treated ITO substrates in 10mM solutions of
HDPA, ODPA, HDTMS, ODTMS, PTA, and STA of ethanol, hexane, toluene, and neat adsorbate
(except for phosphonic acids) for 12 hours. Later the SAM modified ITO electrodes were taken
out, sonicated in respective solvents to remove any traces of loosely attached adsorbates. Further,
these modified ITO strips (except PA/ITO and SA/ITO) were dried in an oven at 80°C for an hour
and allowed to cool to room temperature for few hours and used for electrochemical and

morphological characterizations.
3.2.4. Instrumentation:

Adsorption kinetics experiments were conducted using EG&G PAR potentiostat connected to SRS
Model SR830 DSP lock-in amplifier. The whole set up is connected to the computer through NI-
GPIB card. The program for monitoring the impedance changes with time was written using
LabVIEW 2012 software and sampled at a rate of 1s per data point.

The contact angle (VCA Optima XE) measurements were carried out using different volumes of
water. The values presented here are for an optimized volume of 5ul. The morphology of the bare
ITO and modified ITO substrates were imaged using AFM (Molecular Imaging). Cyclic
voltammetric experiments were conducted using EG&G PAR potentiostat. Electrochemical
impedance spectroscopy (EIS) studies were carried out using an EG&G potentiostat (Model 263A)
interfaced to a model 5210 lock-in-amplifier and controlled using PowerSine software and

computer.

Measurement of initial capacitance at time t = 0 is similar to our earlier work on the kinetics of
adsorption of alkanethiols on gold surfaces and formation of PAs onto ITO [26,33]. First, bare ITO
of 10mm? area was dipped in 0.1M TBATFB solution and allowed to attain a constant impedance
value which normally takes about 10 minutes. The change in capacitance observed in absence of
adsorbate was negligible compared to the capacitance changes observed in the presence of
adsorbate. The procedure adopted for measurement of capacitance during adsorption of PAs, CAs,
and silane species is as mentioned above. The ITO electrode is dipped in the specific SAM solution

of a given concentration in 0.1M TBATFB and the capacitance is followed as a function of time
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(t) till the value reaches a plateau or the change in the value of capacitance (Cs) with time is at a

minimum.
3.3. Results and discussion:

Indium tin oxide (ITO) electrode is modified with two homologues of longer alkyl chain
phosphonic, silanes, and carboxylic acids of similar chain lengths. Adsorption kinetics studies
were conducted by using impedance spectroscopy at constant frequency. The electrochemical
behavior of modified ITO is studied using negatively charged redox couple i.e. potassium
ferro/ferricyanide redox species. The blocking behavior of corresponding monolayers were studied
using cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS).

3.3.1. Contact Angle measurements:

Surface wettability of the bare ITO and SAM modified ITO electrodes were analyzed using contact
angle measurements. A static sessile drop method was employed for the measurement of contact
angle and the values reported were the maximum value of contact angles measured at three
different locations of the sample. The equilibrium water contact angle of bare ITO (before
modification) exhibits a strong dependence on the pre-treatment method adapted for cleaning the
surface. As received ITO surface provides a contact angle of 80 + 1°, which reflects a higher
degree of hydrophobic nature of the substrate and upon pre-treatment by the method explained in
the material and methods, contact angle was found to decrease to 48 + 2° implying a hydrophilic
nature. This change indicates a significant increase in the composition of hydroxyl groups on ITO
surface as a result of pre-treatment method. The contact angle values obtained for bare ITO show
some deviation from the earlier reported values [28,34—-36]. This change in contact angle can be
attributed to the adsorption of atmospheric carbon dioxide onto the pre-treated ITO surface which
makes the surface hydrophobic [37]. After the formation of monolayers, contact angle values
found to increase significantly depending on the molecular structure of SAM formation on ITO
electrodes. Static water contact angles on ODPA/ITO, ODTMS/ITO, and STA/ITO are measured
to be 95.2 + 0.1°, 104.5 + 0.1°, and 93.9 £ 0.1° respectively. ODTMS monolayer exhibits a
higher contact angle value compared to all the other SAMs due to the formation of a compact
monolayer with a methyl group termination as in the case of SAMs of alkanethiols on gold surface.

ODPA/ITO and STA/ITO also show a relatively higher contact angle due to the presence of
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terminal methyl group implying the formation of an ordered hydrophobic SAM. The difference
mainly arises from the order of the monolayers. Based on our results, it can be considered that
SAM formation using PAs, silanes, and CAs on ITO electrodes and their surface wettability can
be strongly influenced by their molecular structure.

3.3.2. Morphological analysis using phase imaging AFM:

Morphological characterization of the bare ITO and modified ITO surfaces were carried out by
using phase imaging mode in atomic force microscopy. Figure 1 shows the phase images of (A)
bare ITO, (B) ODPA/ITO, (C) ODTMS/ITO, and (D) STA/ITO surfaces. Figure 1A shows that,
ITO surface features are in the form of grains with distinct boundaries in between individual grains.
Figure 1B shows that ODPA/ITO morphology in the form of thread shaped bundles arranged
compactly in a unidirectional order with very few voids on the surface. Figure 1C shows the
surface of ODTMS/ITO being covered in the form of layers almost following the crystalline
arrangement of ITO. STA/ITO surface (Figure 1D) morphology shows that the molecules of
stearic acid adsorb in the form of randomly oriented aggregates with numerous voids within the
monolayer. The phase AFM images support the results of electrochemical studies which show that
PA monolayers possess the most compact and the least permeable surface morphology, while
carboxylic acids form very poor film on ITO. The monolayers formed by silanes are quite compact
and better than carboxylic acid monolayers in terms of surface coverage and compact

morphologies, which is also reflected in good electron transfer blocking property of these films.
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Figure 1. Phase images of (a) Bare ITO, (b) ODPA/ITO, (c) ODTMS/ITO, and (d) STA/ITO

surfaces prepared from ethanol solvent.

3.3.3. Adsorption Kkinetics studies:
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Figure 2. Phase angle (@) vs. log f Bode phase plot of ITO in (a). 0.1M TBATFB electrolyte and

(b). 0.01M ODPA + 0.1M TBATFB solution respectively.
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Figure 2 shows the phase angle (®) vs. logarithm of frequency (f) plot for bare ITO in (a) 0.1M
TBATFB and (b) 0.01M ODPA + 0.1M TBATFB solution in ethanol using Ag/Ag* ion reference
electrode. At higher frequencies, the phase angle behavior of ITO gives similar response on the
application of applied 10mV AC voltage. However, at lower frequencies starting from 10Hz to
100mHz there is a significant deviation as seen in figure 2. The adsorption Kinetics experiments
were carried out at 10Hz by keeping the working electrode potential constant at open circuit
potential i.e., -0.365V vs. Ag/Ag® ion reference electrode during the entire experiment. This
ensures that the choice of frequency is valid for all the monolayers.

Figure 3 shows the capacitance (C) vs. time (t) plots for 0.01M HDPA, ODPA, HDTMS, ODTMS,
PTA, and STA respectively in 0.1M TBATFB supporting electrolyte dissolved in ethanol. The
capacitance values are normalized to 1cm? area of the electrode, since the ITO surface is not
atomically smooth and the roughness factor of the electrode was not considered for the area
correction. The initial capacitance values differ from each experiment depending upon the
hydroxyl density on ITO surface [31]. Thus, we followed a similar procedure for pre-treatment of
ITO surface in all monolayer cases to produce similar hydroxyl density. Electrochemical
experiments were carried out using 10mm? ITO strips and the capacitance values were normalized
to 1cm? area. The initial capacitance value obtained for each adsorbate on an average is around
12+1pF/cm?. From figure 3, it is shown that adsorption reaches its maximum coverage within an
hour for all the monolayer cases.

There are some reports on the adsorption kinetics studies of monolayers onto hydroxyl
functionalized ITO surfaces. They have mostly studied the kinetics in the time scale of hours and
days [13,33,38]. Whereas in this work, the adsorption kinetics studies have been carried out at
shorter intervals as it provides critical information on the initial stages of adsorption. It will be
shown here, that adsorption of these monolayers takes place in two distinct Kinetic steps. The first
kinetic step of SAM formation represents, (i) the spontaneous growth of low-density lying down
phase where the molecular axes of the adsorbed molecules are parallel to the substrate, and (ii) the
transition from lying down phase to the dense standing-up phase where the molecular axes tilt is
~30-45° in the case of phosphonic acids and silanes while in the case of carboxylic acid

monolayers, the molecular tilt is around ~15-25° from the surface normal [39-41]. The second
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step, advances via the interaction of neighboring molecules in order to form a new island nucleus

or incorporation of a molecule at the boundary of an already formed island.

The development of PAs, silanes, and CAs of n = 16, 18 alkyl chain lengths on ITO surfaces from
ethanol solutions in 0.1M TBATFB supporting electrolyte were studied over a period of 1 hour.
In figure 4, the coverage vs. time curves for adsorption of 10mM concentrated solution of HDPA,
ODPA, HDTMS, ODTMS, PTA, and STA are presented. A fast first kinetic step that lasts for
about 600s and a second much slower step that leads to a maximum coverage. In the first step,
80% of the maximum coverage is reached for C1s monolayer, while in the case of C1s monolayer,
60% of the maximum coverage is attained during this period. The monolayer coverage is the
fraction of the surface adsorbed with the monolayer film. It can be calculated using the expression
[26,42]:

6 = (Co = C)/(Co — Cp) (1)

where Co is the bare ITO electrode capacitance, Ct is the capacitance of the electrode at any time

t, and Csis the capacitance of the maximum coverage of the monolayer.

The kinetics of the adsorption is fitted with two models, diffusion Langmuir adsorption (DL) and
Langmuir adsorption. The DL model involves the diffusion of the molecule towards the favorable
site for surface anchoring and subsequent growth of the lying-down phase while the organization
of the standing up phase explains the Langmuir adsorption kinetics. Table 1 show the rate constant
of adsorption for the HDPA, ODPA, HDTMS, ODTMS, PTA, and STA monolayers. The rate
constant of C1e monolayer is larger compared to its C1g homologues. From Table 1, it can be seen
that the formation rate constant decreases with increase in the chain length of the adsorbate
molecule which can be assumed from the solubility of the adsorbate in ethanol solvent with

increase in its chain length.
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Figure 3. Capacitance (C) vs. time (t) curves for 0.01M (A) HDPA, (B) ODPA, (C) HDTMS, (D)
ODTMS, (E) PTA and (F) STA respectively in ethanol using 0.1M TBATFB as supporting

electrolyte.
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Table 1. Concentration dependent rate constants for adsorption of PAs, silanes and CAs in

ethanol solvent.

Substrate Kei (M1 512) Ke2 (M1s1)
HDPA 3.83 291
ODPA 1.85 0.53

HDTMS 4.68 0.09
ODTMS 0.16 0.67
PTA 3.95 0.48
STA 0.11 0.48

3.3.4. Electron transfer studies:

3.3.4.1. Bare ITO:

Figure 5 represents the (A) cyclic voltammogram and (B) Nyquist plot at half peak potential of the
[Fe(CN)s]*"* (ImM) redox couple using 0.1M NaF supporting electrolyte on bare ITO. From
figure 5A, the CV of the redox couple on bare ITO shows quasi-reversible electron transfer
behavior with a peak separation of 100mV. The Nyquist plot of the redox couple in figure 5B
shows a small semi-circle at high frequencies which is followed by a straight line at lower
frequencies suggesting that electron transfer is controlled by diffusion of redox species in the
solution. The charge transfer resistance (Rct) value for the electron transfer reaction of
ferro/ferricyanide redox couple on bare ITO is measured to be 5.1Qcm? obtained by fitting the

impedance data with Randles equivalent circuit.
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Figure 5. (A) CV and (B) EIS plots of ImM [Fe(CN)s]*>/* redox couple using 0.1M NaF as

supporting electrolyte on bare ITO electrode.
3.3.4.2. Phosphonic acid modified ITO:

From the CVs shown in figure 6 (A-D), it is seen that HDPA/ITO monolayer exhibits an
irreversible electron transfer behavior in all the solvents under study but to a varying extent in each
case. The ODPA/ITO (figure 6 (E-H)) electrodes show S-shaped sigmoidal cyclic voltammograms
corresponding to a microelectrode array type of behavior. This shows that PAs adsorb quite well
onto the ITO surface. Phosphonic acid monolayers prepared from ethanol solvent show better
blocking behavior compared to the monolayers prepared from water, toluene, and hexane solvents.
The reason behind such a behavior can be attributed to the hydrophilic nature of -PO3zH. head
group which is solvated very well by polar solvent like ethanol. This makes the phosphonic acid
molecules to be well separated by solvation sheath around the polar functional group leaving a
significant space for adsorption of individual PA molecules onto ITO surface. On the other hand,
the solvents like water, hexane, and toluene show low solubility for PAs. In these solvents, during
adsorption process there can be a competition between individual PA molecules and its aggregates,
which cause several defects in the monolayer when the substrate is rinsed or sonicated to remove

loosely attached particles.

Figure 7 show Nyquist plots of 1mM ferro/ferricyanide redox couple on HDPA/ITO and
ODPAV/ITO electrode prepared in (A,E) ethanol, (B,F) water, (C,G) toluene, and (D,H) hexane
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Figure 6. CVs of HDPA/ITO electrode prepared from (A) ethanol, (B) water (C) toluene and (D)
hexane and ODPA/ITO from (E) ethanol, (F) water, (G) toluene and (H) hexane in 1mM
Kas[Fe(CN)s] using 0.1M NaF supporting electrolyte.

solvents. The Nyquist plots show a semi-circle behavior in the case of HDPA/ITO prepared in
ethanol, whereas HDPA/ITO monolayer prepared from water, toluene, and hexane solvents show
a semi-circle followed by a straight line at lower frequencies. ODPA/ITO monolayer prepared
from water, toluene, and hexane solvents, a semi-circle is seen in the entire frequency range of
Nyqusit plot suggesting that the charge transfer controlled electron transfer at the ODPA/ITO
solution interface. From EIS results, it is evident that ODPA/ITO monolayer shows excellent
blocking behavior for ferro/ferricyanide redox couple. The impedance data obtained for
[Fe(CN)s]*"* redox couple shown in figure 7 were studied using equivalent circuit analysis. The
measured impedance values were fitted by using a standard Randles equivalent circuit consisting
of a double layer capacitance (Ca) connected in parallel with the charge transfer resistance (Rct)
and together in series with solution resistance (Ry). The Warburg diffusion element (W) in
equivalent circuit for ODPA/ITO was excluded in all the cases, since the electron transfer is
completely blocked by the monolayer. The values were acquired using the above mentioned
equivalent circuit fitting of the impedance data as shown in Table 2. The blocking behavior of

ODPA/ITO electrode follows the order ethanol>water>toluene>hexane.
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Figure 7. (A-H) Nyquist plots of 1mM [Fe(CN)s]*** using 0.1M NaF for HDPA/ITO electrode
prepared from (A) ethanol, (B) water, (C) toluene, and (D) hexane and ODPA/ITO prepared in
(E) ethanol, (F) water, (G) toluene, and (H) hexane.

The equivalent circuit fitting done on HDPA monolayer prepared from ethanol shows a charge
transfer resistance (Rct) value of 4366Qcm? with no diffusion component. The HDPA monolayer
prepared in water, hexane, and toluene show Rcvalues of 740, 169 and 285Qcm? respectively. The
results obtained here fits quite well with the Randles equivalent circuit where the double layer
capacitance (Cai) is replaced with constant phase element (Q). HDPA/ITO prepared from ethanol
is however an exception. ODPA monolayer prepared from ethanol gives the highest R¢t value of
around 5.5x10° Qcm? for the [Fe(CN)s]*>"* redox couple. The Ret values for the redox couple on
ODPA/ITO monolayer prepared from water, toluene, and hexane are 1.2x10° 7.2x10% and

4834Qcm? respectively.

From the charge transfer resistance (Rct) values, the surface coverage (0) was calculated for the
HDPA/ITO and ODPA/ITO monolayer surfaces using the following expression which assumes
that the faradaic current is due to the presence of defects and pinholes within the monolayer
through which the redox species can access the surface. The fractional surface coverage (0) can be

measured by the following expression:

0=1—(Re— let} (2)
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where Rct-charge transfer resistance for bare ITO electrode and R’c-charge transfer resistance of
modified ITO electrode. The surface coverage values determined for the SAMs are above 97% in
case of HDPA/ITO and around 99.9% for ODPA/ITO electrodes.

Table 2. Charge transfer resistance values measured for HDPA/ITO and ODPA/ITO electrodes
for [Fe(CN)s]*>"* redox couple (Rct of bare ITO =5.1Qcm?).

Rct (Qcmz)

Substrate Ethanol Water | Toluene | Hexane

HDPA/ITO 4366.0 740.5 285.3 169.3

ODPA/ITO 5.5x10° 1.2x10° | 7.2x10* | 1.7x10*

Table 3 show the fractional surface coverage (0) values of HDPA/ITO and ODPA/ITO substrates
which is derived from the respective Rt values. From the fractional surface coverage values, it can
be concluded that HDPA monolayer prepared from ethanol shows the best coverage compared to
that prepared in water, toluene, and hexane solvents. However, in the case of ODPA/ITO, the
monolayers prepared in all the four solvents have very low defect density. The excellent surface
coverage of HDPA/ITO and ODPA/ITO shows that they are comparable to alkanethiol monolayers
on noble metal surfaces like gold.

Table 3. Surface coverage (0) values determined using equation 2 for the HDPA/ITO and

ODPAV/ITO electrodes prepared from various solvents using [Fe(CN)s]*’* redox probe.

G
Solvent HDPA/ITO | ODPA/ITO
Ethanol 0.9988 0.9999
Water 0.9940 0.9999
Toluene 0.9820 0.9999
Hexane 0.9700 0.9992
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3.3.4.2.1. Pore size analysis of the ODPA modified SAM:

From cyclic voltammetry and electrochemical impedance spectroscopy studies, it is inferred that
the ODPA modified ITO electrode blocks the electron transfer completely. The sigmoidal curve
obtained for CV in 1mM [Fe(CN)s]*"* using 0.1M NaF supporting electrolyte (figures 6 (E-H))
suggests that ODPA/ITO electrodes show microelectrode array type of behavior towards electron
transfer of redox species. By the use of electrochemical impedance spectroscopy, valuable
information on the pinholes and defects in the monolayer can be obtained. A model of the
monolayer/solution interface was developed by Finklea et al. for analyzing the impedance
response of a perfectly blocking electrode [44]. Fawcett and co-workers used electrochemical
impedance data for studying the integrity of the monolayer using the method of pore size analysis
within the film [45-47]. In order to understand the faradaic electron transfer at the pinholes and
defects of the monolayer and distribution of pinholes within the monolayer, a model was developed
by Amatore and Matsuda. By assuming the total pinhole area fraction (1-08), where 0 is the
fractional surface coverage of the monolayer, which is <0.1, impedance expressions have been
derived. Both the real and imaginary parts of the faradaic impedance values are plotted as a
function of w2 [48,49]. Diffusion profiles of the microelectrode constituents of monolayer are
very well separated at higher frequencies, whereas these constituents overlap at lower frequencies.
The presence of pinholes and defects are analyzed for ODPA monolayer on ITO using the above
model. Figure 8 (A-E) show the real part of the faradaic impedance of bare ITO and ODPA/ITO
systems prepared from various solvents plotted as a function of ®™/2. Figure 9 (A-D) shows the
plots of imaginary component of faradaic impedance for ODPA/ITO electrodes prepared from
ethanol, water, hexane, and toluene. Bare ITO shows a single straight line for a large frequency
range which corresponds to the diffusion controlled electron transfer behavior at the electrode
surface. Whereas, in case of ODPA/ITO, the respective Zs vs. o2 plots show features similar to
that of an array of microelectrodes [43,44]. Two linear domains were observed in the plot, one at
high frequencies and another one at lower frequencies in Z¢ vs. © ™2 plot (figures 8 (B-E)) and a
peak formation in the case of Z¢ vs. ™2 plot.

The surface coverage of the monolayer can be obtained from slope of the Zf vs. o/ plot at a

higher frequency region and is given by,
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m=oc+d(1-60) (3)

where m is the slope, 0 is the fractional surface coverage of the monolayer, and ¢ is the Warburg

component, which can be obtained from the bare ITO electrode.
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Figure 8. Plots of real part of the faradaic impedance Z; vs. w™/2 for (a). Bare 1TO and (b).

ODPA/ITO electrode in 1mM [Fe(CN)s]**using 0.1M NaF supporting electrolyte.

From the analysis of figure 8 and equation 3, a surface coverage value of >95 % were calculated
in case of ODPA/ITO electrode prepared from various solvents under study. It is also to be noted
from the comparison of the data presented in Table 3 and Table 4, the method of pinhole analysis
provides more precise values where the surface coverage values are related to the nature of the
solvents used for monolayer formation. In this study ethanol and water being polar, it can
effectively solvate the polar phosphonate head group and effectively facilitate binding with

hydroxylated ITO surface.

98



250k . 80k [ 5
200k A . : 60K
100K 40K
~~ .
NE 50k .' 20k
O 01 ~ O
! 00 04 08 12 00 04 08 12
~1 300k - 10k
: C .I 8k D
= 200k
N - 6k
150k ] " 4k
50k] ; P S I
4 0 7
-50K 00 04 08 12 00 04 08 12
(D-llz

Figure 9. Plots of imaginary part of impedance (Z;” vs. »™/?) of ODPA/ITO electrode prepared

from various solvents in 1mM [Fe(CN)e]®* using 0.1M NaF supporting electrolyte.

Table 4. Surface coverage (0) values determined for ODPA/ITO electrodes, from the pinhole and

defects analysis using impedance data obtained for [Fe(CN)e]>* redox couple as a probe
molecule.

ODPA/ITO 0
Ethanol 0.9971
Water 0.98650
Toluene 0.9220
Hexane 0.9530
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3.3.4.3. Silane modified ITO:

Figure 10 (A-D) represent the cyclic voltammograms of 1mM [Fe(CN)s]*"* redox couple using
0.1M NaF supporting electrolyte on HDTMS/ITO and ODTMS/ITO electrodes, prepared from
(A,E) neat silane, (B,F) ethanol, (C,G) toluene, and (D,H) hexane. From the figure 10A, it can be
seen that Cy6 silane shows slightly larger peak separation compared to its higher homologue of Cysg
chain. The CVs of HDTMS/ITO and ODTMS/ITO prepared from hexane solvent (figure 10 (D,H))
show high irreversibility with a peak separation of 258 and 500mV (Table 5) for [Fe(CN)e]*"*
redox couple which agrees very well agreed with the literature reports [13,34]. Silane monolayers
prepared from neat silane, ethanol, and toluene solvents show quasi reversible electron transfer
characteristics (figure 10 (B-D), (F-H)).
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Figure 10. Cyclic voltammograms of HDTMS/ITO electrode prepared from (A) neat HDTMS,
(B) ethanol (C) toluene and (D) hexane and ODTMS/ITO electrode from (E) neat ODTMS, (F)
ethanol, (G) toluene and (H) hexane in 1ImM Ksus[Fe(CN)s] using 0.1M NaF supporting

electrolyte.

Figure 11 shows the Nyquist plots of HDTMS/ITO and ODTMS/ITO electrodes prepared from
(A,E). neat silane, (B,F). ethanol, (C,G). toluene, and (D,H). hexane solution in 1mM
[Fe(CN)s]*"* redox couple using 0.1M NaF supporting electrolyte. Nyquist plots of HDTMS/ITO
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electrode show a slightly depressed semi-circle along with a straight line which suggests that
electron transfer at the interface corresponds to a charge transfer behavior at high frequencies and
is diffusion controlled at low frequencies. It can be seen from the Table 5 that the monolayer
prepared from hexane shows higher Rc, when compared to the monolayer prepared from neat
silane, ethanol, and toluene solvents. Impedance behavior of the modified electrode is
complementary to their cyclic voltammetric behavior. The data obtained were fitted with Randles
equivalent circuit, in which the double layer capacitance is replaced by constant phase element to
account for the deviation in the semi-circle behavior. HDTMS/ITO and ODTMS/ITO monolayers
prepared in hexane show the highest blocking behavior. This may be explained by the fact that
hexane molecules are loosely attached and not blocking the hydroxyl sites of ITO due to the non-
polar nature of the solvent. Due to this reason the silane molecules from solution can easily replace
the hexane molecules present on the surface during the chemisorption. In addition to this, hexane
has very low miscibility in water which restricts the interaction of chemisorbed surface water

molecules with the silane in solution and avoids homo-condensation polymerization.
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Figure 11. Nyquist plots of HDTMS/ITO prepared from (A) Neat HDTMS, (B) ethanol, (C)
toluene, and (D) hexane and ODTMS/ITO prepared from (E) Neat ODTMS, (F) ethanol, (G)
toluene, and (H) hexane in 1mM [Fe(CN)e]*/*in 0.1M NaF supporting electrolyte.
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Even though, toluene is a non-polar solvent, the silane film prepared in it shows very poor blocking
behavior. This behavior can be explained due to the fact that, toluene shows partial miscibility
with water. Due to this, during the process of adsorption, the chemisorbed water molecules after
displacement from the surface diffuse in the solvent and react with the silane molecules resulting
in the formation of silanols [50]. Since the silanols are very reactive, they undergo homo-
condensation reaction and form oligomers inside the solution and adsorb onto the surface. The
adsorbed oligomeric silanes contain defects which explain the poor electron transfer blocking
behavior of silane monolayers prepared from toluene. The monolayers prepared from ethanol show

intermediate blocking behavior in-between hexane and toluene.

Table 5 Peak separation and charge transfer resistance values measured from CV and EIS plots
of HDTMS/ITO and ODTMS/ITO electrodes in [Fe(CN)s]*’* redox couple (Ret of bare
ITO=5.1Qcm?).

HDTMS/ITO ODTMS/ITO
Solvent AEp(MV) | Rt (Qem?) | AEp ((MV) | Ret (Qcm?)
Neat 187.8 249.3 170.6 218.3
Ethanol 98.9 59.8 197.2 284.9
Toluene 103.2 445 111.8 64.7
Hexane 257.8 507.6 498.5 1931.0

3.3.4.4. Carboxylic acid modified ITO:

Palmitic acid (PTA) and stearic acid (STA) are saturated carboxylic acids with -COOH head group
and exist in the form of solid flakes. Melting temperatures for PTA is 61-62°C whereas for STA
it is 53-59°C. For modification of neat PTA and neat STA on ITO surface, the flakes of the
carboxylic acids were heated on a hot plate by controlling the temperature at 75°C in both the

cases.
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Figure 12 represents the cyclic voltammetric behavior of PTA/ITO prepared in (A) neat PTA, (B)
ethanol, (C) toluene, and (D) hexane and STA/ITO prepared from (E) Neat STA, (F) ethanol, (G)
toluene, and (H) hexane in 1ImM [Fe(CN)s]*™* redox couple using 0.1M NaF as supporting
electrolyte. Carboxylic acid modified ITO substrates show poor blocking behavior compared to
the phosphonic acids and silanes of similar chain length. It can be seen that, there is a slight
increase in the peak separation for the redox couple at STA/ITO prepared from its neat solution,

comapared to its homologue prepared from neat PTA/ITO (Table 6).
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Figure 12. Cyclic voltammograms of 1mM Kau[Fe(CN)e] using 0.1M NaF supporting electrolyte
on PTA/ITO monolayer prepared from (A) Neat PTA, (B) ethanol (C) toluene and (D) hexane and
on STA/ITO monolayer prepared from (E) Neat STA, (F) ethanol, (G) toluene and (H) hexane

solvent.

Figure 13 represents the Nyquist behavior of PTA/ITO and STA/ITO electrodes prepared from
(AE). neat PTA/STA, (B,F). ethanol, (C,G). toluene, and (D,H). hexane solvents in 1mM
[Fe(CN)s]*"* using 0.1M NaF supporting electrolyte. The results obtained for impedance studies
of carboxylic acid modified ITO electrodes are complementary to their corresponding cyclic

voltammograms (figure 13). There is an increase in Rt value of the carboxylic acid modified ITO
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electrodes compared to the bare ITO which is 5.1Qcm? (Table 6). However, this increase is much

less than that of PA and silane modified surfaces (Table 2 and 5).
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Figure 13. Nyquist plots of PTA/ITO prepared from (A) Neat PTA, (B) ethanol, (C) toluene, and
(D) hexane and STA/ITO prepared from (E). Neat STA, (F) ethanol, (G). toluene, and (H). hexane
in ImM [Fe(CN)s]*"* using 0.1M NaF as supporting electrolyte.

Table 6. Peak separation (AEp) and charge transfer resistance (Rct) values measured from CV of
[Fe(CN)s]*"* redox couple towards PTA/ITO and STA/ITO electrodes (Bare ITO, Re=5.1Qcm?).

PTA/ITO STA/ITO
Solvent AEp(MV) | Rt (Qem?) | AEp (MV) | Ret (Qcm?)
Neat 100.2 46.0 132.7 80.1
Ethanol 97.5 32.6 83.3 19.8
Toluene 90.6 40.3 87.2 16.9
Hexane 104.4 20.3 83.3 18.7
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From the obtained CV and EIS data in case of bare ITO, PA/ITO, silane/ITO, and CA/ITO
surfaces, it can be seen that, by increasing the chain length of the monolayer the electron transfer
blocking behavior of the modified electrode is also enhanced except in the case of carboxylic acid
monolayers. Blocking behavior of monolayers is very much dependent on the head groups of the
molecule. The variation in blocking behavior of the monolayers can be due to two reasons, (i) the
difference in density of binding sites on ITO surface during the adsorption or (ii) different extent
of compactness of the monolayers. Since the procedure for pre-treatment of ITO surface for
modification was similar for all monolayer formations, the possibility of difference in the density
of binding sites can be ruled out. Thus, the difference in blocking behavior can be explained based
on the strong affinity of the molecules of phosphonic acids to the metal hydroxides [14,15]. The
solvent used for adsorption also plays a key role in the formation of compact monolayer in the case
of PAs, silane, and CA monolayers. HDPA/ITO and ODPA/ITO monolayers prepared from
ethanol solvent show better blocking behavior compared to the water, toluene, and hexane
solvents. This can be attributed to the better solvation of phosphonic acid groups by polar ethanol
molecules compared to water, toluene, and hexane solvents. Longer chain alkyl phosphonic acid
monolayer forms a more compact monolayer due to Van der Waals interactions among the alkyl
chains of the methylene groups in ODPA. It was also earlier reported that at high coverage of

phosphonic acids, the monodentate binding is more energetically favorable [51].

Whereas the silanes dissolve quite well in all solvents used in our study, the monolayer show
varied blocking behavior towards electron transfer of [Fe(CN)s]*"* redox couple when prepared
from neat silane, ethanol, toluene, and hexane solvents. HDTMS/ITO and ODTMS/ITO films
prepared from hexane show large peak separations of 258mV and 500mV compared to the silane
films prepared from ethanol, toluene, and respective neat silane solutions (Table 5). It can be seen
from figures 10 (D,H) and figures 11 (D,H), that silane films prepared from hexane show better
blocking (as seen from larger peak separation, low peak currents, and large Rct) for electron transfer
of [Fe(CN)e]*"* redox couple, when compared to the silane film prepared from its neat solution.
Formation of better silane film on ITO surface when it is prepared from hexane can be explained
in terms of low miscibility of the solvent towards water and its weak interactions with polar
hydroxyl surfaces since it is a non-polar molecule. These two properties of hexane effectively play
a crucial role in the formation of a better silane film on ITO surface. This is in contrast to ethanol

and toluene solvents, which show higher affinity for hydrophilic hydroxyl groups on ITO surface,
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[52] and therefore more difficult to displace. Peak separation for redox couple in neat Cig silane is
very much less when compared to its neat C1s homologue, which can be attributed to the formation

of more disordered monolayer in the case of Cis silane.

The STA/ITO electrodes prepared in ethanol, toluene, and hexane solvents exhibited a lower Rt
when compared to PTA/ITO (Table 6). In contrast to this, a higher R¢t was observed for neat STA
which can be accounted by the fact that the high density of adsorbate molecules per ml solvent

dissolved STA can lead to a maximum coverage of carboxyl monolayer.

The EIS studies show that the carboxylic acid monolayers show poor blocking to the electron
transfer for [Fe(CN)s]*’* redox couple compared to PA and silane films in agreement to that
obtained by CV. The poor blocking of the monolayer can be attributed to the fact that carboxylic
acid head group does not form a fully covered and compact monolayer on metal oxide substrates
[14,15,53-56]. Liakos et al has compared the stability of carboxylic acid and phosphonic acid
derivatives using PM-IRRAS and XPS techniques on aluminum metal by following their ability
to displace carbonaceous contamination. Phosphonic acids remove the contamination better
compared to carboxylic acids.[57]. They also studied the hydrolytic stability of alkyl phosphonic
acid and carboxylic acid monolayers and concluded that phosphonic acids show better stability
than carboxylic acid monolayers [55]. This can be attributed to the strong binding of phosphonic
acids onto aluminum surface compared to the carboxylic acids. Foster et al. studied the adsorption
of phosphonic acid and carboxylic acid onto aluminum using FFM and reported that phosphonic
acids form a closely packed monolayer compared to carboxylic acids [56]. Gardner et al. showed
that -COOH head groups adsorb relatively slowly compared to phosphonic acids. Further, the
coverage of the carboxylic acids was observed to be only 25% when compared to that of other
monolayers [15]. Thus, the previous studies of carboxylic acid monolayers on various oxide
surfaces indicate that the poor blocking for electron transfer reactions. Poor blocking shown by
the carboxylic acid based monolayers in the present study can be attributed to the low coverage

and weak binding of these monolayers over hydroxylated ITO surface.

3.4. Conclusions:

Adsorption kinetics of HDPA/ITO, ODPA/ITO, HDTMS/ITO, ODTMS/ITO, PTA/ITO, and

STA/ITO were studied by electrochemical impedance spectroscopy technique. The rate of
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adsorption on the ITO surface depends upon the chain length of the monolayer. Electron transfer
behavior of the modified electrodes was studied by using CV and EIS techniques. Since the
solvents play a key role in the quality of the monolayer, modification of ITO surfaces was carried
out in various solvents apart from the neat compound in the case of silanes and carboxylic acids.
In the case of phosphonic acids, high dielectric solvents such as water and ethanol lead to the
formation of a very good blocking monolayer. In the case of silane, the solvents of low dielectric
constant are a good choice for getting a SAM with fewer number of defects. The studies carried
out in this work, clearly demonstrate that, the phosphonic acids form the most compact monolayer
followed by silanes of similar chain length, while carboxylic acids form very poor monolayer with
numerous voids and defects. The electron transfer blocking behavior towards redox species
follows the order of PA > silane > carboxylic acid which is also correlated to the surface
morphological studies carried out using AFM.
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Chapter 4

Electron transfer studies on short chain phosphonic acid

(PA) modified Indium Tin Oxide (ITO) surfaces

4.1. Introduction:

Surface modification of self-assembled monolayers (SAMs) has provided a novel route for altering
the physical and chemical properties of surfaces resulting in several potential applications [1,2].
Traditionally, noble metal surfaces were studied extensively, especially with organothiol
molecules as a modifier. However, it is well known that short chain organic thiols (<5 methylene
groups) from very poor monolayers [3]. Moreover, the short chain organic thiols are highly volatile
and not easily amenable for monolayer formation. However, short chain phosphonic acids are non-
volatile and quite soluble in aqueous medium. In this work, as described in earlier chapters, indium
tin oxide (ITO) surface is studied as a platform for surface modification with phosphonic acid

monolayer [4].

Functionalization of electrodes using SAMs alter the electrode-electrolyte interface and therefore
influences the electron transfer behavior of the electrodes in a profound way. This aspect of the
monolayers has been studied extensively on thiol modified surfaces [5,6]. However, there is a very
little study on modified transparent conducting oxide surfaces (TCOs) towards electron transfer
behavior [7,8]. Amphiphilic molecules like phosphonic acids (PAs), silanes, and carboxylic acids
(CAs) show good affinity towards hydroxyl terminated surfaces [1]. Adsorption of PA and
carboxylic acid (CA) monolayers onto a hydroxylated surface is an acid-base reaction with water
as a byproduct. Whereas silanes adsorb onto metal oxide surfaces by reacting with hydrogen atom
of metal hydroxide with its hydroxyl group resulting in the removal of water. Simultaneously,
silanes can undergo homocondensation by reacting with other silane monomers and forms a
polymeric film. PA monolayers can be prepared from aqueous medium which make them
environmentally benign unlike CAs and silanes [9]. The high stability of PA modified metal oxide
surfaces result in the use of this surface for further modifications and extended applications [10—
12]. According to the previous reports, PA monolayers show higher stability compared to silane

and carboxylic acid monolayers. PAs adsorb on metal oxide surfaces strongly, have high
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hydrolytic stability and also resist homocondensation polymerization [13,14]. Hotchkiss et al.
analyzed the binding characteristics of phosphonic acids on ZnO substrates by using x-ray
photoelectron spectroscopy (XPS) and infrared reflection absorption spectroscopy (IRRAS) [15].
Felhdsi et al. studied the corrosion protection properties of alkylphosphonic acids on iron surface
and suggested that a layer of iron oxide plays a role in enhancing the stability of the monolayer
[16]. Levine et al. compared and analyzed the charge transport behavior of MOx-SAM-M junction
with increasing the thickness of the SAM [17]. Brennan et al. studied the stability of -POsH>, -
Si(OH)3, -COOH functionalized porphyrins and binding to TiO> substrates. They showed that -
POsH. binds more strongly [13]. Silverman et al. compared the hydrolytic stability of
phosphonates and silanes on titanium alloy [10]. Liakos et al. studied the stability of long chain

carboxylic acids and phosphonic acids on alumina [18].

However, a relatively less attention has been paid to the study of electron transfer blocking
properties of short chain phosphonic acid SAMs [8,19] on metal oxide surfaces and more
specifically on ITO surfaces. It is known that, PAs provide a wide range of unique properties which
can be usefully exploited for various applications involving SAMs. In this chapter, the
electrochemical properties of four different short chain phosphonic acid monolayer modified ITO
surfaces using CV and EIS were studied. By tailoring the end group of the molecules constituting
the monolayer, variation in the electrochemical properties were monitored using various ferrocene
redox probes like ferrocene (Fc), ferrocenemethanol (FCOH), ferroceneacetic acid (FCAc), and
1,1°-ferrocenedicarboxylic acid (Fcdc) in addition to the standard redox probe, [Fe(CN)s]*’*. The
purpose of such a study is for understanding the effect of the functional groups of redox species
like ferrocene on the electron transfer rate on a monolayer with polar and non-polar properties.
The phosphonic acids chosen for the study are benzylphosphonic acid (BPA), butylphosphonic
acid (BuPA), 3-phosphonopropionic acid (PPA), and 4-aminobenzylphosphonic acid (ABPA).
The first two form a surface monolayer which is non-polar and hydrophobic while the latter two

are polar and hydrophilic.
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4.2. Experimental Section:
4.2.1. Chemicals:

All chemicals used in this study were analytical grade (AR) reagents. The phosphonic acids studied
are benzylphosphonic acid (97%, Aldrich), 3-phosphonopropionic acid (94%, Aldrich),
butylphosphonic acid (>88%, Aldrich,) and 4-aminobenzylphosphonic acid (95%, Sigma-
Aldrich). Solvents used are acetonitrile (HPLC grade, Merck Limited), ethanol (absolute for
analysis, Merck Limited), hydrogen peroxide (30% pure, SDFCL), and ammonia solution (25%
AR, SDFCL), which are all used as received. Redox probes used are potassium ferricyanide (I11)
(assay 99%, Merck Limited), potassium ferrocyanide (1) trihydrate (assay 99%, Merck Limited),
ferrocenemethanol  (97%, Aldrich), ferroceneacetic acid (98%, Aldrich), 1, 1’-
ferrocenedicarboxylic acid (96%, Aldrich), and ferrocene (98%, ACROS), potassium chloride (AR
grade, SDFCL), sodium fluoride (assay 99%, Merck Limited), and tetrabutylammonium
tetrafluoroborate (99%, Aldrich) are used as supporting electrolyte. Millipore water was used to
prepare all agueous solutions employed in this work. ITO coated glass is purchased from Xin Yan
technology Limited. This plate (355mm X 406mm X 1.1mm) is a single side polished, SiO;
passivated float glass coated with ITO film. For electrochemical studies, this larger plate was cut
into small pieces of pre-defined geometrical area and was used as strips.

4.2.2. SAM preparation:

The monolayers were prepared by keeping the pre-treated ITO substrates in 10mM solutions of
benzylphosphonic acid (BPA), 3-phosphonopropionic acid (PPA), butylphosphonic acid (BuPA),
and 4-aminobenzylphosphonic acid (ABPA) for 12 hours using water as solvent. Later, the SAM
modified ITO electrodes were taken out, ultra-sonicated in water to remove any traces of loosely
attached adsorbates. Further, these modified ITO strips were annealed in an oven at 80°C for an
hour, then allowed to cool to room temperature for few hours and finally used for electrochemical

studies.
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4.3. Results and Discussion:

Electrochemical properties of phosphonic acid modified ITO surfaces are reported in this section
as studied by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The

structures of phosphonic acids used for the formation of monolayers are shown in figure 1.

4.3.1. Phosphonic acids and Redox active probes:

d b 0
HO o " I 1T H - _tTj. OH = ' R \O”

0.73nm

0.73 nm

0.83 nm
0.81 nm

Figure 1. (a). Chemical structure of phosphonic acid (PA) molecules under study (A)
benzylphosphonic acid (BPA), (B) 3-phosphonopropionic acid (PPA) (C) butylphosphonic acid
(BuPA), and (D) 4-aminobenzylphosphonic acid (ABPA) respectively used for SAM formation on
ITO electrodes. 1 (b). Redox species employed for electron transfer studies (A). potassium
ferro/ferricyanide, (B). ferrocenemethanol (FcOH), (C). ferroceneacetic acid (FcAc), (D).

ferrocenedicarboxylic acid (Fcdc), and (E). ferrocene (Fc).
4.3.2. Electrochemical studies on Bare ITO:

Figure 2. shows the CV and EIS behavior of 1mM (A,B) [Fe(CN)s]*’* (0.1M NaF), (C,D)
ferrocene (0.1M TBATFB), (E,F) ferrocenemethanol (0.1M NaF), (G,H) ferroceneacetic acid
(0.1M NaF), and (1,J) ferrocenedicarboxylic acid (0.1M NaF) redox species in their respective
supporting electrolyte on hydroxylated 1TO surface. The CV of [Fe(CN)s]*"* redox couple on bare
ITO (figure 2A) shows a peak separation of about 82mV (Table 1) .[20]. However, in the case of
ferrocene a peak separation of about 370mV (Table 1) is seen, which implies that it undergoes an
irreversible electron transfer process on ITO surface. The CVs (figure 2E, G and 1) of

ferrocenemethanol (FcOH), ferrocene acetic acid (FCAc), and ferrocenedicarboxylic acid (Fcdc)
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Figure 2. CV and EIS plots of hydroxylated ITO in 1mM of (A,B) [Fe(CN)s]*"* (0.1M NaF),
(C,D) ferrocene (0.1M TBATFB), (E,F) ferrocenemethanol (0.1M NaF), (G,H) ferroceneacetic
acid (FcAc), and ferrocenedicarboxylic acid (Fcdc) (0.1M NaF) ferrocenemethanol (FcOH), acid
(0.1M NaF) and (1,J) ferrocenedicarboxylic acid (0.1M NaF) redox species in their respective

supporting electrolyte.

exhibit peak separations of 104, 81 and 97mV respectively, corresponding to the quasi-reversible

electron transfer behavior (Table 1). The irreversible electron transfer behavior of ferrocene, a non-
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polar redox molecule, can be attributed to the fact that its interaction with hydrophilic ITO surface
is inhibited due to its hydrophobic property. However, in the case of redox species like FCOH,
FcAc, and Fcdc which contain hydrophilic functional groups, the reaction is facilitated on the
hydrophilic ITO surface.

It can be seen from figure 2B, that the Nyquist plot for [Fe(CN)e]>’* electron transfer on pre-
treated ITO surface shows a straight line at a low frequency and a very small semi-circle at a high-
frequency region, indicating that the process is essentially diffusion-controlled for the redox couple
(figure 2B). It is to be noted that the surface of ITO is hydrophilic and polar due to the
hydroxylation which facilitate the electron transfer of charged redox species like [Fe(CN)s]*"* and
therefore the reaction is largely diffusion controlled. The measured equivalent circuit parameters
from EIS were fitted with Randle’s model which shows a charge transfer resistance (Rct) value of
5.1Qcm? (Table 1). Figure 2D shows Nyquist plot of pre-treated 1TO for 1mM ferrocene using
0.1M TBATFB supporting electrolyte. A large semi-circle followed by a straight line at narrow
range of low frequencies shows that electron transfer is under charge transfer control over the
whole frequency ranges. The high Rt value for ferrocene redox reaction on hydroxylated ITO
surface is due to the inhibition of the electron transfer process of the highly hydrophobic species
on hydrophilic ITO surface. Similar behavior is expected by FCOH, FcAc, and Fcdc, whereas the
relatively low Rt values show that the electron transfer process is facilitated in these cases unlike
that of ferrocene. This can be attributed to the hydrophilic nature of functional groups like

hydroxyl, acetate, and dicarboxylate attached to the ferrocene redox moiety.

In the case of Fcdc, the half-peak potential (figure 21) is 390mV which is 200mV more positive
when compared to that of FCAc. This can be explained by the fact that in Fcdc, the two carboxylic
groups attached to cyclopentadiene (cpz) rings conform in cis position to form intramolecular
hydrogen bond. Oxidation of the ferrocene group to ferricenium results in breaking of the
intramolecular hydrogen bond due to positively charged ferricenium group pulling the electrons
away from carboxyl groups. Since breaking of hydrogen bond is energetically unfavorable it
becomes necessary to apply more positive potential to accomplish this process. Hence, the half-
peak potential shifts more positive potential in this case [21]. It is also earlier reported that the
‘electromeric effect’ of the -COOH group in Fcdc withdraws the electrons from ferrocene and
causes a positive shift in the oxidation potential [21,22].
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values of bare ITO electrode towards various redox species.

Table 1. Peak separation (mV), peak current (LA/cm?) and charge transfer resistance (Qcm?)

Redox species AEp Ip Rct From EIS
[Fe(CN)e]*"* 82 473 5.9
Fc 370.1 147 1295.0
FcOH 104.4 146 105.9
FcAc 80.7 123 334
Fcdc 96.8 118 33.2

I, average peak current
4.3.3. Electron transfer studies on BPA/ITO:

Figure 3 shows the CV and EIS behavior of 1mM (A,B). [Fe(CN)s]*’* (0.1M NaF), (C,D). Fc
(0.1M TBATFB), (E,F). FcOH (0.1M NaF), (G,H). FcAc (0.1M NaF), and (1,J). Fcdc (0.1M NaF)
redox species in their respective supporting electrolyte on BPA/ITO. Figure 3A shows CV of
BPA/ITO in [Fe(CN)s]*’* redox couple with a peak separation of 182mV (Table 2) which
corresponds to the irreversible electron transfer behavior of the redox couple at the modified
electrode. This value is quite high compared to the pre-treated ITO (82mV). The increase in peak
separation is due to the compact monolayer formation of BPA by lateral & interactions between
neighboring phenyl rings which inhibits the electron transfer on the modified ITO surface.
Whereas in the case of ferrocene, the CV shows a lower peak separation of around 164mV (Figure
3C) compared to the value obtained for pre-treated ITO. In non-polar solvents like acetonitrile,
BPA monolayer disorganizes due to the permeation of acetonitrile solvent through the monolayer
and can provide access to the electrode surface for the redox reaction to occur [23]. In the case of
FcOH and FcAc, a peak separation of around 81 and 78mV (Table 2) were obtained on BPA/ITO
(figures 3E and G) which is quite less compared to the values obtained for pre-treated ITO (Table
1). The decrease in peak separation is due to the non-polar nature of the phenyl ring, which allows
the non-polar ferrocene moiety to move freely to access the electrode. In addition to this, favorable

n-T interaction between phenyl rings of the BPA monolayer and cyclopentadienyl (cp2) rings of
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redox moieties further facilitates the electron transfer [24]. This assumption is further supported
by the average peak (lp) currents obtained for the respective redox species at the BPA/ITO
electrode surface (Table 2). Electron transfer behavior of ferrocenedicarboxylic acid (Fcdc) on
BPA/ITO is well inhibited by BPA/ITO monolayer which can be assessed from the lower peak
currents of 78uA/cm? (figure 31 and Table 2). It shows that a peak separation of 217mV
corresponds to the irreversible electron transfer behavior of redox species at BPA modified
electrode. A closer access to the hydrophobic electrode surface of BPA is inhibited for Fcdc due
to the steric hindrance of bulky hydrophilic carboxyl moieties.

In the case of [Fe(CN)s]*’*, the Nyquist plot of Figure 3B shows a large semi-circle at high
frequencies which is followed by a low frequency straight line that corresponds to the partial
charge transfer and diffusion controlled electron transfer behavior. The charge transfer resistance
(Ret) for the redox couple 234Qcm? (Table 2) is increased when compared to the pre-treated 1TO.
Since BPA is a non-polar molecule, it forms a highly organized monolayer in aqueous solutions
due to the hydrophobic effect thereby blocking the diffusion of redox species to the electrode
surface resulting in an increase of Rc. For Fc, FCOH, and FcAc redox moieties, the Rt values
obtained are around 156, 34, and 9Qcm? (Table 2). These values are significantly less compared
to the values obtained for pre-treated ITO. The decrease in Ret values can be attributed to the
extended m-conjugation between phenyl rings of BPA monolayer and cpz rings of ferrocene redox
moieties due to which redox species moves closer to the electrode surface [5].
Ferrocenedicarboxylic acid (Fcdc) redox moiety (figure 3J) shows a higher Rt value, due to the
steric hindrance caused by two hydrophilic -COOH groups which therefore cannot access closely

to the non-polar BPA/ITO surface.
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Figure 3. CV and EIS plots of BPA/ITO in 1mM (A,B) [Fe(CN)s]*/* (0.1M NaF), (C,D) Fc (0.1M

TBATFB), (E,F) FcOH (0.1M NaF), (G,H) FcAc (0.1M NaF), and (I,J) Fcdc (0.1M NaF) redox

species in their respective supporting electrolyte.
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Table 2 Peak separation (mV), peak current (LA/cm?) and charge transfer resistance (Qcm?)

values of BPA/ITO electrode towards various redox species.

Redox species | AEp I Rct From EIS

[Fe(CN)e]*™* | 182.5 148 234

Fc 164.1 253 156.7
FcOH 81.0 243 33.6
FcAc 78.2 117 94
Fcdc 217.8 78 655.3

4.3.4. Electron transfer studies on PPA/ITO:

Figure 4 shows the CV and EIS behavior of 1mM (A,B) [Fe(CN)s]** (0.1M NaF), (C,D) Fc (0.1M
TBATFB), (E,F) FcOH (0.1M NaF), (G,H) FcAc (0.1M NaF), and (1,J) Fcdc (0.1M NaF) redox
species in their respective supporting electrolyte at PPA/ITO electrode. Figure 4A shows an
increase in peak separation and reduced peak currents for [Fe(CN)s]>"* redox species towards
PPA/ITO electrode (Table 3) indicating the inhibition of electron transfer process at the modified
electrode. PPA/ITO surface shows higher peak currents for [Fe(CN)s]*>"* redox couple when
compared to non-polar monolayers but is still less than on ABPA monolayer (Table 3). The higher
peak currents are due to the disorganization of the monolayer of PPA in aqueous solutions.
Terminal hydrophilic -COOH groups of PPA and ionic redox species like [Fe(CN)s]*”* is solvated
by water molecules. Thus [Fe(CN)s]*"*can easily permeate through the disorganized monolayer
and can undergo redox process [25]. From figure 4C, it can be seen that the electron transfer
process of ferrocene in acetonitrile is not inhibited at the PPA/ITO surface. However, there is a
significant decrease in peak separation and increase in peak currents (Table 3) when compared to
the CV in the case of bare ITO surface (Table 1). The diffusion of non-polar redox species,
ferrocene and subsequent electron transfer can only occur at the defects and pinholes in the
monolayer. The decrease in peak separation and increase in peak currents (Table 3) on PPA/ITO

surface is due to the decrease in hydrophilic hydroxyl concentration on ITO surface after the
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formation of monolayer. Though carboxyl group of PPA is hydrophilic, there is an overall increase
in non-polar character of the film which facilitate the permeation of ferrocene molecule. From
Table 3, it can be seen that there is a decrease in peak separation for the functionalized ferrocene
moieties on PPA/ITO. In the case of ferrocene derivatives (FCOH, FcAc, and Fcdc), electron
transfer is facile due to the interaction of attached hydrophilic groups with the carboxyl group of
the monolayer with the hydrophobic cp2 group in the molecule orienting farther away from the

electrode surface [26,27].

Figure 4B shows the impedance plots for [Fe(CN)g]** redox couple on PPA/ITO electrode. It can
be seen that, the charge transfer resistance has increased compared to ITO for the redox couple as
shown in Table 3. The charged carboxylate groups repel each other and create more spaces in
between the molecules for redox species to access the gaps, where the ferro/ferricyanide redox
couple can access the electrode surface. This results in the PPA monolayer being not quite effective
in inhibiting the electron transfer process (Table 3). Chidsey et al. have observed a fluid-like peak
position for the 11-carbon homologue of carboxylic acid terminated thiol which suggests that the

presence of the carboxylic acid group decreases the crystalline-like packing of the monolayer [25].

In contrast, for ferrocene, the PPA monolayer shows a higher Rct value of around 1842Qcm? (Table
3) which indicates that the electron transfer process is significantly inhibited by the monolayer.
This can be attributed to highly organized PPA monolayer through lateral hydrogen bonding
between the neighboring carboxylic end groups of PPA. The ferrocene molecule has unfavorable
hydrophobic-hydrophilic interaction with PPA monolayer. Because of this ferrocene cannot orient
favorably towards the hydrophilic PPA film to undergo facile electron transfer. This results in an
increase in the charge transfer resistance. Moreover, in non-polar acetonitrile solvent, the
hydrophilic carboxylic acid group of PPA monolayer at the terminal aligns together quite tightly
in domains resulting in the creation of voids in the interdomain spaces. The electron transfer can
still occur through the gaps in the disordered monolayer which is responsible for the distinct
current peak observed in figure 4C.

Figures 4F and H show the Nyquist plots of FCOH and FcAc redox moiety showing diffusion
controlled features at low frequency region. Table 3 shows that the charge transfer resistance (Rct)
values for FCOH and FcAc redox reactions are less in PPA/ITO surface compared to the pre-treated

ITO (see Table 1). Due to the favorable orientation of functionalized ferrocene (FCOH and FcAc)
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redox moieties, they get close access to PPA/ITO surface resulting in an increase in reaction rate
and decrease in charge transfer resistance. The high charge transfer resistance for Fcdc redox
couple (Table 3) is due to the steric hindrance caused by the presence of two carboxylic acid groups
resulting in an unfavorable orientation of redox moiety on the electrode surface. The hydrophobic
ferrocene group cannot interact with the hydrophilic PPA monolayer film resulting in a slower

reaction kinetics as reflected in high Rt (Table 3).

Table 3. Peak separation (mV), peak current (uA/cm?), and charge transfer resistance (Qcm?)

values of PPA/ITO electrode towards various redox species.

Redox species AEp Ip Rct From EIS
[Fe(CN)s]*™* | 1825 200 72.1
Fc 158.8 192 1842.0
FcOH 101.6 123 70.1
FcAc 79.6 155 24.6
Fcdc 109.8 95 564.0

126



200{A 150{B
100

100
0
50
-100 .
-._-
-200 o ¢
.02 00 02 04 06 0 50 100 150 200 250
8000
300 5
200 6000
100 4000

™~ 2000
of 7
0 3000 6000 9000

0

| (nA/cm?)

-100

2004 E F

100

7>’(©2cm?

-100 —_"
o ©
-200
02 00 02 04 06 0 100 200 300 400
400
2251 m
150 300
75 200
0 100
75 e
-150 0
07 00 02 o7 o6 0 100 200 300 400
1501 2500 J
100 2000
50 1500
1000
0
500 _.-*
-50 ol ¢
-100 0 1000 2000 3000
00 02 04 06 08 5
9
E(V) vs. SCE Z>(Qcm?)

Figure 4. CV and EIS of PPA/ITO in 1mM (A,B) [Fe(CN)s]*** (0.1M NaF), (C,D) Fc (0.1M
TBATFB), (E,F) FcOH (0.1M NaF), (G,H) FcAc (0.1M NaF) and (1,J) Fcdc (0.1M NaF) redox

species in their respective supporting electrolyte.
4.3.5. Electron transfer studies on BuPA/ITO:

Figure 5 shows the CV and Nyquist plots of BUPA/ITO in 1mM (A,B) [Fe(CN)s]*’* (0.1M NaF),
(C,D) Fc (0.1M TBATFB), (E,F) FcOH (0.1M NaF), (G,H) FcAc (0.1M NaF), and (lI,J) Fcdc
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(0.1M NaF) redox species in their respective supporting electrolyte. For the redox process of
[Fe(CN)s]*>"* on the SAM of BUPA/ITO (figure 4 A) an irreversible CV behavior with a large peak
separation of around 170mV (Table 4) is obtained. This implies that BUPA/ITO significantly
blocks the electron transfer, though not entirely hindering it. This behavior is due to the sequential
arrangement of monolayer on the nanostructures of pre-treated ITO. In the case of ferrocene redox
molecule at the BUPA/ITO surface, the peak currents are higher than pre-treated ITO. The
favorable hydrophobic interactions between methyl terminated monolayer and ferrocene redox
species combined with the disorganization of monolayer by the acetonitrile solvent facilitates the
closer access of ferrocene to the electrode surface thus enhancing the electron transfer rate.
However, the decrease in peak separation in the case of BUPA/ITO is less compared to the
BPA/ITO, since in the case of latter, the electron transfer is facilitated by the strong n-n

interactions, whereas in the case of former much weaker hydrophobic interactions are involved.

Due to the hydrophobic interactions, functionalized ferrocene derivatives of FcOH and FcAc tend
to stay close to the BuPA modified electrode surface due to which the electrode vicinity is enriched
with the redox species. A facile electron transfer takes place in this case as seen from the two clear
peaks and a relatively low peak separation (101 and 79mV). In the case of Fcdc redox molecule
(figure 5I), the observed decrease in peak currents is due to the steric hindrance of two carboxyl

groups which avoid a close approach of redox species to the BUuPA modified interface.

From figure 5B, we observe that the BuPA monolayer shows higher Ret value for [Fe(CN)g]*"*
redox couple (Table 4) compared to that of pre-treated ITO surface. The inhibition of the electron
transfer process is due to the hydrophobic nature of the surface film to which the charged polar
[Fe(CN)s]*™* couple do not have close access. In contrast, charge transfer resistance of
hydrophobic and non-polar ferrocene redox moiety is decreased when compared to the pre-treated
ITO which can be attributed to the closer access of the redox moiety to the electrode surface due

to the favorable hydrophobic interactions between BuPA monolayer and cp2 rings of ferrocene.

The dominance of diffusion controlled electron transfer behavior for FCOH and FcAc (figures 5F
and H) redox moieties show that electron transfer is facilitated for the species at BUPA/ITO
electrode interface which can be attributed to the favorable hydrophobic interactions with
ferrocene groups of these two species. Figure 5J shows that electron transfer for Fcdc redox

reaction is under charge transfer controlled process at high frequencies. The two carboxyl groups
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in Fcdc are intra molecularly hydrogen bonded. This hydrogen bonding will be broken if the

ferrocene group in Fcdc is oxidized to ferricenium and acquire net positive charge. Therefore, the

process of oxidation of Fcdc not favored which makes charge transfer resistance larger than FCAc

with single carboxylic group as shown in Table 4. The Rt values are obtained by equivalent circuit

fitting and are tabulated in Table 4 for different monolayers.

Table 4. Peak separation (mV), peak current (uA/cm?), and charge transfer resistance (Qcm?)

values of BUPA/ITO electrode towards various redox species.

Redox species AEp Ip Rct From EIS
[Fe(CN)e]*"™ 170.2 166 299.3
Fc 220.6 239 246.1
FcOH 101.6 123 70.1
FcAc 90.5 126 57.1
Fcdc 113.7 65 553.0
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Figure 5. CV and EIS of BUPA/ITO in 1mM (A,B) [Fe(CN)s]*/* (0.1M NaF), (C,D) Fc (0.1M
TBATFB), (E,F) FcOH (0.1M NaF), (G,H) FcAc (0.1M NaF) and (1,J) Fcdc (0.1M NaF) redox

species in their respective supporting electrolyte.
4.3.6. Electron transfer studies on ABPA/ITO:

Figure 6 shows CV and EIS plots of ABPA/ITO in 1mM (A,B) [Fe(CN)s]*’* (0.1M NaF), (C,D)
Fc (0.1M TBATFB), (E,F) FcOH (0.1M NaF), (G,H) FcAc (0.1M NaF) and (1,J) Fcde (0.1M NaF)
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redox species in their respective supporting electrolyte. Figure 6A shows the CV of [Fe(CN)s]*"*
redox couple at the ABPA modified ITO surface. It shows higher peak currents compared to the
BPA, PPA, and BUPA monolayers (Table 5). This behavior can be attributed to the electrostatic
attraction between positively charged ABPA monolayer and negatively charged [Fe(CN)g]>"*
redox couple which enriches the redox species in the vicinity of the electrode surface. In the case
of ferrocene redox reaction (figure 6C, Table 5), a favorable n-n interaction between the phenyl
groups present in the ABPA monolayer and the cyclopentadiene groups of the redox couple leads
to an increase in the currents when compared to PPA monolayer surface. A favorable n-n
interaction also increases the closest approach of FCOH, FcAc, and Fcdc redox species to the
electrode interface. The increased peak currents are also observed in the case of FCOH and FcAc
redox moieties which can be explained by the extended n-7 interaction between the ferrocene

redox moiety and ABPA monolayer.

Figure 6B shows a semi-circle followed by a straight line which corresponds to the partial charge
transfer and diffusion controlled electron transfer behavior of the ABPA/ITO electrode towards
[Fe(CN)s]*"* redox couple. From Table 5, it can be seen that there is an increase in the Rct value
(Table 5) for redox couple compared to pre-treated ITO. This is due to the compact monolayer
formation of ABPA monolayer due to lateral - interactions. In the case of ferrocene, the Rt value
(233.8Qcm?) is much lower than on PPA/ITO surface (1842Qcm?). This can be ascribed to the
conducive n-7 interactions originated between the phenyl rings of ABPA monolayer and cp> rings
of redox molecule. Ferrocenedicarboxylic acid (Fcdc) shows lowest Ret in ABPA/ITO monolayer
compared to BPA, PPA and BuPA monolayer films. This is due to the favorable hydrophilic and
electrostatic interactions between positively charged amino groups of monolayer and negatively
charged carboxylate functional group of Fcdc redox species.
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Figure 6. CV and EIS of ABPA/ITO in 1mM (A,B) [Fe(CN)g]*™* (0.1M NaF), (C,D) Fc (0.1M
TBATFB), (E,F) FcOH (0.1M NaF), (G,H) FcAc (0.1M NaF) and (1,J) Fcdc (0.1M NaF) redox

species in their respective supporting electrolyte.
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Table 5. Peak separation (mV), peak current (uA/cm?), and charge transfer resistance (Qcm?)

values of ABPA/ITO electrode towards various redox species.

Redox species AEp Ip Rct From EIS
[Fe(CN)e]*"* 137.2 266 133.4
Fc 230.1 201 233.8
FcOH 80.8 158 32.4
FcAc 90.5 126 57.1
Fcdc 120.7 106 196.9

4.4. Conclusions:

Indium tin oxide (ITO) surface is modified with phosphonic acid monolayers of carboxylic (PPA),
amino (ABPA), benzyl (BPA), and methyl (BuPA) terminal end groups. The interactions between
these terminal groups of short chain phosphonic acids and different redox species like
[Fe(CN)s]*™* (polar, hydrophilic), ferrocene (non-polar, hydrophobic), ferrocenemethanol
(neutral, non-polar redox group, and polar functional group), ferroceneacetic acid (non-polar redox
group, polar functional group), and ferrocenedicarboxylic acid (non-polar redox group, polar
intramolecular hydrogen bonded functional groups) are studied. The terminal functional groups of
the monolayer have been shown to exert significant influence on the electron transfer behavior in
the case of ferrocene redox couples. Extended n-m interactions play a key role in controlling the
electron transfer behavior of functionalized ferrocene on BPA/ITO monolayer. PPA monolayer
which has a carboxylic acid terminal group shows very good blocking of ferrocene redox reaction
in acetonitrile solvent, in contrast to its poor blocking behavior of redox reactions in aqueous
medium. This is due to the fact that PPA forms a disorganized monolayer in aqueous solutions due
to the solvation of hydrophilic -COOH groups, whereas in non-aqueous solvents like acetonitrile,
it forms a close packed monolayer due to the intermolecular hydrogen bonding between
neighboring carboxyl groups. In the case of BPA and BuPA monolayers, excellent blocking

towards [Fe(CN)s]*’* redox couple was observed, whereas for ferrocene redox moieties the
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electron transfer process is facilitated. This behavior can be attributed to the formation of highly

organized monolayers of BPA and BUPA in aqueous solutions due to the hydrophobic effect,

whereas in non-aqueous solvents like acetonitrile, BPA, and BuPA form disorganized monolayer

due to the solvation of terminal phenyl and methyl groups. It is shown in this chapter that, the

nature of the solvent, monolayer surface, functional group, and redox species altogether play a key

role in electron transfer behavior of phosphonic acid modified ITO surfaces. Such a study helps to

understand the role of various interactions such as polar, non-polar, hydrophobic, and hydrophilic

effects existing among the monolayer film, solvent, and the redox species in influencing the

kinetics of electron transfer process.
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Chapter 5

Electron transfer studies on 3-Aminopropyltrimethoxy
silane (APTMS) modified Indium Tin Oxide (ITO) at various
pH

5.1. Introduction:

Self-assembled monolayers (SAMSs) are formed by the spontaneous adsorption of small or long-
chain, terminally functionalized amphiphilic molecules with a specific affinity of the head group
to a solid substrate and organize into a more or less ordered domains [1-3]. SAMs can be used to
suitably tailor the work function of surfaces, thereby minimizing the energy barriers for injection
or extraction of charge carriers into or out of an active silane layer [4—6]. The precise control of
surface parameters, ease of preparation, and ability to couple with the electrodes by the monolayer
have led to many studies directing to scientific and technological applications like corrosion
protection, surface adhesion, and wetting of bio- and analytical sensors, colloidal nanostructures,
ligand stabilized metal nanostructures, biological immobilization of DNA, proteins, fabrication of
nanodevices, and controlling the alignment, and orientation of liquid crystals, growth, and
deposition of polymer films [3,7-9]. Trifunctional organosilanes (RSiXs, X= -OR, -Cl) are
sensitive to the presence of water. These three functional groups react with water on the surface of
the adsorbate resulting in the formation of silanol. These silanols are very reactive and are
polymerized by the homo-condensation reaction to form of Si-O-Si bond. The silanes also directly
bind to hydroxyl terminated exteriors covalently by the formation of Si-O-M bond. This bond
stabilizes the monolayer and also enables further chemical modification, without diminishing the
quality of the monolayer. Silanes can form SAMSs by solution or vapor phase deposition process.
3-aminopropyltrimethoxy silane (APTMS) modified solid surfaces are widely used to prepare
substrates for applications using immobilized proteins and to prepare selective absorbents or
organic/inorganic hybrid materials [10,11]. Chemisorbed APTMS on an inorganic surface

provides a platform for further chemical reactions through terminal amine group of the silane. Due
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to the presence of hydrophilic amino terminal functional group, APTMS modified surfaces can act
as a platform for immobilization of bio-molecules like proteins and can be fixed onto the platform

by non-covalent or covalent adsorption over the surface.

It has been shown previously that the surface inhomogeneities on the silane modified surfaces can
trap macromolecules, dyes, and redox species and can act as soft embedding material for biological
compounds [12—14]. Sagiv reported that silanes form disorganized monolayers with large pores
and has the ability to reversibly adsorb macromolecules like dyes inside the film [13]. Tabushi et
al. and Yamamura et al. silanized SnO> surface with a mixture of OTS and hexadecane followed
by removal of the intercalated hexadecane by chloroform. This process resulted in the formation
of a monolayer that was permeable by adsorbing vitamins Ki, Kz, and E into its vacant sites
[15,16]. Markovich et al. studied the electron transfer behavior of OTS modified ITO towards
[Fe(CN)s]*"* and found that the redox species gets trapped in the monolayer during the
voltammetric scan. It was suggested that OTS forms a disorganized monolayer film over the ITO
surface and the gaps within the film are large enough to trap the redox species [17]. These adsorbed
redox species can be identified by CV with a small peak separation indicating that the trapped
redox species diffuses laterally inside the monolayer. The effect of long alkyl chain on the electron
transfer behavior of various silane modified ITO surfaces was studied by Muthurasu et al. They
showed that long chain alkyl silanes form better monolayer film by inhibiting the diffusion of

redox species [18].

The interfacial properties of a monolayer surface are dependent on the nature of the terminal
functional groups of the adsorbed species. Silanes adsorb readily onto the hydroxylated surfaces
like silica, glass, TiO2, and ITO by covalent bond can function as a support for immobilizing
certain bio molecules like proteins. By maintaining certain hydrous conditions, it is possible to
polymerize the adsorbed silane monolayer and the electron transfer studies on the films can
provide new insights on the nature of the modified surfaces. The polymer film can acts as a soft

surface for immobilizing the bio-molecules like lipids, proteins, etc.

There are only a few reports on the electron transfer studies on silane modified surfaces in literature
[17,18]. In this work, the silane modification was carried out on a pre-treated semi-conducting ITO
substrates using APTMS and the resulting surface was used for further studies. The

electrochemical behavior of the APTMS/ITO was studied using cyclic voltammetry (CV) and
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electrochemical impedance spectroscopy (EIS). The redox probes taken for the study are distinct
in terms of their charge, ferro/ferricyanide [Fe(CN)s]*’* (negative), ruthenium hexamine
[Ru(NHa3)s]*?* (positive), and ferrocene methanol (FCOH) (neutral). The electrochemical
behavior of these redox species on the APTSM/ITO surface when studied by CV and EIS can
provide some valuable information on the surface properties. It is to be noted that, APTMS film
acts as a positively charged surface in acidic or neutral pH, which can influence the electron
transfer process of a charged redox species. An analysis of pinholes and defects will be undertaken
with the EIS studies, as it will help in better understanding of the electron transfer processes
through the pores of the monolayer film. With this in view, experiments were performed in buffer

at three different pH values namely at pH 4.1 (acidic), 7.0 (neutral), and 9.2 (basic).

The other part of this chapter deals with the immobilization of 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) and cytochrome c (cyt c) protein onto the APTMS/ITO electrode surface
where a-cyclodextrin (a-CYD) is used as a promoter for better adhesion of cyt ¢ to the surface.
The effect of lipophiles like cholesterol, tetraphenylphosphonium iodide (TPP¥), and
sodiumtetraphenylborate (TPhB?) on DPPC immobilized surface was investigated.
Electrocatalytic behavior of protein immobilized surfaces was studied using cyclic voltammetry.
The morphological characteristics of the modified surface were studied by scanning electron

microscopy (SEM) and atomic force microscopy (AFM).

5.2. Experimental Section:

5.2.1. Chemicals:

3-aminopropyltrimethoxy silane, (97%, Aldrich), toluene (SD fine), monosodium dihydrogen
phosphate, (>99%, Aldrich), and disodium hydrogen phosphate, (>99.5%, Aldrich) were
employed to prepare required solutions for our studies. In addition, potassium ferrocyanide
trihydrate (98.5%, Aldrich), potassium ferricyanide (99.98%, Aldrich), hexamine ruthenium (I11)
chloride, (99.9%, Aldrich), hexamine ruthenium (Il) chloride, (99.9%, Aldrich), and ferrocene
methanol, (97%, Aldrich), a-cyclodextrin (98%, Aldrich) were used for our studies. 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine  (>99%, Sigma Aldrich), tetraphenylphosphonium
iodide (>98%, Aldrich), cholesterol (>99%, Aldrich), and sodium teteraphenylborate (>99.5%,
Aldrich) were used for microscopy studies. Cytochrome ¢ from bovine heart were purchased from
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Sigma Aldrich. All these chemicals were used as received without any further purification.
Millipore water having a resistivity of 18MQcm was used to prepare all the aqueous solutions. For
electrochemical studies, this ITO plates of geometric area of 4mm X 10mm and were used as

strips.

5.2.2. Electrode pre-treatment and electrochemical cell:

Prior to the surface modification of ITO strips with APTMS, they were cleaned ultrasonically
using acetone, ethanol, and water in succession for 15 minutes. Later, they were immersed in an
aqueous solution, for pre-treatment, consisting of hydrogen peroxide, liquid ammonia, and water
in the ratio of 1:3:10 for about an hour. Finally, the pre-treated ITO strips were rinsed with
Millipore water several times and immediately used for further studies. A three-electrode
electrochemical cell was used for electrochemical characterization. A platinum foil and saturated
calomel electrode (SCE) were used as counter and reference electrodes, respectively. Bare ITO

and APTMS/ITO modified electrodes were employed as working electrodes.

5.2.3. SAM formation on ITO electrodes:

Pre-cleaned ITO strips were used as electrodes for modification and subsequent characterization.
Phosphate buffers of different pH has been used in order to investigate the effect of pH on the
electron transfer process across electrode—electrolyte interface. The corresponding monolayer
films prepared by immersing the pre-cleaned ITO electrodes into 10mM solution of APTMS in
toluene for about 14-15 hours. Next, the APTMS/ITO electrodes were taken out, ultra-sonicated
in toluene three times for five minutes each. Later these strips were rinsed with excess of toluene
and washed thoroughly with Millipore water. Finally, these electrodes were dried under a stream
of nitrogen gas and immediately used for morphological and electrochemical characterizations.

1mg of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was taken in a 10ml glass beaker
and dissolved in 5ml of Millipore water, sonicated for fifteen minutes to get the right dispersion
of phospholipid. Immediately, after sonication, the beaker is transferred to a thermostat at 41°C
for an hour and removed. APTMS modified ITO substrates were immersed in DPPC solution for
6 hours and later washed vigorously with Millipore water to remove any loosely adhering lipid

molecules.
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1mg of cholesterol, tetraphenylphosphonium iodide, and sodium tetraphenylborate were dissolved
in chloroform solvent using separate beakers for each. DPPC modified APTMS/ITO substrates
were transferred into each compartment and kept for an hour for adsorption. The substrates were
later removed and washed with chloroform to remove loosely attached species. These substrates

were analyzed by atomic force microscopy (AFM) for morphological characterization.

Img of a-cyclodextrin (a-CYD) is dissolved in 1ml of water and the APTMS/ITO substrate is kept
immersed in the solution for 4 hours at room temperature. Adsorption of a-CYD on APTMS/ITO
is non-specific which adheres to the underlayer by physisorption. Cytochrome c¢ (cyt c)
immobilization is carried out by immersion of APTMS/ITO and a-CYD/APTMS/ITO electrodes
in 0.2mg/ml concentrated cyt ¢ solution for 12 hours at 4°C. The cyt ¢ solution is prepared by
dissolving 1mg of cyt ¢ in 5ml of 0.1M phosphate buffer of pH=7. The cyt c is immobilized onto
APTMS/ITO surface by immersion of substrate in cyt ¢ solution for 12 hours at 4°C.

5.2.4. Electrochemical characterization of SAMs on ITO:

The electron transfer behavior of APTMS/ITO electrode was investigated using electrochemical
techniques, namely CV and EIS. The CV studies were carried out at a scan rate of 50mV/s in an
aqueous solution of phosphate buffer of pH 4.1, 7, and 9.2 prepared by mixing 0.2M Na;HPO4and
0.2M NaH2PO4 appropriately. The barrier to electron transfer process by APTMS film was
analyzed using standard redox probes with negative, positive, and neutral charges. Impedance
measurements were carried out by applying an AC signal of 10mV amplitude at formal potential
of the respective redox probes using a wide frequency ranging from 100 kHz to 0.1 Hz. The
electrolyte solution containing equal concentrations of both the oxidized and reduced forms,
namely 1mM [Fe(CN)s]*’* and 1mM [Ru(NHz)s]*"?* in 0.2M phosphate buffer medium was

employed for the study. A neutral redox probe of ferrocene methanol was also used for the study.

5.2.5. Instrumentation:
CV and EIS measurements were carried out using EG&G potentiostat model 263A and Perkin-
Elmer Lock-In-Amplifier Model 5210. The CV experiments and the analysis of data were

performed using PowerSUITE software provided by EG&G Inc. The potential ranges and scan
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rates used for the study were shown in the respective diagrams. The impedance data were fitted to
an appropriate equivalent circuit model using ZSimpWin software developed on the basis of

Boukamp’s model.

5.3. Results and discussion:

5.3.1. Surface morphological studies of bare ITO, APTMS/ITO unannealed, and
annealed using SEM and AFM:

Figure 1 (A-C) shows the scanning electron microscopy (SEM) and figure 1 (D-F) shows the
atomic force microscopy (AFM) images of bare ITO, APTMS/ITO (unannealed), and
APTMS/ITO (annealed) substrates. Bare ITO shows crystallite features of various sizes with well
demarcated boundaries (figure 1D). The adsorption of APTMS onto ITO is carried out by solution
deposition technique in which pre-treated ITO strips were immersed for 12 hours in 1mM
APTMS/toluene solution. Figure 1B shows the SEM image of the unannealed APTMS surface
consisting of globular shaped domains of different sizes, whereas the annealed APTMS shows
herring bone structures which clearly distinguishes it from the former. The phase contrast AFM
images in figure 1 (D-F) show much finer features for the corresponding samples whose SEM

images are shown in figure 1 (A-C).

From SEM image of figure 1C, where worm like features are seen, it is inferred that APTMS is
adsorbed onto the ITO surface in the polymeric form. Due to the presence of moisture in solution
and on the surface of ITO substrate, APTMS undergoes condensation reaction with adjacent
silanol groups to form Si-O-Si linkage [19]. Iwasa et al. and Woodward et al. individually studied
the in situ SAM formation of octadecyltrimethoxysilane (ODTMS) onto silicon oxide surface
using AFM. They suggested that the adsorption of ODTMS proceeds in clusters which act as

nucleation centers, on which additional reactive molecules aggregate [20,21].

The APTMS molecules adsorb on the chemisorbed water layer present on the hydrated 1TO
substrate and diffuse towards the primary island. These molecules after immobilization aggregate
around the perimeter of the primary island [22]. This reaction occurs in parallel along with the
hetero-condensation of silanes where the APTMS molecules react with the hydroxyl groups of the
pre-treated 1TO surface. Therefore, the APTMS molecules adsorb as monomer in some regions
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while predominantly forming a polymer which appear as thread like features in the SEM image
(Figure 1C). Heat treatment of APTMS/ITO surface changes the surface morphology of the

polymer, since at a temperature range of 100-200°C, silanes undergo hydrolysis faster [23].

Figure 1. SEM images of (A). Bare ITO, (B). APTMS unannealed and (C). APTMS annealed
phase AFM images of (D). Bare ITO, ©. APTMS unannealed and (F). APTMS annealed of 1um x

1um area.

According to the earlier reports, silanization of silicon oxide substrates with 3-
aminopropyltriethoxysilane (APTES) have shown that the in situ deposition at elevated
temperatures (~70 °C) enhanced the hydrolysis of ethoxy groups which increases the number of
binding functional groups of the silane [24]. This suggests that APTMS is a soft polymer that has
a tendency to change its structure during the process of heat treatment. APTMS consists of
unreacted silanol groups even after adsorption and these silanols are also very reactive. During the
annealing process, neighboring silanol groups undergo homocondensation and form a Si-O-Si
cross linkage [25]. Due to the integrated aggregation of the adjacent APTMS fragments, the chain

length of the polymer increases resulting the worm like features.

Figure 2 shows the topographical AFM images of bare ITO, APTMS/ITO unannealed, and

annealed samples at 10um x 10um resolution. APTMS/ITO shows a vast contrast in its
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morphology depending on the surface treatment, whereas the bare ITO consists of a fine grain
structures. The height profiles of the substrates are given below the respective phase images. The
average grain size of bare ITO surface is around 10-15nm, while unannealed APTMS surface
shows height profiles of 160nm and the annealed APTMS is around 200-250nm. This substantial
change in the surface height after annealing takes place owing to the surface polymerization of
APTMS on ITO.

A

Figure 2. Topography images of (A). Bare ITO, (B). APTMS/ITO unannealed, and (C).

APTMS/ITO annealed and the respective height profiles are given below the individual images.

5.3.2. Electron transfer studies:

The electron transfer behavior of three redox species viz., ferro/ferricyanide [Fe(CN)s]*"*,
hexammineruthenium [Ru(NHs)]®*?*, and ferrocene methanol species were studied on the bare
ITO, APTMS/ITO electrodes as well as at different pH conditions in order to understand the effect

of surface protonation of APTMS on the electron transfer process.
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5.3.2.1. Potassium ferri/ferrocyanide:

5.3.2.1.1. Cyclic voltammetry studies:
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Figure 3. Cyclic voltammograms of 1mM potassiumferri/ferrocyanide Ksus[Fe(CN)e] redox
couple using 0.2M phosphate buffer solution as a supporting electrolyte on (A) bare ITO, (B)
APTMS/ITO in (a) acidic, (b) neutral, and (c) basic pH conditions.

Figure 3 shows the CVs of bare ITO and APTMS/ITO electrodes in 1ImM [Fe(CN)e]*"* redox
couple at a scan rate of 50mV/s using 0.2M phosphate buffer as a supporting electrolyte. Phosphate
ions have high affinity towards hydroxylated metal surfaces [19]. They bind to the metal oxide by
the removal of hydroxyl group from the oxide surface by the reaction of proton to form a P-O-M
covalent bond. Due to the formation of phosphate layer on ITO surface, the access of the negatively
charged redox couple towards the electrode surface is inhibited by the phosphate monolayer at the
ITO electrode [26]. As can be seen in figure 3A, the electron transfer process is quasi-reversible
at the pre-treated ITO surface. From Table 1, we observe that electron transfer behavior at the bare
ITO surface is irreversible for the redox couple. Figure 3B (a), shows the CV of 1mM [Fe(CN)s]*
/4 towards APTMS/ITO electrode in acidic pH conditions. The peak currents are higher by nearly
five times in acidic buffer with the modification of APTMS onto the ITO surface. Moreover, the
half peak potentials for the redox couple are shifted positive and peak separation is also lowered.
The positive potential shift can be attributed to the electrostatic binding interactions between
negatively charged redox couple and positively charged APTMS film. The bound species needs

more positive potential to dissociate and undergo redox reaction. However, a negative shift in the
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half peak potential with a decrease in peak currents is observed with increase in pH of phosphate
buffer. This behavior can be attributed to the deprotonation of the surface amino groups and
consequent reduction of the positive surface charges, thereby lowering the coulombic binding with
the negatively charged [Fe(CN)s]**. Evidently, the electrostatic binding is more pronounced at

acidic pH due to the large number of positively charged amino groups of APTMS on the surface.

Table 1. Half peak potential (E12) (mV), Peak separation (AEp) (mV), and average peak current
(I,) (mA/cm?) values obtained for [Fe(CN)s]*’* redox couple on bare ITO and APTMS/ITO

electrodes

Bare ITO APTMS

pH Ewo |AEp |l |Ew |AE, |1p*
Acidic |173.2 |129.7 | 0.2 |221.0 |823 |11
Neutral | 156.7 | 200.4 | 0.2 |178.7 | 63.1 |0.2
Basic 167.0 | 263.0 | 0.2 | 170.2 |66.6 |0.1
Flp = (Ip*+1p°)/2

5.3.2.1.2. Electrochemical Impedance spectroscopy studies:

Figure 4 shows Nyquist plots of ImM [Fe(CN)s]*"* on (A). bare ITO and (B). APTMS/ITO
electrodes in 0.2M phosphate buffer supporting electrolyte at (a) acidic, (b) neutral, and (c). basic
pH solutions. Charge transfer resistance (Rct) and double layer capacitance (Ca)) were measured
by fitting the measured data with Randles equivalent circuit that consists of electrolyte resistance
(Rs) in series with the parallel combination of the double-layer capacitance (Ca) and faradaic
impedance. In figure 4A, the bare ITO shows a semi-circle followed by a straight line indicating a

partial charge transfer and diffusion controlled electron transfer process.
5.3.2.1.3. Effects of surface charge density of APTMS on the redox process:

Modification of ITO with APTMS shows a significant decrease in Retat all pH conditions studied
here. However, the Rct value is lowest in acidic pH and the Cq value is also quite large compared
to basic and neutral medium. The changes observed in Retand Cq values, with increase in pH are
due to the decrease in positive charges of APTMS polymer. At low pH, positive charge density of

the APTMS polymer is high as it is highly protonated such that a significant amount of negatively
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charged redox species can be trapped within the polymer film. Due to this phenomenon, a
substantial decrease in Retand increase in Cqi were observed. The effect of electrostatic attractions
in neutral and basic pH conditions is significantly lower as the polymer surface charge density is
diminished. At acidic pH conditions, a significant amount of negatively charged [Fe(CN)g]*"*
redox species is trapped onto the positively charged polymer film (Table 7) thereby creating a high
interfacial capacitive component. However, with increase in pH, there is a large decrease in
capacitance of the modified surface, as the amount of redox species trapped within the film
decreases significantly at higher pH levels (Table 2). Consequently, the current decreases and the
charge transfer resistance (Rct) values increase with pH of the solution. It is therefore clear that,
the electrostatic interactions play a key role in determining the electron transfer behavior of
different redox species at the APTMS modified ITO surface.

Aops | B 500; X
— a —~ 400 .
C
5 021 P - £ 300 :
G x L] * A. . ‘. G : ﬁ:z a -’
5/01_ 1 ° .. ::;A& :'\-1’200 A.b Ngzo B
= 3 LA a e 10
™ i b ¢ 1001 4 & o~
0.0' O ” 5 1OZl(éscm2)20 25
00 02 04 06 08 0 150 300 2 450 600
Z' (kQ cm?) Z' (Q cm?)

Figure 4. Nyquist plots of (A). Bare ITO and (B) APTMS/ITO substrates in 1mM [Fe(CN)e]*"*
at (a). acidic, (b) neutral, and (c) basic pH using 0.2M phosphate buffer supporting electrolyte.
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Table 2. Charge transfer resistances (Rct) (Qcm?), Interfacial capacitance (Cal) (UF/cm?) values

obtained for [Fe(CN)s]** at various pH conditions

pH Bare ITO APTMS/ITO
Ret Cal Ret Cai
Acidic | 367.5 15.7 0.006 | 1251.0
Neutral | 260.8 17.0 174 |83
Basic | 351.5 16.4 7.7 5.3

5.3.2.2. Ruthenium hexammine [Ru(NH3)s]3+/2+:

5.3.2.2.1. Cyclic voltammetry studies:
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Figure 5. Cyclic voltammograms of (A) bare ITO, (B) APTMS/ITO in 1mM [Ru(NH3)s]**/?* using
0.2M phosphate buffer at (a) acidic, (b) neutral, and (c) basic pH conditions.

Figure 5 shows the CV of bare ITO and APTMS/ITO electrodes at a scan rate of 50 mV/s in 1mM
[Ru(NH3)s]*?* redox couple using 0.2M phosphate buffer supporting electrolyte. The electron
transfer at bare ITO shows two distinct redox peaks corresponding to ruthenium hexamine (I11/11)
redox couple (figure 5A (a-c)). The peak separation values of about 78mV obtained from the cyclic
voltammogram suggests a quasi-reversible electron transfer behavior of the redox couple at the
bare ITO electrode surface. While APTMS/ITO shows no oxidation peak during the positive scan

in acidic and neutral pH conditions, well resolved redox peaks were observed in basic pH
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conditions. CVs of [Ru(NHs)s]**?* in acidic and neutral pH show sigmoidal shaped curves
corresponding to microelectrode array type behavior of the APTMS/ITO electrode. The peak
currents are lower at acidic pH conditions and increase at higher pH. The poor electron transfer
blocking of the APTMS film at basic conditions suggest a disorganized nature of the surface film
[27,28]. In the case of [Ru(NHz3)s]>*/?* redox couple, the electron transfer at APTMS/ITO surface
can occur in two ways: (1) electron transfer through the film via a tunneling process, and (2)
permeation of electroactive species through the film and followed by electron transfer at the
electrode surface [29]. Since, the tunneling phenomenon can be excluded due to the large thickness
of (Figure 3) the APTMS film, electron transfer can occur mainly by diffusion through the film
[30]. The permeation of a [Ru(NHs)s]**?* redox couple through APTMS film is restricted in acidic
and neutral pH conditions due to the electrostatic repulsions between positively charged film and
redox couple. However, it is not hindered at basic pH conditions due to deprotonation and

negligible surface charge density.

[Ru(NHs)s]®*2* can undergo outer sphere electron transfer on a simple monolayer covered
electrode surface which therefore should not cause any decrease in peak currents if the film is of
molecular thickness [28]. The observed reduction of peak currents in this case can therefore be
attributed to the blocking by polymeric film of APTMS on ITO which has a thickness of about
250 nm (from height profiles of figures 2B and C). In addition to this, lower current is also caused
by the electrostatic repulsion between APTMS/ITO surface and positively charged [Ru(NHs)e]**/?*

redox couple.

Table 3. Half peak potential (E12) (mV), peak separation (AEp) (mV) and average peak current
(Ip) (MA/cm?) values for [Ru(NH3)s]**2* obtained for bare ITO and APTMS/ITO electrodes.

Bare ITO APTMS
pH E1 |AEp | I Ex |AEp |Ip
2 2

Acidic | -218.8 | 71.9 | 175.2 | N/A N/A | N/A
Neutral | -248.1 | 78.4 | 247.3 | N/A N/A | N/A
Basic |-274.3 | 70.6 | 203.6 | -284.3 | 108.9 | 223.0
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5.3.2.2.2. Electrochemical impedance spectroscopy studies:

Nyquist plots of bare ITO and APTMS/ITO in ImM [Ru(NH3)s]**?* at (a) acidic, (b) neutral, and
(c) basic pH using 0.2M phosphate buffer at half peak potential of -0.19V vs. SCE for ruthenium
hexamine (111/11) redox couple are shown in figure 6. It can be seen that the impedance plot shows
a straight line for bare ITO in all pH conditions which suggests that electron transfer is fully under
diffusion control (Figure 6A). Modification of ITO with APTMS leads to a full semi-circle in the
Nyquist plot, which suggests that diffusion of redox species through the film is completely
blocked. Therefore, the reaction is entirely under charge transfer control in the case of acidic and
neutral pH conditions. In basic conditions, APTMS/ITO shows a semi-circle at high frequencies
followed by a straight line at low frequencies suggesting the electron transfer at the electrode
surface is partially controlled by charge transfer and rest by mass transfer of the redox species.
Solution resistance (Rs) values follow a decreasing trend with increasing pH conditions of the
solution in case of APTMS/ITO (zoomed portion of figure 6). The measured Rsvalues are 11.5,

7.7 and 6.9Q for acidic, neutral and basic buffer solutions respectively.

Nyquist plots of [Ru(NHs)s]**2* on bare ITO is fitted with Randles equivalent circuit, (Figure 6A
inset) while that on APTMS/ITO with the same equivalent circuit along with the inclusion of
parallel RC element which represents the film resistance and capacitance of the APTMS film
which is connected in parallel to the charge transfer resistance and faradaic impedance (Figure 6B
inset). Due to the surface modification of ITO with APTMS polymer film, there is an increase in
Rct value and a corresponding decrease in Cq values. The increase in Rt value is due to the
formation of thick polymeric film of APTMS onto ITO and also due to the electrostatic repulsion
between positively charged APTMS and positively charged ruthenium hexamine redox couple,
which inhibits the diffusion of the redox species to the electrode surface through the film. The
charge transfer resistance (Rct) and interfacial capacitance (Ca) of the APTMS film for the
modified electrodes are measured to be 2731, 1070, and 112.5Qcm?, 48.7, 98.9, and 26.5uF/cm?
in acidic, neutral, and basic pH conditions respectively. The high electrostatic repulsion between
the positively charged APTMS film and similarly charged redox couple results in higher charge
transfer resistance due to the coulombic repulsions within the film which is reflected in Rs values.
The Caq value increases from acidic to neutral pH and decreases again from neutral to basic pH.
This can be attributed to the high positive charge density on the APTMS film at low pH, which
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increases the separation gap between the electrode surface and the positively charged redox
species. Due to this large separation gap, there is a decrease in capacitance observed. However,
the separation between redox species and the electrode is less in neutral medium compared to the
acidic medium which again increases the capacitance. The low capacitance values at basic pH

conditions correspond to the decreased charge density on the APTMS film (Table 4).
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Figure 6. Nyquist plots of 1ImM [Ru(NH3)e]**/?* at (A). Bare 1TO, (B). APTMS/ITO at (a) acidic,
(b) neutral and (c) basic pH using 0.2M phosphate buffer supporting electrolyte at half peak
potentials vs. SCE (Inset: High frequency regions of Nyquist plots).

Table 4. Charge transfer resistance (Rc) (Qcm?), Interfacial capacitance (Ca)) (MF/cm?) values

obtained for [Ru(NHs)s]**/?* at various pH conditions.

Bare ITO | APTMS/ITO
pH Ret | Cat | Ret Cal

Acidic | 0.01 | 24.8 | 2731 48.7
Neutral | 0.01 | 34.5 | 1070 98.9
Basic 1.0 |73 |1125 |265
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5.3.2.3. Ferrocenemethanol (FcOH):

5.3.2.3.1. Cyclic voltammetry studies:

Figure 7 show CVs of bare ITO and APTMS/ITO in ImM FcOH using 0.2M phosphate buffer as
a supporting electrolyte. In previous cases, the electron transfer behavior of ionic redox species
[Fe(CN)6]*" and [Ru(NHs)s]*"/?* were studied to understand their electron transfer behavior on
charged surfaces. In this case, a neutral redox species, ferrocenemethanol, a neutral charged redox
species, is chosen as a candidate for studying the electron transfer process on the APTMS modified
ITO surface. Figure 7A shows a CV exhibiting irreversible electron transfer behavior of FcOH
species in (a) acidic, (b) neutral, and (c) basic pH conditions on the bare ITO surface (Table 5).
Modification of ITO by APTMS results in blocking the electron transfer of redox species at all the
pH conditions. In acidic conditions, two redox peaks were observed with a small peak separation,
while in neutral pH conditions, a single oxidation peak is observed. However, at basic pH
conditions, both the redox peaks are observed but with relatively larger currents. The electron
transfer reaction for ferrocene methanol is completely blocked at acidic and neutral pH conditions.
This behavior can be explained by the fact that non-polar ferrocene group in ferrocene methanol
stays away from the polar APTMS surface, thereby inhibiting the electron transfer process. In
acidic pH solution, the APTMS film is highly charged and polar which inhibits the approach of
non-polar part of the ferrocene methanol close to the electrode. The charge density of APTMS,
however, decreases with increase in the pH of the solution as more redox species accesses the
electrode surface in basic pH conditions. This decrease in charge density over APTMS surface
results an increase in redox current as seen in a larger peak current at basic pH (Figure 7B (c)).

However, in basic conditions, the film is uncharged and there is a favorable orientation of -OH
group with -NH2 groups of APTMS due to the formation of hydrogen bond. The distinct peaks
observed at basic pH for ferrocene redox reaction is due to the closest approach of redox species
to the electrode surface due to the H-bonding. However, the large peak separation observed for the
redox couple shows that the electron transfer process is under charge transfer control at this pH.
The decrease in currents, when compared to that of bare ITO surface (figure 7A, 7B), in basic pH
also suggests that APTMS film acts as an effective barrier for the electron transfer reaction through
the film.
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Figure 7. Cyclic voltammograms of (A) Bare ITO, (B) APTMS/ITO in 1mM ferrocene methanol
(FcOH) using 0.2M phosphate buffer at (a) acidic pH, (b) neutral pH, and (c) basic pH conditions.

Table 5. Half peak potential (E12) (mV), peak separation (AEp) (mV), and average peak current
(Ip) (LA/cm?) values obtained for ferrocene methanol on bare ITO and APTMS modified ITO.

pH Bare ITO APTMS
El AEp Ip El AEp Ip
2 2

Acidic | 168.2 | 141.7 | 160.0 | N/A | N/A | N/A
Neutral | 179.3 | 267.6 | 120.4 | N/A | N/A | N/A
Basic |174.5|242.7 | 152.7 | 168.3 | 352.7 | 13.5

5.3.2.3.2. Electrochemical impedance spectroscopy studies:

Nyquist plots obtained for 1mM ferrocenemethanol at (a) acidic, (b) neutral, and (c) basic pH
conditions at half peak potential of the redox species (0.18V) are shown in figure 8. Bare ITO
(figure 8A) shows a semi-circle followed by a rising imaginary component of impedance implying

that electron transfer is charge transfer as well diffusion controlled. However, the APTMS/ITO

155



A B
— [|'.5-‘ . 30 ‘.
= 0.4- -
u F [ ] 2“- .
a 0.3{ ., .o |
Y 0.2] * . s Ta - .

g 0.1] - VS b 10 PE -P,
- (Ll B T S ] " -
J [ o g
N | ogodd e oD H o £ ot

0.0 0.3 0.6 0.9 1.2 ¢ 5 10 15 20

7' (kQ cmi)

Figure 8. Nyquist plots obtained for 1mM ferrocene methanol at (A). bare ITO and (B).
APTMS/ITO using 0.2M phosphate buffer solution at (a). acidic pH, (b). neutral pH, and (c). basic
pH.

electrode shows depressed semi-circles in the case of acidic and neutral pH conditions. The rising
portion at lower frequencies at acidic pH conditions corresponds to the second incomplete semi-
circle. Nyquist plots obtained for bare ITO substrate are fitted to a simple Randles equivalent
circuit, while for APTMS/ITO an additional RC component (R+Cs) is added in parallel. The Ret
and Cq values obtained for bare ITO and APTMS/ITO are shown in Table 6. Rf and Cs values
attained for bare ITO and APTMS/ITO are 1.4 x 10* and 4239Qcm?, 16 and 11.5uF/cm? for acidic
and neutral pH conditions, respectively. Modification of ITO with APTMS film shows an increase
in Rceand Cai. This can be attributed to the positive charges on the APTMS film by the polar amino
group. The large Rctvalues seen in acidic pH conditions decreases with increase in pH for the same
reason as explained in the case of cyclic voltammetry (figure 7B). A highly polar and charged
APTMS film inhibits the close access of the non-polar ferrocene methanol in acidic conditions.
However, with increase in pH, there is a decrease in the charge density of the APTMS film which
allows closer access of the redox species. This is also facilitated by the hydrogen bonding between
amino groups of APTMS and hydroxyl groups of ferrocene methanol. This results in the lower Rt

values at higher pH.
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Table 6. Charge transfer resistances (Rct) (Q cm?), Interfacial capacitance (Cai) (UF/cm?) values

obtained for ferrocene methanol at various pH conditions.

pH Bare ITO APTMS/ITO

Ret Ca | Rt Cai Rt Ct
Acidic | 2219 |14.0 |4.9x10° |34.1 1.4x10* | 16.0
Neutral | 7236 | 1.6 1.5x10* | 7.5 4239.0 11.5
Basic 4489 | 1.8 4120 12.5 -- --

5.3.4. Adsorption of [Fe(CN)s]3-/4:

It should be pointed out that, a large amount of [Fe(CN)s]*"* redox species is trapped within
APTMS film which undergo a surface confined electron transfer. This can be seen from the cyclic
voltammograms of the electrode in the corresponding supporting electrolyte alone after scanning
in the presence of the redox species (figure 9). It shows that the positively charged APTMS has
the ability to adsorb and incorporate within itself the negatively charged redox species of
[Fe(CN)s]>"* onto the polymeric film. This adsorbed redox species diffuse through the film and
undergoes electron transfer which can be seen from the redox peaks of figure 9. By integrating the
cyclic voltammetric peak obtained by APTMS/ITO electrode in supporting electrolyte, it is
possible to measure the amount of [Fe(CN)g]*’* adsorbed or incorporated in APTMS film.

Markovich et al. observed that disorganized octadecyltrichlorosilane (OTS) films on ITO has the
ability to trap redox active amphiphiles like methylviologen and these trapped redox species
diffuse laterally in the monolayer and interact with the analyte [12]. Harder et al. co-adsorbed 17-
aminoheptadecyltrimethoxysilane (AHTMS) onto OTS modified Si (100) substrate and
characterized the presence of AHTMS using XPS. Adsorption of AHTMS onto OTS/ITO is due

to the presence of voids formed in the monolayer due to its disorganized structure [31].

Amount of redox species adsorbed into the silane film can be determined by using the following

expression:

=% — (1)
nFA
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I' = amount of species adsorbed (moles/cm?), Q = charge produced by the adsorbed species from
the solution, n = number of electrons, F = faraday (1F =96,500 Coulomb), and A = area of the

electrode (cm?).

From Table 7, it can be observed that at low pH values where APTMS film is positively charged,
a relatively large amount of the negatively charged redox species is adsorbed (5.2 x 108 F/cm?).
The amount of redox species getting incorporated within the polymer film decreases with the
increase in pH of the phosphate buffer as the electrostatic interaction also decreases due to the

reduced surface charges at higher pH.
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Figure 9. Cyclic voltammograms of APTMS/ITO electrode in supporting electrolyte (0.1M NaF)
after scanning in 1mM [Fe(CN)s]*** in (a). acidic pH, (b). neutral pH, and (c). basic pH solution.
Inset: CVs of ferrocyanide on APTMS in neutral and basic pH conditions.
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Table 7. Amount of redox species (I') adsorbed onto APTMS is measured from the charge

obtained from CV of supporting electrolyte after scanning redox species at different pH

pH APTMS

I" (moles/cm?)
Acidic 5.2x 108
Neutral 5.2 %107

Basic 2 x 10710

5.4. Adsorption of DPPC and lipophilic molecules:

Major component of the cell membranes are phospholipids. The phospholipids are amphipathic
molecules which consist of hydrophilic phosphate head group with two long hydrocarbon tails
along with quaternary ammonium salt bonded to phosphate head group. Due to the presence of
hydrophilic phosphate and hydrophobic tails, phospholipids self-assemble to form micelles,
reverse micelles, bilayers, and vesicles in aqueous solutions depending on their critical micellar
concentration (cmc). Lipophilic substances like fatty acids, sterol, etc. can be interspersed among
the phospholipids and together they provide the cell membrane fluidity and mechanical strength
(figure 11). These substances have affinity towards lipid membranes and have the ability to modify
its structure. Principal effect of sterols on phospholipid membrane organization is that they can
restrict the motion of fatty acyl chains due to their rigid shape. They are able to modulate the
physical properties and the phase behavior of lipid bilayers depending on the structure of the sterol.
Bernsdorff and Winter [32] introduced a double bond at C- position in the sterol fused ring, due to
which the order of lipid chain increases considerably. Leenhouts et al. have studied the interaction
of TPP* ion with DOPC and suggested that the ions reorient the phosphocholine headgroups
through quadrupolar interactions [33]. Moncelli et al. studied the interaction of TPP* and TPhB-
ions through the lipid membrane by monitoring the membrane potential changes during the

translocation of ions [34].

The physical and chemical properties of biological membranes are crucial for understanding
membrane functions [32,35-39]. The main biological role of bilayers is to provide a barrier that

divides the fluids in the inner and outer cell regions. Therefore, the effect of different biological
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species on lipid membranes is of great importance and has generated wide interest in this area of

research.

5.4.1. Characterization of bare ITO and lipid modified APTMS/ITO:

Figure 10A shows the phase image of bare ITO surface carried out through non-contact mode. It
consists of crystalline domains of size around 50nm which are separated by distinct boundaries.
Figure 10B shows the phase image of APTMS, which shows a granular domains with gaps in
between them. AFM image after modification of APTMS with DPPC lipid is shown in figure 10C.
From the figure, it can be seen that several lipid clusters cover almost fully over the APTMS/ITO
surface. The surface is covered with a large number of micro sized domains which are aggregated
leading to a short range order. There are a few cracks in between the clusters and these gaps are
formed during the process of drying of phospholipid on APTMS/ITO similar to mud cracks.
Lipophiles such as cholesterol (chol), tetraphenylphosphoniumiodide (TPP*), and
sodiumtetraphenylborate (TPhB") show strong affinity to DPPC and bind to the lipid membranes
at the hydrocarbon-water interface. A schematic model for the intercalation of the lipophile within
the membrane is depicted in figure 11. In addition to this, these lipophiles have the ability to disrupt
the hydrogen bonding network between water molecules and reduce the lipid stability by
weakening the hydrophobic effect. Figures10 (D-F) shows the AFM phase images of cholesterol,
TPP*, and TPhB™ modified DPPC/APTMS/ITO substrates. It can be seen from the images that
lipophiles have an effect on the structural organization of DPPC. This is due to the interaction of
lipophiles with the phospholipids which rearranges the order of the lipid membrane. The short
range order is disrupted by the presence of lipophiles in the phospholipid membranes. Though,
analyzing the phospholipid-lipophile interactions is not an objective of this work, the surface

studies throw some critical insight on the effect of lipophile on phospholipid organization.

The effect of tetraphenylphosphonium and tetraphenylborate ion on DPPC membrane has been
studied in order to understand the ion permeation property of large hydrophobic species. The AFM
phase image of TPP* and TPhB™ on DPPC/APTMS/ITO surface are shown in figure 10 (E-F). The
image shows that the ordered arrangement of DPPC on APTMS/ITO is disrupted by TPP* and
TPhB™ molecules. An experimental study on how cholesterol and hydrophobic ion binding affects

DPPC lipid membrane are demonstrated here by using AFM technique. These results are in
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Figure 11. Representation of phospholipid membrane and lipophile interaction.
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agreement with recent works that have shown both experimentally and theoretically that these
lipophiles penetrate the head groups of phospholipid molecules, giving rise to a disrupted layer
[34,40].

5.5. Adsorption of cytochrome c:

Immobilizing the bio-molecules like proteins onto an appropriate solid surface provides a means
of studying their properties and has the potential to be used for bio-sensing. The proteins are
generally unstable on bare solid surfaces and therefore it is necessary to provide soft supports to
avoid denaturation of proteins. In order to overcome this problem, the proteins can be immobilized
onto a soft matter platform such as organic monolayer, polymeric films, surfactants, or Langmuir

films which can be formed on solid surfaces.

Cytochromes are electron-transfer proteins having one or more electroactive heme groups, bound
to the protein along with two thio ether bonds involving sulphydryl groups of cysteine residues. It
is a heme c protein with molecular weight of around 12,400 daltons, made up of single polypeptide
chain containing 104 amino acid residues and centered with heme group. It is highly water-soluble
and is an essential component of the electron transport chain in cell membranes. The periphery of
cyt ¢ contains lysine and arginine residues which are positively charged. It has been used as an
ideal protein for immobilization on modified electrodes by many research groups. The cyt c
immobilized electrodes also serve as the potential biosensors to detect hydrogen peroxide, nitrate,
and superoxide etc. [41]. Cytochrome ¢ (cyt c) has been widely studied as a model system to
investigate the electron transfer of typical metalloproteins owing to its high stability and

electrochemical activity in the wide pH range of 2 to 11 [42].

Immobilization of cyt ¢ onto a solid surface while retaining its electrocatalytic activity is crucial
to the preparation of bio-sensors. Adsorption of protein onto the electrode surface makes the
protein structurally strained due to the deformation of 3D configuration of protein resulting in its
denaturation. Prior chemical modification of surface provides a more suitable environment which
can overcome the denaturation problem of protein by providing structural stability after
immobilization. Thiols, silanes, phosphonic acids, and carboxylic acids are ideal modifiers of the

solid surfaces that can be potentially used for immobilization of cyt c. The chemical surface
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modifier provides anchoring regions where the adsorbed cyt ¢ can retain their structural stability
after immobilization. Direct electron transfer from the electrode surface to the protein occurs only

when prosthetic group (heme) of cyt c lies in close proximity to the electrode surface.

Silane films with their three-dimensional network could be used for encapsulation of
metalloproteins. Due to the hydrophilic nature of Si-O-Si network, the film can extend H-bonding
with water through amino groups of APTMS which can facilitate the electron transfer process.
These proteins are stabilized on the film due to the hydrophilic environment created by amino

groups and siloxane groups leading to enrichment of water inside the polymer [43].

5.5.1. Cyclic voltammetric investigation of activity of immobilized cyt c modified

ITO:

>

|
o
25

T 0.0, T T

% % 0.0
—

=-0.1 2.0.2 2
-0.4/
-0.2 -0.6

-0.4-0.2 0.0 0.2 0.4 0.6 0.0 0.2 04 0.6

E (V) Vs SCE E (V) Vs SCE

Figure 12. Cyclic voltammograms of (4). Cyt ¢c/APTMS/ITO and (B). Cyt ¢/a-CYD/APTMS/ITO

in 0.1M phosphate buffer pH 7 at various scan rates.

The APTMS/ITO surface used for immobilizing the cyt c protein to expose the surface confined
electron transfer reaction. In addition, the effect of adsorbing negatively charged cyclodextrin on
the APTMS surface followed by immobilization of cyt ¢ is also investigated. Figure 12 shows the
cyclic voltammograms of non-specifically adsorbed cyt ¢ on APTMS/ITO and a-
CYD/APTMS/ITO electrode surfaces in pH 7 buffer carried out at different scan rates. While the
cyclic voltammograms of cyt ¢c/APTMS/ITO show broad ill-defined humps, the cyt c/o-
CYD/APTMS/ITO show broad, but distinct redox peaks. The co-adsorption of negatively charged
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a-CYD with cyt ¢ on APTMS film increase the charging currents as can be seen from peak
separation of forward and reverse scans. The half peak potential values obtained for APTMS/ITO
and a-CYD/APTMS/ITO are 183.2 and 266mV, whereas peak separation values obtained for the
APTMS/ITO is 66.2mV and a-CYD/APTMS/ITO is 37.5mV. The half peak potentials for the
oxidation and reduction of heme group of cyt ¢ have shifted more positive due to the incorporation
of cyt ¢ within the a-CYD film formed on APTMS while the peak separation has decreased. The
half peak potential shifts after inclusion of a-CYD in between APTMS and cyt ¢ protein are due
to the electrostatic interaction between negatively charged a-CYD and positively charged cyt ¢
protein due to which the surface charges are lowered. This lets cyt ¢ molecules to adsorb more
effectively on the hydrophilic surface [44]. The broad hump seen in CV indicates that the
immobilized protein experience changes in the native state [45]. The AE, value is higher in the
case of cyt c/APTMS/ITO electrode which can be due to the electrostatic repulsion between
identical charges of the protein and the APTMS film. However, in the case of cyt c/o-
CYD/APTMS/ITO surface, the electron transfer from the heme group to the electrode surface
leads to distinct and less broadened redox peaks indicating that the conformation of protein is not
affected significantly after adsorption. The peak separation values indicate diffusion less surface
confined electron transfer processes and the peak current can be related to surface concentration

of protein by the expression:
ip = n?2F2vAI'/4ART ——> (2)

n=number of electrons, F=Faraday constant, '=the amount of redox active molecules on the
surface, A=area of the electrode, and v=scan rate. The amount of cyt ¢ adsorbed onto the electrode

surface is calculated to be 3.5 X 10" mol/cm? from equation (2).

The distinct redox peaks obtained for heme group of protein adsorbed onto the a-CYD shows that
electrostatic interactions play a prominent role in stabilizing the cyt c protein over the surface [14].
The positively charged lysine residues that are on the outer regions of the cyt ¢ molecule are
repelled by the positively charged groups on the surface of the electrode and therefore, direct
electron transfer of the heme groups is inhibited. a-CYD (pKa=10) consists of carboxylic acid
groups which contribute negative charges to the surface. Due to the favorable electrostatic
interactions, the cytochrome ¢ molecules stay close to the electrode surface thus enhancing the

direct electron transfer between electrode and electroactive heme group of the protein. The above
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results show that the negatively charged a-CYD provides a favorable environment for cyt ¢ as seen

from the distinct redox peaks of figure 12B.

Figure 13 shows the peak currents (lp) vs. scan rate (v) (mV/s) graph a-CYD for cyt c/o-
CYD/APTMS/ITO electrode at (a) anodic and (b) cathodic peak potential. The magnitude of peak
currents increases with increase in scan rate. The straight line plots obtained (figure 13) indicates

that the redox species is surface confined as per equation (2).
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Figure 13. Peak current (lp) vs. scan rate (mV/s) for cyt ¢/ /APTMS/ITO electrode.

5.6. Conclusions:

APTMS adsorbs onto ITO surface by forming a polymeric film on the surface. The amino group
of APTMS is protonated at acidic and neutral pH leading to a positively charged surface. The
effect of pH and influence of the surface charges on the electron transfer process were studied
using negative and positively charged redox couple. This study explores the vital role of
electrostatic interactions in determining the electron transfer behavior of different charged redox
probes at modified surfaces. However, in case of the neutral redox species like ferrocenemethanol,
the electron transfer process is largely governed by H-bonding interaction. The APTMS forms a
disordered film over the ITO surface creating pores and gaps in between the film where it can trap
redox species like [Fe(CN)e]*"* and cytochrome c in between the film.

The APTMS modified ITO is used as a support for immobilization of bio-molecules like DPPC

and cytochrome c. The DPPC modified surface was used as a test bed for understanding the effect

165



of lipophiles like cholesterol, TPP* and TPhB" on the structural integrity of the lipid membrane.
The impact of lipophiles over the organization of phospholipids was studied using atomic force
microscopy in phase contrast mode. It was found that lipophiles have disrupting effect over the
lipid organization through the process of intercalation within the lipid domains. Immobilization of
the heme protein cyt c on APTMS/ITO surface does not show any redox peaks during CV scan.
However, co-adsorption of a-CYD over the APTMS/ITO increases the amount of protein adsorbed
over the surface which is indicated by distinct redox peaks in the cyclic voltammograms
corresponding to the surface confined electron transfer processes of cyt c. This can be explained
as a result of the favorable electrostatic interactions between negatively charged o-CYD and

positively charged cyt c.
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Chapter 6

Electrochemically intercalated graphite substrates for
immobilization of metal nanostructures and their

application for alcohol oxidation

6.1. Introduction:

While earlier chapters describe the electrochemical properties and application potentials of indium
tin oxide (ITO) electrode, this chapter describes the work carried out with exfoliated graphite oxide
(GrO) as a potential substrate for immobilizing the noble metal nanoparticles. While ITO surface
lends itself for functionalization with hydroxyl groups for modification with SAMs, the graphite
can be functionalized with hydroxyl, carboxyl, and epoxy groups for further applications. The
electrochemical exfoliation process described in this chapter, produces surface functionalities
which are conducive for electrochemical oxidation of alcohols. In this work, the utility of such a
functionalized surface with large surface area is explored as a solid support for noble metal
nanoparticles for electrocatalytic oxidation of alcohols that can be used in low temperature

polymer membrane alkaline fuel cells [1,2].

Low temperature fuel cells such as direct alcohol fuel cells (DAFCs) using methanol/ethanol have
been emerging as a green technology alternative and is drawing considerable interest worldwide.
However, commercialization of these technologies pose significant challenges due to the high cost
involved in loading of precious metals for the effective electrocatalytic activity of the device.
Researchers have been aiming to optimize the amount of metal to be used without compromising
the electrocatalytic activity of the electrode. There are various carbon supports such as graphite,
Vulcan XC-72 carbon black, highly oriented pyrolytic graphite, and pencil graphite for deposition
of noble catalyst materials [3—7]. During the past several years, many carbonaceous graphite
materials such as natural graphite, coke, and graphitized carbon have been widely investigated as

a support for noble metal catalysts and metal composites [8-10].
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An inexpensive but effective electrode support material where optimum metal loading can be
achieved with large electroactive surface area along with considerable electrocatalytic activity is
an important requirement for DAFCs. However, the high loading of noble metal catalyst of the
electrodes remains a major concern towards the development of commercially viable fuel cells.
The smooth solid supports lack anchoring ability for the metal nanoparticles which might lead to
Ostwald ripening eventually. This can create sluggishness for the reactants to diffuse through the
electrode which in turn will affect the electrocatalytic activity. Ehrburger et al. have suggested that
prior gasification of graphite particles provide a better dispersion of metal nanoparticles. It is due
to the surface heterogeneity created on the graphite substrate after pyrolysis step which creates
defects on graphite surface. These defects serve as nucleation sites for metal atoms [11]. There are
well established methods for producing high metal dispersions on carbon, but the resulting
materials are not suitable for preparation of catalytic material as it involves sintering process for
fabrication. This issue had motivated numerous studies to improve metal dispersions on carbons,
mainly through optimization of the metal-supporting procedures or functionalization of the carbon

surface.

Flexible graphite is made by compression of stacks of graphite flakes without a binder, thus the
flakes adhere due to pressure thereby forming a flexible sheet that resembles a piece of thin paper
which can be cut easily through scissors. These sheets contain a lot of edges and defects within the
surface which in this case serve the purpose of high metal loading. These substrates have the
capability of not only to disperse the catalyst particles but also play an important role in enhancing
the overall performance. It also offers the advantage of shapability. Conventionally, the flake
graphite consists of a lot of edge planes due to which it possess high conductivity [12,13]. A high
surface area for the flexible graphites when compared to the other forms of graphite with similar
geometric area can be attributed to the edge planes of the graphite flakes. Due to the presence of
large number of edges/defects, functional groups such as carbonyl and phenolic hydroxyl exists
on the surface which increases the probability of interactions between the substrate and the
deposited/dispersed metal. In fact, various attempts are being made to improve the electrocatalytic
behavior of potential electrocatalysts. This can be achieved by the exfoliation of flexible graphite
substrate by the electrochemical method described in this work. The process introduces lactone,
carboxyl, and quinone structure moieties which are formed on the edge surface during the

electrochemical treatment [14].
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Researchers have been exploring new routes to enhance the electrocatalytic activity of deposited
nanomaterials. This can be achieved by the coating of another reactive metal or metal oxide over
the nanomaterial, wiring of nanoparticles within the conducting polymers, and functionalizing the
support. Xu et al. carried out electrochemical oxidation of methanol and ethanol at Pt and Pd on
carbon and carbon microspheres (CMS) in alkaline medium. Metal dispersed on CMS shows better
electrocatalytic activity compared to the metal dispersed on carbon substrate [15]. Liang et al.
studied the mechanism of ethanol electrooxidation in alkaline medium and suggested that the rate
determining step for ethanol oxidation is removal of the adsorbed ethoxy group by the adsorbed
hydroxyl group. Ghosh et al. studied the enhanced electrocatalytic activity of Pd nanoplatelets
dispersed on conducting polymers towards ethanol oxidation in alkaline medium [16]. Pandey et
al. studied the electrocatalytic behavior of gold dispersed in various conducting polymers like
polypyrrole, polyaniline, poly(3,4-ethylenedioxythiophene), and polythiophene towards
electrooxidation of ethanol, methanol, and formic acid [17]. In this work, the application of
electrochemically exfoliated graphite sheet as an integrated support for deposition of Pd
nanoparticle and Pd-PANI nanocomposite is explored. The Pd-PANI nanocomposite dispersed
electrode shows better electrocatalytic activity compared to just Pd on graphite support.
Electrochemically exfoliated graphite substrates provides better support for the hanocomposite
compared to the flexible graphite sheet (GS). The electrocatalytic activity of these electrodes was
studied using cyclic voltammetry and chronoamperometry. The activation energy studies and the
effect of surface coverage by reaction intermediates are investigated using Tafel polarization plots.

6.2. Experimental section:

6.2.1. Materials and methods:

Acetonitrile (HPLC grade, SDFCL limited), aniline (AR grade, SDFCL limited), ethanol (Merck
grade), methanol (Merck grade), and 0.5M hydrochloric acid and Millipore water are the solvents
used for our electrochemical studies. Tetrabutylammonium tetrafluoroborate (TBATFB) and
sodium hydroxide are the salts used for carrying electrochemical exfoliation and electrocatalytic

studies.
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Exfoliation of flexible graphite sheet (GS) was carried out by using chronoamperometry (CA)
technique at positive and negative potentials. Pd nanoparticle and Pd-PANI nanocomposite
electrodes are prepared by galvanostatic deposition in a two electrode configuration using an
EG&G potentiostat (model 263A) equipped with PowerSuite software in chronopotentiometry
(CP) mode and interfaced to a PC through a GPIB card (National Instruments). The
electrochemical cell was maintained at specific temperatures for kinetic studies using Julabo
temperature control systems (F25). For electroanalytical techniques, Pt foil was used as a counter
electrode while the nanoparticle modified graphite and exfoliated graphite were used as the
working electrode. Saturated calomel electrode (SCE) and Hg/HgO/1M NaOH (MMO) were used
as reference electrodes in acidic and alkaline medium respectively. SEM images and EDAX
spectra were recorded with a field emission scanning electron microscope (Ultra plus, Carl Zeiss).
Raman spectra measurements were obtained with a high resolution triple Raman spectrometer
(T64000, Horiba JobinYvon), using a He—Ne Laser (A = 632.0 nm) with a 50 X objective. Laser
power was maintained at 23mW. XRD studies were carried out using out using Cu K, (A = 1.54
A) radiation from a Rigaku Ultrax 18 rotating anode generator (5.4kW) monochromated with a
graphite crystal.

6.2.2. Synthesis of the Pd and Pd-PANI:

Pd nanoparticles are synthesized from 1mM PdCl; in 0.1M HCI solution. Graphite rod of diameter
3mm is used as working electrode and flexible graphite sheet (GS) and electrochemically
exfoliated graphite sheets ((+/-) IGS) are used as counter electrodes for deposition of nanoparticle
and nanocomposites. Deposition of Pd nanoparticle is carried out by the application of 10mA/cm?
from 1mM PdCl; solution, whereas deposition of Pd-PANI is carried out by dissolution of 5uL
aniline+1mM PdCIl>+0.1M HCI solution by the application of 10mA/cm? current density

corresponding to graphite rod respectively.

6.3. Results and Discussion:

The electrochemical techniques used for the studies are chronoamperometry (CA),
chronopotentiometry (CP), cyclic voltammetry (CV), and Tafel plots. The characterization of the
materials were carried out using Raman spectroscopy, x-ray diffraction (XRD), scanning electron

microscopy (SEM), and scanning tunneling microscopy (STM) techniques.
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6.3.1. Electrochemical exfoliation of graphite sheets:

Electrochemical exfoliation of the flexible graphite sheet (GS) was carried out in a 3 electrode
compartment at a constant potential mode. The platinum (Pt) wire was used as counter electrode
and silver wire as a reference electrode. Flexible graphite (GS) sheet was used as working electrode
for the study. The exfoliation was carried out in acetonitrile solvent and tetrabutylammonium
tetrafluoroborate (TBATFB) is used as a supporting electrolyte. According to the earlier reports,
acetonitrile is the preferred solvent for carrying the electrochemical intercalation process [18].
Accordingly, the exfoliation process was carried out in acetonitrile at both positive and negative
potentials namely, by the application of +2.5 or —2.5 V vs. silver wire [19,20]. Both the processes
cause intercalation of the ionic species inside the graphite stacks [21]. Exfoliation process occurs
through intercalation of ionic species in between the stacks of graphite sheet by increasing the
width of the electrode. During this process, electrode swelling occurs. Schematic representation of
electrochemical exfoliation of graphite is shown in figure 1. Loosely attached fragments of the
electrode falls down due to the small disturbances like tapping and shaking of the exfoliated
electrode. The swelling of the electrode diminishes after the removal of electrode from solution
[19]. This can be attributed to the restacking of the graphite layers [22]. Though a large number of
defects are created on the graphite layers during the exfoliation process. This integral electrode
can be exfoliated electrode was quite stable and maintain structural integrity during experiments
was used as substrate for immobilization of nanostructures. Depending upon the positive or
negative applied potentials, a positively or negatively exfoliated integral graphite [(+)IGS or (-
)IGS] substrate can be obtained [23].
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Figure 1. Schematic mechanism of intercalation process by the application of -2.5V and +2.5V

respectively using tetrabutylammonium tetrafluoroborate (TBATFB) in acetonitrile solvent.
6.3.2. AFM and STM analysis of flexible graphite sheet:

Figure 2A shows the phase AFM image of flexible graphite sheet at 5um x Spm resolution obtained
in constant height mode. Figure 2B shows the current profile STM image of the flexible graphite
sheet at 0.63nm x 0.56nm resolution obtained in constant height mode at a tunneling current of
1nA and bias voltage of 100mV. From the figure 2A, graphite sheet is made up of several basal
plane graphite layers of various sizes stacked together. A lot of step edges can be seen on graphite
sheet which suggests that it is a rough surface. In contrast, STM imaging of graphite shows clear
hexagonal bright spots corresponding to the high local density of state in several regions. One of
the scanned portion is shown in Figure 2B where the distance between two bright spots correspond

to about 0.28nm close to the reported value of 0.25nm in literature [24,25]. From the AFM and
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STM images it is clear that the surface is atomically smooth but with a lot edge defects. In other

words, the graphite sheet is macroscopically rough but atomically smooth.

0.63 nm

0.56 nm

Figure 2. (A). Phase AFM image of flexible graphite sheet at Sumx5um resolution in constant
height mode (B). STM image of flexible graphite sheet at 0.63nm x 0.56nm obtained in constant
height mode at a tunneling current of 1nA and bias voltage of 100mV.

6.3.3. SEM and XRD analysis of flexible graphite and exfoliated graphite sheet:

The morphologies of the flexible graphite sheet (figure 3A) and the electrochemically exfoliated
graphite substrates (figures 3B and C) are examined using SEM. As shown in figure. 3A, the
surface of the graphite sheet is smooth which reveals a flaky structure with variously sized graphite
sheet stacked together along their basal planes [4]. It also consists of highly-oriented graphite
layers which are very thin and in the micrometer (um) range [28]. It is also observed that a few
gaps are present on the surface which means these bundles are not stacking uniformly. On the
contrary, figures 3B and C show the images after exfoliation which comprise of wrinkled or folded
thin sheets. This is due to the intercalation of ions in between graphite layers which reduces the
planarity of basal planes thereby revealing a large amount of edge planes of graphite substrate.
The surface roughness increases due to the formation of folds and corrugations on graphite

substrates after electrochemical exfoliation.
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Figure 3. SEM images and XRD plots of (A,D) GS, (B,E) (+)IGS and (C,F) (-)IGS substrates.

Figures 3 (D-F) show XRD graphs of GS, (+)IGS, and (-)IGS respectively. Figure 3D shows two
prominent sharp peaks around positions (20) 26.5° (002) and 54.6° (004) respectively which reflect
the order and polycrystallinity of the substrate [29]. The peaks around 26.5° and 54.6° are retained
after electrochemical intercalation. The sharp and highly intense (002) peak in figure 3A shows
that GS is highly ordered. However, after exfoliation there is a decrease of peak intensity. This is
due to the decrease in the thickness of the GS along the stacking direction of basal planes of
graphite during intercalation process. The sharp peaks in all the cases indicate that the crystallinity
of the substrate is still retained even after exfoliation of graphite sheet [6]. The microstructure of
the graphite, however, will differ in the size and extent of the crystals that make up the

polycrystalline structure of synthetic graphite.

By using Bragg’s equation nA = 2d Sin®, the interlayer distances of the substrates were measured,
where n is a positive integer, and A is the wavelength of incident wave, d is the interplanar distance,

and 0 is the angle of incidence.

The values obtained for GS, (+)IGS, and (-)IGS are 0.337, 0.338, and 0.338 nm respectively. These
interlayer spacing values obtained for exfoliated graphite sheets show very small increase
compared to the graphite sheet. This is due to the restacking of exfoliated graphite layers.
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6.3.4. Raman Studies on GS, (+)IGS and (-)IGS:

Figure 4 shows the Raman spectra of (a) GS, (b) (+)IGS and (c) (-)IGS substrates obtained by the
incidence of 632nm laser with 15s exposure. Four bands can be seen in all the spectra: the D band
(Axq vibrational mode) around 1330cm, G-band (Ezq vibrational mode) at around 1585cm™, 2D-
band around 2670cm™, and D+G band around 2890cm™ (Table 1). The G-band is an inherent
Raman band for the ideal graphite structure [30]. The D-band is usually absent for the two-
dimensional pristine graphite. This band is assigned to the break in symmetry at the edges of
graphite particles and linked to imperfections such as defects, discontinuity in crystallites, and
stacking disorder in the crystal structure [26,30]. It can be noted from figure 4, that the intensities
of the D-bands increase due to the positive potential exfoliation. It is known that electrochemical

exfoliation increases the defect density on graphite sheets which is reflected in the D band [31].

Table 1 shows Raman shift values for GS, (+)IGS, and (-)IGS samples where Ip/lg ratio is also
shown. It is known that ratio of Ip/lg reflects the surface defect density of graphite. It can be seen
that the (+)IGS shows largest Ip/lg ratio implying the presence of large number of defects.
However, in the negative potential exfoliated graphite (-)IGS the surface defects have increased
compared to graphite substrate. However, it is very much less than that of positive exfoliated

graphite.

This is because of the fact that the surface oxidation at positive potentials introduce several

functional groups causing large number of defect sites which is not the case in negative exfoliation.
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Figure 4. Raman peaks of (a) GS, (b) (+)IGS, and (c) (-)IGS substrates.

Table 1. Raman shift values obtained for GS and electrochemically intercalated graphite sheets
(+/-)IGS at +2.5V and —2.5V using 0.1M TBATFB in acetonitrile solvent.

Substrate | D band (cm?) | G band (cm™) 2D band (cm) | Ip/le

GS 1325 1571 2667 0.20
(HIGS 1328 1591 2635 1.69
()IGS 1325 1572 2635 0.53

6.3.5. Preparation of Pd-PANI nanocomposite:

Homogenous solution of ImM PdCl; is prepared by the addition of 8.5mg of palladium salt to
100ml of 0.1M HCI solution followed by sonication for 5 minutes. 20ul of aniline is added to the
20ml of the solution and stirred well by a magnetic stirrer. A 3mm diameter graphite rod is chosen
as anode and the counter electrode while a smooth flexible graphite sheet was chosen for
exfoliation at both positive and negative potentials as working electrode. The dissolved palladium
ions form hexachloropalladate complex in the acid solution. Highly oxidizing tendency of this

palladium complex initiates the polymerization of aniline which in turn gets reduced to palladium
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metal atoms. The reduced Pd metal atoms cluster together and adhere to the PANI film resulting
in the Pd-PANI nanocomposite [7]. Pd-PANI nanocomposite is positively charged due to the
protonation of hydrogen ions from HCI solution, which then electrophoretically deposit on to the

electrode substrate as a thin film.

Deposition of Pd-PANI nanocomposite was carried out by chronopotentiometry technique by
applying a 10mA/cm? current density with respect to the anode. This value of current density was
chosen for the deposition as it provides an integrated electrode with optimum mechanical integrity.
We have carried out the deposition in the galvanostatic mode for one hour with different current

values to study the effect of current on the nature of coating.

A schematic representation of polymerization of aniline in the presence of palladium is shown in
figure 7 [32].
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6.3.6. Morphological Characterization of Pd GS substrate, Pd-PANI GS, Pd-PANI
(+)IGS, and Pd-PANI (-)IGS substrates:

Figure 6 shows the SEM image and EDAX analysis of Pd electrodeposited onto graphite sheet
(GS) substrate from 1mM PdCl, + 0.5M HCI solution by the application of 10mA/cm? current
density to a 40mm? area graphite sheet substrate. SEM image shows that Pd metal of less than 5nm
has deposited and aggregated to form disc shaped structures. The corresponding EDAX image

confirms the high content of Pd on the surface.
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Figure 6. (A). Scanning electron microscopy (SEM) and (B). Energy dispersive x-ray (EDAX)

analysis images of Pd deposited on GS electrode by using chronopotentiometry technique.

Figure 7 shows the high resolution SEM images and corresponding EDAX obtained for
electrodeposited Pd-PANI nanocomposite on GS, (+)IGS, and (-)IGS respectively. Figure 7A
shows that the nanocomposite deposited on the surface contains several clusters and are aggregated
in the form of cauliflower shaped domains. These PANI clusters have Pd metal nanoparticles
embedded on them. One can observe the aggregated nanoparticles by zooming the globular part
of the flower shaped aggregates as can be seen from the zoomed portion of the image. Figure 7B
shows globular shaped structures of different sizes when Pd-PANI is deposited on (+)IGS
substrate. Figure 7C shows cylindrical shaped aggregated structures for the NC dispersed on (-
)IGS substrate. These cylindrical structures were spread all over the surface. The shapes of these
structures suggest a diffusion controlled aggregation growth [33]. The corresponding energy
dispersive x-ray (EDAX) plots show that these substrates are mainly composed of Pd. The peaks
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corresponding to C, N, and O elements are from the polymer matrix as well as from the oxygen

functionalities developed on the surface during the electrochemical exfoliation.
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Figure 7. Scanning electron micrographs (SEM) and energy dispersive x-ray analysis (EDAX)
images of (A) Pd-PANI GS, (B) Pd-PANI (+)IGS and (C) Pd-PANI (-)IGS substrates.

6.3.7. XRD studies of GS, (+)IGS, and (-)IGS:

Figure 8 shows the diffraction patterns of Pd-PANI nanocomposite deposited on (A) GS, (B)
(H)IGS, and (C) (-)IGS substrates respectively in the 6 range of 1-80° for an exposure time of one
hour. The sharp peak patterns show that the nanocomposite deposits have highly crystalline
features. The Pd-PANI deposited on all the three substrates show respective peaks at 40.13° (111),
46.90° (200), 68.30° (220), and 82.50° (311) angles which can be indexed to fcc nanostructure
[34]. The additional sharp peaks are due to the respective substrate on which the nanocomposite

was deposited. The calculated crystallite size values for the deposited composite are shown in
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Table 2. It can be seen that Pd crystallite size changes with the substrate. The crystallite size (D)

can be calculated using Debye-Scherrer equation:

D= k)\/B Cos®

k is a dimensionless shape factor (0.94) with a value close to unity, 4 is the x-ray wavelength, j is
the line broadening at half the maximum intensity (FWHM) (radians), and 0 is the Bragg angle (in

degrees).
800 A 1600, 1000,
' B
1200- 800
> 6001 500,
< 400 D 800 =
< < 4004
200+ (111) 4001 (11) 200A (200)
(200) (250) (311) 200)  (220)(311) (220)311)
01 01 01

0 20 40 60 80 100

0 20 40 60 80 100

0 20 40 60 80 100

20

20

20

Figure 8. X-ray diffraction graphs of Pd-PANI nanocomposites deposited on (A) GS, (B) (+)IGS,

and (C) (-)IGS substrate respectively.

Table 2. Crystallite sizes of Pd-PANI nanocomposite deposited on GS, (+)IGS and (-)IGS

substrates.
Peak position | Crystallite size (nm)
(20) Pd-PANIGS | Pd-PANI (+)IGS [ Pd-PANI (-)IGS
40.1 8.5 7.3 4.7
46.9 7.3 8.1 17.2
68.3 8.8 5.2 14.4
82.5 6.3 3.5 9.6

6.3.8. Cyclic voltammetric studies on exfoliated graphite:

Figure 9 shows the voltammetric behavior of the (A). Pd-PANI GS, (B). Pd-PANI (+)IGS, and
(C). Pd-PANI (-)IGS electrode in 0.5M H>SO;4 at a scan rate of 100mV/s. The voltammograms
show two prominent peaks which were common in all the cases, one peak around (-0.2V) during

the anodic scan which corresponds to the oxidation of adsorbed hydrogen and another peak around
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+0.4V during the cathodic scan which represents the reduction of PdO to Pd [17]. Since Pd has the
ability to adsorb as well as absorb H> onto it, the area measured by calculating the charge under
the peak | does not reflect the true surface area of the Pd in the nanocomposite [35]. Nevertheless
the electrocatalytic surface area (ECSA) of Pd can be calculated from the PdO stripping peak
[35,36]. The charge values calculated by the integration of PdO stripping peak are 28, 87.8, and
97.5mC for Pd-PANI nanocomposite electrodes deposited onto GS, (+)IGS, and (-)IGS substrates
respectively. The true ECSA calculated for Pd-PANI deposited on GS, (+)IGS, and (-)IGS are 66,
207 and 230cm?. Exfoliation of the graphite sheet results an increase in the loading of palladium
which can be attributed to the increase of surface sites for deposition of Pd-PANI nanocomposite.
Figure 9C shows a peak at positive potentials above 0.8V vs. Hg/HgO. This peak can be attributed
to the formation of PdO at positive potentials [37]. It is worth noting that the increase in true

surface area of Pd is almost the same during the positive and negative exfoliation processes.
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Figure 9. Cyclic voltammograms of (A) Pd-PANI GS, (B) Pd-PANI (+)IGS, and (C) Pd-PANI (-

)IGS in 0.5M H,SO4 solution. Geometrical surface area-40mm?.

6.3.9. Electrocatalytic oxidation of ethanol and methanol on exfoliated graphite

oxide surface:

6.3.9.1. Ethanol oxidation studies:

Ethanol oxidation in alkaline media has been studied extensively by various groups due to its
potential applications in alkaline fuel cells based on ethanol [38-40]. The mechanism of
electrooxidation of ethanol is depicted in equations 1-4 given below. Complete oxidation of
ethanol takes place through three intermediate steps by the formation of acetaldehyde and acetic

acid as the intermediates and carbon dioxide as the final product [17,41]. The complete oxidation
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of ethanol to CO- is not a straight forward process because of the poisoning of the electrode by the
reaction intermediates. Ethanol oxidation in alkaline medium involves adsorption of reactants and
intermediates through the hydroxyl group on the electrode surface [42,43]. The intermediates
adsorb onto the electrode strongly and inhibit further reaction thereby bringing down the

electrocatalytic activity of the electrode.

C,HsOH + 30H"  memp CH,CO0,45 + 3H,0 (1)
OH" —p  OH,qs (2)

CH3CO,.4s + OH,gs smmmmmmmp CH;COOH (3)
CH;COOH 4+ OH mep CH,COO" + H,0 (4)

6.3.9.2. CV studies for ethanol oxidation reaction (EOR):

Figure 10 shows CV of (A) Pd GS, (B) Pd-PANI GS, (C) Pd-PANI (+)IGS and (D) Pd-PANI (-
)IGS electrodes at various ethanol concentrations using 0.1M NaOH at a scan rate of 50mV/s.
Figures 10 (A-D) (a) show the cyclic voltammograms of 0.1M NaOH solution, which shows an
oxide stripping reduction peak of PdO to Pd around -350mV vs. MMO. The effects of ethanol
concentration on the cyclic voltammetric response due to the oxidation of ethanol on the porous
Pd GS (0.1-0.4M), Pd-PANI GS (0.05-0.2M), Pd-PANI (+)IGS (0.01-0.04M), and Pd-PANI (-
)IGS (0.01-0.04M) substrates are also shown in figure 10. The peak currents due to oxidation of
ethanol during the forward scan is normally used to analyze the catalytic activity of an active
material [44]. From figure 10, it can be seen that the peak potential in the anodic scan shifts towards
positive direction with the increase in concentration of ethanol. The positive shift in peak potential
can be attributed to the increase in coverage by reactant molecules at Pd sites at higher ethanol
concentrations [45]. According to the previous reports, adsorbed hydroxyl ions play a key role in
enhancing the electrocatalytic activity of the electrode [42]. The concentration of ethanol has been
optimized to 0.4M for the studies on Pd GS electrode and 0.2M for Pd-PANI GS, 0.04M for Pd-
PANI (+)IGS, and 0.04M for Pd-PANI (-)IGS electrodes. The cyclic voltammograms show a
typical ethanol oxidation peak during the anodic scan while the reverse positive current peak
during the cathodic cycle is associated with the oxidation of intermediate species adsorbed on Pd
surface [42]. The ethanol oxidation currents on the surface of Pd-PANI nanocomposite show

saturation of electrocatalytic behavior at low (0.04M) ethanol concentrations. This behavior
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demonstrates that the highly porous and hierarchical pore structure of electrodeposited Pd
electrode causes an enhanced ethanol oxidation reaction. Remarkably, the reverse anodic peak
currents are lower in the case of Pd-PANI GS electrode compared to Pd GS which suggests that
concentration of impurities on Pd-PANI is very much less compared to just Pd on graphite sheet,
even though the oxidation current is comparably more in the case of Pd-PANI. The significant
increase in the ethanol oxidation currents on Pd-PANI surface and lesser surface impurities

confirm the excellent electrocatalytic activity of Pd-PANI over Pd GS electrode substrate.
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Figure 10. Cyclic voltammograms of (A). Pd GS (0.1-0.4M ethanol), (B). Pd-PANI GS (0.05-
0.2M ethanol), (C). Pd-PANI (+)IGS (0.01-0.04M ethanol), and (D). Pd-PANI (-)IGS (0.01-0.04M
ethanol) electrode at various ethanol concentrations using 0.1M NaOH vs. Hg/HgO (MMO)

reference electrode. Inset: Voltammograms of 0.1M NaOH solution.
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6.3.9.3. Reaction Kkinetics study of EOR:

The reaction kinetics of the EOR can be studied by measuring the effect of ethanol concentration
on the reaction rate and calculating the reaction order by plotting the log I vs. log C (ethanol
concentration) as shown in figure 11 [17]. The order of the reaction was calculated by using the
following equation [46]:
I=nFkc™
which can be expressed as
log I=log nFk + m log ¢
where F-Faraday’s constant, k-reaction constant, c-ethanol concentration, and m-reaction order

with respect to ethanol.
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Figure 11. Log | (A) vs. Log C (M) graph for (A). Pd GS, (B). Pd-PANI GS, (C). Pd-PANI (+)IGS,
and (D). Pd-PANI (-)IGS in ethanol using 0.1M NaOH.

The slope of the graph at a given potential gives the apparent reaction order (m) of ethanol electro-
oxidation reaction with respect to the ethanol concentration. The reaction order was calculated at

two different potentials namely, -0.4V and -0.1V vs. Hg/HgO reference electrode. The values of
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the calculated reaction orders for Pd GS, Pd-PANI GS, Pd-PANI (+)IGS, and Pd-PANI (-)IGS
electrodes are given below in Table 3 which shows that the reaction mechanism exhibits significant
change in the reaction order with potentials in all the cases except on Pd-PANI (+)IGS. This leads
to the inference that the reaction kinetics is influenced significantly by the applied potential in the
case of the three systems. This can be explained by the availability of the active sites for adsorption

of the molecules at more positive potential (-0.1V) which is not the case at potential of -0.4V.

Table 3. Reaction order measured for various electrodes using CV.

Substrate Reaction order (m)
-0.4v | -0.1V

Pd GS 0.36 0.85

Pd-PANI GS 0.13 0.26

Pd-PANI (1)IGS | 0.33 | 0.34
Pd-PANI ()IGS | 0.15 |0.46

6.3.9.4. Tafel Analysis of EOR:

An analysis of Tafel plots (over potential () vs. log I) provides useful information which can help
in understanding the nature and mechanism of the alcohol oxidation reactions. These plots do not
often follow the relationship corresponding to the reaction and that as predicted by Butler-Volmer
equation [42]. Therefore, the measured Tafel slopes deviate drastically from ideal values
corresponding to usual electron transfer processes. This deviation arises due to adsorption of
reactive intermediates formed during ethanol oxidation which decreases the available active sites
for the fresh reactant molecules. The ethanol oxidation on Pd surface occurs through dissociative
chemisorption of ethanol to form acetic acid and acetaldehyde, the active intermediate formed

during the reaction adsorbs strongly on the electrode surface [42,47].

The steps involved in ethanol oxidation reaction have been earlier depicted in equations 1-4. The
removal of CH3COxqgs radical by adsorbed hydroxyl group (equation 3) is the rate determining step
of the reaction. Recently, Ma et al. carried out a comparative study of the ethanol electrooxidation
on Pt/C amd Pd/C surfaces in alkaline medium and observed that Pd/C shows higher catalytic
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activity in alkaline medium [48]. Tripkovi¢ et al. have suggested that the electrooxidation of
ethanol at palladium surface follows a dual-path mechanism where acetic acid is the final product
in one and carbon dioxide as the final product in the second pathway. They also observed that
acetic acid is the major product when catalyzed by the adsorbed hydroxyl groups on the surface
[47]. Wang et al. studied the electrooxidation of ethanol on Pt/C electrode at various
concentrations of ethanol and observed that at low concentrations (1mM), acetic acid is the main
product while at higher concentrations (0.5M) it is acetaldehyde [49]. Ethanol oxidation in alkaline
media is being studied extensively in recent times by various groups due to its potential

applications in low temperature alkaline fuel cells [38-40].

Figures 12 and 13 show the Tafel plots at Pd GS and Pd-PANI GS electrode in 0.2M ethanol in
0.1M NaOH supporting electrolyte at various temperatures and the corresponding Tafel slope
values are presented in Table 4. These plots show abnormally high values of Tafel slopes which
can be accounted for the adsorption of the carbonaceous intermediates resulting in the surface
poisoning [42,50]. Therefore the Tafel slopes shown here are indicators that offer a wider
perspective about the reaction process and the temperature dependence of the EOR. A change in
the Tafel slope with temperature is indicative of the extent of adsorption of the reaction
intermediates which inhibits the reactant molecules from adsorbing on the Pd GS and Pd-PANI
GS electrode as the reaction advances. These adsorbed carbonaceous impurities block the active
sites during the EOR.

Siddhardh et al. studied the ethanol oxidation on gold nanocomposites and observed two Tafel
slopes for oxidation reaction in which the second Tafel slope shows higher values due to the
surface poisoning of the catalyst material by the intermediates [50]. The data obtained in the

present study exhibit two distinct slopes, with the value of second slope being higher than the first.

Since the change of current with the overpotential is also indicative of the availability of the free
surface sites on the electrode, one can relate the change in the Tafel slope to the extent of surface
poisoning during the course of the reaction. But in our study, there is a distinct decrease in the first
Tafel slope values (Table 4), which is due to an increase in the EOR currents with increasing
temperatures. This decline in the surface passivation with increasing temperature on the Pd-PANI
GS nanocomposite electrode surface when compared to the Pd GS electrode points out an

enhanced electrocatalytic activity of the nanocomposite system even at higher temperatures.
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Figure 12. Tafel plots over potential (n) vs. log I (4) for Pd GS electrode in 0.2M ethanol using
0.1M NaOH at different temperatures and the fitting for two slopes.
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Figure 13. Tafel plots over potential () vs. log I (4) for Pd-PANI GS electrode in 0.2M ethanol
using 0.1M NaOH at different temperatures and the fitting for two slopes.

Figures 14 and 15 show the Tafel plots of 0.04M ethanol at Pd-PANI (+)IGS, and Pd-PANI (-)IGS
electrode using 0.1M NaOH. Tafel measurements were carried out at a temperature range of 15-
35°C and in the potential range of -400mV to -50mV vs. MMO reference electrode. The
concentration of ethanol used for catalytic studies was optimized from the saturation currents in

cyclic voltammetry obtained for the Pd-PANI nanocomposite deposited on exfoliated graphite
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substrates. The Tafel slopes obtained for the EOR is shown in Table 4. It can be seen that, there is
a decrease of the Tafel slopes with increasing temperature. Lower Tafel slopes at higher
temperatures indicate that enhanced catalytic activity contributed by decreased adsorption of

reaction intermediates which results in higher oxidation current for a given overpotential.
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Figure 14. Tafel slopes over potential () vs. log I (4) for Pd-PANI (+)IGS electrode in 0.04M

ethanol at various temperatures and the fitting for two slopes.
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Figure 15. Tafel slopes over potential (n) vs. log I (A) for Pd-PANI (-)IGS electrode in 0.04M

ethanol at different temperatures and the fitting for two slopes.
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Table 4. Tafel slopes (mV/dec) for EOR process at Pd GS, Pd-PANI GS, Pd-PANI (+)IGS, and
PdPANI (-)IGS electrodes respectively.

T(K) [ PdGS Pd-PANI GS Pd-PANI (+)IGS | Pd-PANI (-)IGS
Slope 1 Slope2 | Slopel |Slope2 |Slopel |Slope2 | Slopel | Slope 2
288 270.7 674.6 211.7 386.9 193.1 512.7 219.4 490.3
293 222.6 590.8 164.7 341.5 216.5 992.4 221.7 481.7
298 174.7 582.1 136.1 375.5 184.8 972.7 208.6 478.8
303 163.8 635.5 125.4 447.2 171.6 275.2 194.3 594.2
308 178.8 635.5 114.7 405.2 184.9 636.7 187.1 445.4

6.3.9.5. Activation energy studies of EOR on PdGS, PAPANI GS, PdPANI (+)IGS,
and PdPANI (-)IGS electrodes:

Electro organic reactions such as alcohol oxidation on electrode surfaces require high positive
potentials under normal conditions due to their inherent poor reaction kinetics. In the presence of
suitable electrocatalytic material, the surface interaction lowers the activation energy required for
the reaction [51]. Ethanol oxidation reaction is one such reaction which takes place at higher
oxidation potentials yielding relatively low current density. An inert electrode, like for example,
graphite, noble metals like Pt, Au, Ag, and Pd are known to show varying extent of electrocatalytic
behavior towards ethanol oxidation reaction. By immobilizing the noble metal atoms with
conductive polymer material the electrocatalytic activity of the metal nanoparticles can be further
enhanced. This is due to the network of conducting path provided by the polymer interconnectivity
[16,17].

Figure 16 shows Arrhenius plots of (A) Pd GS and (B) Pd-PANI GS electrodes in 0.2M ethanol
using 0.1M NaOH respectively. Activation energy (Ea) values measured from the slopes
(-E&/2.303R) obtained for the plots log I vs. 1/T are shown in Table 5, and the values obtained for
EOR correlates with the Tafel slope values (Table 4). The linear relationship in these plots suggests

that the mechanism essentially remains the same at temperature range of our study. The Table 5
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Figure 16. Arrhenius plots at different over potentials for ethanol oxidation reaction (EOR) at

(A) Pd GS and (B) Pd-PANI GS electrode in 0.2M ethanol using 0.1M NaOH respectively.

also show that E, value of Pd-PANI GS is significantly lower when compared to the Pd GS. The
values of activation energies obtained in our study are relatively low when compared to the earlier
reports [52]. This can be accounted for, by two explanations i.e. (i) the anti-fouling ability of Pd-
PANI GS during the EOR, (ii) the enhanced EOR kinetics due to the large number of catalytically
active sites present on a porous globular network of Pd-PANI as seen in the FESEM images figure
8. The Pd nanoparticles are well dispersed and optimally adhering on the network of PANI which
provides multiple active sites for the ethanol molecules to adsorb on the surface initially. The
activation energy (Ea) values (Table 5), increase with temperature in the case of Pd GS whereas it
decreases for Pd-PANIGS which again confirms the anti-fouling activity of Pd-PANI GS at higher
temperatures where even though the surface oxidation is enhanced, it does not lead to any
significant blocking of active sites by the reaction intermediates. The continuous renewal of active
sites by easy desorption of reaction intermediates can be the cause for enhanced electrocatalytic

activity of Pd-PANI nanocomposite material.
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Table 5. Activation energy (Ea) values at different temperatures obtained for ethanol oxidation
reaction (EOR) on Pd GS and Pd-PANI GS electrode.

Ea (kJ/mol)
E (V) Pd GS | Pd-PANI GS
-0.25 20.1 21.5
-0.2 23.5 19.3
-0.15 29.4 17.2
-0.1 35.7 154
-0.05 43.7 13.9

Figure 17 shows the Arrhenius plots obtained for (A) Pd-PANI (+)IGS and (B) Pd-PANI (-)IGS
electrodes in 0.04M ethanol + 0.1M NaOH aqueous solution. The activation energy studies were
carried out between the potential ranges -0.4V to -0.2V vs. MMO at varying the temperature from
15°C to 35°C. The low activation energies clearly suggest that the deposition of nanocomposite
onto exfoliated substrates enhances the electrocatalytic property towards EOR. The increased
surface area by the electrochemical exfoliation and the defects introduced during the process on
the surface lead to a 3-dimensional surface structure. In addition, the formation of hydrophilic
functional groups (-OH, -O-, -COOH) during the process of exfoliation enhances the interactions
of ethanol molecules to the surface through hydrogen bonding interaction with —OH group. In
addition, the hydrophobic groups facilitate alcohol diffusion into graphite layers, leading to larger
three phase interface resulting in the reduction of liquid sealing effect [15,39].

From Table 6, it is seen that the activation energy (Ea) for ethanol oxidation is significantly lower
for Pd-PANI exfoliated (+/-) IGS when compared to the Ea of 13.5kJ/mol for Pd-PANI supported
graphite which is reported in literature [15]. This can be attributed to the microporous channels

created on graphite surface after exfoliation behaving as individual nanoscale reactors.
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Figure 17. Arrhenius plots at different over potential (n) values for (4). Pd-PANI (+)IGS and
(B). Pd-PANI (-)IGS electrode in 0.04M ethanol using 0.1M NaOH.

Table 6. Activation energy (Ez) values at different potentials for the ethanol oxidation on Pd-
PANI (+)IGS and (-)IGS electrodes.

E (V) Ea (kJ/mol)
Pd-PANI (1)IGS | Pd-PANI (-)IGS
-0.4 6.9 7.2
-0.35 6.3 6.9
-0.3 6.1 74
-0.25 6.2 7.0
-0.2 6.3 6.6

6.3.9.6. Methanol oxidation studies:

Methanol oxidation reactions on smooth electrode surfaces need high over potentials for the
formation of final products. This is due to the strong adsorption of intermediates on the electrode
substrates which inhibits the methanol electrooxidation and reduces the catalytic activity of the
electrode. Bagotzki et al. [53] proposed that the methanol oxidation in acidic medium at Pt
electrodes follows a reaction pathway, based on the sequential dehydrogenation of methanol
molecules with formation of strongly bound intermediates occupying 1-3 Pt sites (x) as shown in

the following scheme:
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CH,0H — CH,0H,—— CHOH,,—— COH,,, — > CO,

It was suggested that adsorbed COx can be oxidized to CO: at high overpotentials and adsorbed
intermediate species like CH2OHx and CHOHyxx would lead to the formation of formaldehyde and

formic acid respectively.

At higher pH, the noble metal surfaces of Au and Pd undergo surface hydroxylation and get
converted to metal hydroxides due to the adsorption of hydroxyl ions. These surface hydroxyl
groups play a major role in methanol oxidation reaction on these surfaces. It was earlier reported
that the reaction mechanism of methanol oxidation on polycrystalline gold in alkaline medium is
catalyzed by the surface hydroxyl groups present on the surface [54]. Methanol molecule adsorbs
onto metal electrode and the adjacent hydroxyl groups catalyze the oxidation of methanol.

CH3OH + 5 OH = HCOO" + 4H,0 + 4€” (5)
6.3.9.7. Cyclic voltammetry studies:

Figure 18 shows the cyclic voltammograms of methanol oxidation in 0.5M NaOH at various
concentrations on (A). Pd GS, (B). Pd-PANI GS, (C). Pd-PANI (+)IGS, and (D). Pd-PANI (-
)IGS respectively at a scan rate of 50mV/s. The CVs show a peak during anodic scan for the
oxidation of methanol at the surface but interestingly, again an anodic peak appears during the
reverse scan which corresponds to the oxidation of reaction intermediates formed during the
forward cycle. The oxidation of intermediates take place on a freshly formed Pd surface lattice
formed due to the reduction of PdO to Pd during the reverse scan. However, in the case of Pd-
PANI on exfoliated substrates, only a reduction peak is observed and the reverse oxidation peak
is absent. This can be attributed to the fact that the reaction intermediates do not remain on the
surface of the catalyst thereby confirming the anti-fouling nature of nanocomposite deposited on

exfoliated graphite sheets.

From the figure 18, it is observed that the peak potentials shift to positive values with increase in
the concentration of methanol. The shifts in peak potentials for the methanol oxidation are due to
the occupation of active sites of metal atoms by the methanol molecules and adsorbed
intermediates. These molecules adsorb strongly to the electrode surface thereby inhibiting the
MOR. This necessitates the application of higher positive potential to facilitate the oxidation

process.
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Figure 18. Cyclic voltammograms of methanol in 0.5M NaOH on (A). Pd GS (0.1M-0.4M), (B).
Pd-PANI GS (0.05M-0.2M), (C). Pd-PANI (+)IGS (0.01M-0.04M) and (D). Pd-PANI (-)IGS
(0.01M-0.04M) electrodes.

Figure 19 shows the cyclic voltammetric behavior of Pd GS, Pd-PANI GS, Pd-PANI (+)IGS, and
Pd-PANI (-)IGS electrodes at different temperatures towards methanol oxidation in 0.5M NaOH
at a scan rate of 100 V/s. It is observed that with increasing temperature, there is a trend towards
increasing the peak current values for the oxidation of methanol. The trend in currents may be
explained due to the fact that the increase in the temperature accelerates the adsorption of OH" ions
to form OHags. It has been reported that, presence of OHags improves the electrooxidation current
of methanol by minimizing the formation of poisoning species on the electrode [42,44]. As a

consequence, we find that the reverse anodic currents also increase with temperature.
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Figure 19. Cyclic voltammograms of methanol in 0.5M NaOH at (A) Pd GS (2M MeOH), (B)
Pd-PANI GS (0.4M MeOH), (B) Pd-PANI (+)IGS (0.1M MeOH), (C) Pd-PANI (-)IGS (0.1M

MeOH) at various temperatures (Indicated in the inset of each CV).
6.3.9.8 Tafel plot analysis of MOR:

Figures 20-23 show the Tafel plots for methanol oxidation reaction at temperature ranges of 20-
40°C. These plots show two distinctive slopes suggesting two different electrochemical processes
during the potential sweep. The values obtained for the MOR are given in Table 7 for respective

electrodes. The Tafel slope values show large deviation from ideal values 120mV essentially due
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to the electrode surface poisoning by reaction intermediates [55]. Whereas the nanocomposite
modified electrodes show lower Tafel slopes compared to the Pd GS electrode, which can be
attributed to the (i) improved electrocatalytic behavior of the electrode after functionalizing with
the conducting polymer or (ii) anti-fouling ability of the Pd-PANI nanocomposite. Previous studies
suggest that the second slope shows large deviation from the ideal values which is due to the

formation of oxide layer on the Pd electrode [42].

The high values of second slope are due to the extensive high coverage of carbonaceous
intermediates at active sites of the catalyst which in turn increases the potential to be applied for

the oxidation of the alcohol.
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Figure 20. Tafel plots (n vs. log 1) graphs for Pd GS electrode in 2M methanol in 0.5M NaOH.
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Figure 21. Tafel plots (n vs. log 1) graphs for Pd-PANI GS electrode in 0.4M methanol in 0.5M
NaOH.
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Figure 22. Tafel plots (y vs. log 1) graphs for Pd-PANI (+)IGS electrode in 0.1M methanol in
0.5M NaOH.
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Figure 23. Tafel plots (n vs. log 1) graphs for 0.1M methanol in 0.5M NaOH at Pd-PANI (-)IGS

electrode.

Table 7. Tafel slope (mV/dec) values for MOR at Pd GS, Pd-PANI GS, Pd-PANI (+)IGS and
Pd-PANI (-)IGS electrodes.

T(K) | PdGS Pd-PANI GS Pd-PANI (+)IGS Pd-PANI (-)IGS
Slope 1 | Slope 2 | Slope 1 Slope 2 | Slope 1 | Slope 2 Slope 1 | Slope 2
293 ]193.0 410.5 144.3 386.2 145.4 397.0 139.3 392.0
298 | 188.0 402.3 139.0 326.2 148.8 489.0 160.9 445.7
303 | 195.7 476.8 146.5 490.6 132.4 331.1 159.3 377.9
308 | 240.3 563.2 168.4 691.4 149.1 436.3 164.8 333.2
313 | 244.0 592.4 159.6 405.2 148.5 395.0 161.0 420.0

6.3.9.9. Activation energy studies of MOR:

Figure 24 shows the Arrhenius plots (log I vs. 1/T) for methanol oxidation reaction at (A) Pd GS,
(B) Pd-PANI GS in 0.5M NaOH solution respectively. Figure 25 shows the Arrhenius plots (log |
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vs. 1/T) for methanol oxidation reaction at (A). Pd-PANI (+)IGS and (B). Pd-PANI (-)IGS, in
0.5M NaOH solution respectively. Activation energy values measured for the electrodes are shown
in Tables 8 and 9. Average Ea values obtained for methanol oxidation reaction are 13.2, 15.3, 7.2,
and 4.8kJ/mol for Pd GS, Pd-PANI GS, Pd-PANI (+)IGS and Pd-PANI (-)IGS respectively. From
the Tables 8 and 9, it is inferred that Pd-PANI nanocomposite shows better electrocatalytic activity
towards methanol oxidation compared to the just Pd nanoparticle. The electrocatalytic activity of
the nanocomposite of Pd-PANI is very much enhanced by the deposition on electrochemically
exfoliated graphite substrates. Markovi¢ et al. suggested the presence of hydroxyl functional group
adjacent to the COqgs enhances the conversion to CO> [56,57]. The lower activation energies for
methanol oxidation reaction can be attributed to the availability of the hydroxyl sites adjacent to
the methanol adsorption sites which facilitate the conversion of methanol to intermediates such as
formaldehyde, formic acid, and finally CO,. It can also be noted that the large number of

hydrophilic functional groups in exfoliated graphite facilitates the conversion process.
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Figure 24. Arrhenius plots for the methanol oxidation reaction at (A). Pd GS, (B). Pd-PANI GS,
in 0.5M NaOH.
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Figure 25. Arrhenius plots for the methanol oxidation reaction at (A). Pd-PANI (+)IGS, (B). Pd-
PANI (-)IGS, in 0.5M NaOH.

Table 8. Activation energy values obtained for methanol oxidation reaction at Pd GS and Pd-
PANI GS electrode.

Ea (kJ/mol)
E (V) Pd GS Pd-PANI GS
-0.25 13.2 10.7
0.2 14.2 13.6
-0.15 15.2 15.6
0.1 15.9 17.1
-0.05 15.9 18.0
0 14.6 17.6
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Table 9. Activation energy (E.) values obtained for methanol oxidation reaction at Pd-PANI

(+)IGS and Pd-PANI (-)IGS electrode.

Ea (kJ/mol)
E (V) Pd-PANI (1)IGS [ Pd-PANI (-)IGS
-0.15 3.8 3.1
-0.1 5.0 4.5
-0.05 8.5 5.7
0 9.6 6.9
0.05 9.6 8.8

6.4. Conclusions:

Electrochemical exfoliation of flexible graphite sheets was carried out by the application of
electrochemical potential in acetonitrile solvent with tetrabutylammonium tetrafluoroborate as
supporting electrolyte. The exfoliation was carried out at positive and negative potential limits and
were characterized by SEM, Raman, and XRD. They were used as integral electrode material for
immobilizing Pd nanoparticles by electro deposition. The high Pd metal loading obtained for the
substrates are due to the presence of edge planes and defects created over the surface. These defects
act as heterogeneous sites for metal deposition. Similar method was adopted for depositing Pd-
PANI nanocomposite on the electrodes. The large number of functional groups introduced on the
graphite oxide during the exfoliation process aids in the methanol and ethanol oxidation reaction
and significantly lowers the activation energy for the reaction. The Pd-PANI nanocomposite on
graphite oxide showed very high electrocatalytic activity for methanol and ethanol oxidation. The
excellent electrocatalytic activity has been attributed to substantial number of anchoring sites
provided by the exfoliated graphite sheets due to the presence of large number of defects and

inherent self-cleansing property of the Pd-PANI nanocomposite on the graphite oxide.
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Chapter 7

Summary and future scope of the work
Summary:

The thesis deals with the electrochemical studies of various SAMs on two oxide materials namely,
Indium Tin Oxide (ITO) and graphite oxide (GrO). Surface functionalization of ITO opens up the
potential for its use as a bio-sensing platform and provides an inert electrically conducting and
optically transparent substrate which is cheaper and highly reliable for device development. The
exfoliated graphite oxide can be used as a functional surface for depositing Pd nanoparticle which
has been demonstrated to possess excellent electrocatalytic activity with very low activation

energy for methanol and ethanol oxidation reactions in alkaline medium.

A more detailed summary of the work carried out is described as below:

1. Adsorption Kinetics of phosphonic acids and proteins on functionalized

Indium tin oxide (ITO) surfaces using electrochemical impedance spectroscopy

Adsorption kinetics of various phosphonic acids and proteins were studied using electrochemical
impedance spectroscopy (EIS) by using small chain length PAs such as 3-phosphonopropionic
acid (PPA), butylphosphonic acid (BuPA), benzylphosphonic acid (BPA), and 4-
aminobenzylphosphonic acid (ABPA) which contain -COOH, —CHs, phenyl, and —NH: groups as
terminal groups. The adsorption rate constant of the PAs on ITO is dependent on their
concentration and the terminal functional group of phosphonic acids. It is shown that, adsorption
kinetics of phosphonic acids and proteins follow two time constants. During the first step, a rapid
adsorption of phosphonic acid molecules takes place randomly over the surface followed by slow
secondary adsorption which involves rearrangement of tail groups. The adsorption kinetics studies
were carried out at an identified frequency for various phosphonic acid molecules by following
the changes in imaginary component of the impedance with adsorption time (t) by keeping the

frequency constant.

The PA modified surface was used as a platform for adsorption of a heme protein cyt ¢ and an

enzyme urease. The adsorption of these bio-molecules on the PA modified surface was confirmed
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using atomic force microscopy (AFM) and their activity was studied using chronoamperometry
(CA) technique.

2. Adsorption Kkinetics and electron transfer reactions on self-assembled
monolayers (SAMs) of long chain alkylphosphonic acids, silanes, and carboxylic

acids on Indium Tin Oxide (ITO) surface

A comparative study on the adsorption kinetics of long chain alkyl phosphonic acids, alkyl silanes,
and alkanoic acids on ITO was carried out using electrochemical impedance spectroscopy (EIS).
The electron transfer barrier properties of these monolayer substrates were studied by using cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS). Phosphonic acids show
effective blocking behavior towards [Fe(CN)s]*™* redox species which increases with the chain
length. A study of the adsorption kinetics of PAs, silanes, and CAs in ethanol shows that the
kinetics of adsorption follows two distinct steps during the formation of a complete monolayer
film. From these results, it is concluded that long chain phosphonic acid monolayers can form
more impermeable films on ITO, than silanes and carboxylic acids. A quantitative study on the
distribution of pinholes and defects in the monolayer film has been carried out using

electrochemical impedance spectroscopy.

3. Electron transfer studies of ferrocene derivatives on short chain phosphonic

acid (PA) modified Indium Tin Oxide (ITO) surfaces

Electron transfer behavior of different ferrocene derivatives were studied by benzylphosphonic
acid (BPA), 3-phosphonopropionic acid (PPA), butylphosphonic acid (BuPA), and 4-
aminobenzylphosphonic acid (ABPA) modified ITO electrodes. It is shown here that, the blocking
behavior of modified ITO electrodes depends upon the terminal groups, nature of the redox moiety
and solvent under study. For ionic redox species, electrostatic interaction stabilizes the species
within the film that leads to a positive shift in formal potentials of redox moieties. However, in the
case of hydrophobic redox species it is observed that the formal potential shifts towards negative
side due to the favorable orientation of the ferrocene redox moiety. The behavior of phosphonate

monolayers shows that the monolayer functionality influences the electron transfer behavior.

4. Electrochemical and morphological characterization 3-
aminopropyltrimethoxy silane (APTMS) on indium tin oxide (ITO) surfaces
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Electrochemical behavior of APTMS modified ITO substrate at different pH conditions were
studied using two charged redox couples namely ferro/ferricyanide [Fe(CN)s]>"*, [Ru(NH3)s]**/*,
and a neutral molecule ferrocenemethanol (FCOH) as a redox probe. Electrochemical behavior of
the substrates was examined using CV and EIS. It is observed that, the electrostatic interactions
play a key role in determining the electron transfer behavior of [Fe(CN)s]** and [Ru(NH3)e]**'?*
redox couple, whereas in the case of FCOH unfavorable hydrophobic interactions play a dominant
role in determining the electron transfer behavior. It is shown here that, [Fe(CN)s]*"* is trapped
within the film of APTMS during the cycling process. The intercalation of redox couple has been
explained by the electrostatic attraction between negatively charged redox couple and positively
charged polymer film. Cytochrome c (cyt c) protein is immobilized onto APTMS/ITO and
electrochemical studies were carried out to evaluate its electrocatalytic activity towards H>O.. It is
also shown that, bare ITO is also quite sensitive to H202 and can be used for kinetics of enzyme

reaction of glucose oxidase-glucose.

5. Electrochemically intercalated graphite substrates for immobilization of

metal nanostructures

Flexible graphite sheets are electrochemically exfoliated by the application of two extremes, high
positive and negative potentials. These exfoliated substrates used for the immobilization of Pd
metal nanoparticles. These films have been prepared from a solution of 1mM PdCl; dissolved in
0.5M HCl solution. Metal deposition is carried out using chronopotentiometry (CP) technique. The
Pd decorated substrates were used for oxidation of methanol and ethanol in alkaline medium. It is
concluded from this work, that the metallic film deposited over exfoliated graphite shows excellent
electrocatalytic activity with low activation energy towards alcohol oxidation reaction which has

potential implications in the development of direct alcohol fuel cells (DAFCs).
Future scope of the work:

1. The highly hydrophobic monolayers formed by the surface modification of ITO, which is
an optically transparent and conducting oxide, with phosphonic acid monolayer can be
used for anchoring many bio-molecules like proteins and lipids. The process can lead to

the development of either optically based or electrochemically based bio-sensors. The work
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carried out here in electron transfer studies show encouraging results with potential for
device development.

For homeotropic alignment of liquid crystals, silane monolayers hexadecyltrichlorosilane
(HDTS) and octadecyltrichlorosilane (ODTS) are usually used. Surface modification with
phosphonic acid monolayer provides an effective alternative to the silane film. Preliminary
studies carried out in our laboratories demonstrate that phosphonate monolayer indeed help
to align liquid crystals homeotropically.

. The graphite oxide has the ability to encapsulate Pd nanoparticles. The rich
functionalization of the graphite oxide with —OH and —COOH groups provide highly
hydrophilic surface sites for the diffusion of methanol and ethanol molecules for eventful
oxidation with relatively low activation energy. Therefore, the Pd-GrO nanocomposite
material can be used as fuel cell electrode in alkaline direct alcohol fuel cells.
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