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- ABSTRACT

~

Deposition of metal particles into polymer modified electrodes has been found to
be useful in the field of electrocatalysis. Among the electrocatalytic reactions, oxygen
reduction reaction is one of the most extensively studied du@jts importance in both the
natural and industrial processes. Polyaniline, an electronically conducting polymer, was
investigated as a conductive matrix for the deposition of platinum for application in the
electrocatalytic reduction of oxygen. A motivation behind this research was to increase
the active surface area of a given quantity of electrocatalyst and another was to
understand the role of the conducting polymer matrix in electrocatalysis.

Polyaniline was synthesized chemically and doped by reaction with () 10-
camphorsulfonic acid (PANI-CSA). PANI-CSA was soluble in chloroform/m-cresol. It
was found to be conductive between the potential limits 0.0V to +0.7V vs. SCE (+0.242V
vs. NHE). These limits overlap favorably with the potential region over which the oxygen
reduction reaction occurs.

Pt vdeposited electrochemically at PANI-CSA coated electrodes was found to be
localized on the surface of the polymer (i.e.. at the polymer/electrolyte interface). The
electrocatalytic current was found to be higher than that found for the same quantity of Pt
deposited on a bare carbon electrode in the absence of the polymer film, and indicates
that the active surface area of the Pt was increased.

The permeability of PANI-CSA towards oxygen was determined by rotating disk
voltammetry to be relatively low (1.18 x 10 mol cm™' s™'). In order to increase

the accessibility of O, to the electrocatalyst, a perfluorinated sulfonic acid polymer,



Nafion, was incorporated into the conducting polymer. Nafion is an ionically conducting
polymer which has high O, sélubility. PANI-Nafion cpmposites containing 10% wt%
PANI possessed a permeability towards oxygen of 1.74 x 10" mol cm™ s, ie, a 47%
increase over pure PANI-CSA.

Pt electrochemically deposited at electrodes moditied with PANI-Nafion
composite films disperse into the polymer film to a greater extent compared to pure
conducting polyaniline films. However. the electrocatalytic activity was lower for
reasons that are not yet clear. A chemical method of incorporating Pt was investigated. A
Pt precursor, K,PtCl,, was chemically reduced to Pt in a solution of Nafion which
contained various alcohols. The Nafion solution containing the Pt suspension was mixed
with PANI to form a PANI-Nafion-Pt composite. The Pt particles were found to be
dispersed homogeneously in the matrix and the electrocatalytic activity towards oxygen
reduction reaction was very promising. The chemical incorporation of Pt into polyaniline
composite films is a promising method of obtaining three-dimensionally dispersed

electrocatalyst systems for the oxygen reduction reaction.
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Chapter 1
Introduction

1.1. Electronically Conducting Polymers

In the field of polymer technology. one of the most valued characteristics of
synthetic polymers is the ability to act as excellent electrical insulators. More recently,
there has been great interest in the possibility of producing electrically conducting
polymers to combing. in one material, the electrical properties of a semiconductor and
metals with the advantages of the ease and low cost of their preparation and fabrication.
Flexibility, density and chemical inertness are other important advantages.

There are four different kinds of electrically conductive polymers: (1) ion-
polymer solid electrolyte systems which involve dissolution and solvation of salts in a
polymer matrix. The polymer solvates the ions and facilitates ion separation. The ions are
sufficiently mobile to move along the polvmer when an clectric field is applied; (2)
conversion of electrically insulating polymer to conducting material by pyrolysis to
graphité; (3) incorporation of graphitic powder or metal particles into an insulating
polymer matrix. The conductivity in these composite materials are attributed to the
presence of conducting domains embedded in the polymer matrix. The conductivity
depends on the contact between the conducting particles and therefore high loadings of
conducting materials are usually needed; (4) The fourth class of electrically conducting
polymers are those in which electrical conductivity arises from the presence of

conjugated m-bonds. It 1s known that conjugated organic molecules can exhibit

semiconductor properties [1]. Due to the fact that the conductivity arises from the



i

inherent properties of the polymer. these polymers are also known as intrinsically
conducting polymers. This thesis focuses on the studies of intrinsically conducting

polymers in the area of electrocatalysis.

1.1.1. Intrinsically Conducting Polymers

The polymer that attracted most attention in the early development of intrinsically
conducting polymer is polyacetylene, (CH),. which;has alternating single and double
carbon-carbon bonds. It was first symhesized in the late 1950s, but for 20 years
researchers were interested only‘in spectroscopic and theoretical studies, 1.e. as the
ultimate member of the polyene family. However. in 1977 MacDiarmid ¢r al discovered
that treatment of polyacetylene with Lewis acids or bases increased its conductivity by up
to 13 orders 0} magnitude [2]. Since then there has been a rapid growth of research into
conjugated polymer structures. Figure 1.1 shows the structures of a few common

conducting polymers.

-

D S e N N

n : .
Polvactylene Poly(para-phenylene)‘
H

| H

S N |

N
n n —_— n )

Polythiophene Polypyrrole | Polyaniline

Figure 1.1 Chemical structures of common conducting polymers



In addition to the long chain of conjugated double bonds in polyacetylene, aryl
rings also contribute to a delocalized skeletal structure. e.g.. poly(para-phenylene).
Another group of conducting polymers are the poly(heterocycles) such as polypyrrole and
polythiophenes. Polyaniline has also attracted a lot of research interest due to its
environmental stability, simple doping processes and its ease of processability.

1.1.2. Polyaniline -
| Figure 1.2 shows the general chemical structure of polvaniline (PANI). It contains

y reduced and (1-y) oxidized repeating units.

Figure 1.2 General chemical structure of polyaniline

The value of y can be varied from zero, to give the completely oxidized polymer known
as pernigraniline, to one, which gives the completely reduced form known as
leucoemeraldine. When y = 0.5, i.e. the number of reduced units is equal to the number of
the oxidized units, it is known as emeraldine form (Figure 1.3). The imine nitrogen atom
in any of the species below can be protonated completely or partially to yield the

corresponding salts.
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Pernigraniline Leucoemeraldine
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Figure 1.3 Polyaniline at different oxidation states.

.' |
1.2. Conduction Mechanism of Conducting Polymers \
«
The electrical properties of a material are determined by its electronic structure.'
The electronic structure of materials is usually described by band theory. In the solid
state, the atomic orbitals of each atom overlap with the neighboring orbitals to form
molecular orbitals similar tg those in small molecules. The large number of orbitals
involved in the solid state are spaced together in a given range of energies, these give rise
to continuous energy bands. The bonding energy bar‘ld is known as the valence band and

the antibonding energy band is known as the conduction band (Figure 1.4). They are

separated by the band gap.
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L/
Figure 1.4 Schematic Diagram of the conduction band and valence band in solid materials.

The electrical conduction of conductive polymers cannot be explained well by
simple band theory and other concepts including soliton, polaron, and bipolaron theory
have been applied to conducting polymers [3-5]. When an electron is removed from the
top of the valence band of a conjugated polymer. a radical cation (or hole) is created t;at
does not delocalize completely. as would be expected from classical band theory. It
delocalizes only partially, extending over several monomeric units and causing them to
structurally deform. The energy level associated with this radical cation represents a
destabilized bonding orbital and thus has a higher energy than the energy in the valence
band, i.e. its energy is in the band gap. In solid-state physics, a radical cation that is
partially delocalized over a polymer segment is called a polaron (Figure 1.5). If another
electron is removed, 1t can be t’aken from another segment of the polymer chain, thus
creating another independent polaron, or it could come from the first polaron creating a
“dication™ , which is known as a bipolaron. Both polarons and bipolarons are mobile and

can travel along the polvmer chain by the rearrangement of double and single bonds in

the conjugated system upon application of an electric field.
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Figure 1.5 Schematic diagram of the polaronic and bipolaronic states of conductive polymers.

Figure 1.6 shows the neutral, polaronic and bipolaronic states of two common conducting

polymers.

) e e W —e \(9\/\/\/\\/\

polaron

Bipolaron

Figure 1.6 Polaronic and bipolaronic states of polyacetylene and polypyrrole. "



1.2.1. Oxidative Doping of Polyaniline
The oxidative doping of polyaniline involves the removal of electrons from the

»

polymer chain (analogous to p-tvpe doping). The totally reduced state of polyaniline,
leucoemeraldine, carr be oxidatively doped to the conductive emeraldine state either by
chemical or electrochemical means. The progressive oxidative doping of leucoemeraldine

base to emeraldine and finally to pernigraniline by electrochemical means can be clearly

observed using cyclic voltammetry and this will be further discussed in Chapter 3.
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1.2.2. Protonic Doping of Polyaniline

Z

Until very recently. conducting polymers were doped to the conducting state by
partial oxidation or reduction of their n system of the polymer, i.e. the number of
f:lectrons associated with the polymer was either decreased or increased dturing the doping
process. Polyaniline was the first well established example of doping a conjugated

polymer to its conducting regime without any change in the number of electrons



associated with the polymer k[6]. This was accomplished by treating the emeraldine base
with aqueous protonic acids. For example, emeraldine base can be doped by‘ HCl to yield

the conducting emeraldine hydrochloride.
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The protonic doping process is reversible. i.e. protonated emeraldine hydrochloride can

be deprotonated by rinsing with H,O to yield the emeraldine base.

1.3. Application of Conducting Polymers for Electrocatalysis

The extensive research work so far performed on conductive polymers has led to a
wide variety of potential applications for this new class of material. Their application

range from semiconductor devices and integrated circuits, to electrodes, light weight

\



battery components. sensors. electrochromic displays, and static-free packaging materials
[7-11]. In this thesis, swdies on the application of conducting polymers in the :rea of
electrocatalysis will pe presented.

Electrocatalysis can be defined as the heterogeneous catalysis of electrochemical
reactions by an electrode material [12]. Most electrocatalytic reactions are dependent on
an adsorption process. therefore the electrocatalytic activity depends strongly on the
nature and the structure of the catalytic electrode. In order to increase the overall catalytic
activity, which is proportional to the active surface area of the electrode surface, the
catalyst material is sometimes dispersed in a convenient electron conducting substrate. In

principle. electronically conducting polymers can serve as a conductive matrix provided

that the polymer meets the following criteria:

(1) iti1s sufficiently stable under Fhe experimental conditions
(2) 1t1s sufficiently conductive to avoid an Ohmic drop in the film
(3) 1t 1s sufticiently porous to allow electréacti\'e species to reach the catalytic sites.

Lack of stability precludes the use of many conducting polymers as conductive
matrices for electrocatalytic purposes. Conducting polymers with good stability are
polythiophene, polypyrrole. and polyaniline.

The concept of dispersing the electrocatalyst in a conductive matrix can be
d‘epicted in Figure 1.7. Various types of catalyst such as metallic particles, metallic
oxides. metal complexes, and transition metal macrocycles, have been incorporated into
host matrices depending on the electrochemical reaction to be catalyzed. This concept of

-

dispersing the catalysts becomes especially interesting and important when noble metals



are considered because a high active surface area could be obtained with a much lower

amount of metal used. This also means a reduction in the cost of the catalyst required.

Electrocatalyst

' Reactants
o e :
o PY Products

Substrate  Conducting
electrode polymer
matrix

Figure 1.7 Schematic diagram of dispersed electrocatalyst in a conducting polymer matrix.
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Electrochemical reactions catalyzed by incorporating noble metals in conducting
polymers 'include hydrogen oxidation, hydrogen evolution, oxygen reduction, and
oxidation of small organic molecules. For example, Tourillon and Garnier incorporaied
Ag-Pt particles into poly-3-methylthiophéne for the electrocatalytic reduction of protons.
Enhanced catalytic activity was observed compared to a platinized Ag-coated gold
electrode at Pt loading as low as 10stgl{cm’ [13]. Chen et al. developed nanodispersed Pt
in polypyrrole-modified electrodes and the catalytic activity towards electrooxidation of
hydrogen was comparable to bulk Pt electrodes [14]. The activity increasrd as the film
thickness was increased and showed no diffusion limitation of H, through the film.

The electrooxidation of methanol has also gained significant research attention
because methanol is considered as one of the most promising fuels for fuel cells [15].

-

Platinum and its binary or ternary alloys are found to have superior activity towards

10



methanol oxidation. Kost er al. disperséd Pt into polyaniline films for the oxidation of
methanol [16]. They observed that poisoning of the Pt was supressed. The
Pt/Polvaniline/Glassy Carbon composite electrode was stable for’up.to 20 hours during
the methanol oxidation reaction.

Oxygen reduction is one of the most extensively studied electrochemical reactions
due to its significance in both natural and industrial processes. Oxygen reduction is the
cathodic reaction in both H./O, and Direct Methanol fuel cells. However. the slow
Kinetics of this reaction ts an impediment in their development. Improvements in the
efticiency of the oxygen reduction reaction would lead to an improvement in the overall
etticiency of tuel cells. Vork and Barendrecht studied the ‘reduction of oxygen at
polypyrrole-modifted electrodes incorporated with Pt particles [17]. They observed a
difference in catalytic effect between Pt confined at the surface of the polypyrrole
electrode” and homogeneously’dispersed in the film. They also observed a difference in
the mechanistic route for the oxygen reduction reaction in the two situations described.
When Pt was confined on the polymer surface. O, was reduced to H,O via a d-electron
reduction step whereas when Pt was dispersed in the bulk. the slow diffusion of O, into.,

the film led to a lower activity and a 2-electron reduction step was followed to give H,O,.

£

Holdcroft and Funt also deposited Pt into p;lypyrrole and studied the oxygen reduction
reaction. they also found that the electrocatalytic activity is limited by the slow diffusion
of O, into the polypyrrole film [18].‘Howe\'er_ Chen et al did not observe a rate saturation
behavior in their catalytjc system which cqnsisted of nanodispersed Pt particles in.a
polypyrrole matrix [14]. Vork andﬁarendr;cht also addressed the issue of stability of the

polypyrrole-madified electrode system [17). They found that polypyrrole was sensitive to



H.O, and that subsequent destruction of the conducting polymer backbone led to a

decrease in the electrocatalytic activity of the electrode. The polymer also became

insulating at negative potentials leading to a decrease in electrocatalytic activity in that

potential region. Although polypyrrole is the most commonly used conducting polymer

matrix for the electrocatalytic reduction of oxygen. the degradation of polypyrrole in the

presence of H,O, and the low permeability of polypyrrole towards O, are two major

drawbacks. It should also be noted that in all the previous work performed on polymer

modified electrodes. the conducting polymers were deposited by elect?ochemical means.

In,this ihesis. the use of chemically synthesized polyaniline. as a conductive matrix for

the oxygen reduction reaction is investigated. Potential advantages of polyaniline over

polypyrrole are:

(1) Itis stable in air (i.e. it does not react with O,)

(2) Polvaniline is protonically doped which will favor the facile transport of protons
(protons are required in the reduction of oxygen)

(3) The region of conductivity for polyaniline is compatible with the potentials associated
with the oxygen reduction reaction

(4) Polyaniline can be synthesized chemically and it is processable

(3) Polyaniline is permeable to O, [19].

7/
1.3.1. The Oxygen Reduction Reaction
The oxygen reduction reaction is a multielectron reaction that may include a large

number of intermediates and rate-determining steps involving various pathways.



Although it is not the intent of this work to study the mechanistic route of oxygen
reduction reaction, it is useful to describe the nature of these mechanisms.
The reduction of oxygen in acidic medium may proceed by two overall pathways:
(1) The direct 4-electron pathway
O,+4H" + 4e ——} 2H,0 E°=1220V
(2) The peroxide pathway
O,+2H +2¢¢ —p H,0O, E'=067V
followed by either the reduction of peroxide
H.O.+2H +2¢ ——p 2H,0 E"=177V
or the decomposition of peroxide
2H.O, ———3p 2H.0+0,
Depending on the electrode material, oxygen reduction may proceed by either pathWay
(1) or (2) or by a parallel pathway. Oxygen reduction on noble metals (Pt. Pd. Ag)
predominantly occurs via pathway (1) [20].

- The performance of‘ electrochemical systems which employ oxygen electrode
reactions e.g. fuel cells, is limited by the slow kinetics of the reduction of oxygen. -The
Kinetics or rate of an electrochemical reaction.can be related to its exchange current
density according to the following equation [21]:

i, =nFk,C*Cy , [Eqn.1.1)

o o0

where i_ is the exchange current density (A/cm?). n is the number of electrons transferred,
o g )

F is the Faraday constant. k, is the heterogeneous rate constant, C, and C, are the

o

concentration of the oxidized and reduced species respectively, and « is the transfer
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coefficient. The exchange current density also depends on the electrode material, the

¢
electrolyte, and physicochemical factors such as solubility and diffusivity of oxygen. The
exchange current density for the oxygen reduction reaction on noble metals is in the range
of 10” and 10"° A/cm’ [22]. This is small compared to simple electrochemical reductions
(e.g. the exchange current density of the oxidation/reduction of Fe(CN), /Fe(CN),* is 10
‘Alem’) [23].

The kinetics of the oxygen reduction reaction depends strongly on the electronic
properties, 1.e., work function. % d character and d-band vacancies of the electrocatalyst.
Geometric parameters. 1.e.. crystal structure, interatomic distance, ‘grain size, structural
irregularities are also important. In heterogeneous catalysis. the catalytic parameters are

usually governed by the strength of the adsorption of intermediates to the catalyst. Figure

1.8 shows the relationship between oxygen reduction kinetics and the calculated M-O

- v

bond strength.

P1-8Ru
. P1-18Ru
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Heat & adsorption of O relative to Au (kcalUmale)

Figure 1.8 Plot of current density against calculated M-O bond strength, relative to Au. For oxygen
reduction (overpotential of 0.46V) in 85% H,PO, at 25°C 24|



It can be seen that if the M-O bond is too strong. the adsorbed species will be less
reactive. although coverage may be high. On the other hand, if the coverage is too low,
the adsorbed species are reactive but few in number. Pt is therefore the optimum catalyst
P
for oxyvgen reduction reaction.
Solubiljty and diffusivity of oxygen are two physicochemical properties that
affect the rate of the oxygen reduction reactipg in the mass transport limited regime. The

magnitude of these two parameters plays a significant role in the limiting current density

for oxygen reduction as shown in the following equation [25]:

A2 [Eqn.1.2]

where i 1s the limiting current density. n is the number of electrons transferred, F is the
Faraday's constant, D 1s the oxygen diffusion coefticient. C is the solubility of oxygen in
the bulk electrolyte and & is the thickness of the mass transfer boundary layer (or the
hypothetical stagnant diffusion layer). The limiting current increﬁs with increases in

both the solubility and diffusivity of oxygen. —

1.3.2. Electrochemical Techniques

In this study, two electrochemical techniques are used for both qualitative and
quantitative analysis. The theory of these two electroanalytical techniques will be
discussed briefly.

A. Cyclic Voltammogram

Cyclic voltammetry is a versatile and widely used electroanalytical technique

available for both the determination of mechanisn? and redox potentials of a redox



system. The potential of the electrode in quiescent solution is scanned linearly between
two potential limits with time. Then the potential scan is reversed to complete a cycle.

The current response during the potential scan is recorded. Figure 1.9 shows a typical

cyclic voltammogram of a reversible system in quiescent solution.
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Figure 1.9 A typical cyclic voltammogram for a reversible redox system.

For a reversible electrochemical reaction in solution:

O+ne- @ R

The current and potential is related by the Butler-Volmer equation:

~ankF I -a)nF
=1, {exp{—gkn;—g} - expli%j'} [Eqn. 1.3]

where 1 is the exchange current density, a is the transfer coefficient, n is the

number of electron involved. F is the Faraday constant. n is the overpotential (the

16



differencé between the applied potential and the equilibrium potential). R is the gas
constant and T is the temperatu;e. The current has an exponential relationship with the
applied \'Qltage and the onset of the cyclic voltammogram illustrates this relationship. As
the species at the electrode surface is depleted, the rate of diffusion of the reactant species
is not fast enough to compensate for the“spegies being depleted at the surface and the
current becomes limited by the mass transport of the rea’ctant to the electrode surface. The
current becomes independent of overpotential and it decays with time. When the scan is
reversed. the species at the electrode surface becomes the reactant species and a reverse
peak is observed in the voltammogram. This technique is often the first experiment
pertormed in an electrochemical study. It enables the electrode potential to be rapidly
scanned in search of redox couples and this technique is used in' this study as a qualitative
tool for studying the conducting polymer matrix, in addition to the oxygen reduction
reaction.

B. Rotating Disk Voltammetry

Unlike cyclic voltammetry which relies on the linear diffusion of,species to the
electrode surface. rotating disk voltammetry provides much more quantitative
information because electrolysis occurs under forced convection.

In a rotating disk experiment, the electrode is rotated at an angular velocity of o,
and the thin layer of electrolyte near the surface of the electrode acquires rotational
momentum and spins out radially from the centre of the disk. The electrolyte at the

surface is replenished by the upward tlow as shown in Figure 1.10.



Figure 1.10 A rotating disk electrode.

The potential of the electrode is scanned linearly with time and the current

response 1s recorded. The current is given by the following equation: -
TET A (Eqn. 1.4]

where i is the observed limiting current, i, is known as the Levich current given by:

7/

i, =0.62nFAC. D7y, 5w [Eqn.1.5]
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where Cand D are the concentration and diffusion coefficient of the reactant in

the electrolyte, v, is the kinematic viscosity and w is the angular velocity of the electrode,

and 1, is the kinetic contribution to the current given by: -
—anF(E-E" |
i, =nFAC k"exp[ ( )] [Eqn.1.6]
‘ RT
where k° is the heterogeneous rate constant and E* is the formal potential. )

S
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Figure 1.11 A typical rotating disk voltammogram.

P

Figure 1.11 shows a typical rotating disk voltammogram. From Eqn. 1.4, 1t can be seen
that at high overpotentials. i, is sufficiently large that the term 1/i, becomes negligible

and the limiting current is dominated by the mass transfer Levich current, i.e. i = i,. A

-



plot of i, vs. o' 3/yields information about the diffusion parameter of the species in the
electrolyte solution.

| In a polymer modified electrode. the current-potential relationship is complicated
by the diffusion of reactive species through the polymer ﬁlrr{. The limiting current is
given by:

11
Tt (Eqn. 1.7]

1, I/ I

/
4

where i, is the diffusion current through the polymer film given by:

nFD, C,

; y [Egn. 1.8}

!

D,, C; are the diffusion coefficient and solubility of the reactant species in the polymer
film respectively, and d is the thickness of the polymer film.

At high overpotentials. the term 1/i, is negligible. A plot of 1/i vs. 1'e'* vields an

intercept equal to 1/i,. Therefore. the permeability of the reactant in the polymer matrix,

which is the product of D, and C,. can be determined by this technique.

1.4. Goals of This Project

&

Chemically synthesized. processable polyaniline provides a potentially practical
means for its large scale production compared to electrochemical growth of polymer. The
proton conductivity in polyaniline sgﬂd enhance the efficiency of the oxygen reduction
reaction. However. the stability of the polymer matrix and the accessibility of oxygen to

the catalyst site have to be deterriiindd.

20



The goals of this project are:
(1) to demonstrate a microheterogeneous electrocatalytic system for oxygen reduction
o
reaction using Pt particles dispersed in a polyaniline-modified electrode,
(2) to chemically synthesize processable polyaniline,
(3) to demonstrate that the efficiency of catalyst for the electrocatalytic reaction can be
improved by dispersing it in a conductive matrix,

.(4) to study the mass transport properties of the oxygen through polyasiline film as it

relates to the oxygen reduction reaction.
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Chapter 2

Expe_rimental

2.1. Chemicals

Aniline (BDH) was purified by vacuum distillation before poly'me;izalion.
Lithium chloride (Sigma Chemicals), hydrochloric acid (.Anachemia),tsulfuric acid
(Anachemia). ammonium  solution (Anachemia). ammonium  peroxydisulfate
(Anachemia). (+)-10-camphorsultonic acid (Sigma Chemicals ). m-cresol (Anachemia),
N-methylpyrrolidinone  (Sigma Chemicals),i chloroform (Caledon). potassium
hexachloroplatinate (Johnson Matthey Chemicals Ltd.) and Nafion (5%‘,5 EW 1100)

solution (DuPont) were used as received. In all the electrochemical studies. the

electrolytes were prepared using Millipore water.

2.2. Synthesis of Polyaniline

2.2.1. Preparation of Polyaniline Salt

LiCl (10.607 g) was dissolved in 125 mL of HCI (1.0 M) to yield a 2.0 M solution
of&iClﬂ{Cl. Aniline (5.0 mL, 0.055 mol) was added to 75 mL of the 2.0 M LiCI/HC!
d;sol;ulion. The mixture was cooled, with stirring, to ~0°C using an ice bath. Ammonium
peroxydisulfate, (NH4),S:05 (2.876 g. 0.0126 mol) was added to the remaining 56 mL of
LiCI/HCI solution. This sqlution was also cooled with stirring to ~0°C. The
polymerization process was initiated by the slow addition of the (NH;),S,05 solution to

the aniline solution. "The addition process took approximately 30 minutes. The

temperature of the reaction mixture was kept below 4°C throughout the whole

3



polymerization process. The colour of the reaction mixture was observed to change from
light blue to blue-green aﬁd finally to dark green. The polymerization was terminated
after 3.5 hours by filtering the"l;lue/greeJr; precipitate through a Buchner funnel. The
precipitate was washed with 1.0 M HCI until the ﬁlgate obtained was colourless. The

precipitate was dried by plaging the polymer under vacuum for 44 hours in a dessicator.

2.2.2. Preparation of Polyaniline Base

The polyaniline/ salt (PANI-CI) was deprotonated to yield the emeraldine basle by
stirring the polyaniline salt in 300 mL of NH,;OH (0.1 M) for 30 hours. The precipitate
was filtered and dried under vacuum at room temperature for 60 hours. The polvaniline

base was black in colour and exhibited a slight metallic reflection.

=

e

2.2.3. Doping of Polyaniline by (£)-10-camphorsulfonic Acid

Processable polyaniline was prepared by mixing emeraldine b/asc with (£)-10-
camphorsulfonic acid (CSA). in a 2:1 ratio, using an agate mortar and pestle in é dry bag
filled with Na. The resultant mixture was dissolved in chloroform to yield a 2% (w/w)
solution. The polymer solution obtained was blue-green in colour and contained some
suspended particulate matter. The solution was sonicated for 36 hours after which some
undissolved fine particulates were still observed.

The mixture was soluble in m-cresol and vielded a dark greeﬁ solution. A 5
mg/mL polymer solution in m-cresol was prepared as a stock solution. Due to therhigh
viscosity of m-cresol solution, chloroform was added to facilitate the film casting process.

~ The final stock polymer solution was a 2.5 mg/mL polyaniline (PANI-CSA) in 1:1 -



chloroform’/m-cresol solvent mixture.

2.3. Synthesis of Polyaniline/Nafion Composite

A series of polyaniline-Nafion composites with different PANI:Nafion weight
“wtio were prepared in such a way that the final concentration of the composites
e((rcgardless of the polyaniline:Nafion ratio) was the same. It was assumed that the density
of these composites was the same. The thickness of the films cast from the different
solutions were therefore assumed to be the same if the samg volume of ¢omposite
solugon were used. The amount of PANI and Nafion used in the p;ébaration is shown in
Table 2.1. The concentration of the polyaniline base in N-methyl-2-pvrrolidinone (NMP)
stock solution was 2 mg/mL. The concentration of the Nafion solution was 5% (w/w).
The density of the Nafion solution was determined by weighing 0.1 mL portions of
R({ﬁon solution and was determined to be O.I99t0.01 g/mL. Excess NMP was addc:i to

the solution to make up all the solution concentrations to be 6.67 mg of polymer

composite/mL of solvent mixture.

PANI (wt %)-Nafion Composites 5% | 10% 15% 20% 25%
Mass of PANI Base (mg) 0.5 1.0 1.5 20 2.5
Vol. of PANI Base solution(mL) 0.25 0.50 0.75 1.00 1.25
Mass of Nafion (mg) 9.5 9.0 8.5 8.0 7.5
Mass of Nafion solution (mg) 190 180 170 160 150
Vol. of Nafion solution (mL) 0.192 0.182 0.172 0.162 0.152
Vol. of excess NMP (mL) 1.058 0.818 0.578 0.338 0.098
Total mass of composite (mg) 10 10 10 10 10
Total vol. (mL) 1.5 1.5 1.5 1.5 1.5
Concentration (mg/mL) 6.67 6.67 6.67 - 6.67 6.67
%

Table 2.1 Preparation of PANI-Nafion composites




Nafion solution was slowly added to the polyaniline base sotution with constant stirring.
The colour of he polvaniline base solution turned from deep blue to dark green. The
solutions were stirred for 48 hours to allow complete doping.

Due to the high boiling point of NMP, the solvent evaporation process for the
PANI-Nafion composites was very slow. A new batch of PANI(10%wt%)-Nafion
composite solution without the excess NMP was prepared for electrochemical studies.

Nafion solution. 0.36 mL. was added to 0.4mL of PANI-base in NMP (5 mg/mL)
dropwise with continuous stirring. The solution was stirred for 2 hours and then sonicated

for 1 hour.

2.4. Characterization of Polyaniline
2.4.1. Spectroscopic Studies

The FT-IR spectrum of the emeraldine base in the form of a KBr pellet was
obtained in the transmission mode with a Bomem Hartmann & Braun, MB-Series FT-IR
Spectrometer. UV-Vis spectra were obtained using a Cary 3E UV-Visible Spectrometer.
Film were cast from an NMP solution of the base form and a chloroform/m-cresol

solution for the camphorsulfonic acid doped form of polyaniline.

2.4.2. Conductivity of Polyaniline

The conductivity of the camphorsulfonic acid doped polyaniline films were
measured by the 4-point probe technique. Films were cast froma l:1 chloroform/
m-cresol solution of PANI-CSA onto a glass slhide and dried under vacuum. The lhickness

of the films was determined using a Mitutoyo micrometer.



The dependence of the conductivity on the applied electrochemical potential was
determined using a 2-band electrode constructed according to Ref.[26]. Briefly, a piece of
Mylar film of thickness 80 um was placed between two sheets of Pt foil (0.3 cm x 0.3 ¢cm \
x 0.01 cm) and electrical contacts were made at the back of each of the Pt sheets. The
assembly was embedded in epoxj’ inside a glass tube (0.6 cm internal diameter) as shown
in Figure 2.1. The sandwich assembly exposed at the end of the tube was polished with

emery paper and diamond paste.

Electrical
contacts

/ Mylar film

80 um x 3 mm

Pt bands
100 um x 3 mm

Figure 2.1 Side view and top view of the 2-band electrode for conductivity measurement.

»
A thin film (~13um) of PANI-CSA was deposited onto the 2-band electrode from
the chloroform/m-cresol solution. The quantity of polymer was sufficient to bridge both

electrodes. The apparatus set up was illustrated in Figure 2.2.



Counter Electrode Pt Two-band Reference
_\ Electrode ] Electrode,
/
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@/ —— 0.5M H,SO;

Figure 2.2 Electrochemical cell for in-situ conductivity measurement.

The two band electrodes were connected to a bipolentiostqt. The two working electrodes
were brought to a desired potential. After attainment of equilibrium of the polymer film,.a
20 mV d.c. voltage was applied to one of the electrodes. The potential difference across a
resistor R connected in series to one of the electrode was recorded. The potential
difference is directly proportional to the current passing through the resistor, and hence is
a direct indication of the -conductivity of the polymer. The potential of the 2-band
electrodes and thus the polymer was varied from +1.0V to 0.0V vs. SCE with 0.1V
increment. Measurements were performed from the oxidized conducting form to the
neutral insulating form of the polymers as suggested in Refl[26] because it was

previously found that this procedure allows quicker attainment of equilibrium.
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2.4.3. Cyclic Voltammetry

Cyclic voltammograms were obtained using a Pine Instrument Model RDE4
Bipotentiostat in conjunction with an Allen X-Y recorder. A three compartment cell, as
illustrated in Figure 2.3 was used for all electrochemical studies. A Pt flag (area ~lcm?)
was used as a counter electrode and a saturated calomel electrode (SCE) was used as a
reference electrode (+0.242 V vs.NHE). The counter electrode was separated from the
working compartment by a porous glass frit to prevent the mixing of products from the
cathodic and anodic reactions. The reference compartment was separated from the
working compartment through a Luggin capil‘lary which minimizes the potential drop

between the reference electrode and the working electrode.

Gas In
Gas Out
Reference Working
Electrode Electrode

Figure 2.3 Three-compartment electrochemical cell.
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The cyclic voltammogram of the polyaniline salt was obtained by grinding the
solid polymer into fine powder and impregnating it into a piece of filter paper by hand
pressure. The filter paper was agitated to remove the excess polymer powder. This was
then placed in contact with a Pt mesh and rolled to form the working electrode.

Cyclic voltarﬁmograms of the camphorsulfonic acid doped polyaniline (PANI-
CSA) were obtained on a glassy carbon (GC) disk electrode (area = O.4418cm2). The
electrodes were polished suScessi\'el_\' with S um, 3 pm, and 1 pm diamond paste to a
mirror-like surface before film casting. A thin film (~10um) of PANI-CSA was obtained
by casting the chloroform/m-cresol solution of the polymer onto the glassy carbon
surface. Films were dried at room temperature under ambient air.

Voltammograms were obtained by cycling the potential between +1.0V and -0.2V

vs. SCE using a scan rate of 100mV/s in aqueous 0.5 M H,SO;.

2.5. Methods for Incorporation of Pt
2.5.1. Incorporation of Pt into PANI-CSA Modified Electrode

| Pt was incorporated into the polyaniline film by electrochemical reduction of
K,PtCle. A glassy carbon disk electrode (area = 0.4418 sz) was used as the substrate
electrode. A th{n‘ film of PANI-CSA (0.4 um) was solution cast onto the glassy carbon
electrode from a chloroform/m-cresol PANI-CSA solution. The PANI-CSA modified
electrode was then cycled between +0.5V and -0.3V vs. SCE in 0.5 M H,SO; for 30
cycles. The cathodic charge (the amount of charge registered during the cathodic scan),
Qpaxni. was recorded by an ESC Digital Coulometer. The PANI-CSA modified electrode

was then soaked in a 1 mM K,PtCl¢/0.5 M H>SOy solution for 30 minutes and the



¢

electrode was again cycled between +0.5V and -0.3V vs. SCE for 50 cycles. The cathbdic
cﬁarge. me was recorded by the coulometer. The charge, Qp, associated w:ith the
- reduction of KyPtCl, to Pt(0) was calculated from the difference of the cathodic charge
for the polvmer in 0.5 M H,S0,. Qpaxni. and ;he cathodic charge for the polymer in 1 mM
K>PtCl. Q_mm[‘ The mass of Pt deposited was determined by a.ssuming a 4-electron

reduction of K;PtClg to Pt(0) (Section 4.1).

2.5.2. Incorporation of Pt onto Glassy Carbon Electrode
Pt was also deposited on a bare glassy carbon disk electrode (area = 0.4418cm?)
by electrochemical reduction of K;PtCl,. The potential was cycled between +0.5V and

-0.3V vs. SCE at 100 mV/s ina | mM K-PtCles/0.5 M H.SOy solution.

2.5.3. Incorporation of Pt into PANI-Nafion Composite Films

A. Electrochemical Reduction of K,PtCl,

Pt was alsc incorporated into the PANI(10% wt%)-Nafion film by the same
method as described in Section 2.5.1.

B. Incorporation of Pt Black into PANI-Nafion Composite Films

Platinum Black (Johnson Matthey Chemicals Ltd.) (1.1 mg), was added to 1.0
- mL of Nafion solution (5%) and sonicated for 2 hours. The Pt black formed a grey
suspension in the Nafion solution. This Pt black suspension was then added slowly to
PANI base in NMP (5 mg/mL) yielding a PANI(10% w1%)-Nafion-Pt black composite.

The composite solution was sonicated for 2 hours.



C. Chemical Reduction of K,PtCls in Nafion Solution

K:PtCls was dissolved in Nafion solution (5%) yielding a clear yellow solution.
This solution was heated to ~90 °C under reflux for 2 hours. The yellow colour was
observed to fade while a grey Pt suspension was observed to form. The Nafion-Pt
« solution was slowly added to PANI base in NMP (5 mg/mL) with constant stirring and it

was sonicated for 2 hours.

2.6. Characterization of Pt Incorporated Polymer-Modified Electrodes

2.6.1. Auger Electron Spectroscopy

J Auger Electron Spectroscopy (AES) was performed with the help of F. Orfino,
Department of Chemistry and Dr. Heinrich, Department of Physics, using a Perkin-Elmer
595 Scanning Auger Microprobe. This technique was used to study the distnibution of Pt
in the polymer matrix. The sample was analysed using a 3 keV electron beam and a beam
current of 0.1 - 0.2 pA. Elements were identified from their characteristic peak positions:
Pt (64 eV), S (153 eV), C (273 eV), N (387 eV), O (516 ¢V) and F (664 eV) [27]. Depth
profile analysis was performed by sputtering the polymer film with a 3 keV Ar’ ion
beam. The rate of sputtering varied from sample to sample depending on its composition.

The PANI-CSA or PANI-Nafion composite films were deposited onto a graphite block
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Figure 2.4. Sample prepared for Auger Electron Spectroscopy.

(5 cm x 1 cm x 0.5 cm) by solution casting, covering only an area of (1 cm x 1 ¢m). The
rest of the graphite block surface was covered by nail polish to prevent Pt depositing onto
the graphite surface in the subsequent electrochemical Pt deposition step. The graphite
block was immersed into an aqueous ImM K,PtCl, solution and Pt was deposited by
cycling the potential between +0.5V an;i 0.3V vs. SCE. After deposition of Pt, the
. graphite electrode was rinsed with H,O and the nail polish was removed. The graphite
‘)lock was cut into a size of | cm x 1 cm X O.3cm’ block in order that it may fit into the

L
Auger spectrometer.

2.6.2. Scanning Electron Microscopy & Transmission Electron Microscopy

Scanning Electron Microscopy (SEM) and Transmission Electron Microvscopy
(TEM) were performed by Prof. A. Curzon of the Department of Physics using a ISI DS-
130 Scanning Electron Microscope equipped with a EG&G EDDS II Ortec Energy
Dispersive X-ray Analyser and a Hitachi H-8000 Transmission Electron Microscope
equipped with a LINK QX2000 Thin Window Energy Dispersive X-ray Analyser.

For SEM npictures, the samples of the polymer composite were prepared by
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casting the appropriate solutions onto an indium-tin oxide (ITO) coated glass slides. For
TEM pictures. the samples were preparedaby casting the corresponding polymer onto ITO
glass slide. After solvent evaporation. the ITO glass slide was immersed in water in a
petri-dish and the polymer film peeled off frém the slide to form a free standing thin film.
A copper mesh was used as the substrate and the thin films were lifted up by one side of
the mesh and encased in it by folding the other half on top of the polymer films.
Elemental analysis of Pt was performed using an X-ragmlyser (in conjunction with the

SEM and TEM.

2.7. Permeability of O; Through Polymer-Modified Electrode

In order to study the permeability of O, through the polvmer film. a Pt rotating
disk electrode (area = 0.159¢m”) was used as the substrate electrode. The polymer films
were deposited by solut?on casting to cover the whole surface of the Pt disk electrode.
Rotating disk voltammetry was performed for PANI-CSA films with thickness of: 0.5
pm. 1.0 pm. 1.5 pm. 1.9 um and 2.4 pm. PANI (10%wt)-Nafion films of thickness : 1.1
pm, 1.8 um, 2.2 pm, 2.7 pm and 3.3 pm were also studied by using the same Pt disk
electrode.

All rotating disk experiments were performed using a Pine Instrument RDE4
Bipotentiostat and a Pine In;.s,trument Analytical Rotator. O, saturated 0.5 M H,SO;

solution was used as the electrolyte and the rotation speed was varied between 100 rpm

and 900 rpm.
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Chapter 3
Polyaniline

3.1. Synthesis of Polyaniline :

Polvanilines can be prepared either by chemical or electrochemical oxidation of
aniline under acidic conditions. \
A. Electrochemical Oxidation

Electrochemical polymerization is usually carried out at a Pt electrode by
dissolving an®ine in an aqueous protonic acid using one of the following three methods:
(1) galvanostatic - constant current
(11) potentiostatic - constant potential
(111) potentiodynamic - sweeping the potential between 2 potential limits

Diaz and Logan demonstrated that high quality films of polvaniline can be
obtained by continuously cycling the potential between -0.2V and +0.8V (vs.SCE) [28].
The polyaniline film obtained was reported to be homogeneous and adhered strongly to
the Pt electrode. Figure 3.1 shows typical cyclic voltammograms recorded during the
growth df polvaniline adopted from [29]. The potential was cycled between -0.19 V and
+1.2 'V vs. Ag/AgCl at a scan rate of S0 mV/s. The sharp increase in éurrent at ~ +O.9‘V
corresponds to the oxidation of aniline. New peaks corresponding to the electrochemical
response of PANI formed during the oxidation process appear after the first cycle. A
steady growth process can be observed upon repeated cycling. Much etfort has been
devoted to the development of relationships between the synthesis conditjorns\ and the

L

properties of PANI obtained by electrochemical polymerization {30-35]. Although these

will not be discussed in this thesis. it is important to stress that these relationships are
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complex and depend on many factors associated with the conditions. e.g. the acidity of

the electrolyte solution and the molar ratio of the oxidant to the monomer.

1 mA

Cathodic

Current

Anodic

o I ! ! !
1.2 0.8 0.4 0

Potential , V vs. Ag/AgCl

—

Figure 3.1 Cyclic voltammogram of electrochemical polymerization of aniline, in 1.0M H,SO, at
50mV/s adopted from Ref. {29] ‘

B. Chemical Oxidation

In order to ¢ptain polymer films with reproduc,ible properties, the chemical
synthesis of PANI was investigated. This route is of particular importance since this is
the feasible wayv for the large scale svnthesis of polyaniline. The most commonly used
chemical polymerization process involves the use of either hydrochloric acid or s"ulphﬁﬁ_c
acid in the presence of ammonium peroxydisulfate, (NH4),S;0s. as an oxidant. The
oxidative polymerization is a two-electron reaction and hence, requires one mole of
peroxydisulfate per mole of monomer. However, a smaller quantity of oxidant is usually
used to avoid the voxidati\'e degradation of the resultant polymer. During polymerization,

the anilinium cation radical is assumed to be an intermediate {36]:



The peroxydisulfate is at the same time being reduced to sulfate :
08 +2¢ ——— ¥ 250.*

The aniline cation radical combines. with another cation radical to form a dimer:

; + \<: )f}\é
\ \H & \H
D— ) @— )
\ N N—H + 2 H+
The oxidation potential of the dimer is less positive than the monomer. Thus the dimer is

- further oxidized and reacts with either another aniline radical cation in solution or with

oligomeric or growing polymeric radical cattons in a chain propagation step.

OOt e O )8
OO O —
OO0
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In the present study, polyaniline was synthesized by chemical oxidative
‘polymenzation of aniline in aqueous HCI solution, using ammonium peroxydisulfate as
the oxidant according to Ref. [37]. Based on the kinetic salt effect [38], the reactioh rate
of reactant ions having the same sign is increased by increasing the ionic strength of the
solutior;. Conversely, ions of opposite charge react slower in solution the higher the ionic
strength of the solution. Therefore polyaniline was polymenzed in the presence of
dissolved LiCl in order to obtain polyaniline with high molecular weight. In this case, the
addition of LiCl increases the ionic strength of the solution and therefore reaction
between the anilinium ion and the peroxydisulfate ion is hindered while the chain
propagation step, which involves the reaction of two radical cations, i1s enhanced. This

leads to a smaller number of initiation reactions as well as an increase in the chain

propagation reaction. The molecular weight of the polymer is therefore increased.

3.2. Processable Polyaniline

Polyaniline obtained by the above synthesis is in the emeraldine salt form, having

N
Cl ions as counter ions in order to maintain aecironic neutrality.

N ,
0.5 o o‘_’s

. Emepaldine base
e W
HOHORO
0.5 Cl- = Cly,

Emeraldine Salt
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The emeraldine salt may be deprotonated upon stirring in NH;OH solution to give the
emeraldine base which is black in colour with a metallic lustre.

A major impediment to the development of conducting organic polymers is the
intractability of tl;ese materials. Several methods have been reported to dissolve and
process polyaniline [39-41]‘."F0r example. emeraldine base can be solubilized in N-
methyl-pyvrrolidinone, pyrrolidinde‘ or in concentrated sulphuric acid and other strong
acids. The processability of a doped. conducting form of polyaniline in common non-
polar or weakly ;;olar solvents was not reported unitl 1992 when Cao er al. [42] reported
that polvaniline can be doped and simultaneously solubilized using functionalized
protonic acid solutes. The functionalized protonic acids are generally denoted as H'(M'-
R) where H'M" is the protonic acid group (e.g. sulfonic aci;.“carboxylic acid or’
phosphonic acid. etc.) and R is an organic functionality. The acid protonates the imine
nitrogens of polyaniline and the (M'-R) group serves as the counter ion. In the conducting
polymer community, this process is known as “doping” since it converts an insulating
conjugated polymer to a conducting material. The R group is chosen to be compatible
with non-polar or weakly polar organic solvents so that it solubilizes the polyaniline in
these solvents in a similar manner to how a surfactant solubilizes oil in water. Among the
variety of R groups reported. dodecylbenzenesulfonic acid (DBSA) and (%)-10-
camphorsulfonic acid (CSA) showed best results [42]. Polyaniline doped by DBSA
(PANI-DBSA) was reported to be soluble in toluene, xylene, decalin, chloroform,
chlorobenzene. and polyaniline doped by CSA (PANI-CSA) was reported to be soluble in

m-cresol, benzyl alcohol, chloroform and DMSO.

The method for inducing solution processability by using Eamphorsulfonic acid

38



was adopted in this thesis. The resulting PANI-CSA complex was dissolved in
chloroform to yield a blue-green solution. A fine precipitate of undissolved polymer was
also observed. In contrast, PANI-CSA dissolved completely in m-cresol to yield a dark -
green solution (5 mg/mL). However. due to the high viscosity of m-cr;ésol polymer
solution. casting films from this solvent was very slow. A binaryv solvent mixture of m-
cresol\\and chloroform was therefore used in order to hasten the film preparation process.

High quality, homogeneous films of conducting polyaniline were readily obtained from

this solution.

3.3. Spectroscopic Charaeterization of PANI
Figure 3.2 shows the FT-IR spectrum of the emeraldine base obtained in the form
of a KBr pellet (compressed powder). The IR peaks observed agree well with reported

values [43.44]. The assignments of these vibrational signals are shown in Table 3.1.

35
30_ i i r‘/"“ ‘-\_\1\.‘
YWETEERY

. Ay
g 251 ‘Y'/ “ ‘ ln‘:
£ e 1. 3
E 204 7
7 /
= /
£ s
- 15}

10 L 1 . .

4000 3000 2000 1000

Wave Number (cm-1)

Figure 3.2 IR spectrum of PANI base.
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Wave number (cm™) Peak Assignment
345? N-H Stretch for 2° amine
3252 Hydrogen bonded NH band
2970 C-H stretch
~ 1590 non-symmetric Ce ring stretching (quinoid)
1505 non-symmetric C¢ ring stretching (benzoid)
1308 C-N stretch for 2° aromatic amine
1152 in-plane C-H bending
A 956' . out-of-plane C-H bending
834 out-ot-plane C-H bending

Table 3.1 Assignment of IR signals of polyaniline
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Figure 3.3 UV-Vis spectrum of (a) camphorsulfonic acid-doped polyaniline (PANI-CSA) film cast
from m-cresol/chloroform solution, and (b) polyaniline base film cast from NMP solution.

40



Figure 3.3 shows the UV-vis absorptior; spectrum of polyaniline emeraldine base and
camphorsulfonic acid-doped polyaniline in the form of a film cast from NMP and m-
cresol/chloroform solution, respectively. The absorption at ~ 600 nm for the PANI base is
assigned to the n - m * transition and the absorption at 330 nm is assigned to the 7 -  *
transition [43]. For the camphorsulfonic acid doped-polyaniline, the absorption at 427 nm
is due to the presence of localized semiquinone groups. i.e. polarons. The absorption at ~

760 nm is due to the trapped exciton centred on quinoid moieties or due to delocalized

free electron states.

T

3.4. Electrochemistry of Polyaniline

The aqueous electrochemistry of polvaniline films polymerized by
electrochemical methods and the role of the conditions of polymerization on the film
properties have been st&died extensively [30-35]. Due to the lack of processability of the
chemically synthesized polyvaniline emeraldine salt. the electrochemistry of the
chemically svnthesized pol_\‘mer was studied using an electrode prepared by impregnating
the polyaniline salt solid into glass filter paper and subsviquently wrapping a Pt gauze
around it as described in the Experimental Section (Section 2.4.3.). However, the amount
of polyaniline used in this method is not easily controlled. Figure 3.4(a) shows the cyclic
voltammogram of the polyaniline emeraldine salt synthesized in our laboratory. With the
development of proéessable polyaniline doped by camphorsulfonic acid, the
electrochemistry of PANI can be studied easily by casting the polymer solution onto a Pt
electrode to yield a homogeneous film with controllable thickness. Figure 3.4(b) shows a

cyclic voltammogram of the camphorsulfonic acid doped polyaniline (PANI-CSA) in
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0.5M H,SO..
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(a) lz mA

(b)
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Figure 3.4 Cyclic voltammogram of (a) PANI salt in the form of a powder impregnated into a piece of
glass filter paper and wrapped with a Pt gauze, (b) PANI-CSA film cast on a Pt electrode. Both are in
0.5 M H,S0O,. Scan rate was 100 mV/s.

The electrochemistry of the PANI-CSA is identical to PANI-HCI. It consists of two sets
of redox peaks. The first set of redox peaks occurs at ~ +0.15 V (vs. SCE). This set of

peaks corresponds to the oxidation (and re-reduction) of the insulating leucoenteraldine



to the emeraldine form [46]: =

— 1o
N‘-@‘N +2x CI" + 2x H*
4x ,,

The second set of redox peaks appears at ~ +0.75 V (vs.SCE) and is associated with the

‘oxidation (and re-reduction) of the emeraldine form to pernigraniline [46]:

_ H — H — H S H
I I |® l®
Cl- — (I

2X 2

X

@‘N:D:§ +8x HT + 4x e- + 4x CI°
o 4x '

The electrochemistry of polyaniline changes gradually with continuous cycling (Figure
3.1). In addition to the two sets of redox peaks attributed to reversible redox chemistry of
the polymer, a third set of peaks was observed to grow at ~ +0.5 V vs. SCE. This set of

peaks increases steadily with increasing number of potential cycles as reported by other



researchers. Kobayashi er al. attributed the growth of this peak to redox reaction of
benzoquinone groups [47]. Stilwell and Park suggested that these peaks could be due to
the redox reactions of benzoquinone. p-aminophenol and/or the dimer p-
aminodiphenylamine [48]. However, Genies et al suggested that it is due to the
phenazine insertion reaction, leading to a cross-linked polymér [49]. S.-M. Park et al.
proposed the formation of a nitrene cation as an intermediate species during the growth of
polyaniline (as shown below) [48]:

(e —= (e

— ®
NH ——> NH +e
)«

Depending on the reaction conditions, the nitrene cation can be polymerized to give
polyaniline or can react with H,O to give p-aminophenol and thereafter hydrolyzed to
give bénzoquinone. The presence of the nitrene cation also supports the formation of -
phenazine-type oligomers as a cross-linked product as suggested by Genies et al. [49].
The processes involved in the third set of redox peaks in polyaniline electrochemistry are
summarized by the reactions shown in Scheme 3.1. [48]. Despite the fact that polyaniline
can degrade upon continuously cycling. the stabil'ity of the polyaniline may be
maintained if the experimental conditions are strictly controlled. It was reported that a
relative stabilizing effect can be achieved if the anodic potential is kept less positive of
+0.7V (\'s.SCE) [47]. Kobayashi er al also reported very stable electrochromic behavior

of up to 10° cycles when the potential was cycled between -0.2 V and +0.6 V (vs. SCE)
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Scheme 3.1 Summary of reactions involving the degradation of polyaniline

3.5. Conductivity of Polyaniline

As described in Chapter 1 (Section 1.2.), conductivity through polyaniline can be

attained either by protonic doping or redox doping. Redox doping can be achieved by a
v
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chemical oxidant or by applving an appropriate electrochemical potential. In order for
polyaniline to be considered as a matrix for an oxygen electrocatalyst, it must be
.
conductive in the potential region of the oxygen reduction reaction. Therefore, an in-situ
determination of the dependence of the electrical resistance of polyaniline versus
electrochemical potential was carried oixt. Wrighton er al. reported the construction of a
microband array of electrodes for in-situ determination of resistance of polymer films at
different electrochemical potentials [50-52]. The array of microelectrodes were fabricated
on a Si0; layer grown on a single crystal Si substrate by use of standard microfabrication
techniques. Due to the difficulties in fabrication of the microband electrodes described b\
Wrighton. Zotti er al. reported a simple and reusable 2-band electrode which can be
fabricated more easily [26]. A similar Z-band electrode was also constructed in this thesis
work. The procedures for constructing this electrode were described in the Experimental
Section (Section 2.4.2). Figure 3.5 shows the dimensions of the 2-band electrode

&

constructed in our laboratory.

Mylar Film

Epoxy Matrix

80 um 80 um

Figure 3.5 Top view of a 2-band Pt Electrode.
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The two Pt band electrodes were separated by a layer of insulating Mylar film. To
measure the conductivity profile of the polymer as a function of electrochemical
potential, a film of polyaniline doped by camphorsulfonic acid was cast from the m-

cresol/chloroform solution to cover both of the electrodes as shown in Figure 3.6.

Conducting polymer

Mylar Film

. Pt Band

Figure 3.6 Cross-sectional view of the two-band Pt electrode with polymer deposited on it.

The electrical connectivity formed between the two electrodes by the presence of
conducting polymer was examined by cyclic voltammetry. The electrodes were

connected as in Figure 3.7.

Reference Electrode

- . Counter Electrode
Working Electrode Potentiostat
A
N
AV
Electrode 1
Electrode 2

Figure 3.7 Circuit Diagram for the two-band electrode.
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Figure 3.8(a) shows the cyclic voltammograrﬁ of PANI-CSA cast on the two-band
electrode when only Electrode 1 was used as the working electrode. Figure 3.8(b) shows
the cyclic voltammogram of PANI-CSA when only Electrode 2 was used as the working
electrode under the same conditions. Figure 3.8 (c) shows the cyclic voltammogram of
the PANI-CSA on the band electrode when both Electrode 1 and Electrode 2 were used

simultaneously as the working electrode.

Y TR (NSNS NNV NN NN NN N SN SR SRS RS R S N

+12 10 08 06 04 02 00 -0.2
E(V)

Figure 3.8 Cyclic voltammogram of PANI-CSA on the 2-band Pt electrode obtained in 0.5M H,SO,
at a scan rate of 100 mV/s, when the working electrode was (a) Electrode I, (b) Electrode 2, and (c)
both Electrode I and Electrode 2. ;-

o

One can see that the cyclic vpltammograms are very similar. This suggests that either one
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\
of the electrodes was able to oxidize or reduce all ttholymer spanning the 2 band

electrodes when a potential was applied. This requires that the polymer spanning the 2
electrodes is conducting and therefore connects the 2 electrodes electronically. If there
was no connection between the two electrodes, the cyclic voltammograms of the
individual electrodes would have been different according to the amount of polymer
present on that electrode. Moreover, if both of the electrodes were connected at the same
time as the working electrode, the area under the cyclic voltammogram should have
equalled to the sum of the area under the cyclic voltammograms of the individual
electrodes. Therefore, it can be concluded that the PANI-CSA was conductive enough to
connect the two-band electrode in this case. After venifying the connecti_vity betﬁvéen the
two electrodes, the in-siru conductivity measurement of conductivit};'as a function of

applied electrode potential was investigated as shdwn in the schematic diagram in Figure

3.9.
T Electrode 2
Vv,
1 SCE
! CE
v,
| Electrode 1
R
‘ l

v

Figure 3.9 Schematic Diagram of the operation of the in-situ measurement of conductivity as a
function of electrochemical potential.
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Both of the electrodes were brought to an appropriate potential with respect to the SCE
reference electrode. After attaining equilibrium, a small d.c. voltage difference (20 mV)
was applied to Electrode 2. For example, both electrodes were brought to +1.0V vs. SCE,
then Electrode 2 was brought up to +1.02V vs. SCE while Electrode 1 was kept at +1.0V
vs. SCE. The potential difference between the two electrodes results in a flow of current

across the polymer. Due to the small magnitude of the generated current, a large resistor

¥
-

R (1 kQ) was connected in series with Electrode 2 and the v‘o'ltage across the resistor was

recorded. The magnitude of the current flow is an indication of the conductivity of the
o

polvmer - the more conductive thé polymer, the higher the current flow across the

polymer. Since Vg = IR | the potential difterence across the resistor R was used as an

indication of the conductivity of the polymer. Figure 3.10 shows the potential difference

across resistor R as a function of electrochemical potential.
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Figure 3.10 The conductivity of PANI-CSA as a function of electrochemical potential.



The PANI-CSA was found to be électronically conducting between 0.0 V and +0.7 V vs.
SCE with maximum conductivity between +0.2 V and +0.5 ’V vs. SCE. This is in
agreement with-the published results in the literature [50]. Since the onset of the oxygen
reduction reacl.ion is ~ +0.6V vs. SCE. P/?\II-CSA is suitable to be used as a conductive

matrix for Pt for the study of the oxygen reduction reaction.

3.6. Conclusions

Polyaniline was synthesized by the chemical polymerization of aniline in 1.0 M
HCI. The polyaniline base was found to be soluble in N-methyl-2-pyrrolidinone while the
emeraldine HCI salt of the polvaniline was insoluble in common organic solvents.
Processable polyaniline solution was prepared by doping polyaniline base with
~ camphorsulfonic acid and solubilizing it in m-cresol/chloroform solvent mixture. The
polymer 'was characterized both by spectroscopic t.echniques and electrochemical

\ .

techniques. The variation of the conductivity of polyaniline as a function of applied
electrochemical potentizi} was studied using a two-band Pt electrode constructed in our
laboratory. Polyaniline was found to be conductive from 0.0 V to +0.7 V vs. SCE. With
the versatility of the polymerization process. the processability of PANI-CSA, and the

conductivity window of polyaniline, it was concluded that polyaniline is a good candidate

to be used as a conductive matrix for Pt in the studies of the oxygen reduction reaction.
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Chapter 4

Incorporation of Pt into Polyaniline-Modified Electrodes

The synthesis of polyaniline by chemical oxidative polymerizati.on of aniline and
the formation of processable solutions of polyaniline doped by camphorsulfonic acid was
discussed in the last chapter. Films cast from such solutions were chosen as a matrix for
depositing electrocatalyst. The incorpofation of Pt into the matrix is discussed in this
- chapter. The incorporation of electrocatalyst was achieved by the electrochemical method
and the electrodes obtained were evaluated for their morphology and electrocatalytic
activity. Finally. in the last section, the diffusion properties of oxygen in the polymer

matrix are described.

4.1. Electrochemical Deposition of Pt into PANI-CSA Films
Deposition of metal particles into polymer matrices is of general interest in the
field of electrocatalysis [13-18.53]. Literature methods for preparing polymer moditied

electrodes involve polymerization of monomers. either chemically or electrochemically,

onto the substrate electrode directly. Kao and Kuwanan dispersed Pt into poly(vinylacetic
acid) (PVAA) for the electrocatalytic generation of hydrogen [53]. The PVAA films were
formed on a glassy carbon substrate electrode by refluxing in the monomer solution.
Holdcroft and Funt deposited Pt into polypyrrole for the electrocatalytic reduction of O,
[18]. Kao also deposited Pt into polyaniline for the reduction of hydrogen and oxidation
of methanol [16].' They reported that a three dimensionally dispersed Pt system was
obtained. In both studies, the conducting polymers were grown on the substrate electrode

by electropolymerization. However, this technique is inconvenient because polymer



synthesis has to be performed for fabrication of each polymer  modified electrode.
Moreover, the polyme’r matrices formed from electropolymerization a.re technically
limited by .the type 10felectrode substrates.

In  this work. polyaniline was synthesized chemically instéad of
electropolymerizing it directly onto the substrate electrode. A polymer solution was
obtained which was readily cast onto a wide variety of electrode substrates and electrode
geometries. This provided a convenient and practical method to prepare polymer
modified electrodes in a reproducible manner. In order to incorporate Pt into the polyvmer
ﬁ‘lms. the met};od of electrochemical reduction of KsPtCls was adopted, because it has
been previously reported that this method allows Pt to be dispersed homogeneously into
polymer matrices [16]. The Pt loading was determined by monitoring the amount of
charge 'passed tor the reduction of Pt (IV) to Pt(0). It was also assumed that this is a

4 . . . :
complete four-electron’reduction step (Eqn. 4.1). The calculations used to determine the

Pt content are shown below:

PrVy+4es —»  Pt(0) (Eqn. 4.1]
. oM,
Pt loading (grams) =—— - [Eqn. 4.2]
4Ne N

where Q = cathodic charge passed in C
Mp, = atomic mass of Pt (195.08g/mol)

N = Avogadro’s Number (6.02 x 1023)

e

e = electronic charge (1.62 x 10"° C)



Pt loading (ug g/cm’) = Pt loading (grams) x 10° (Eqn. 4.3]
A

w%?é A = geometric area of the electrode -(sz)

The elecﬂtrvodeposition process is described below. A polyaniline modified
electrode was immersed in a 1 mM K,PtCl, solution and the electrode was connected to a
coulometer in order to record the cathodic charge. The electrode was cycled between
+0.5 V and -0.3 V vs. SCE. The growth of Pt could be observed by the increase in the
hydrogen evolution peak on Pt at around -0.2 V vs. SCE in the cyclic voltammograms

(Figure 4.1). The PANI-CSA modified electrode containing electrochemically deposited

Pt was denoted PANI-CSA/Pt.

Hydrogen
evolution on Pt

I 1.6 mA/cm?2

1'111111 |

+0.4 0.2 0.0 -0.2
E(V)
Figure 4.1 Cyclic voltammogram showing the incorporation of Pt into a PANI-CSA modified glassy

carbon electrode. The potential was cycled between +0.5 V and -0.3 V vs. SCE, scan rate =1100 mV/s,
®  in1 mM K;PtC1/0.5 M H,SO,. ~
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- Due to the large background charge associated with reduction of polyaniline
itself, th;: charge for the reduction of K;PtCl, was determined by subtracting the cathodic
charge associated with the reduction of PANI in 0.5M H,SO; in the absence of K,PtCls.

Figure 4.2 shows the cyclic voltammograms of polyaniline modified electrodes

before and after electrodeposition of Pt in O; saturated 0.5 M H>SOy.
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Figure 4.2 Cyclic voltammogram of PANI-CSA modified glassy carbon electrode (a) before and (b)
after incorporation of Pt (film thickness = 0.44 ym, Pt loading = 23 pg/cm’), in O, saturated 0.5 M
H,;S0O,, scan rate =S mV/s.

It can be seen that in the absence of Pt, a typical cyclic voltammogram ofpolyaniliné was
obtained. After deposition of Pt, the cathodic current increased due to the reduction of O,
on Pt. A rotating disk experiment was performed on the PANI-CSA/Pt modified

electrode and the results are shown in Figure 4.3.
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Figure 4.3 Rotating disk voltammograms of a PANI-CSA/Pt modified glassy carbon electrode (film
thickness = 0.44 pm, Pt loading = 23 pg/cmz) in O, saturated 0.5 M H,SO,, scan rate = 5 mV/s.
Rotation speeds: 100, 120, 150, 200, 250, 300, 400, 500, 700 and 900 rpm.

The onset of the oxygen reduction reaction was observed at ~ +0.6 V vs. SCE and a

plateau region was observed for all rotation speeds. The limiting current was observed to

increase with the rotation speed. A Levich plot (i vs. ') for the oxygen reduction

reaction at a PANI-CSA/Pt modified glassy carbon electrode in an O; saturated 0.5 M

H>SOy solution is shown in Figure 4.4. A linear relationship between the limiting current
2

for the oxygen reduction reaction, i. and the square root of the rotation speed, ', was

obtained.
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Figure 4.4 Levich plot for O, reduction reaction at (a) a bare Pt electrode, (b) a PANI-CSA/Pt(23
iig/em’) modified glassy carbon electrode, in O, saturated 0.5M H,SO,, scan rate = 5SmV/s.

For comparison. the Levich Plot for the oxygen reduction reaction at a Pt rotmigiyisk
electrode in an O- saturated 0.5 M H,SOj; solution is shown. The Levich plots for both
electrodes are linear. In another study, Holdcroft and Funt reported a curved Leviéh plot
for oxygen reduction at a Pt incorporated polypyrrole modified electrode [18]. They
attributed the curvature to diffusion limitation of O, through the polypyrrole. film, i.e. O,
reduction is limited by the rate of diffusion of O, to Pt particles through the film and not
by the rate it is brought up to the polymer/electrolyte interface. A linear Levich plot in
this case suggests that the reactant gas was not impéded from reaching the electrocatalyst
due to poor diftfusion through the film. Two possible scenarios can lead to this

observation: (1). The Pt was dispersed homogeneously through the bulk of the polymer
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but polyaniline is sufficiently permeable to enable rapid diffusion of O, to the Pt
particles; or (2), the Pt particles were deposited on the surface of the polymer film, i.e. at
the polymer/electrolyte interface so that O, has only to diffuse through the electrolyte
solution in order to reach the catalytic electrode surface. In the latter, polyaniline is acting
merely as an electrically conductive layer which provides the electrons a conductive
pathway between the glassy carbon substrate electrode and the Pt particles. This scenario
shogld be very similar to a pure Pt electrode because the diffusion properties of the
solution species through the polymer do not affect the current. In order to determine
which situation was present. the depth profile of the PANI-CSA/Pt electrode was studied

»

by Auger Electron Spectroscopy.
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Figure 4.5 Auger electron spectrum of a PANI-CSA/Pt modified electrode before (gray line) and
after 20 seconds sputtering (black line).
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Auger electron spectra were obtained for the surface of the PANI-CSA/Pt film prepared
as described in section 4.1. A large Pt peak at 64 eV and a carbon peak at 275 eV were
observed on the sample substrate before sputtering the films (Figure‘ 4.5). Then the
polymer surface was sputtered with an Ar” ion beam for 20 seconds in order to remove
the »top lavers of the polymer surface. Twenty seconds is a relatively short sputtering
" time, as a comparison, it took ~ 20 minutes of continuous sputtering to completely etch
the 2000 nm film. From the time required to etch through a film of 2 pum, it was estimated
that about 30-40 nm of the polvmer film was removed during the 20-second sputtering

process. It appears that the Pt particles were mainly deposited on the top 30-40 nm of the

polymer film. The spatial distribution of Pt in this electrode is illustrated in Figure 4.6.

~ Platinum Particles
. »
® o ® ® ® ® ®
¢ ®
Polyaniline-CSA

—— Glassy Carbon Substrate

Figure 4.6 Proposed spatial distribution of Pt in the PANI-CSA/Pt modified electrode. Pt was
incorporated by electrochemical reduction of K,PtCl, at a PANI-CSA modified electrode.

An important conclusion from these experiments is that polyaniline is sufficiently
conductive in the potential region required for oxygen reduction reaction to provide an

electronic pathway between the substrate electrode to the electrocatalyst. If it was not,
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then the Pt particles would have been electrically isolated tfrom the glassy carbon current
collector and no electrocatalytic activity would have been observed. Thus, PANI satisfies
one of the requirements in the design of matrices for the electrocatalytic reaction of a
solution species. even though a three-dimensionally dispersed catalytic system was not
obtained in the present case.

The electrocatalytic activity of these catalytic films was investigated further and
compared to other modified electrodes. The catalytic prg\gggy of the PANI-CSA/Pt
electrode was first compared to a bare glassy carbon electrode onto which the same
amount of Pt was deposited. as illustrated in Figure 4.7 (i.e. the conducting polymer
matrix was absent).

Glassy carbon
substrate (GC)

Glassy carbon
substrate (GC)

PANI-CSA .
Pt particle

Pt particle

Figure 4.7 Schematic illustration of two Pt-modified electrodes examined for electrocatalytic
reduction of O,: (a) PANI-CSA/Pt (23 pg/cmz) electrode; (b) GC/Pt (24 pg/cmz) electrode.

In these studies. the same mass of Pt was deposited on both a polyaniline
modified glassy carbon electrode and a bare glassy carbon electrode by electrochemical
reduction of K;PtClg, using potential cycling between +0.5 V and -0.3 V (SCE). Their

electrocatalytic activities towards the oxygen reduction reaction were compared using
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rotating disk voltammetry. Figure 4.8 shows the Levich plots for these two electrodes for
O, reduction in an Os-saturated 0.5 M H.SOj solution. It can be seen that the current for
the oxygen reduction reaction is higher in the case of Pt deposited onto the polyaniline-
modified electrode. Since the diffusion coefficient and the concentration of Qs in the
electrolyte are the same in both cases. and the same amount of catalyst was deposited in
each case. the increase in current is indicative of an increase in the active surface area of
the Pt catalyst. It is postulated that the Pt microparticles in the polyaniline penetrate the
polymer film to a certain extent (but less than 30-40 nm). hence exposing a larger surface
of the catalyst to the electrcwl)'te and the reactants. This shows preliminary evidence that
an increase in the active surface area of the catalyst is achieved by its dispersion into a

polymer matrix.
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Figure 4.8 Levich plots for O; reduction at (a) PANI-CSA/Pt (23 pg/em’) modified GC electrode, (b)
a bare GC onto which 24 ug/cm’ Pt has been electrodeposited. O, saturated 0.5 M H,SO,, scan rate =
SmVis.
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4.2. Permeability of Oxygen Through PANI-CSA Films

Pt microparticles were deposited mainly on the surface of the PANI-CSA
electrode as described above. Although this resulted in an increase in the active surface
area of the Pt. a three-dimensionally diépersed catalytic system was desired in order to
maximize the activé surface area of the Pt as illustrated in Figure 4.9. It this type of
electrode were achieved. then the ability of the solution species to diffuse through the
polymer would play a major role in the rate of electrocatalysis. If the diffusion of the
reactant through the matrix were not fast enough, Pt microparticles deep inside the matrix
would not be fully utilized. .

Glassy
Carbon -

J Substrate

Pt particle
. — p

Conducting

(] polymer matrix

Figure 4.9 Illustration of polymer modified electrode with Pt homogeneously dispersed throughout
the polymer film. ‘

In order to investigate O, mass transport through the PANI-CSA films, a Pt
rotating disk electrode was used. onto which a thin film of PANI-CSA was cast. Rotating
disk electrode voltammetric experiments were carried out in oxygen-saturated 0.5 M
H.SOy at a scan rate of 5 mV/‘s. Figure 4.10 shows the Levich plot for oxygen reduction

at a polyaniline-modified Pt electrode in O, saturated 0.5 M H,SO;. The Levich plot for



oxygen reduction at a bare Pt electrode under the same conditions is shown for
comparison. In contrast to the linear plot for the bare Pt electrode. the plot for the PANI-
CSA-modified Pt electrode deviates from linearity at higher rotation speeds. indicating

that the diffusion of O, to the Pt substrate electrode is impeded by the polyaniline film.
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Figure 4.10 Levich plot for oxygen reduction reaction at: (a) a bare Pt electrode, (b) a PANI-CSA
(0.9£0.1um)-modified Pt electrode in O, saturated 0.5M H,SO,, scan rate = SmV/s.
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The permeability. DiCy., of the polymer film towards O, diffusion can be obtained by
plotting 1/i vs. 1/0'™ . This is called a Koutecky- Levich plot. The relationship between
the measured current and rotation speed is given in Chapter 1. For a planar, rotating disk

electrode with a reaction species in solution, the limiting current at high overpotentials is

given by Eqn.1.5.



2 - / L4
i =0.62nFAC, D v b0 (Eqn. 4.4]

For a polymer modified electrode. the limiting current measured is given by Eqn. 1.7.

Lt 1, .1 (Eqn.4.5]

Expanding Eqn.4.5 by substitution gives:

| o d . 1 _ o
idy nFDCr 0 62nFAC, D 0 e (Eqn. 4.6]
where 1= measured current (A).
I, = kinetic current (A).
iy = diffusion current through the film (A),
L= diffusiownenl through the electrolyte (A),
D, = diffusion coefficient of reactant in the electrolyte (cmzs'l) _
C, = concentration of reactant in the electrolyte (mol em™)
D, = ditfusion coefficient of reactant in the film (cm-s™).
Cy = concentration of reactant in the film (mol cm™)
d = thickness of the polymer film (cm),
n = number of electrons involved,
F = Faraday's Constant (Cmol™),

a

o = electrode rotating speed (rad s™')

v, = Kinematic viscosity
The Levich plot (1 vs. ©'?) obtained from Eqn. 4.4 is independent on the
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thickness of the polymer film. From Eqn. 4.5. we can see that the measured current is
composed of the kinetic current, i,. the diffusion current through the polymer film, i;. and
the diffusion current through the electrolvte solution. 1;. The slope of the Koutecky-
Levich plot gives information on the mass transport of the reactant species in the
electrolyte while the intercept of the plot gives information about the permeability, D,Cr.
of the same species through the polymer film. The diffusion current through the polymer
film, 1. 1s inversely proportional to thé thickness of the film, i.e.. the thicker the polymer
film, the smaller the diffusion current. Figure 4.11 shows the Koutecky-Levich plots for
oxvgen reduction of polyaniline moditied Pt electrodes possessing difterent polymer

thickness.
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Figure 4.11 Koutecky-Levich plot for oxygen reduction at a PANI-CSA modified Pt electrode (area =
0.159cm2), in O,-saturated 0.5 M\HZSOJ; scan rate = 5 mV/s; thickness of films : (a) 2.4 um, (b) 1.9
pm, (¢) 1.5 um, (d) 1.0 um, (e) 0.8 um.
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One can see that although polvaniline modified Pt electrodes yield curved Levich plots,
the plot of 1/1 against 1/0"? yields straight lines. From Figure 4.11. it can be observed
that the thicker the film. the larger the intercept, which corresponds to a smaller oxygen
reduction current. The pqmeability of the PANI-CSA was determined by plotting the
intercepts of the Koutecky-Levich plots against the film thickness (Figure 4.12). From the
slope of this graph, which is equal to 1/nFADCy (Eqn. 4.3). the O; permeability, DCy. of

R ]
PANI-CSA films in 0.5 M H>SO; was calculated to be 1.18 x 10"”mol cm™ s, The

permeability of O, in a 0.5 M H>S0O;, SOlUIlOﬂ was reported as 20.3 x 10"* mol em™ s
[64]. The permeability of O: in the PAQKCSA films is only 1/20 that 0.5 M H,SO,

solution.
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Figure 4.12 Plot of 1/i (obtained from the intercept of Koutecky Levich plots in Figure 4.11) vs. the
polymer film thlckness for O, reduction in O,-saturated 0.5 M H,SO,.
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4.3. Conclusions

It has been demonstrated that polyaniline dopéd by canlphorsulfonic acid (PANI-
CSA) is sufficiently conductive to be used as a matrix for dis;;ersed elect‘rocatalytic Pt.
Although the Pt deposited onto the PANI-CSA films by electrochemical means was
mainly localized on the top surface of the polymer film, i.e., at the polymer/electrolyte’
interface, the electrocatalytic activity of the Pt was Apr.o‘\i’en to be greater than for the same
quantity of Pt electrodeposited on glassy carbon elécfrode. This suggests that the activg
surface area of the Pt particles is increased by deposition onto the polymer substrate,
perhaps because of the more porous structure of the polymer compared to the glassy
carbon substrate. The permeability of the PANI-CSA film was determined to be 1.18 x
10" mol ecm™ s™ (which is about 1/20 of the permeability of O; in a 0.5 M H,SO,
solution). In the next chapter the possibility of improving the permeability of oxygen is
investigated and the results will be compared to Nafion which is a solid polymer

electrolyte being used in fuel cells.
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Chapter §

Polyaniline-Nafion Composites

In this %apter, the formation and characterization of polyaniline and Nafion

composites are studied and discussed. Also, the diffusion parameters of oxygen through
the composites are compared with the pure camphorsulfonic acid doped polyﬁniline

(PANI-CSA). In addition. Pt was deposited into some of these cofnposites and the

catalytic activity of the resultant films was evaluated and is discussed in Chapter 6.
S.1. Preparafion of Composites of Polyaniline and Nafion

As demonstrated in Chapter 4. a drawback in ﬁsing pol)'aniline.a; a matrix for Pt
is the limitation of the reactants accessring the catalyst particles. It the diffusién of Oy into -
the film is relatively slow. the Pt microparticles will not be fully utilized even if a threé-
dimensionally dispersed system was attained.rTherefore. the diffusion properties of the
film must be improved,

’. Recently, researchers studying fuel cell technology found that most 40f the Pf in
the éatal;'st layer is not utilized; only ~10% of the Pt catalyst particles‘_~ arenactpallyw n
simultaneOL;s contact with the reactant, the electrolyte, and the current collector [56,57].
They found that utilization of the Pt particles can be greatly enhanced by impregnating a
polymer électrolyt;, such as Naﬁon.. into the catalyst layer. This extends the three
dimensional reaction zone by increasing the active surface area of Pt in contact with thye
electrolyte. As a r‘esult, Pt loadings can be greatly reduced. Other advantages of having
Naﬁdn_ in the catalyst layer include the higher proton conductivity because of the pendent

sulfonic acid groups and higher oxygen solubility due to the higher fluorine content.

Hence, the reactants are found to have a better access to the catalyst through the
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incorporation of Nafion. Another important jssue in utilizing matrices for electrocatalysts
is the electrical conductivity of the matrix which*determines the efficiency of shuttling
‘electro‘rﬁs froﬁ/ the catalys} to the current collector. Polyaniline has been demonstrated in
the previous chaptér to be a good candidate for this purpose: therefore, a system which
combined the advantages orf both Nafion and polyaniline were pursued in this study.
Chemical and electrochemical methods of preparing conducting polymer/Nafion
composites have been described in the literatu}e, For example, C.-H. Hsu [58] prepa@ a
PANI/Nafion composite by placing a thick film éfNaﬁon membrane between ﬂzinges on
the side arms of t@o ’glass containers where one side contqined aniline while the other
contained aﬁ oxidant solution. Polyaniline was férmed when aniline and oxidant
combined in the Nafion membrane upon diffusiqn from both sides. Kuwabata et al.
electropolymerized aniline in a Nafion solution 1591, and Orata et ql. electropolymerized
aniline onto a Nafion modified electrode [60]. While these studies provide useful
information on the characteristics of PANI/Nafion composites, they app;:ar impractical

3

for industrial applications.

¢

In contrast, Barthet et al. [61] developed a simple chemical method of preparing
PANI/Naﬁonfcomp.osite films where Nafion powder wasidissc:lved in’a N-methyl-Z-'
pyrrolidinone (NMP) solution of PANI (polyaniline bEiSf:) and direct doping of };ANI by
Nafion was observed. This method was repeated and in contrast to the report, the Nafion
- powder was not soluble in NMP. However, it was found that a 5% Nafion solution (in
water/alcohol mixture) when added to the pol}"anilirie base in NMP did result in doping

of PANI. The advantage of this technique is that it yields a solution of PANI/Nafion

ready for solution casting.. A series of composite solutions with different PANI:Nafion

»
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content were prepared and were characterized by UV-Vis spectroscopy and

electrochemical techniques.

5.2. Characterization of PANI-Nafion Composites
5.2.1. UV-Vis Spectroscopy

» Figure 5.1 shows the UV-Vis spectra of PANI-Nafion composite films comprised
of different weight percentages of PANI and Nafion. The UV-Vis absorbances of the 5%
and 10% PANI solutions were low due to the low concentration of the PANI in the

original casting solution.
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Figure 5.1 UV-Vis spectrum of PANI-Nafion composites films, (a) PANI (25%wt)-Nafion, (b)
PANI(20%wt)-Nafion, (¢) PANI(15%wt)-Nafion, (d) PANI(10%wt)-Nafion, (e) PANI(5%wt)-Nafion.
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The broad peaks centred at 427 m and ~760 nm indicate that the PANI base was fully
doped by the Natfion solution. As the weight percentage of PANI was increased, the
lower energy absorption peak blue shifted to 650 nm indicating the presence of the
insulating base form of the polymer. When'polyaniline is in the conducting emeraldine
salt form. the molar ratio of the dopant to the phenyl nitrogen repeating unit is 0.5 as

shown below:

— H S H

I

Z—T

’

Z—T
> 75
Zs

A-

Emeraldine Salt
According to this. it was calcul?ted that for composites of polyaniline content > 14 wt.%,
there are insufficient sulfonic acid groups associated with Nafion to completely dope the
polyaniline base. Therefore. the UV-vis spectra of the PANI(5 % wt)-Nafion and
PANI(10 % wt)-Nafion composite films showed characteristic absorption peaks for the
doped form of polyaniline whereas spectra of the composites films containing 15%, 20%

and 25% of polyaniline indicated the presence of undoped polyaniline in addition to the

doped polyaniline salt.

5.2.2. Electrochemical Characterization of PANI-Nafion Cdmposites
Figure 5.2 shows the cyclic voltammograms of polyaniline-Nafion composite
films on a Pt electrode in 0.5 M H,SO;. The potential was cycled between +1.0 V and -

0.1 V vs. SCE at a scan rate of 100 mV/s.

71



Figure 5.2 Cyclic Voltammograms of composite films in 0.5 M H,SO, (a) PANI(5%wt)-Nafion, (b)
PANI(10%wt)-Nafion, (¢) PANI(15%wt)-Nafion, scan rate = 100 mV/s.

The electroactivity of the PANI-Nafion films increased with increasing polyaniline
content. This behaviour is also observed by Barthet er al. [61]. The large excess of Nafion
in the PANI(5%wt)-Nafion composite most likely surrounds and insulates regions of the

conducting polyaniline, so that the electroactivity is substantially less than anticipated.



When the polyaniline content increased. percolation of polvaniline conducting domains is
achieved and the electrochemistry 1s more pronounced. The cyclic voltammograms of the
PANI(20%wt)-Nafion and PANI(25%wt)-Nafion were not obtained due to the poor
adhesion of the films to the Pt electrode. The 20 wt% and 25 wt% films were observed to
peel off the electrode when immersed in the electrolvte solution. Furthermore, the
PANI(15%wt)-Nafion. PANI(20%wt)-Nafion and PANI(25%wt)-Nafion solutions were
observed to precipitate upon standing and films cast from thesé solutions showed
significant phase segregation as shown in Figure 5.3. This figure shows a picture of a
film cast from a PANI(13%wt)-Nafion solution. Discrete regions of polvaniline (dark)
and Nafion (clear) are clearly observed.

A proposed morphology of the PANI-Nafion composites can be represented by
Figure 5.4. With sufficient polvaniline content, the polymer is interconnected to form a

conductive network in the composite.

Polyaniliné

Nafion

i
i
Figure 5.4 Proposed morphology of PANI-Nafion composites |adopted from Ref. 62|
i
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Figure 5.3 Optical micrograph of a PANI(15%wt)-Nafion composite films.
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5.2.3. Conductivity of PANI-Nafion C;)mposites

The dependence of the conductivity of the polyaniline-Nafion composites on the
electrochemical potential was studied using the 2-band electrode as described in Chapter
3 (Section 3.5). A thin film of PANI(15%wt)-Nafion composite was cast onto the 2-band
electrode so that the polymer film span{led both electrodes. The electrical connectivity of
the two electrodes through the polymer film was determined by performing cyclic’
voltammetry on the electrodes. First, a cyclic voltammogram was obtained by making
one of the band electrodes the working electrode (Figure 5.5(b)). Then another cyclic
voltammogram was obtained by making the other electrode the wo?king electrode (Figure

5.5 (¢)).

+10 08 06 04 02 00 -02
E(V)
Figure 5.5 Cyclic voltammograms of a PANI(15%wt)-Nafion composite film on a two-band electrode
in 0.5 M H,SO, at a scan rate of 100 mV/s (a) Electrode 1 and 2 connected together as the working

electrode, (b) Electrode 1 connected as the working electrode, (c) Electrode 2 connected as the
working electrode.
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The two band electrodes were then connected together as the \\%rking electrode and a
cyclic voltammogram was obtained. Figure 5.5(a) shows the cyclic voltammogram
obtained when the two electrodes were used simultaneously as the working electrode.
The charge passed is almost twice as large as those obtained for the individual electrodes.
It was concluded. therefore, that the two electrodes were not electrically connected by the
polyaniline-Nafion composite film, that is, the lateral electrical conductivity of the film
was not continuous over the 100 pum distance between the two electrodes. Nevertheless,
as will be shown later in this thesis, the films are sufficiently conductive over micron
dimensions that they can serve as conductive matrices for electrocatalysis.

5.3. Effect of Nafion Content on Film Permeability

The motivation for the addition of Nafion into the matrix was to increase the
permeability of the matrix toward oxygen. The permeability of a series of PANI-Nafion
composites with different Nafion conteht was studied using a Pt disk substrate electrode
as described in Chapter 4 (Section 4.2.). Rotating disk voltammetry was performed at the
PANI-Nafion modified Pt electrodes in an O, saturated 0.5 M H,SO; solution using
rotation speeds between 100 rpm and 900 rpm.

Figure 5.6 shows the Levich plot for the reduction of oxygen at a PANI(5%wt)-
Nafion and a PANI(10%wt)-Nafion composite moditied electrode. Shown for
comparison are the Levich plots for O, reduction at Pt‘ electrode modified with
camphorsulfonic acid doped polyaniline (PANI-CSA), a Néﬁon-modiﬁed Pt electrode
and a bare Pt electrode. The 15%, 20% and 25% composite films cracked and peeled off
upon rotation in the electrolyte solution and therefore detailed analysis of voltammetric .

data was not carried out on these composite films. As expected, the bare Pt electrode

s
Ny A
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exhibits the highest current deﬁsity because the current is limited only by the rate at
which O is brought up to the electrode surface. The PANI(5%wt)-Nafion film exhibits a
very similar current density as a Nafion modified electrode which is not surp‘rising since
the PANI(5% wt)-Nafion film comprises mainly of Nafion (95%). The current density for
oxygen reduction decreased as the polyaniline content is increased to 10%. The PANI-
CSA film showed the lowest rate of O, reduction at Pt. This cle®y shows that
polyaniline is less permgable to O, than Nafion. The Levich plots of the polymer
modified electrodes deviate from linearity at higher rotation speed providing further

evidence of diffusion limitation in these films.
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Figure 5.6 Levich plot for oxygen reduction at (a) bare Pt electrode, (by PANI(5%wt)-Nafion, (c)
Nafion, (d) PANI(10%wt)-Nafion, (¢) PANI-CSA, modified Pt electrode in O, saturated 0.5 M H,SO,,
scan rate=5mV/s. -
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A comparison of the permeability of these films may be obtained by plotting 1/i
against 1/0'? as shown in the Koutecky-Levich plot (Figure 5.7) for O, reduction at a
PANI(5%wt)-Nafion, a PANI(10%wt)-Nafion , a PANI-CSA, a Nafion modified

electrodes. and a bare Pt electrode.
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Figure 5.7 Koutecky-Levich plots for modified Pt electrodes constructed using data in Figure 5.6: (a)
PANI-CSA, (b) PANI(10%wt)-Nafion, (c) Nafion, (d) PANI(5%wt)-Nafion and (e) a bare Pt
electrode in O, saturated 0.5 M H,SO,, scan rate =5 mV/s.

The intercept of a Koutecky-Levich plot comprises of the reciprocal of both the kinetic

current and the O, diffusion current through the composite films (Eqn. 1.7).

[1] :_.]_+T]— (Eqn. 5.1]
! nuercept l‘ l/
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Expanding Eqn.5.1 gives:

_1_) - _1_ + d s
i miereept ik HFD/C'/ "
[Eqn. 5.2]

Assuming that the kinetic currehi, Ik. IS 1arge at high over‘-potential. and /1 1s negligible,
the permeability, DiCy, of the pérymer composite films is inversely proportional to the
intercept of the Koutecky'-Lgvich plot. There‘!fore,.as can be seen from Figure 5«7, the
PANI-CSA has the largest intercept (i.e. lowest permeability) and with incrcasing Nafion
content, the permeability was observed to increase. ?/

-

5.4. Permeability of O; Through PANI(10%wt)-Nafion Films

The permeability of the PANI(10%w1)-Nafion Fomposite films towards oxygen
was investigated as a function of film thickness, d. Further studies on the PANI(5%wt)-
Nafion composite ﬁlms were not performéd becz:use there was co;me;‘n that there was
insufficient polyaniline to form a homogeneous conductive network even though they
show higher permeability compa ™ to the PANI(IO‘Vo\VI)-Nz{ﬁén films.

The permeability of a PANI(10%wt)-Nafion film was studied using a bare Pt
rotating disk electrode as previ‘ousl‘y described, and voltammetry was performed using
PANI(10%wt)-Nafion films of thickness 1.4 pm, 2.2 um, 2.7 um, 3.4 pm and 4.1 pum.
Figure 5.8 shows the Levich plots of these PANI(10%w1)-Nafion modified electrodes
obtained from the rotating disk voltammetry in 0.5 M H,SOj saturated witﬁ O,. It can be

seen that the limiting current for oxygen reduction reaction decreases with increasing

thickness due to the diffusion limitation of O, through the composite films.
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Figure 5.8 Levich plots of PANI(10%wt)-Nafion films with varying film thickness, (a) 1.4 um, (b) 2.2
um, (¢) 2.7 um, (d) 3.4 pm, (e) 4.1 pum, in O, saturated 0.5 M H,SO,.
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Figure 5.9 Koutecky-Levich plots of PANI(10%wt)-Nafion films with varying thickness, (a)4.1 um,
(b) }.4 pum, () 2.7 pm, (d) 2.2 pm, (e) 1.4 um. O, saturated 0.5 M H,SO,.
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The permeabiiity. Dfo; of the PANI(10%wt)dfafion films towards O can!be oétained by
plotting 1/i vs. 1/o'? (Koutecky-Levich Plot). These were plotted in Figure 5.9 for
oxygen reduction at these electrodes. The intercepts of the Koutecky-Levich plots which
comprise of the reciprocal of both the kinetic current and the O, diffusion current, were
theﬁ plotted against the film thickness (Figure 5.10). From the slope. the permeability of
the PANI(IO%M)&Jaﬁon composite film was determined to be 1.74 x 10" molem™ s
Comparing this value with the one obtained for camphorsulfonic acid doped polyaniline
film (1.18 x 10™ mol em™ s™"). incorporation of Nafion into the film resulted in a 47%

increase in permeability.

-
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Figure 5.10 Plot of 1/i (obtained from‘the intercept of the Koutecky-Levich plot) vs. thickness of the
PANI(10%wt)-Nafion films.
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Temperature Medium Permeability of O; | Reference
1‘. °C) (xlOlz mol cm™ s") ‘
25 Recast Nafion in 0.5M 34 65
. H,SO;
25 Recast Nafion in 0.5M 6.3 64
H,SO;
20 Nafton Membrane 1.73 65
35 7 05MH:S0,, 303 &3
25 H,O 38.3 66
.20 PTFE 3.7 67
20 PANI-CSA 1.18 this work
20 PANI(10%wt)-Nafion 1.74 this work

Table 5.1 Permeability of oxygen in several media

Table 5.1 shows the permeability of O, in different media as a further comparison. There
is a large variation in the permeability of O in Nafion in the literature. This is largely due
to the difference in morphology of Nafion, e.g.. recast films vs. membranes. A recast
Nafion film is obtained by casting Néﬁon solution onto the substrate electrode whereas
Nafion membranes are prepared by compression molding under elevatved temperature.
Furthermore, different research groups use different methods for ;letermining f(the
thickness of the Nafion film. In the case of Nafion membrane, a micrometer can be Jsed
to determine the thickness. However, for a recast Nafion film, which is usually deposited
onto a solid substrate, the thickness of the film is usually calculated from the density of
the Nafion and the volume of liquid Nafion used. This allows only an estimate of film
th’ickness and leads to discrepancies tn the penneability value obtained by different

research groups when different estimates of densities of Nafion are used. For example,



Watanabe er al. [63] calculated the thickness of the Nafion film from the mass of polymer
added and the electrode surface area assuming a dry Nafion density of 1.98 g cm™.
Alternatively, Gottesfeld er al. [64] took the swelling of the Nafion film in aqueous
solution into account and assumed a hydrated Nafion density of 1.58 g cm™. For the
‘PANI(10%wt)-Nafion composite, the density was estimated using a direct ratio of PANI
and Nafion densities. Assuming 1.3 g cm™ for the density of PANI [19]. and 198 g cm™
for the density of Nafion, the density of PANI(10%wt)-Nafion composite was calculated
as follow:

dpani10%wy-Nafion = 10% X dpani + 90% X dxafion

dpaN1(10%wt)-Nafion = 1.9 g cm™

This density value was used to determine the permeability of PANI(10%wt)-
Nafion films and a value of 1.7 x 10" mol em™ s was obtained. If 1.58 g cm” was used
for the density of Nafion, the density of PANI(10%wt)-Nafion would be 1.55 g cm™ and
the permeability of the PANI(10%wt)-Nafion composite calculates to be 2.1 x 102 mol
em™ s accordingly. .

Comparing the permeability of the PANI(10 wt%)-Nafion composite with the
aqueous acid (0.5 M H,S0,), it 1s about 1/10 of the permeability of H,SOy; ‘however, the

PANI-Nafion composites appear to have a permeability towards O, in the same order of

magnitude as Nafion.
5.5. Conclusions

A polyaniline-Nafion composite was prepared by direct doping of polyaniline

base solution in NMP by Nafion solution (5% w/w). The permeability of O, through
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these PANI-Nafion composites was studied and it was found that the higher the Nafion
content, the higher the permeability of O, through the composites. However, phase
segregation was observed in the composites ;vith PANI weight content greater than 10%
and the mechanical stability of films cast from the high PANI content solutions waé very
poor. Permeability studies were focused on the PANI(10%wt)-Nafion composit;&,:é‘ﬁd it
was determined to be 1.7 x 102 mol cm™ s’ which when compafing*#with the
camphorsulfonic acid doped polyz}niline (PANI-CSA), shows a 47% increase. It has also

been shown that the permeability of the PANI(10%wt)-Nafion composite is in the same

orcer of magnitude as Nafior.
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Methods of Incorporating Pt into PANI-Nafion Composites

Chapter 6

6.1 Electrochemical Deposition of Pt

Pt microparticles were deposited into PANI-Nafion films cast on electrodes by
electrochemical reduction of K);PtCl6 as described in Chapter 4. In order to achieve this,
the potential of the modified electrodes was cycled between +0.5 V and -0.3 V (vs.SCE).
The cathodic charge was monitored and used to calculate the amount of Pt deposited. The
PANI-Nafion modified electrode into which Pt is electrochemically deposited is denoted
by PANI-Nafion/Pt. The presence of Pt was confirmed by Auger Electr;)n Spectroscopy
as described in Section 2.6, by observance of the characteristic Pt peak at 64 eV. The
depth profile of Pt in the PANI-Nafion/Pt electrode was also determined by Auger

Electron Spectroscopy by continuous sputtering of the film with an Ar” ion beam. Figure

6.1 shows the depth profile of this electrode.
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Figure 6.1 Depth Profile of a PANI-Nafion/Pt electrode obtained by Auger Electron Spectroscopy, (a)

Carbon, (b) Fluorine, (c) Platinum.

P
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The Pt signal decreased to undetectable level after 12 minutes of sputtering. The fluorine
signal, corresponding to‘the Nafion concentration profile started to decrease after 16
minutes while the carbon signal started to increase. No sharp boundary between the
polymer film and the substrate graphite could be identified from the carbon or fluorine
signals. This may be due to the relatively rough surface topology of the graphite
substrate. Nevertheless, it can be seen that the Pt particles are not localized at the surface
of the composite to the extent observed for the pure camphorsulfonic acid doped
polyaniline films, onto which Pt was electrochemically deposited. In the latter case. no Pt
was observed after 20 seconds of sputtering under similar conditions. However, a Pt
concentration gradient is still observed for the PANI-Nafion composite film indicating
that Pt was not dispersed completely into the polymer matrix. i.e. a homogeneously
dispersed catalytic system was still not achieved yet.

The electrocatalytic activity of a PANI-Nafion/Pt electrode was studied using
rotating disk voltammetry as previously described. Levich plots for O, reduction were
~ obtained from tﬁ%la. Figure 6.2 shows the Levich plot for oxvgen reduction reaction in
0.5 M H,SO, at a PANI-Nafion modified electrode onto whrich 3.1 pg/cm’ of Pt was

electrochemically-deposited.
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Figure 6.2 Levich plot for oxygen reduction at a PANI-Nafion/Pt modified glassy carbon electrode in
O, saturated 0.5 M H,SO,, scan rate =5 mV/s, film thickness = 2.4 um, Pt loading = 3.1 ng/cm’.

The curvature of the Levich Plot is further confirmation that Pt particles are not confined
to the surface of the polymer film because in that case a linear Levich. plot would be
expected. The curvature is interpreted to indicate that Pt particles are embedded in the
film to a certain extent and oxygen has to diffuse through the matrix in order to reach the
catalyst sites. While these data appear qualitatively consistent with such a model, a
quantitative comparison of the rate of reduction of O, at these films provides more
striking information. This is shown in Figure 6.3 which shows Levich plots for oxygen
reduction at a PANI-Nafion/Pt and a PANI-CSA/Pt modified glassy carbon electrode. In
both -cases, Pt was deposited electrochemically and the Pt loadings were similar. The

PANI/CSA films are slightly thinner but this should be irrelevant because Pt is largely
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deposited at the surface as described in Chapter 4 so that the film does not impede O,

reduction.
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Figure 6.3 Levich Plot of (a) PANI-CSA/Pt (film thickness = 0.44 um, 23 pg/cm?®); (b) PANI-Nafion/Pt
(thickness = 1.5 um, Pt loading = ~24 pg/cm?), in O, saturated 0.5 M H,SO,, scan rate = S mV/s.

Under these conditions, the PANI-CSA/Pt ﬁln'};,ihés'"a much higher activity towards O,
reduction than the corresponding PANI-Naﬁor;/Pt electr’odg even though an enhancement
in electrocatalytic activity was expected from the PANI-Nafion composite electrode due
to the higher dispersion of Pt into the matrix.‘Tllese results were completely reproducible
upon repeated analysis on film preparation. Postulations on the reason behind the poor

catalytic activity are given later in this chapter.
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6.2 Addition of Platinum Black

Although the method of incorporating Pt into the polymer film by the
electrochemical reduction of K,PtCl, has been widely accepted and used by other
researchers in similar applications for the purpose of research, a three-dimensionally
catalytic system with Pt homogeneously dispersed in the matrix was not attained in our
experiments using the electrochemical deposition method.

From the Auger electron spectroscopic data, it was ‘concluded that the Pt
microparticles were mainly located on the surface of the camphorsulfonic acid doped
polyaniline (PANI-CSA) matrix. Even though the diffusional properties of the composite
are superior to pure PANI. Pt microparticles were not inca{porated throughout the matrix.
Moreover, electrochemical reduction of K,PtCl, may not be practical for large scale
industrial applications due to its high cost. Therefore, other methods of Pt deposition
were investigated in this thesis. | .

Pt black is a commercial product consisting of very finely divided Pt particles
having a large surface area. Pt black was added to a solution of Nafion and the solution
was sonicated to provide a homogeneous suspension of Pt black.

Figure 6.4 shows the Transmission Electron Microscopic (TEM) and Scanning
Electron Microscopic (SEM) pictures of a PANI(IO wt %)-Nafion-Pt Black (11.9 pg/cm?)

film.
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Figure 6.4 (a) SEM of a OANI(10 wt%) Nafion-Pt Black electrode
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Figure 6.4 (b) TEM of a PANI(10 wt%)-Nafion-Pt Black electrode
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As seen in the TEM picture, the Pt black particles aggregate together to form bigger
clusters of Pt (I pm-7 pm) although the individual Pt black particles are very small (<500
A).'Smaller aggregates (100 nm -500 nm) were also found dispersed in the matrix. Figure *
6.5 shows the cyclic voltammograms of a Nafion modified glassy carbon electrode
containing 25 pg/cm’ of Pt black in N, and O, purged 0.5 M H,SO,. Oxygen reduction
was observed under O, environment at ~+0.6 V vs. SCE. Bearing in mind that Nafion is
electrically insulating, the observation that oxygen is reduced indicates that the Pt
microparticles are interconnected some way. ‘This could be achieved by the Pt particles
tlouching thé surface of the glassy carbon electr;)dyefaxs a result of extensive sedimentation.
As can be seen from the TEM micrograph, it is possible.that the large Pt clusters might
have sedimented on the glassy carbon sufface, and the oxygen reduction observed was
due to these Pt clusters which have electrical contact to the current collector. O, reduction
can occur at these catalytic sites and this is likely the reason why O, current was observed
in the Nafion-Pt black con;posite film. In fact, if the Pt particles were dispersed
¢

homogeneously through the film, no O, reduction should be observed because the catalyst

would be electrically isolated.
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Figure 6.5 Cyclic voltammogram of Nafion-Pt Black modified GC electrode (Pt loading = 25 ug/cm?,

thickness = 5.7 ym) in 0.5 M H,SO,, (a) under O, and (b) under N,, scan rate = § mV/s. Nafion-Pt
black composite was prepared by mixing Pt black and liquid Nafion (5 wt%, EW1100).

Fbllowing this preliminary experiment, the same Nafion-Pt Black slurry solution
y _

was added to a N-methyl-2-pyrrolindinone (NMP) solution of polyaniline base to -

determine the eftect of PANI. The components of this mixture were controlled to yield a
PANI(10 wt %)-Nafion composite solution. Electrodes modiﬁedvby solution casting of
this PANI-Nafion-Pt Black cdmposite are denoted by PANI(10 wt %)-Nafion-Pt Biack.
Figure 6.6 shows the .cyclic voltammogram of a PANI(10 wt %)-Naﬁ;)n-Pt Black

electrode under N, and O..
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Figure 6.6 Cyclic voltammogram of PANI(10% wt)-Nafion-Pt Black modified GC electrode in 0.5 M
H,SO,, (a) under N,, (b) under O,. Pt loading = 11.9 ug/cm?, thickness = 3.1 um , scan rate = S mV/s.

The cathodic potential limit was set at +0.6V vs. SCE to minimize the degradation
of polyaniline. The redox peak at ~ +O.1.5V, due to the polyaniline, was observed both in
the N, and O, environment. However, the cathodic current in the O, environment was
rhuch higher than in the N, environment. This is due to reduction of oxygen at Pt black

particles. Comparing this electrode with the Nafion-Pt Black electrode, the increase in
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cathodic current due to oxygen reduction is higher}g the PANI(10 wt %)-Nafion-Pt black
modified electrode. It is clear that the addition of polyaniline enhances the oxygen
reduction reaction in this instance. In the Nafion-Pt black mixture, the small aggregates
are electrically isolated and do not participate in the oxygen reduction reaction. With the
additién of conducting polyaniline. the oxygen reduction reaction at the Pt clusters at the
glassy carbon substrate can still occur. but at the same time, the smaller aggregates were
also being connected electrically to the current collector by the polyaniline, and hence
oxygen reduction can also occur at these Pt particles. Theréfore. the addition of
polyaniline enhar‘mes the Pt utilization and the cathodic current observed for oxygen
reduction was higher than the Nafion-Pt Black r;iodif'led electrode.

The sedimentation and aggregation of Pt black particles in S'olutions of Nafion
that were observed might indicate that the quantity of Pt is too high to attain stable

%

dispersions. A smaller quantity of Pt might reduce the extent of aggregation\of Pt black
particles. and "increase the active surface area of the catalyst. Therefore a series of
solutions with different Pt black loading were prepared. Figure 6.7 shows the cyclic
voltammograms of a series of Nafion-Pt bl%lck modified electrodes in the presence of O,

The cyclic voltammograms show that the oxygen reduction current decreases with
decreasing loading as expected. Oxygen reduction reaction was still observed at loading

as low as 4.5 pg/cm’ but the cathodic currents were much smaller and the overpotential

for O, reduction are quite large.
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Figure 6.7 Cyclic voltammogram of PANI-Nafion-Pt Black with the following Pt Black loading: (a)
4.5 pg/em’, (b) 9.1 pg/em’, (¢) 13.6 pg/em?, (@) 18.1 ug/em’, in O, saturated 0.5M H,SO,, scan rate = §
mV/s.

L

Hence, from the experiment with Pt black, it can be concluded that the Pt black
particles tend to aggregate in liquid Nafion and the active surface area of the catalyst is
not being maximized even though this promotes activity when no activity was
anticipated. Comparing the electroactivity of the Nafion-Pt black before and after the

addition of polyaniline shows that the presence of polyaniline enhanced the utilization of
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Pt black due to its electrically conducting nature which provides a conductive pathway

for the smaller Pt aggregates.
6.3 Chemical Reduction of K,;PtCl; in Solutions of Nafion

In addition to simple mixture of Pt black with commercial solutions of Nafion,
other methods of incorporating Pt have been published in the l-iter-ature. For example,
Millet et al. soaked a Nafion membrane in a solution containing a cationic Pt precursor,
Pt(NH,),Cl, [68]. The H" in the Nafion membrane ion-exchanged with Pt(NH,),Cl, which
was subsequently chemically reduced by NaBH, to Pt metal. The amount of Pt deposited
is relatvely small. In the present study. K,PtCl, was first reduced in a commercial
solution of Nafion and the resultant suspension was added to a polyaniline solution:
K.PtCl, was dissolved in a commercial solution of Naﬁczn which contains water and
aliphatic alcohols. The solution was refluxed for one hour, during which K,PtCl, was
reduced to Pt(0) by the reducing power of the aleohols. A greyv suspension of Pt was
observed. Electrodes of Nafion containing Pt were prepared by solution casting.
Electrodes modified by this solution are denoted by Nafion-Pt. PANI-Nafion-Pt
composites were obtained by adding the Nafion-Pt suspension to a NMP solution of
PANI base. PANI base was immediately doped by the liquid Nafion as evidenced by its
colour change from deep blue to dark green. Cast films were evaluated for
electrocatalytic activity towards oxygen reduction reaction. The PANI-Nafion films with
Pt chemically deposited by this method are denoted by PANI-Nafion-Pt. Figure 6.8

shows the TEM and SEM micrographs of PANI(10 wt %)-Nafion-Pt films prepared by

depositing Pt chemically in liquid Nafion prior to doping of PANI. The SEM picture
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indeed indicates that.‘the Pt particles are distributed homogeneously in the matrix. The
size of the particles range from I pm-4 pm. From the TEM picture, it can be observed
that the larger particles observed in the SEM micrographs are actually composed of
smaller spherical particles (~100 nm in diameter). In comparing these micrographs with
those obtained on films prepared by simple mixing of liquid Nafion-PANI with Pt black
and‘subsequent solution casting (Figure 6.4), it is clear that the aggregate size of Pt
particles 1s smal@ler compare to the Pt black aggregates. Furthermore. the Pt particles

appear to be more homogeneously dis;&e\rsed.
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Figure 6.8 (a) SEM of PANI (10 wt %)-Nafion-Pt electrode.
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Figure 6.8 (b) TEM of PANI (10 wt%)-Nafion-Pt electrode.



The depth profile of Pt in the PANI-Nafion-Pt electrode was also determined by Auger
electron schtroscopy by continuous sputtering of the film with an Ar” ion beam. With a
Pt loading of 3 pg/cm’, no Pt signal was detected in this sample even after 384 minutes of
sputtering. Comparing the total time of sputtering of this PANI-Nafion-Pt sample with
the PANI-Nafion/Pt sample (Figure 6.1), the thickness of the PANI-Nafion-Pt sample is
much thicker than the PANI-Nafion/Pt sample (it only took 42 minutes to sputter through |
thé PANI-Nafion/Pt sample). With similar Pt loading (~3 pg/cm’) in both cases, the Pt
signal was observed in the PANI-Nafion/Pt sample because most of the Pt barticles were
situa;ed in the top 30-% of the total film thickness. In the case of PANI-Nafion-Pt, the Pt
signal 1s below the detectable limit which indicates that the Pt particles were
homogeneously dispersed throughout the film, i.e. the concenfration of Pt across the total
thickness of the film 1s consistently low. This could be illustrated by the concentration
gradient of Pt in a PANI-Nafion/Pt electroﬁc and a PANI-Nafion-Pt electrode (Figure

6.9). These results provide indirect evidence that the Pt particles are homogeneously

“dispersed throughout the polymer composite matrix.

ug/em’ ug/em’
Pt Pt
Detectable Pt limit
Distance from polymer/electrolyte Distance from polymer/electrolyte
interface (cm) interface (cm)
(a) (b)

Figure 6.9 Pt concentration gradient in (a) a PANI-Nafion/Pt electrode, (b) a PANI-Nafion-Pt
electrode.
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Figure 6.10 shows the rotating disk voltammograms of a Nafion-Pt modified GC

electrode in an oxygen saturated solution without electrode rotation and at 900 rpm.
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Figure 6.10 Cyclic voltammograms of a Nafion-Pt modified electrode (thickness = 8.5 pm, Pt loading
= 34 ug/cm’) electrode (a) at 900 rpm (solid line) and (b) at 0 rpm (dotted line) in O, saturated 0.5 M
H,S0,, scan rate = S mV/s.

The electrocatalytic activity towards O, reduction is observed to be negligible.
This suggests that the majority of the Pt particles in the matrix are not in electrical contact
with the substrate electrode. This is achieved when the particles are homogeneously
dispersed in the electronically non-conducting matrix.
Figure 6.11 shows the rotating disk voltammogram of a PANI (10 wt %)-Nafion-
|
Pt modified glassy carbon electrode under the same conditions (the Pt loading and the

thickness of the films were also kept similar to Nafion-Pt films for comparison). The

cathodic potential was set at +0.6V vs. SCE in order to minirpize degradation of
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polyaniline. The increase in the cathodic current at different rotation speed clearly shows
that the addition of the conducting. polyaniline enhances the reduction of oxygen

compared to the Nafion-Pt modified electrode in which PANI was absent.

900 rpm
b
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Figure 6.11 Rotating disk voltammograms of a PANI-Nafion-Pt electrode (thickness = 9.3 um, Pt
loading = 33 pg/cm?) in O, saturated 0.5 M H,SO,, scan rate = § mV/s, rotation rates of 0, 100, 300,
500, 700, and 900 rpm.

As shown in Figure 6.10 and described in subsequent paragraphs, the electrocatalytic

activity towards oxygen reduction was negligible for Nafion-Pt electrodes prepared by

chemical deposition of Pt into Nafion solutions. This is due to.the fact that Pt particles are
- ) .

homogeneously dispersed into an electronically insulating matrix. The effect of

incorporating a conducting polymer into the matrix in order to facilitate electrical



connectivity between Pt particles was folind to be very dramatic in this case. Figure 6.12
shows Levich plots for oxygen reduction at a PANI(10 wt %)-Nafion-Pt electrode
prepared by casting of PANI(10 wt %)-Nafion-Pt composite, in comparison with a
PANI(10 wt %)-Nafion-Pt Black electrode. in which Pt was deposited by simply mixing

of Pt black and Nafion sqlutions.
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Figure 6.12 Levich plot for oxygen reduction at (a) PANI-Nafion-Pt Black electrode (thickness = 3.1
um, Pt loading = 11 pg/cm?); (b) PANI-Nafion-Pt electrode (thickness = 3.1 um, Pt loading = 11
ug/em?), in O, saturated 0.5 M H,SO,, scan rate =5 mV/s.

Although the electrocatalytic activity towards oxygen reduction at a Nafion-Pt electrode
(Pt chemically deposited in Nafion solution) is negligible compared to the Nafion-Pt
Black electrode (mixing of Pt black with Nafion solution), the electrocatalytic activity
towards oxygen reduction reaction after incorporating the conducting polymer is almost

identical for the two electrodes. The difference in electrocatalytic activity towards oxygen
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reduction between the Nafion-Pt and Nafion-Pt electrodes appears to due to the difference
in the spatial distribution of the Pt particles. In an electronically insulating matrix such as
Nafion. the electrical connectivity between the catalyst particles and the current collector
is the main issue. The Pt deposited chemically in Nafion solutions ia found to be smaller
in size and appear not to settle at the surface of the glassy carbon substrate whereas the Pt
black aggregates tend to settle at the glassy carbon surface. This provides an explanation
why the Nafion-Pt Black electrode has a much higi&er electrocatalytic activity towards
oxygen reduction than the Nafion-Pt electrodes. However, upon incorporation of
conducting polyaniline, electrical connectivity between the Pt particles and the current
collector is established in either case and therefore the electrocatalytic activity of the
PANI-Nafion-Pt electrodes and the PANI-Nafion-Pt Black electrodes is similar. In
"
situations where mass transport to the polvmer films is increased. such as in fuel ccell
application. it is expected that the PANI-Nation-Pt electrodes will out-pertorm the PANI-
Nafion-Pt Black electrodes for simil;; Pt loadings because the Pt imP};‘Nl;Nﬁﬁon-Pt

electrodes do not show extensive sedimentation and therefore the active surface area of

the catalyst will be larger.

6.4 Discussion of the Electrocatalytic Activity of the Modified
Electrodes Studied

The chemical reduction of K,PtCl, in Nafion solutions yields a homogeneous
suspension of Pt particles in the PANI-Nafion composite solution. Electrocatalytic films

obtained from this solution mixture consist of Pt homogeneously dispersed throughout
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the matrix as flluslraled by the SEM micrograph in Figure 6.8. ther‘efore a tﬁreg: '
\dimensionally dispersed catalytic system was achieved. The electrocatalytic activity of
this electrode (PANI-Nafion-Pt) was compared with the previously studied electrodes.
Figure 6.13 shows the Levich plots for oxygen reduction reaction at a PANI-CSA/Pt
electrode (Pt electrochemically deposited on a precast camphorsulfonic acid doped
polyaniline film). a PANI-Nafion/Pt electrode (Pt electrochemically deposited on a
precast PANI(10 wi %)-Nafion 'ﬁlm); and a PANI-Nafion-Pt electrode (Pt incorporated

by chemical reduction in Nafion solution prior to doping and solution casting).

25 ———

(a).
2.0 -

@ N\

i (mA/cm?)
\\
E

0.5} =~ (¢)
------ o @ 00 &
0.0 el . L N 1 R 1 Y
2 4 6 8 10

w2 ((rad/s)1”2)

Figure 6.13 Levich plot for (a) PANI-CSA/Pt (film thickness = 0.44 pm, 23.1 ug/cm’); (b) PANI-
Nafion-Pt (thickness = 3.1 um, Pt loading 21 pg/cm?®); (c¢) PANI-Nafion/Pt (thickness = 1.5 pm, Pt
loading ~24 pg/cm’), in O, saturated 0.5 M H,SO,, scan rate =5 mV/s.

As described previously, the Levich Q‘Ijot for oxygen reduction at the PANI-CSA
modified electrode with Pt localized mainly at the polymer/electrolyte interface (Section

4.1.) is linear showing that the oxygen is not impeded by the polymer film. The PANI-
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Nafion-Pt electrode containing homogeneously dispersed Pt yields aiLevicb plot which
deviates from linearity at higher rotation rate. This is expec;ed in a polymer modified
electrode where the reactant has to diffuse through the polymer ﬁlr;l in order to reach the’
catalyst particles in the matrix. At low rotation speeds, the electrocatalytic current for O,
reduction at the PA-NI-Naﬁon-Pt is comparable to, if not higher than, ;he PANI-CSA/Pt
mc?diﬁed electrode. This indicates that the area of the Pt p?micles available for oxygen
reduction reaction may be larger in the PANI-Nafion-Pt electrode. However, at higher
rotation rates, the limiting current fof oxygen reduction reaction on the PANI]-Nafion-Pt
electrode becomes smaller than that n PANI-CSA/I;I electrode because the current is
limited by the diffusion of oxygen through the composite film in the PANI-Nafion-Pt

electrode in which Pt is dispersed within the matrix, whereas there is no mass transport

limitation of oxygen in the PANI-CSA/Pt modified electrode.

-

{he low electrocatalytic activity for O, reduction at the PANI-Naﬁoﬁ/Ptrelectrod/t':
in which Pt was incorporated by electrochemical deposition into a precast PANI-Nafion
film is an unexpected result especially since the PANI-Nation-Pt electrodes in which Pt is
deposited chemically yields high catalytic activit;. [t is noted that the matrix for these
two modifying films are identical, the only difference lsm the method of incorporating Pt
into the matrix. It has been brei’ioilsly docume‘ntéd .tha>t ;he dispersion of the-Pt is affected
by the deposition method. Kost and Kuwana reported a three-dimensionally dispersed
catalytic system of Pt in polyaniline in their study of methanol oxidation [16]. The Pt
particles were deposited by the electrochemical reduction of K,PtCl, into a

electropolymerized polyaniline film. The Pt particles were observed to grow along the

polvaniline fibrils. The particles were found to be spherical, ~ 100 nm in diameter and
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quite narrow in size distribution. In our work, as observed by TEM micrographs of PANI-
Nafion-Pt ‘ﬁlms in Figure 6.8. the size of the Pt particles/clusters varied considerably (100
nm - 4 um) due to the aggregation of small particle; (~100 nm). Some of the larger Pt
clusters may span across large regions offhe film.

The proposed spatial distribution of Pt particles in a PAN[-Naﬁoﬁ/Pt electrode in

which Pt is electrochemically deposited is represented by Figure 6.14.

v v 31— Polymer/Electrolyte
o ® h 0 ¢ o Interface
o o 40 °e? Pt particl
o o . e particles
o X I . 07—_
[ ]
o o o —— Polyaniline
o0 region
. o / gi
o
. ¢ '
o
. .

/—_ Nafion region

Polymer/Electrode
Interface

Figure 6.14 Proposed spatial distribution of Pt in a PANI-Nafion/Pt electrode (Pt incorporated by
electrochemical deposition onto a precast PANI-Nafion film).

The Pt particles are assumed to grow along the conductive channels of PANI.
Theretore the Pt panicles deposited inside these¢' polyaniline regions have no direct
exposure to Nafion which is important in enhancing O, diffusion through the film.

In the case of chemical incorporation of Pt, Pt (IV) is reduced in Nafion solution
and the pz)micles are smaller. and the composite solution is less prone to sedimentation.

1

As a result. Pt clusters/particles distribute more homogeneously in the matrix. The
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proposed spatial distribution of Pt in a PANI-Nafion-Pt electrode is represented by Figure

?

6.15.
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Figure 6.15 Proposed spatial distribution of Pt in a PANI-Nafion-Pt electrode (electrode prepared by
reducing K,PtCl, chemically in Nafion solution prior to deping of PANI).

In order to design catalyvtic systems which facilitate efficient electrochemical
reactions. the catalyst'electrolyte reactant interface needs to be maximized. Since
electrochemical reactions have to occur at this three-phase interface, and no reaction will
occur without either one of the three phases. In the oxygen reduction reaction studied in
this work, the catalyst, Pt. the electrolyte. H,SO,. and the reactants, proton and oxygen,
have to come together for reaction to occur. In this case. the O, permeability in Nafion is

/
much higher than in PANT (Table 5.1). Therefore. it is advantageous to have Pt particles

located in close proximity to the Nafion. However, in the PANI-Nafion/Pt electrode in

which Pt is incorporated in an electrochemical step, the Pt particles are assumed to be
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located mainly inside the PANI region and therefore may not be in direct contact with
Nafion. Although the permeability of the PANI-Nafion composite is higher than the pure
PANI-CSA polymer, O, still has to diffuse through the less diffusive PANI regions to
reach Pt catalyst. In contrast. Pt particles incorporated by chemical reduction in Nafion
solution, aggregate to form relatively large «clusters of -4 um in size. These are of
sufficient size to span both Nafion and conductive PANI regions (Figure 6.15). Those Pt
particles in contact with PANI and in close proximity to Nafion will yield the highest
electrocatalytic activity because both electrical connectivity and O, permeability
requirem;nts are met. [t is clear that the electrocatalytic activity is strongly affected by
the method of catalyst deposition and the spatial distribution of the catalyst in the matrix.

Thus some catalytic films are very active while others are not, even though the chemical

compositions of the various films appear similar.

6.5 Stability of PANI-Nafion-Pt Modified Electrodes

Among all the polymer modified electrodes studied, the PANI-Nafion films
containing chemically deposited Pt were deemed the most promising candidate as
catalytic matrix for oxygen reduction. In order to utilize these electrodes in any industrial
application. they must exhibit reasonable stability for an extended time. Therefore the
/
stability of the PANI-Nafion modified electrode containing chemically deposited Pt was
investigated. Figure 6.16 shows the stability curve of a PANI-Nafion-Pt electrode. The

potential of the electrode was cycled between +0.6 V and 0.0 V (vs. SCE) at S mV/s

repeatedly in an O, saturated solution and the rotating disk electrode was rotated at 900
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rpm throughout the experiment. In Figure 6.16. the y-coordinate is the rati‘o of the
limiting current measured at time t and the limiting current measured at time t=0, i.e.. i,
The current was observed to decrease steadily with time. This degradation could be due
to several factors: (1) degradatig o‘? the polymer and hence the degradation of the
conductive network: (ii) poisoning of the Pt particles by the small organic contaminants

from the polymer; (iii) physical losgof Pt upon continuous rotation.

0.0 " 1 " 1 —~— 1 "
0 1 2 3 4

Time (hours)

Figure 6.16 Stability plot of PANI(10%wt)-Nafion-Pt electrode with continuously cycling between
+0.6V and 0.0V (SCE) at SmV/s, rotated at 900rpm, in O, saturated 0.5M H,SO,, i, = 1.6 mA/cm’.

In order to examine the effect of the rotation on the physical loss of Pt, a stability
test was carried out with a glassy carbon electrode with Pt deposited on it. The electrode
was again cyvcled between +0.6V and 0.0V vs. SCE and it was rotated throughout the

experiment. Figure 6.17 shows the stability plot (under similar conditions as used for the

1



PANI-Nafion-Pt electrode) for a glassy carbon electrode onto which Pt is

electrochemically deposited.
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Figure 6.17 Stability curve of a GC/Pt electrode with continuously cycling between +0.6V and 0.0V
(SCE) at SmV/s, rotated at 900 rpm, in O, saturated 0.5M H,SO,, i, = 2.7 mA/cm’.

Similarly to the PANI-Nation-Pt modified electrode, the current decreased steadily to
90% of the original current after 1.5 hour. Since the GC/Pt electrode does not possess any
polymer on it, the physical loss of Pt particles upon rotation, or chemical poisoning is a
major factor in the degradation of current.

In order to decrease the degradation of current due to physical loss, the stability of
the PANI-Nafion-Pt electrode was studied again under quiescent condition. Figure 6.18
shows the stability curve of the PANI-Nafion-Pt modified glassy carbon electrode

continuously cyvcled between ~0.6 V and 0.0 V at 5 mV/s in O, saturated 0.5 M H.SO,.



The current decreased steadily to 60% of the original current before stabilizing after ~70-

80 hours. Comparing the degradation rate of this electrode under rotation (Figure 6.16)

and quiescent condition (Figure 6.18), it is observed that the rate of degradation in the

hydrodynamic condition is much faster than in the quiescent solution due to the physical

loss of Pt into the electrolyte solution. However. the degradation of polyaniline and/or the
. . . g . + e

poisoning of Pt may still be an impediment in utilizing these polymer modified electrodes

in industrial applications, - P

=
wh
T

i

iy

0.0 " 1 i 1 A 1 " 1 A
0 S0 100 150 200 250

Time (hours)

300 350

Figure 6.18 Stability plot of a PANI(10%wt)-Nafion-Pt electrode, with continuously cycling between
+0.6V and 0.0 V(SCE) at S mV/s, in quiescent O, saturated 0.5 M H,SO,, i, = 0.36 mA/cm’.

6.6 Conclusions

Three different methods of incorporating Pt into polyaniline-Nafion composites

were discussed. It was found that the method of Pt deposition strongly affects the spatial



distribution of Pt in the composite. Pt particles deposited by electrochemical method tend
to grow within the polvaniline regions and hence may not be in direct contact with
Nafion, for which O, permeability and proton conductivity are much higher. Therefore,
although the Pt particles deposited electrochemically are found to be dispersed to a
greater g¢xtent into the PANI-Nafion composite films, as compared to the pure PANI
films, the electrocatalytic activity towards oxygen is poor. Pt black was also studied as a
prospective catalyst, but it was found that Pt black aggregates tend to precipitate and
settle onto the surface of the substrate electrode. A new method of incorporating Pt into
o
the composite was developed in our laborgtor)'. Pt was deposited in Nafion solution by
chemical reduction ot K.PtCl,. This sus{i‘::nsion was then used to dope polyaniline base.
The resulting PANI-Nafion-Pt mixture was found to be a promising candidate toward

electrocatalytic oxygen reduction. The stability of the PANI-Nafion-Pt electrode was also

studied and shows electrocatalyvtic activity even after 300 hours of use.
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SUMMARY

In this work, polyaniline has been investigated as a host matrix for Pt in. the

1

electrochemical reducﬁion of oxygen. The electrocatalyticsactivity has been evaluated and

several conclusions can be made: -

1

4)

Electrochemical deposition of Pt onto PANI-CSA films results in localization of Pt
particles on thé top surface of the Bolymer. This is likely due to the compact
morphology of the chemically synthesized PANI and the inability of K,PtCl, to
penetrate the bulk of the polymer film on the timescale of the electrochemical
reaction.

For similar Pt loadings. the electrocatalytic activity for O, reduction is higher for
PANI-CSA/Pt electrodes than for Pt deposited on a bare glassy carbon electrode. This
indicates a higher active surface area of the catalyst in the polymer modified
electrodes: however. since Pt is localized within 30-40 nm of the polymer surface, it
is unlikely that this distribution of Pt would provide the largest surface area/gram of
catalyst.

Rotating disk voltammetry shows diffusion limitation of O, through the PANI-CSA
films. The permeability of O, through the PANI-CSA films was determined to be
1.18 x 10" mol em™' s™ which is only about 1/20 of the permeability of O, in 0.5 M
H.SO,.

Polyaniline-Nafion composites were prepared to improve the permeability of the
matrix for oxygen. The permeability of PANI(10% wt)-Nafion films was determined

to be 1.74 x 107" mol cm™ 5™, showing a 47% increase in permeability compared to
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PANI-CSA. Moreover, it is in the same order of magnitude as the permeability
through a Nafion film.

Pt deposited electrochemically into the PANI-Nafion films was found to disperse into
the matrix to a greater extent than in PANI-CSA films; however, the electrocatalytic
activity of this electrode was found to be much smaller ;han that of the PANI-CSA/Pt
electrode. It is postulated that the, low ac‘tivity of the PANI-Nafion/Pt electrode is due
to the nature of Pt grth in the composite matrix. Pt was assumed to deposit in the
PANI regions restricting access to oxygen.

A chemical method of reducing K,PtCl, in Nafion solution was developed by making
use of the reducing power of the alcohols present in the Nafion soluti(;n.

The PANI-Nafion-Pt composite solution vields polvmer modified electrode system
with Pt homogeneously dispersed throughout the matrix.

The electrocatalytic activity of the PANI-Nafion-Pt electrode was found to be similar
to that of the PANI-CSA/Pt electrode.

The difterence in performance of the electrocatalytic activity between PANI-
Nafion/Pt electrode and PANI-Nafion-Pt electrode suggests a strong dependence on
the method of Pt deposition. The Pt particles prepared by chemical reduction span
both the PANI and Nafion regions, fulfilling both electronic connectivity by PANI

and accessibility of reactants by Nafion.

10) The stability of the PANI-Nafion-Pt electrode was investigated. Degradation was

observed to be highest in the first 50 hours and stabilized after 100 hours. The

electrode was still electroactive after 300 hours.
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From the above results. it can be concluded that the PANI-Nafion composite has
potential application in H,/O, fuel cells ‘as a matrix for the catalyst layer. The chemical
reduction of K,PtCl, provides a simple and convenient method for incorporating Pt into
these matrices. This study provides fundamental information which suggests that

.
conducting polymers might have advantages over conventional carbon supports;
however, one should bear in mind that the test conditions of this study are quite different
from the conditions found in fuel cells. High hydrodynamic fluxes found in operating fuel
cells cannot be attained with rotating disk voltammetry; therefore one cannot tully utilize
the Pt sites deep within the polymer matrix. Further studies under similar conditions used
during fuel cells operation should be pursued to determine if enhanced catalytic
efficiency of Pt is indeed observed under operating fyel cell conditions. It is also
) .

necessary to determine the lifetime of these electrocatalytic layers in the demanding

conditions of fuel cell operation.
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