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ABSTRACT ,f 

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 to its importance in both the L 
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 Lvas to increase 

the active surface area of a gii,en quantity of electrocatalyst and another was to 1 

understand the r o b  of the conducting polymer matrix in electrocatalysis 

Pol>.aniline Lvas synthesized chemically and doped by reaction ~vi th ( 2 )  10- 

camphorsulfonic acid (PANI-CSA). PANI-CSA was soluble in chloroformlm-cresol. It 

ivas found to be conductive between the potential limits O.OV 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 deposited electrochemically at PANI-CSA coated electrodes u a s  found to be 

localized on the surface of the polymer (i.e.. at f i e  polymer/electrolyte interface). The 

electrocatal~.tic current Lvas 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 

i.oltammetry to be relatively low (1.18 x 10." mol cm-' s"). In order to increase 

the accessibility of 0, to the electrocatalyst, a perfluorinated sulfonic acid polymer, 



Nafion, Lvas incorporated into the conducting polymer. Nafion is an ionically conducting 

polymer which has high 0, solubility. PANI-Nafion composites containing 10% ~ 2 %  

PANI possessed a permeability towards oxygen of 1.74 x lo-" mol cm-' s-', i.e., a 47% 
8 

! 

increase o\.er pure PANI-CSA. 

Pt electrochemically deposited at electrodes modified with PANI-Nafion 

composite films disperse into the polymer film to a greater extent compared to pure 

conducting polyaniline films. Ho~vcver. the electrocatalytic activity Lvas lower for 

reisons that are not yet clear. A chemical method of incorporating Pt was investigated. A 

Pt precursor. K,PtCI,. was chemically reduced to Pt in a solution of Nafion which 

yb 
contained various alcohols. The Nafion solution containing the Pt suspension was mixed 

ivith PANI to form a PANI-Nafion-Pt composite. The Pt particles were found to be 

dispersed homogeneously in the matrix and the electrocatalytic ac t i~ i ty  toiiards 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 . l .  Electronically Conducting Polymers 

In the field of polymer technology, one of the most valued characteristics of 

synthetic pol)mers is the ability to act as excellent electrical insulators. hlore recently, 

there has been great interest in the possibility of producing electrically conducting 

polymers to combine, 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. 
ii 

There are four different kinds of electrically conductive po l~mers :  ( 1 )  ion- 

polymer solid electrolyte systems which involve dissolution and solvation of salts in a 

polymer matris. The polj,n~t.r sol\ates the ions and facilitates ion separation. The ions are 

1 
sufficientl). mobile to rn0L.c along the pollmer ~vhen an electric field is applied; ( 2 )  

con\,ersion of electrically insulating pol>mer to conducting material b) pyrolysis to 
- 

graphite; (3)  incorporation of graphitic powder or metal particles into an insulating 

, polymer matrix. The conductivity in these composite materials are attributed to the 
I 

presence of conducting domains embedded in the polymer matrix. The conductivity 

1 -'depends on the contact betueen the conducting particles and therefore high loadings of 

'b 
conducting materials are usually needed; (4) The fourth class of electrically conducting 

pol1,rners are those in ivhich electrical conductivity arises from the presence of 

conjugated x-bonds. I t  is known that conjugated organic molecules can exhibit 

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



t 

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 electrocatal~~sis. 

1.1 .1 .  Intrinsically Conducting Polymers 

The polymer that a t t ract~d most attention in the early development of intrinsically 

conducting polymer is polyacetylene, (CH),. which has alternating single and double 

carbon-carbon bonds. I t  was first synthesized in the late 1950s. but for 20 years 

researchers Lvere interested onlj. in spectroscopic and theoretical studies, i.e. as the 

ultimate member of the polj,ene family. However. in 1977 blacDiarmid ct nl. discovered 

that treatment of polyacet>.lene ni th  Lekvis acids or'bases increased its conducti~ity by up  

to 13 orders 6f magnitude [ 2 ] .  Since then there has been a rapid gro~bth of research into 

conjugated polymer structures. Figure 1 .1  shows the structures of a few common 

conducting polymers. 

Polyactylene Poly(para-pheny lens) 

Polythiophene Polypy mole Polyaniline 

Figure 1.1 Chemical structures of common conducting polymers 



In addition to the long chain of conjugated double bonds in polyacitylene, q . 1  

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 

environn-~ental stability. simple doping processes and its ease of processability 

1.1.2. Polyaniline 2 

Figure 1.2 shokvs the general chemical structure of polyaniline (PANI) 

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

due to its 

It contains 

Figure 1.2 General chemical structure o f  polyaniline 

The \ ,due  of y can be varied from zero, to give the completely oxidized polymer knoivn 

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 kn0h.n as emeraldine form (Figure I .3). The imine nitrogen atom 

in any of the species below can be protonated completely or partially to yield the 

corresponding salts. 



Pernigraniline Leucoemeraldine 

Emeraldine 

Figure 1.3 Polyaniline at different oxidation states. 

1.2. Conduction Mechanism of Conducting Polymers 
C ' 

The electrical properties of a material are determined by its electronic structure. 

The electronic structure of materials is usually described bj. band theor!,. In the solid 

/ state. theatomic orbitals of each atom overlap with the neighboring orbitals to form 

molecular orbitals similar tg those in small molecules. The large number of orbital; 

involved in the solid.state are spaced together in a given range of energies, these give rise 

to continuous energy bands. The bonding energy band is known as the valence band and 

the antibonding energy band is known as the m n d u h o n  band (Figure 1.4). They are 

separated by the band gap 



Increasin 
energy Wide N a r r o ~  

band gap 

I 

Insulator \ Semiconductor bletal 

Figure 1.1  Schematic Diagram of the conduction band and valence band in solid materials. 

The electrical conduction of conductive polymers cannot be explained \veil by 

simple band theory and other concepts including soliton, polaron, and bipolaron theory 

have been applied to conducting polymers [3-51. When an electron is removed from the 
L 

top of the valence band of a conjugated polymer. a radical cation (or hole) is created that 

does not delocalize completely. as would be expected from classical band theory. I t  

delocalizes only partially, extending over several monomeric units and causing them to 

structurall): deform. The e n e r g  level associated ~vith 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). I f  another 
/ 

electron is removed, i t  can be taken from another segment of the polymer chain, thus 

creating another independent polaron, or it could come from the first polaron creating a 

"dication" , \\.hich is known as a bipolaron. Both polarons and bipolarons are mobile and 

can tra~tel along the pol\fmer 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 sho~vs the neutral, polaronic and bipolaronic states of two common conducting 

polymers. 

polaron 
I 

bipolaron 

Polaron 

Bipolaron 

Figure 1.6 Polaronic and bipolaronic states of polyacetylene and polypyrrole. 



1.2.1. Oxidative Doping of  Polyaniline 

The 0xidativ-e doping of polpaniline involves the remo\.al of electrons from the 
a 

polymer chain (analogous to p-type doting). The totally reduced state of polyaniline, 
e. 

leucoemeraldine, c a r  be osidatively 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 

obsemed using cyclic voltammetry and this will be further discussed in Chapter 3. 

1.2.2. Protonic Doping of Polyaniline 

Until very recentlq,. conducting polymers \!.ere doped to the conducting state by 

partial oxidation or reduction of their x system of the polymer, i.e. the number of 

electrons associated ~vith the polymer was either decreased or increased during the doping 

process. Polpaniline was the first well established example of doping a conjugated 

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



associated \c.ith the polymer [6]. This \vas accomplished by treating the enier'aldine base 

\\.ith aqueous protonic acids. For example. emeraldine base can be doped by HCI to yield 

the conducting emeraldine hydrochloride. 

This dication can form a resonance structure. consisting of two se'parated polarons. . 

The protonic doping process is re~xrsible. i.e. protonatcd emeraldine hydrochloride can 

be deprotonated by rinsing with H 2 0  to yield the emeraldine base 

1.3. Application of Conducting Polymers for Electrocatalysis 

t h e  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 circaits, to electrodes, light weight 



I 
battery components. sensors. electrochromic displays, and static-free packaging materials 

* 
[7-111. In this thesis, 5,udies on the application of conducting polymers in the area of 

electrocatalysis will be presented. 

Electrocatalysis can be defined as the heterogeneous catalysis of electrochemical 

b 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 follo\ving criteria: 

( 1 )  it  is sufficiently stable under the experimental conditions 

(2 )  i t  is sufficiently conductive to avoid an Ohmic drop in the film 

(3)  i t  is sufficiently porous to allo\\. electroactive 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, polypyn-ole. and polyaniline. 

The concept of dispersing the electrocatalyst in a conductive matrix can be 

depicted 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 
a 

dispersing the catalysts becomes especially interesting and important when noble metals 



are considered because a high active surface area could be obtained ~vi th  a much lo~ver 

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

- Electrocatalyst 

i/ Reactants 

> Products 
L I I 

Substrate Conducting 
electrode polymer 

matrit 

Figure 1.7 Schematic diagram of dispersed electrocatalyst in a conducting polymer matris. 
I 

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 Gamier incorporated 

Ag-Pt particles into p o l y - 3 - m e t h y l t h i o p ~ e  for the electrocatalytic reduction of protons. 

Enhanced catalytic activity \+.as observed compared to a platinized Ag-coated gold 

electrode at Pt loading as low as 1 ~ m 2  [13]. Chen er ul. developed nanodispersed Pt 

in polypyrrole-modified electrodes and the catalytic activity towards electrooxidation of 

hydrogen \+.as comparable to bulk Pt electrodes [I-I]. The activity increas d as the film F 
thickness was increased and sho~ved no difhsion limitation of H2 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 



4 
- methanol oxidation. Kost et crl dispersqd Pt into poljmiline films f ~ r  

methanol [16]. They observed that poisoning of the Pt kvas 
-e 

r Q 

Pt'Pol?~anilineiGlassy ?arbon composite electrode Lvas stable for up.to 

the oxidation of 

supressed. The 

20 hours duriig 

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 HJO,  - - and Direct Metbanol fuel cells. Ho~vever, the slow 

kinetics of this reaction is an impediment in their dewlopnient. Irnpro\.erncnts in the 

efticiency o f the  oxygen reduction reaction u.ould lead to an impro\,ement in the o ~ w a l l  

efficiency of fuel cells. Vork and Barendrecht studied the reduction of oxj.gen at 

polj.p>.rrolc-modified e1t.ctrodt.s incorporated nith Pt particles [17] .  They obsen.cd a 

difference in cataljtic effect bctueen Pt confined at the surface of' the polypyrrole 

I 

electrode"and homogeneousl~.'dispersed in the film. They also o b s e n d  a difference in 

the mechanistic route for the oxj.gen reduction reaction in the t ~ v o  situations described. 

L\.hen Pt \\-as confined on the polj,mer surface. 0, \$.as reduced to H,O via a 4-electron 

reduction step whereas uhen  I't iva<dispersed in the bulk, the slou diffusion o f 0 ,  into., 

the film led to a lo~ker activity and a 2-electron reduction step kvas followed to give H,O,. 
d . * 

Holdcroft and Funt also deposited Pt into polypyrrole and studied the oxygen reduction 

reaction. they also found that the electrocataljtic actikity is limited by the slow diffusion 

of O2 into'the polj.p).rrole film [18 ] .  Howwer. Chen rr ~ r l  did not observe a rate saturation 

beha~ io r  in their catalytjc system Lvhich consisted of nanodispersed Pt particles i n -a  4 

polypyrrole matrix [14]. Vork andBarendrecht also addressed the issue of stability of the 

pol)p>rrolc-modified electrode system [ I  71. They found that polypyrrole was scnsiti~,e 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 to~vards O2 are two major 

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

modified electrodes. the conducting polymers were deposited by electrochemical means. 

Inithis thesis. the use of chttn~ically sj.nthesized polyaniline. as a conductive matrix for 

the oxjrgen reduction reaction is investigated. Potential ad~antages  of polyaniline over 

polypjnole are: 

( 1 )  I t  is stable in air (i.e. i t  does not react ~bith 0,) 

( 2 )  Polj.aniline is protonically doped ~bhich Lvill fai.or the f x i l e  transport of protons 

(protons are required in the reduction of oxygen) 

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

Lvith the oxygen reduction reaction 

(1) Polyaniline can be sjxthesized chemically and it  is processable 

J 

(5) Polyaniline is permeable to 0: [19]. 
\ 

/ 

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 

reduction reaction. 

: the intent of this ~vork  to study the mechanistic route of oxygen 

it  is useful to describe the nature of these mechanisms. 

The reduction of osj.gen in acidic medium may proceed by t\vo o\,erall pathu.a>.s: 

(1) The direct 4-electron pathtvay 
B 

0,+ 4H- + 4e' --b 2H,O E" = 1.229 V 

(2) The peroxide pathnay 

follo\ved by either the reduction of peroslde 

or the decomposition of peroxide 
e 

Depending on the electrode material, oxygen reduction may proceed by either pathway 

( 1 )  or (2)  or by a parallel pathtvah-. Os!.gen reduction on noble metals (Pt, Pd. Ag) 

predominantlq occurs \.ia pathtva!. ( 1  j [20]. 
b 

- The performance of electrochemical systems ~vhich employ oxygen electrode 

reactions e.g. fuel sells. 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 follotving equation [21]: 

J , ,  = n~k,,C:i-"'C," [Eqn. 1. l ]  

~vhere i, is the exchange current density ( ~ l c m ' ) ,  n is the number of electrons transferred, 

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

concentration of the oxidized and reduced species respectively. and a is the transfer 



coefficient. The exchange current density also depends on the electrode material, the 
C 

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 and lo-'' A./cm2 [22]. This is small compared to simple electrochemical reductions 

(e.g. the exchange current density of the oxidatiodreduction of Fe(CN),'-/Fe(CN),'- is 10- 

i N c m 2 )  [23]. 

The kinetics of the oxygen reduction reaction depends strongly on the electronic 

properties. i.e., work function. % d character and d-band vacancies of the electrocatalyst. 

Geometric parameters. i.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 - 0  

bond strength. 

Figure 1.8 Plot o f  current density against calculated M-0 bond strength, relative to Au. For  oxygen 
reduction (overpotential o f  O.36V) in 8S0/0 H,PO, a t  25• ‹C 1241 



I t  can be seen that if the M - 0  bond is too strong. the adsorbed species nil1 be less 

reactive. although coyerage may be high. On the other hand, if the coverage is too low, 

the adsorbed species are reactive but feu. in number. Pt is therefore the optimum catalyst 
1 

for o s  pen reduction reaction. 

Solubility and diffusivity of oxygen are two physicochemical properties that 

affect the rate of the oxygen reduction reactipn in the mass transport limited regime. The 
a 

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

for os).gen reduction as shoun in the follo\ving equation [ 2 5 ]  

[Eqn. 1.21 

~vhert: i ,  is the limiting current densit).. n is the number of electrons transferred, F is the 

Farada) . '~  constant, D is the os).gen diffusion coefticient. C is the solubilit) of oq ,gen  in 

the bulk electrolj.te and 6 is the thickness of the mass transfer boundary layer (or the 

hypothetical stagnant diffusion layer). The limiting current incre es with increases in 

both the solubility and diffusikity of oxygen. r u 
1.3.2. Electrochemical Techniques 

In this study, two electrochemical techniques are used for both qualitative and 

quantitati\,e analysis. The theory of these t\\o electroanalytical techniques will be 

discussed brietl).. 

.4. Cyclic Voltammogram 

Cyclic voltammetry is a versatile and widely used electroanalytical technique 

9 available for both the determination of mechanis and redox potentials of a redox 



I 

system. The potential of the electrode in quiescent solution is scanned linearly betiyeen 

4 two potential limits Lvith time. Then the potential scan is re\,ersed 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. 

Figure 1.9 A typical cyclic voltammogram for a rebersible redox sqstem. 

For a re\,ersible electrochemical reaction in solution: 

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

[Eqn. 1.31 

ivhere i, is the eschange current density, a is the transfer coefficient. n is the 

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



difference between the applied potential and the equilibrium potential). R is the gas 

constant and T is the temperature. The current has an exponential relationship ~vi th the 

applied i*oltage and the onset of the cyclic voltammogram illustrates this relationship. As 

the species at the electrode surface is rate of diffusion of the reactant species 

is not fast enough to compensate being depleted at the surface and the 

current becomes limited by the mass transport of the reactant to the electrode surface. The 

current becomes independent of overpotential and it decays with time. When the scan is 

recersed. the species at the electrode suHace becomes the reactant species and a reverse 

peak is observed in the coltammogram. This technique is often the first experiment 

performed in an electrochemical study. I t  enables the electrode potential to be rapidly 

scanned in search of redos couples and this technique is used in this study as a qualitative 

tool for studj.ing the conducting polymer matrix, in addition to the oxygen reduction 

reaction 

B. Rotating Disk \'oltarnrnetp 

Unlike cyclic voltammetry ~vhich 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 w, 

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 up~vard flow 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 is recorded. The current is given by the following equation: 

[Eqn. 1.41 

where i is the obsemed limiting current. i, is kno~vn as the Levich current given by: 

? /  -/I '4 i, = 0.6ZnFA4C, D,'lu,,'Qw'- [Eqn. 1.51 



\\here C,. and 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 i, is the kinetic contribution .to the current given by: 

[Eqn. 1.61 

where kO is the heterogeneous rate constant and E"' is the formal potential. 

Figure 1.1 1 A tjpical rotating disk voltammogram. 

*-- 

Figure 1 . 1 1  shows a typical rotating disk voltammogram. From Eqn. 1.4, i t  can be seen 

that at high o\.erpotentials, i, is sufficiently large that the term Ili, becomes negligible 

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

- 



i 
plot of i ,  \,s. o,' ' yields information about the diffusion parameter of the species in tht! 

electrolyte solution. 

In a polymer modified electrode. the current-potential relationship is complicated 

by the diffusion of reac t iy  species thro-ugh the polymer film. The limiting current is 

where i f  is the diffusion current through the polymer film giveh by: 

[Eqn. 1.71 

[Eqn. 1.81 - 

D,, C ,  are the diffusion coefficient and solubility of the reactant species in the polymer 

film respectivel\f, and d is the thickness of the polymer film. 

At high o\,erpotentials. the term Ili, is negligible. A plot of 1i/i \.s. 1 '(I)' ' yields an 

intercept equal to lli,. Therefore. the permeability of the reactant in the polymer matrix, 

nfhich is the product of D,- and C,, can be determined by this technique 

1.4. Goals of This Project 
b 

Chemically synthesized. processable polyaniline pro\,ides a potentially practical 

means for its large scale production compared to electrochemical gro\\.th of polymer. The 

proton conductivity in polyaniline s enhance the efficiency of the oxl.gen reduction 

reaction. Ho\ve~,er. the stability of the polymer matrix and the accessibility of oxygen to 

the catalyst site have to be dete &;;;ad. 



The goals of this project are: 

( I )  to demoqstrate a microheterogeneous electrocatalytic system for oxygen reduction 
6 

reaction using Pt particles dispersed in a polyaniline-modified electrode, 

(2) to chemically synthesize processable pdlyaniline, 

(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 polyaipiline film as it 

relates to the oxygen reduction reaction. 



Chapter 2 

Experimental 

2.1. Chemicals 

Aniline (BDH) was purified by vacuum distillation before polymerization. 

Lithium chloride (Sigma Chemicals), hydrochloric acid (Anachemia). sulfuric acid 

(Anachemia). ammonium solution (Anachernia). ammonium peroxydisulfate 

(Anachemia). (?)-10-camphorsulfonic acid (Sigma Chemicals ). m-cresol (Anachemia), 

N-methylpjrrolidinone (Sigma Chemicals), chloroform (Caledon). potassium 
b 

hexachloroplatinate (Johnson Matthey Chemicals Ltd.) and Nafion (5%, EW 1100) 

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

electrol~.tes uere 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 HC1 (1.0 h.1) to yield a 2.0 M solution 

of,LiCl/HCI. Aniline (5.0 mL. 0.055 mol) was added to 75 AL of the 2.0 M LiCliHCl 
- - t C 

" *  - 

solution. The mixture was cooled, with stirring, to -0•‹C using an ice bath. Ammonium 

peroxydisulfate, (NH4):S:Og (2.876 g. 0.0126 mol)was added to the remaining 50 mL of 

LiCI/HCI solution. This solution was also cooled with stirring to -0•‹C. The 

polymerization process was initiated by the slow addition of the (NHJ)2S20s solution to 

, 
the aniline solution. 'The addition process took approximately 30 minutes. The 

temperature of the reaction mixture Ivas kept below 4 • ‹ C  throughout the whole 
f 



polymerization process. The colour of the reaction mixture was obser~.ed to change from 

light blue to blue-green and finally to dark green. The polymerization was terminated 

after 3 . 5  hours by filtering the'blue/gre& precipitate through a Buchner funnel. The 

precipitate \\as nashed with 1.0 bl HCI until the fil ate obtained was colourless. The Y 
precipitate was dried by placjng the polymer under Lacuum for 44 hours in a dessicator. 

2.2.2. Preparation of Polyaniline Base 

The polyaniline salt (PANI-CI) Lvas deprotonated to yield the emeraldine base by 

stirring the pol),aniline salt in 500 mL of NHJOH (0.1 bI) for 30 hours. The precipitate 

ccas filtered and dried under vacuum at room temperature for 60 hours. The polyaniline 

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

2.2.3. Doping of Polyaniline by (+)-10-carnph.orsulfonic Acid 

processable polyaniline was prepared by mixing emeraldine base Lvith (+)-lo-  

camphorsulfonic acid (CSA), in a 2: 1 ratio, using an agate mortar and pestle in a dry bag 

filled ~Cith N2.  The resulrant mixture tias dissolved in chloroform to yield a 2% (wlw) 

solution. The polymer solution obtained was blue-green in colour and contained some 

suspended particulate matter. The solution was sonicjited for 3 6  hours after which some 
# 

undissol\.ed fine particulates were still obsened. 

The mixture was soluble in m-cresol and yielded a dark green solution. A 5  

mgimL pol),mer solution in m-cresol was prepared as a stock solution. Due to the high 

' viscosity of m-cresol solution, chloroform was added to facilitate the film casting process. 

The final stock polymer solution was a 2.5 mglmL polyaniline (PANI-CSA) in 1:l 



chloroform.'m-cresol sol\.ent mixture. 

2.3. Synthesis of PolyanilineINafion Composite 

A series of polyaniline-Nafion composites with different PAN1:Nafion weight 

%ti0 were prepared in such a \vay that the final concentration of the composites 
B 

(regardless of the polyani1ine:Nafion ratio) was the same. I t  was assumed that the density 

of these composites Lvas the same. The thickness of the films cast from the different 

solutions Lvere therefore assumed to be the same if the sa e volume of pmposi te  "\ . 
solukon \vex used. The amount of PANI and Nafion used in the preparation is sho\vn in 

Table 2.1. The concentration of the polyaniline base in N-methyI-2-p>~rolidinone (NMP) 

stock solution \vas 2 mg/mL. The concentration of the Nafion solution was 5% (wlw). 

The density of the Nafion solution was determined by weighing 0.1 mL portions of 

d i o n  solution and was determined to be 0.99i0.01 g / m L  Excess NMP \\as added to 

the solution to make up all the solution concentrations to be 6.67 mg of polj ,n~er 

compositelmL of sol\.ent mixture 

& 
Table 2.1 Preparation o f  PANI-Naf ion  composites 

PAN1 (wt %)-Nafion Composites 
Mass of PAN1 Base (mg) 
Vol. of PAN1 Base solution(mL) 
Mass of Nafion (mg) 
Mass of Nafion solution (mg) 
Vol..of Nafion solution (mL) 
Vol. of excess NMP (mL) 
Total mass of composite (mg) 
Total vol. (mL) 
Concentration (mglmL) 

5% 
0.5 
0.25 
9.5 
190 

0.192 
1.058 

10 
1.5 

6.67 

1 0 O/O 

1 .O 
0.50 
9.0 
180 

0.182 
0.818 

10 
1.5 

6.67 

1 5 O/O 

1.5 
0.75 
8.5 
170 

0.172 
0.578 

10 
1.5 

6.67 

20% 
2.0 
1 .OO 
8.0 
160 

0.162 
0.338 

10 
1.5 

6.67 

2 5 '10 
2.5 
1.25 
7.5 
150 

0.152 
0.098 

10 
1.5 

6.67 
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Nafion solution was slowly added to the polyaniline b e  sohtion with constant stirring. . 

The colour of he polq,aniline base solution turned from deep blue to dark green. The 

solutions \\ere stirred for 48 hours to allow complete doping. 

Due to the high boiling point of NhIP, the solvent evaporation process for the 

PANI-Kafion composites Lvas very s lo~v.  A new batch of PANI(lO0/~ut%)-Nafion 

composite solution without the excess N V P  Ivas prepared for electrochemical studies. 

Nafion solution. 0.36 mL, was added to 0.4mL of PANI-base in NhIP ( 5  mg/mL) 

dropwise Lvith continuous stirring. The solution w s  stirred for 2 hours and then sonicated 

for 1 hour. 

2.4. Characterization o f  Polyaniline 

2.4.1. Spectroscopic studie7 

The FT-IR spectrum of the emeraldine base in the form of a KBr pellet was 

obtained in the transmission mode ~ ~ i t h  a Bomem Hartmann 8( Braun. MB-Series FT-IR 

Spectrometer UV-Vis spectra uere obtained using a Cary 3E UV-Visible Spectrometer. 

Film Lvere cast from an NhIP solution of the base form and a chloroformlm-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 uere cast from a 1 : 1 chloroforma 1 

nz-cresol solution of PAM-CSA onto a glass slide and dried under vacuum. The thickness 

of the films \%-as 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  pm \\.as placed between t ~ v o  sheets of Pt foil (0.3 cm x 0.3 cm \ 
s 0.01 cm) and electrical contacts Lvere made at the back of each of the Pt sheets. The 

assembly Lvas embedded in epoxy 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 

hlylar film 
80 pm x 3 mm 

Pt bands 
l 0 0 p m x 3 m m  

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

1 

A thin film (- l 3pm)  of PANI-CSA was deposited onto the 2-band electrode from 

the chloroformlm-cresol solution. The quantity of polymer was sufficient to bridge both 

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



Counter Electrode 7 Electrode 

Figure 2.2 Electrochemical cell for in-situ conductivity measurement. 

The t ~ . o  band electrodes ne re  connected to a bipotentiostat. The two warking electrodes 

\+.ere brought to a desired potential. After attainment of equilibrium of the polymer film,,a 

20 m i '  d.c. \.oltage was applied to one of the electrodes. The potential difference across a 

resistor R connected in series to one of the electrode Lvas 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 pol>.mer was varied from +l .OV to O.OV vs. SCE with 0 .1V 

increment. hleasurements Lvere performed from the oxidized conducting form to the 

neutral insulating form of the polymers as suggested in Ref.[26] because it was 

pre\.iously found that this procedure allo\vs quicker attainment of equilibrium. 



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 cetl, as 

illustrated in Figure 2.3 was used for all electrochemical studies. A Pt flag (area -1cm2) 

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 f h t  to prevent the mixing of products from the 

cathodic and anodic reactions. The reference compartment was separated From the 

working compartment through a Luggin capillary which minimizes the potential drop 

between the reference electrode and the working electrode. 

Gas In 

Reference 
Electrode 

Gas Out - Working 
Electrode 

F 
,f 

Counter - Electrode 

Figure 2.3 Three-compartment electrochemical cell. 
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The cyclic voltammogram of the polyaniline salt \\as obtained by grinding the 

solid polyner into fine po~cder  and impregnating i t  into a piece of filter paper by hand 

pressure. The filter paper was agitated to remove the excess polymer po~cder .  This was 

then placed in contact ~vi th a Pt mesh and rolled to form the \corking electrode. 

Cyclic voltammograms of the camphorsulfonic acid doped polyaniline (PANI- 

CSA) were obtained on a glassy carbon (GC) disk electrode (area = 0.4418cm2). The 

electrodes kcere polished successively with 5 pm. 3 pm, and 1 pm diamond paste to a 
C 

mirror-like surface before film casting. A thin film (-10pm) of PANI-CSA was obtained 

by casting the chlorofodm-cresol  solution of the polymer onto the glassy carbon 

surface. Films \\.ere dried at room temperature under ambient air 

Voltammograms \%.ere obtained by cj.cling the potential beticeen + I  .OV and -0.2V 

vs. SCE using a scan rate of 100mVIs in aqueous 0.5 M H2S04.  

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 

K2PtCI6. A glassy carbon disk electrode (area = 0.44 18 cm2) was used as the substrate 

electrode A thin' film of PANI-CSA (0.4 pm) a a r  solution cast onto the glassy carbon 

electrode from a chloroformlil-cresol PANI-CSA solution. The PANI-CSA modified 

electrode mas then cycled between +0.5V and -0.3V vs. SCE in 0.5 M H2S04 for 30 

c>-cles. The cathodic charge (the amount of charge registered during the cathodic scan), 

Qp.4sl. Leas recorded by an ESC Digital Coulometer. The PANI-CSA modified electrode 

\\.as then soaked in a 1 mhl K2PtC16/0.j bl H2S04 solution for 30 minutes and the 



electrode Lvas'again cycled bet~veen +O.SV and -0.3V L.S. SCE for 30 cycles. The cathodic 

charge. Q,L,,,I ivas recorded by the colilometer. The charge. Qp,, associated ~vi th the 

reduction of K2PtCI6 to Pt(0) was calculated from the difference of the cathodic charge 

for the p o l ~ m e r  in 0.5 b1 H2S0,. QP,4xI. and the cathodic charge for the polymer in 1 mbl 

K2PtCI6. QlolaI. The mass of Pt deposited was determined by assuming a 4-electron 

reduction of K2PtCI6 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 = 0.441 8cm2) 

by electrochemical reduction of K2PtCI6. The potential ~ v a s  cycled bet~veen +O.SV and 

-0.3V vs. SCE at 100 mVIs in a I -mM K2PtC16/0.5 M H ~ S O J  solution. 

2.5.3. Incorporation of Pt into PANLNafion Composite Films 

A. Electrochemical Reduction of K2PtC16 

Pt Lvas alsc incorporated into the PANI(IO% ~vt%)-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 ivas then added slo~vly to 

PAX1 base in NMP (5 mg!mL) yielding a PANI(IO% utO/o)-Nafion-Pt black composite. 

The con~posite solution was sonicated for 2 hours. 



C. Chemical Reduction of K2PtCI6 in Nafion Solution 

K2PtC16 was dissolved in Nafion solution (5%) yielding a clear yellow solution. 

This solution was heated to -90 OC 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 mgImL) with constant stirring and i t  

was sonicated for 2 hours. 

2.6. Characterization of Pt Incorporated Polymer-Modified Electrodes 

2.6.1. Auger Electron Spectroscopy 

Auger Electron Spectroscopy (AES) was performed with the help of F. Orfino. 

Department of Chemistry and ~ r . ' ~ e i n r i c h ,  Department of Physics, using a Perkin-Elmer 

595 Scanning Auger Microprobe. This technique was used to study the distribution 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 FA. Elements were identified fromrheir charactpistic peak positions: 

Pt (64 eV), S (1  53 eV), C (273 eV), N (387 eV), 0 (5 16 eV) and F (664 eV) [27]. Depth 

profile analysis was performed by sputtering the polymer film with a 3 keV ~ r '  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 



Graphite Block 

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 tm). 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 KzPtClh solution and Pt was deposited by 

cycling the potential between +O.5V and -0.3V vs .  SCE. After deposition of Pt, the 

graphite electrode was rinsed with H 2 0  and the nail polish was removed. The graphite 

i 
&lock rvas cut into a size of 1 cm x 1 cm x O.3cm block in order that it may f i t  into the 

L/ 
Auger spectrometer. 

2.6.2. Scanning Electron hlicroscopy & Transmission Electron R.licroscopy 

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy 

(TEM) were performed by Prof. A. Curzon of the Department of Physics using a IS1 DS- 

130 Scanning ~(ec t ron Microscope equipped with a EG&G EDDS I1 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 pictures, the samples of the polymer composite were prepared by 



casting the appropriate solutions onto an indium-tin oxide (ITO) coated glass slides. For 

TEM pictures. the samples Lvere prepared by casting the corresponding polymer onto I T 0  

glass slide. After solvent evaporation. the I T 0  glass slide was immersed in Lvater in a 

petri-dish and the polymer film peeled off from 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 i t  by folding the other half on top of the polymer films. 

Elemental analysis of Pt Lvas performed using an X-ra alyser (in conjunction Lvith the 

SEM and TEM. 

2.7. Permeability of O2 Through Polymer-Modified Electrode 

In order to study the permeability of 0 2  through the pol!mer film. a Pt rotating 

disk electrode (area = 0.1 59cm2) n a s  used as the substrate electrode. The pol>.mer films 
Q 

\\ere deposited by solution casting to cover the ~vhole surface of the Pt disk electrode. 

Rotating disk \,oltammctry Lvas performed for PANI-CSA films with thickness of: 0.5 

pm. 1.0 prn. 1.5 pm, 1.9 pm and 2.4 pnl. PAN1 (lOO/o\vt)-Nafion films of thickness : 1 . 1  

pm. 1.8 pm. 2.2 pm, 2.7 pm and 3.3 pm were also studied by using the same Pt disk 

electrode. 

All rotating disk esperiments were performed using a Pine Instrument RDE4 

Bipotentiostat and a Pine Instrument Analytical Rotator. O2 saturated 0.5 b1 H2S04 

solution was used as the electrolyte and the rotation speed kvas varied bet~veen 100 rpm 

and 900 rpm. 
4 



Chapter 3 

Polyaniline 

3.1. Synthesis of  Polyaniline 

Pol!milines can be prepared either by chemical or electrochcr-nical oxidation of 

aniline under acidic conditions. 
\ 

A. Electrochemical Oxidation 

Electrochemical polymerization is usually carried out at a Pt electrode by 

dissol\,ing anDine in an aqueous protonic acid using one of the follo\ving three methods: 

(i) gal\.anostatic - constant current 

( i i )  potentiostatic - constant potential 

( i i i )  potentiodynamic - s\\eeping the potential bet\\.een 2 potential limits 

Diaz and Logan dcmonstrated that high qualit!, films of pol>aniline can be 

obtained b!. continuously c>.cling the potential bet~veen -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 s h o w  typical cyclic voltammograms recorded during the 

groibth of polyaniline adopted from [29]. The potential was cycled betuxen -0.19 V and 
b 

+1.2 V \-s. Ag/AgCI at a scan rate of 50 mV/s. The sharp increase in current at - +O.9 V 

corresponds to the osidation of aniline. New peaks corresponding to the electrochemical 

response of PANI formed during the oxidation process appear after the first cycle. A 

steady gro\\.th process can be observed upon repeated c>.cling. Much effort has been 

de\,oted to the development of relationships bet~veen the synthesis condit-ions and the 
4 

properties of PANI obtained by electrochemical polymerization 130-351. Although these 

~vill  not be discussed in this thesis. it is important to stress that these relationships are 



/ 

I 

complex and depend on many factors associated ~vi th the conditions. e.g. the acidity of 

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

1.2  0.8 0 .4  0 

P o t e n t i a l  , V vs.  Ag/AgCI 

Figure 3.1 Cjcl ic voltammogram of electrochemical polymerization of aniline, in 1.0hl H:SO, at 
50mIr/s adopted from Ref. 1291 

B. Chemical Oxidation 

In order to Y ta in  polymer films with reproducible properties. the chemical 

synthesis of PAN1 was in\.estigated. This route is of particular importance since this is 

the feasible Lvay for the large scale s?mthesis of polyaniline. The most commonly used 

chemical pol~~merization process ini.01i.e~ the use of either hydrochloric acid or sulphuric 

acid in the presence of ammonium perosydisulfate. (NH4)2S208. as an oxidant. The 

oxidative pol>.merization is a two-electron reaction and hence, requires one mole of 

peroxydisulfate per mole of monomer. Hoivever. a smaller quantity of oxidant is usually 

used to ai.oid the osidati\.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 : 

~ 2 0 8 ' -  + 2e- --+ 2 ~ 0 4 ~ -  

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

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 cations in a chain propagation step. 



~ In the present study, polyaniline was synthesized by chemical oxidative 

polymerization of aniline in aqueous HCI solution, using ammonium peroxydisulfate as 

the oxidant according to Ref. [37]. Based on the kinetic salt effect [38], the reaction rate 

of reactant ions having the same sign is increased by increasing the ionic strength of the 
t 

solution. Conversely, ions of opposite charge react slower in solution the higher the ionic 

strength of the solution. Therefore polyaniline was polymerized 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 

bet~veen the anilinium ion and the peroxydisulfate ion is hindered while the chain 

propagation step, which involves the reaction of two radical cations, is enhanced. This 
i' 

leads to a smaller number of initiatio'n 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 
-'l 

CI- ions as counter ions in order to maintain e b r o n i c  neutrality. 
\ 

Emeraldine base 

Emeraldine Salt 



The emeraldine 

emeraldine base 

A major 

salt may be deprotonated upon stirring in NH40H solution to give the 

~vhich is black in colour with a metallic lustre. 
I 

impediment to the development of conducting organic polymers is the 

intractability of these materials. Several methods have been reported to dissolve and 
1 I 

process polyaniline [39-4 11. For example. en~eraldine base can be solubilized in N-  

methyl-pyrrolidinone, pyrrolidine. or in concentrated sulphuric acid and other strong 

acids. The processability of a doped. conducting form of polyaniline in common non- 

polar or uttakly polar sol\.ents nas  not reported unit1 1992 when Cao e! (11. [42] reported 

that pol!miline can be doped and simultaneously solubilized using functionalized 

protonic acid solutes. The functionalized protonic acids are generally denoted as H'(M- 

* 
R) where HIM- is the protonic acid group (e.g. sulfonic acid, carboxylic acid or' 

phosphonic acid. etc.) and R is an organic functionality. The acid protonates the imine 

nitrogens of pol~,aniline and the (XI--R) group serves as the countcr ion. In the conducting 

pol>,mer cornmunit),. this process is inown as "doping" since i t  conlens an insulating 

conjugated polymer to a conducting material. The R group is chosen to be compatible 

with non-polar or weakly polar organic sol~.ents so that i t  solubilizes the pol~,aniline 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 (+)-lo- 

camphorsulfonic acid (CSA) S~ORXXI  best results [42]. Polyaniline doped by DBSA 

(PANI-DBSA) mas reported to be soluble in toluene. xylene, decalin, chloroform, 

chlorobenzene. and polyaniline doped by CSA (PANI-CSA) mas reported to be soluble in 

m-cresol, benzyl alcohol, chloroform and DMSO. 

e 

The method for inducing solutidn processability by using camphorsulfonic acid 



Lvas adopted in this thesis. The resulting P.4NI-CS.4 complex ivas dissolved in 

chloroform to yield a blue-green solution. A fine precipitate: of undissol\.ed polymer was 

also obser\.ed. In contrast, PANI-CSA dissolved completely in nl-cresol to yield a dark 

green solution ( 5  mgi'mL). Ho~vever. due to the high viscosity of m-cresol polymer 

solu~ion. casting films from this solvent \\.as very s lo~v.  A binary solvent mixture of m- 

cresoqand chloroform \\as therefore used in order to hasten the film preparation process. 
'. 

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

this solution 

3.3. Spectroscopic Characterization of PANI 

Figure 3 .2  sho\\s the FT-IR spectrum of the emeraldint. base obtained in the form 

of a KBr pellet (compressed powder). The IR peaks observed agree \yell. \\.ith reported 

i~i1ut.s [4 j.441. The assignments of these \.ibrational signals art. sho~vn in Table 3 .  I .  

Wave Number (cm-1) 

Figure 3.2 IR spectrum of PANI base. 
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Wave number (cm") Peak Assignment 

I 1 3252 Hydrogen bonded NH band 

3456 N-H Stretch for 2 "  anline 

2970 C-H stretch 

1590 non-symmetric C6 ring stretching (quinoid) 

1505 

I 

1152 in-plane C-tl bending 

non-symmetric C6 ring stretching (benzoid) 

1308 

956 out-of-plane C-H bending 

C-N stretch for 2 "  aromatic amine 

L , 
Table 3.1 Assignment o f  I R  signals of  polyaniline 

831 

Wavelength (nm) 

out-of-plane C-H bending 

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 N M P  solution. 



Figure 3.3 shows the UV-vis absorption spectrum of polyaniline emeraldine base and 

camphorsulfonic acid-doped polyaniline in the form of a film cast from NMP and rn- 

cresol/'chloroform solution, respectively. The absorption at - 600 nm for the PANI base is 

assigned to the n - x * transition and the absorption at 330 nm is assigned to the x - x * 
8 

transition [45]. For the camphorsulfonic acid doped-polyaniline. the absorption at 427 nrn 

is due to the presence of localized serniquinone groups. i.e. polarons. The absorption at - 
760 nm is due to the trapped esciton centred on quinoid moieties or due to delocalized 

free electron states 

v - 
3.4. Electrochemistry of  Polyaniline 

The aqueous electrochemistry of pol\.aniline films polymerized by 

electrochemical methods and the role of the conditions of polymerization on the film 
>- 

properties ha\,e been studied estensi\,ely [30-351. Due to the lack of processability of the 

chemically s~mthesized polyaniline trrneraldinc salt. the elcctrochernistry o f  the 

chcmicall) s!,nthesized polymer iras studied using an electrode prepared b)  impregnating 

the polyaniline salt sol'id into glass filter paper and subs quently urapping a Pt gauze 3 5 

around i t  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) sho~vs  the cyclic 

~.oltarnmogram of the polyaniline emeraldine salt synthesized in our laboratory. With the 

de\,elopment of pro&ssable polyaniline doped by camphorsulfonic acid, the 

electrochernistrq of PANI can be studied easily by casting the polymer solution onto a Pt 

electrode to >.ield a homo_eeneous film with controllable thickness. Figure 3.4(b) shows a 

c>.clic \.oltammogram of the camphorsulfonic acid doped polyaniline (PANI-CSA) in 

P 



Figure 3.4 Cyclic voltammogram of (a) PAN1 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?SO,. Scan rate was 100 mVls. 

The electrochemistry of the PANI-CSA is identical to PANI-HCI. It consists of two sets 

of redon peaks. The first Bet of redox peaks occurs at - +0.15 V (vs. SCE). This set of 

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



to the erneraldine form [46]: 

CI- - + 4x e- 

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

,oxidation (and rereduction) of the emeraldine form to pernigraniline [46]: 

The electrochemistry of poljxi l ine changes gradually with continuous cycling (Figure 

3.1). In addition to the t ~ o  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 reportsd by other 



researchers. Kobayashi el al. attributed the gromzh of this peak to redox reaction of 

benzoquinone groups [47]. Stil\vell and Park suggested that these peaks could be due to 

the redos reactions of benzoquinone. p-aminophenol andlor the dimer p- 

aminodiphenylamine [48]. However, Genies er al. suggested that i t  is due to the 

phenazine insertion reaction, leading to a cross-linked polymer [49]. S.-M. Park el al. 

proposed the formation of a nitrene cation as an intermediate species during the gronth of 

, polyaniline (as shown below) [48]: 

Depending on the reaction conditions, the nittene cation can be polymerized to gi\,e 

pol\,aniline or can react \\ith H 2 0  to give p-aminophenol and thereafter hydrolyzed to 

give benzoquinone. The presence of the nitrene cation also supports the formation of - 

phenazine-type oligomers as a cross-linked product as suggested by Genies er al. [49]. 

The processes invol\.ed in the third set of redox peaks in polyaniline electrochemistry are 

summarized by the reactions sho~vn in Scheme 3.1. [48]. Despite the fact that polyaniline 

can degrade upon continuously cycling. the stability of the polyaniline may be 

maintained if the experimental conditions are strictly controlled. I t  was reported that a 

relative stabilizing effect can be achieved if the anodic potential is kept less positive of 

+0.7 V (\,s.SCE) [47]. Koba>,ashi el  111, also reported very stable electrochromic behavior 

of up to lo6 cycles when the potential was cycled between -0.2 V and +0.6 V (vs. SCE) 



Scheme 3.1 Surnrnarj of reactions intolbing the degradation of polyaniline 

3.5. Conductivity of Polyaniline 

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

attained either by protonic doping or redox doping. Redox doping can be achieved by a 
I 



chemical osidant or by appl>.ing 

polyaniline to be considered as 

conductive in the potential region 

an appropriate electrochemical potential. In order for 

a matris for an oxygen electrocatalyst, it must be 

w *  
of the osygen reduction reaction. Therefore, an in-situ 

determination of the dependence of the electrical resistance of polyaniline versus 

electrochemical potentid \v&s carried out. Wrighton et trl. reported the construction of a 

microband array of electrodes for in-sill/ determination of resistance of polymer films at 

different electrochemical potentials [50-521. The array of microelectrodes were fabricated 

on a SiO, 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 by 

Wrighton. Zotti et ul. reported a simple and reusable 2-band electrode which can be 

fabricated more easily [26]. A similar ?-band electrode was also constructed in this thesis 

~vork.  The procedures for constructing this electrode were described in the Experimental 

Section (Section 2.4.2). Figurc 3.5 sho~vs the dimensions of the ?-band electrode 

constructed in our laborator) 

.lar Film 

Epoxy hIatrix 

, 

Figure 3.5 Top \ iew of a 2-band Pt Electrode. 



The nvo 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 carnphorsulfonic acid was cast from the rn- 

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

7 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 1 I 

lectrode I Potentiostat 

Figure 3.7 Circuit Diagram for the two-band electrode. 



Figure 3.8(a) shotvs the cyclic voltammogram of PANI-CSA cast on the two-band 

electrode when only Electrode 1 was used as the tvorking electrode. Figure 3.8(b) shotvs 

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. 

Figure 3.8 Cyclic voltammogram of PANI-CSA on the 2-band Pt electrode obtained in 0.5M HISO, 
at a scan rate of 100 mV/s, when the working electrode was (a) Electrode 1, (b) Electrode 2, and (c) 
both Electrode 1 and Electrode 2. , - 

t ' 
One can see that the cyclic \$Itammograms are very similar. This suggests that either one 



\\ 
of the electrodes was able to oxidize or reduce all the polymer 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 
P 

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, i t  can be concluded that the PANI-CSA was conductive enough to 

connect the two-band electrode in this case. After verifying the connectivity between the 

two electrodes, the in-sitzr conductivity measurement of conductivity'as a function of 

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

r- Electrode 2 

1 , Electrode 1 

Figure 3.9 Schematic Diagram of the operation of the in-situ measurement of conductivity as a 
function of electrochemical potential. 



Both of the electrodes were brought to an appropriate potential ~vi th 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  .OV vs. SCE, 

then Electrode 2 was brought up to + I  .02V vs. SCE while Electrode 1 was kept at + I  .OV 
w 

vs. SCE. The potential difference bet~veen the t ~ v o  electrodes results in a flow of current 

agross the polymer. Due to the small magnitude of the generated current, a large resistor 
, 7 

?\ 

R ( 1  kR)  h a s  connected in series with Electrode 2 and the voltage across the resistor was 

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

polymer - the more conductive th po l~~mer ,  the higher the current flow across the 

polymer. Since VR = iR . the potential difference across the resistor R was used as an 

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

across resistor R as a function of electrochemical potential 

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



The PANI-CS.4 was found to be electronically conducting betu.een 0.0 V and +0.7 V vs. 

SCE ~ i t h  masimum conductivity between +O.Z V and +0.5 V vs. SCE. This is in 

agreement u i t b t h e  published results in thP literature [50]. Since the onset of the oxygen 

reduction reaction is - +0.6V vs. SCE. P I-CSA is suitable to be used as a conductive "r 
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 bl 

HCI. ?-he pol!miline base was found to be soluble in I\i'-meth!~l-2-p~~rrolidinone ~ h i l e  the 

emeraldine HCI salt of the polyaniline Lvas insoluble in common organic solvents. 

Processable polyaniIine solution was prepared by doping polyaniline base with 

camphorsulfonic acid and solubilizing i t  in nr-cresollchloroform solvent mixture. The 

polj.mer .\$.as characterized both by spectroscopic techniques and electrochemical 
1. 

techniques. The \,ariation of the conducti\;ty of polyaniline as a function of applied 

electrochemical potential was studied using a two-band Pt electrode constructed in our 

laborator>.. Polyaniline was found to be conductive from 0.0 V to +0.7 V vs. SCE. With 

the versatility of  the pol>merization process, the processability of PANI-CSA, and the 

conducti\.ity window of polyaniline, i t  was concluded that polyaniline is a good candidate 

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



Chapter 4 

Incorporation of Pt into Polyaniline-Modified Electrodes 

The synthesis of polyaniline by chemical oxidative polymerization 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 Lvere chosen as a matrix for 6 

depositing electrocatal>,st. The incorporation of Pt into the matrix is discussed in this 

chapter. The incorporation of electrocatalyst Lvas achieved by the electrochemical method 

and the electrodes obtained were evaluated for their morphology and electrocatalytic 

actikity. 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 

fi2ld of eltxtrocatal~sis [I;-18.531. Literature methods for preparing po l~ .n~ t . r  m o d i f i d  

electrodes i n ~ o l v e  pol>.merization of monomers. either chemically or electrochemically. 
-. - 

f 
onto the substrate electrode directly. Kao and Kuwanan dispersed Pt into poly(vinylacetic 

acid) (PVAA) for the electrocatalytic generation of hydrogen [ 5 3 ] .  The PVAA films were 

formed on a glassy carbon substrate electrode by refluxing in the monomer solution 

Holdcroft and Funt deposited Pt into polj,pyrrole for the electrocatalj,tic reduction of O2 

[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 kvas 

obtained. In  both studies. the conducting polymers were grokvn on the substrate electrode 

by electropolymerization. Ho~ve~ .e r ,  this technique is inconvenient because polymer 



synthesis has to be performed for fabrication of each polymer, modified electrode. 

Moreover. the polymer matrices formed from electropolymerization are technically 

limited by the type of electrode substrates. 

In this \\ark. polyanilint: \+as synthesized chemically instead of 
* .  

electropolymerizing i t  directly onto the substrate electrode. A po.lymer solution was 

-3 
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 pol>.rnei 

films. the method of electrochemical reduction of K2PtCI6 was adopted, because i t  has 

been pre\.iously reported that this method allo~vs Pt to be dispersed homogeneously into 

pol>.mer matrices [16]. The Pt loading was determined by monitoring the amount of 

charge passed for the reduction of Pt ( IV) to P t (0 )  I t  was also assumed that this is a 

f 
complete four-electron'reduction step (Eqn. 4.1 ). The calculations used to 'determine the 

Pt content are shoux belo~v:  

Pt (IV) + 4e- - Pt (0)  

Q J f  , Pt loading (gram) = 7 
4.h e 

[Eqn. 4.1 ] 

[Eqn. 4.21 
\ 

\\.here Q = cathodic charge passed in C 

hip, = atomic mass of Pt ( 1  95.08glmol) 

N = Avogadro's Number (6.02 x 1 0 ' ~ )  

e = electronic charge (1.62 x 1 0-19 C)  



A = geometric area of the electrode(cm2) 9F 
The electrodeposition process is described beloit.. A polyaniline modified 

electrode was immersed in a 1 mM K2PtC16 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-CS.4 modified electrode containing electrochemically deposited 

Pt was denoted* PANI-CSMPt. 

Hydrogen 
evolution on Pt 

Figure 4.1 Cyclic \oltarnrnograrn showing the incorporation o f  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 a 4 0 0  rnV/s, 
in 1 rnM KlPtCld0.5 M HISO,. 



- Due to the large background charge associated ~vi th reduction of polyaniline 

itself, the charge for the reduction of K2PtCI6 u a s  determined by subtracting the cathodic 

charge associated with the reduction of PAN1 in 0.5M H2SO4 in the absence of K2PtC16. 

Figure 4.2 shokvs the cyclic \oltammograms of polyaniline modified electrodes 

before and after electrodeposition of Pt in O2 saturated 0.5 M H2S04.  
9 - * 

af 

Figure 4.2 Cyclic ~ o l t a m m o g r a r n  o f  PANI-CSA modified glassy carbon electrode (a)  before and (b)  
after incorporation o f  Pt (film thickness = 0.44 pm,  Pt loading = 2 3  Clg/crn'), in O2 saturated 0.5 M 
HLSO,, scan rate = 5 rnV/s. 

1 

I t  can be seen that in the absence of Pt, a typical cyclic voltammogram of polyaniline \vas 

obtained. After deposition of Pt, the cathodic current increased due to the reduction of Oz 
\ 

on Pt. A rotating disk experiment was performed on the PANI-CSAPt modified 

electrode and the results are shown in Figure 4.3. 



Figure 1 . 3  Rotating disk voltammograms of  a PANI-CSAIPt modified glassy carbon electrode (film 
thickness = O . U ' p m ,  Pt loading = 2 3  pg/cm2) in O2 saturated 0.5 M HLSO,, scan rate = 5 mV/s. 
Rotation speeds: l00,120,150,200,250,300,100,500,700 and 900  rpm. 

The onset of the oxygen reduction reaction \\.as observed at - +0.6 V vs. SCE and a 

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

increase ~vith the rotation speed. A L e ~ i c h  plot (il vs. olC) for the oxygen reduction 

reaction at a PANI-CSAIPt modified glassy carbon electrode in an O2 saturated 0.5 M 

H2S04 solution is shown in Figure 4.4. A linear relationship between the limiting current 

for the oxygen reduction reaction, i i .  and the square root of the rotation speed, o'12, was 

obtained 



Figure 4.4 Levich plot for 0: reduction reaction at (a) a bare Pt electrode, (b) a PANI-CSNPt(23 
pg/cm2) modified glassy carbon electrode, in O ?  saturated 0.5M HISO,, scan rate = 5mVIs. 

For comparison. the Levich Plot for the osFgen reduction reaction at a Pt 

electrode in an O2 saturated 0.5 h.1 H:SOA solution is s h o ~ ~ n .  The Levich plots for both 

electrodes are linear. In another study, Holdcroft and Funt reported a curved Levich plot 

for oxygen reduction at a Pt incorporated polypyrrole modified electrode [18]. They 

attributed the curnature to diffusion limitation of Oz through the polypyrrole. film, i.e. Oz 
I 

reduction is limited by the rate of diffusion of O2 to Pt particles through the film and not 

by the rate i t  is brought up to the polymerlelectrolyte interface. A linear Levich plot in 

this case suggests that the reactant gas was not impeded from reaching the electrocatalyst 

due to poor diffusion through the film. Two possible scenarios can lead to this 

observation: ( 1 ) .  The PI was dispersed homogeneously through the bulk of the polymer 



but polyaniline is sufficiently permeable to enable rapid diffusion of Oz to the Pt 

particles; or (21, the Pt particles were deposited on the surface of the polymer film, i.e. at 

the polymeri'electrolyte interface so that O2 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 bet~veen the glassy carbon substrate electrode and the Pt particles. This scenario 

should 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 

shich  situation was present, the depth profile of the PANI-CSA/Pt electrode was studied 
0 

by Auger Electron Spectroscopy. 

036 ' ' 6b; ' ' 90 ' '1'26' GI' 'I&' '2k' 
Kinetic Energy, eV 

Figure 4.5 Auger electron spectrum of  a PANI-CSAIPt modified electrode before (gray line) and 
after 20 seconds sputtering'(black line). 



Auger electron spectra Lvere 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 273 eV \%ere 
I 

observed on the sample substrate before sputtering the films (Figure 4.5). Then the 

polymer surface was sputtered with an ~ r +  ion beam for 20 seconds in order to remove 

the top layers of the polymer surface. Twenty seconds is a relatively short sputtering 

time. as a comparison. i t  took - 20 minutes of continuous sputtering to completely etch 

the 2000 nrn film. From the time required to etch through a film of 2 pm, i t  was estimated 

that about 30-40 nm of the polymer film \vas removed during the 20-second sputtering 

process. I t  appears that ihe Pt particles were mainly deposited on t+he top 30-40 nm of the 

pol>.mer film. The spatial distribution of Pt in this electrode is illustrated in Figure 4.6. 

Platinum Particles 
a .. a 

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,PtCI, 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 pathiyay bet~veen the substrate electrode to the electrocatal~~st. I f  i t  was not, 



then the Pt particles ~vould ha\.e been electrically isolated from the glassy carbon current 

collector and no electrocatal~.tic activity kvould ha\.e been observed. Thus, PAN1 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 acti\.ity of these catalytic films h a s  in\.estigated further and 

compared to other modified electrodes. The catalytic p r o p e p  of the PANI-CSAlPt 
'.-. 

electrode Lvas first compared to a bare glassy carbon electrode onto kvhich the same 

amount of Pt was deposited. as illustrated in Figure 4.7 (i.e. the conducting polymer 

matrix \{.as abscnt) 

Classy carbon 
- Classy carbon substrate (CC) 
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. , 
Figure 4.7 Schematic illustration of t ~ o  Pt-modified electrodes examined for electrocatalytic 
reduction of 0:: (a) PANI-CSA/Pt (23 pg/cm2) electrode; (b) CC/Pt (24 pg/cm2) electrode. 
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In these studies. the same mass of Pt ivas deposited on both a polyaniline 

0 
PANI-CSA 

Pt particle 

modified glassy carbon electrode and a bare glassy carbon electrode by electrochemical 

reduction of K2PtCI6, using potential cycling between +0.5 V and -0.3 V (SCE). Their 

electrocatal>.tic activities to~s.ards the ox)._pen reduction reaction were compared using 



rotating disk voltammetp. Figure 4.8 shows the Levich plots for these two electrodes for 

O2 reduction in an 0:-saturated 0.5 b1 H2S04 solution. It can be seen that the current for 

the oxjrgen reduction reaction is higher in the case of Pt deposited onto the polyaniline- 

modified electrode. Since the diffusion coefficient and the concentration of Oz 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 indicati\.e of an increase in the acti\,e surface area of 

the Pt catalyst. I t  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 

i of the catalj.st to the electrolyte and the reactants. This sho~vs  preliminary evidence that 

an increase in the acti\.e surface area of the catalyst is achie\,ed by its dispersion into a 

polymer matrix. 

(a )  
. . . . . . . . . . . . . . . . . . 

Figure 4.8 L e ~ i c h  plots for 0: reduction at ( a )  PANI-CSAIPt (23 pg/cm') modified G C  electrode, (b)  
a bare C C  onto which 24 pg/cm' Pt has been electrodeposited. 0: saturated 0.5 M H'SO,, scan rate = 
5 mVis. 



4.2. Permeability of Oxygen Through PANI-CSA Films 

Pt microparticles \\ere deposited mainly on' \& 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 dispersed catalltic system b a s  desired in order to 

maximize the a c t i ~ e  surface area of the Pt as illustrated in Figure 4.9. I f  this type of 

electrode Lvere achieved. then the ability of the solution species to diffuse through the 

polymer ~vould play a major role in the rate of electrocatalysis. If the diffusion of the 

reactant through the matrix Lvere not fast enough, Pt microparticles deep inside the matrix 

~vould not be fully utilized. f- 

/---- Glassy 

Figure 4.9 Illustration of polymer modified electrode with Pt homogeneously dispersed throughout 
the pol)mer film. 

Carbon * 

In order to in~est igate  O2 mass transport through the PANl-CS.4 films. a Pt 

. . . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  N O  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  , . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . .  

rotating disk electrode \{.as used. onto which a thin film of PANI-CSA Lvas cast. Rotating 

disk electrode \.oltammetric experiments were carried out in oxygen-saturated 0.5 M 

Substrate 

3 

H 2 S 0 4  at a scan rate of 5 mV1s. Figure 4.10 shows the Levich plot for oxygen reduction 

0 

0 
0 

at a polyaniline-modified Pt electrode in Oz saturated 0.5 M H2S04.  The Levich plot for 

Pt particle 

Conducting 
pobmer matrix 



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 Oz to the Pt substrate electrode is impeded by the polyaniline film. 

Figure 4.10 Levich plot for oxygen reduction reaction at: (a)  a bare Pt electrode, (b) a PANI-CSA 
(0.920.lpm)-modified Pt electrode in O2 saturated 0.5M HISO,, scan rate = SmV/s. 

The permeability. DKf, of the polymer film towards Oz diffusion can be obtained by 

plotting lii vs. llo" . 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 ivith a reaction species in solution, the limiting current at high overpotentials is 

giiven by Eqn. 1.5 



[Eqn. 4.41 

For a polymer modified electrode. the limiting current measured is gi\,en bj. Eqn. 1.7. 

Expanding Eqn.3.5 by substitution gives: 

where i = measured current (A). 

iL  = kinetic current (A). 

[Eqn. 4.61 

it- - diffusion current through the film (A), 

i L  = diffusion current through the electrol>.te (A) ,  ,, 
D ,  = diffusion coefficient of reactant in the electrolyte (cm2s-I) 

C ,  = concentration of reactant in the electrolj-te (rnol cm-') 

D, = diffusion coefficient of reactant in the film (cni2s-'). 

Ct- = concentration of reactant in the film (mol cm-') 

d = thickness of the polymer film (crn), 

n = number of electrons involved. 

F = Farada)'~ Constant ( ~ m o l - ' ) ,  
* 

o = electrode rotating speed (rad s") 

= kinematic viscosity 

The Le\.ich plot ( i  \ s .  to"') obtained from Eqn. 3.3 is independent on the 



thickness of the polymer film. From Eqn. 4.5. Lve can see that the measured current is 

composed of the kinetic current, iL. the diffusion current through the polymer film, if. and 

the diffusion current through the electrol>,te solution. i i .  The slope of the Koutecky- 

Lei.ich plot gic.es information ,on the mass transport of the reactant species in the 

electrol~.te Lvhile the intercept of the plot gives information about the permeability, DICf, 

of the same species through the polymer film. The diffusion current through the polymer 

film, i t .  is inversely proportional to the thickness of the film, i.e., the thicker the polymer 

film, the smaller the diffusion current. Figure 4.1 1 shocvs the Koutecky-Levich plots for 

oxygen reduction of pol>.aniline modified Pt electrodes possessing different polymer 

thickness. 

Figure 4.1 1 Koutecky-Levich plot for oxygen reduction at a PANI-CSA modified Pt electrode (area = 

0 . l j 9 c m 2 ) ,  in 01-saturated 0 . 5  M H2SO,; scan rate = 5 mV1s; thickness o f  films : (a )  2.4 p m ,  (b) 1.9 
p m ,  (c)  1.5 lrn, (d)  1.0 p m ,  (e)  0 . 5  p m .  



One can see that although pol>.aniline modified Pt electrodes yield curved Lekich plots, 

the plot of l / i  against l lo l"  yields straight lines. From Figure 4.1 1.  i t  can be observed 

that the thicker the film. the larger the intercept, which corresponds to a smaller oxygen 

reduction current. The permeability of the PANI-CSA kvas determined by plottiog the 

intercepts of the Kouteck1.-Levich plots against the film thickness (Figure 4.12). From the 

slope of this graph, which is equal to IlnFADtC1. (Eqn. 4.3). the O2 permeability, DtCf. of 
.2 

PANI-CSA films in 0.5 M H2S04 was calculated to be 1.18 x' 10-"mol cm-I s-I, The 

- I  - I  , permeability of O2 in a 0.5 M H2S04 solution Mas reported as 20 .3  s lo-" mol crn s 

[6J]. The permeability of 0: in the P W C S A  films is only 1/20 that 0.5 hI H2S04 

solution. 

Thickness (p) . 

Figure 4.12 Plot of lli  (obtained from the intercept of ~ o u t e c k ~ - ~ e v i c h  plots in Figure 4.11) vs. the 
polymer film thickness for O 2  reduction in 02-saturated 0.5 M H 2 S 0 4 .  



4.3. Conclusions 

I t  has been demonstrated that polyaniline do$d by camphorsulfonic acid (PANI- 

CSA) is sufficiently conductive to be used as a matrix for dispersed electrocatalytic Pt. 

Although the Pt deposited onto the PANI-CSA films by etecirochemical means was 

mainly localized on the top surface of the polymer film, i.e., at the polymerlelectrolyte 

interface, the electrocatalytic activity of the Pt was proQen to be greater than for the same 

quantity of Pt electrodeposited on glassy carbon electrode. This suggests that the active 

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 kcas determined to be 1.18 s 

lo-' '  mol cm-'  s-'  (which is about 1120 of the permeability of O2 in a 0.5 bl &SO4 

solution). In the next chapter the possibility of improving the permeability of oxygen is 

in1,estigated and the results  ill be compared to Nafion which is a solid polymer 

electrolyte being used in fuel cells. 



Chapter 5 

Polyaniline-Nafion * .  Composites 

apter, the formation and characterization of polyaniline and Nafion . 

composites are studied and discussed. Also, the diffusjon parameters of oxygen through 

the composites are compared with the pure camphorsulfonic acid doped polyaniline 

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

catalytic activity of the resultant films was evaluated and is discussed in Chapter 6. 

5.1. Preparation of Composites of Polyaniline and Nafion 

As demonstrated in Chapter 4. a drawback in using polyaniline as a matrix for Pt 

is the limitation of the reactants accessing the catalyst particles. If the diffusion of O2 into . 4 -  

the film is r e l a t i ~ e l ~ ~  s lo~v,  the Pt microparticles will not be fully utilized even if a three- 

dimensionally dispersed system was attained. Therefore, the diffusion properties of the 

film must be improved. 

Recently. researchers studying fuel cell technology found that most of the Pi in 

the catalyst layer is not utilized; only -10% of the Pt catalyst particles are actually' in 
-i 

simultaneous 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 electrolyte, such as Nafion. into the cataly'st layer. This extends the three 

dimensional reaction zone by increasing the active surface area of Pt in contact with the 

electrolyte. As a result, Pt loadings can be greatly reduced. Other advantages of having 

Kafion 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 



incorporation of Nafion. Another important jssue in utilizing matrices for electrocatalysts 

is the electrical conductivity of the matrix which-determines the efficiency of shuttling 

electrons f r o 6  the catalyst to the current collector. Polyaniline has been demonstrated in 

the p re~ ious  chapter to be a good candidate for this purpose; therefore, a system which 

combined the advantages of both Nafion and polyaniline were pursued in this study. 

Chemical and electrochemical methods of preparing conducting polymer/Nafion 

% composites have been described in the literature. For example. C.-H. Hsu [58]  jxepa@ a 

PANLXafion composite by placing a thick film of Nafion membrane bet~veen flanges on 

the side arms of two glass containers where one side contained aniline while the other 
. . 

contained an oxidant solution. Polyaniline was formed when aniline and oxidant 

combined in the Nafion membrane upon diffusion from both sides. Kuwabata er al. 

electropolymerized aniline in a Nafion solution [59], and Orata et (11. electropolymerized 

aniline onto a Nafion modified electrode [60]. While these studies provide useful 

information on the characteristics of PANINafion composites. thej appear impractical 
. 

for industrial applications. 
r 

In contrast, Barthet et c d  [61] developed a simple chemical method of preparing 
w 

PANINafion composite films where Nafion powder was*dissolved in a N-methyl-2- 
3 

pyrrolidinone (NMP) solution of PANI (polyaniline base) and direct doping of PANI by 

Nafion was observed. This method b a s  repeated and in contrast to the report, the Nafion 

po~vder was not soluble in NMP. Ho~vever, it was found that a 5% Nafion solution (in 

\\aterlalcohol mixture) when added to the polyaniline base in NMP did result in doping 

of P A N .  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 PAN1:Nafion 



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

electrochemical techniques. 

5.2. Characterization of PANI-Nafi-on 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•‹/b PANI solutions were low due to the low concentration of the PANI in the 

original casting solution. 

Wavelength (nm) 

Figure 5.1 UV-Vis spectrum of PANI-Nafion composites films, (a) PAN1 (2j%wt)-Nation, (b) 
PAN1(2O%wt)-Nafion, (c) PANI(lSO/~wt)-Nafion, (d)  PANI(lOO/~wt)-Nafion, (e) PAN1(5•‹/~wt)-Nafion. 



J 

The broad peaks centred at 427 m and -760 nm indicate that the PANI base was fully 

doped by the Nafion 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: 

Emeraldine Salt 
h 

According to this. i t  Lvas calculated that for composites of polyaniline content > 14 u't.%, 

there are insufficient sulfonic acid groups associated with Nafion to completely dope the 

polyaniline base. Therefore. the UV-vis spectra of the PANI(5 % \\I)-Nafion and 

PANI(10 % &I)-Nafion composite films showed characteristic absorption peaks for the 

doped form of polyaniline whereas spectra of the composites films containing 15%, 20% 

and 2590 of polyaniline indicated the presence of undoped polyaniline in addition to the 

doped polyaniline salt. 

5.2.2. Electrochemical Characterization of PANI-Nafion Composites 

Figure 5.2 shows the cyclic coltammograms of polyaniline-Nafion composite 

films on a Pt electrode in 0.5 M H2S04. The potential was cycled between +1.0 V and - 

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



Figure.5.2 Cyclic Voltammograms o f  composite films in 0 .5  M HISO, (a)  PANI(S0/0wt)-Nafion, (b) 
PANI(lOO/'wt)-Nafion, (c) PANI(ISO/~wt)-Nafion, scan rate = 100 mV/s. 

The electroactivity of the PANI-Nafion films increased with increasing polyaniline 

content. This behaciour is also observed by Barthet et al. [61]. The large excess of Nafion 

in the PANI(S%wt)-Nafion composite most likely surrounds and insulates regl'ons of the 

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



\'hen the po l~mi l ine  content increased, percolation of poljmiline conducting domains is 

achieved and the electrochemistry is more pronounced. The cyclic voltammograms of the 

PANI(20%ut)-Nafion and PANI(25%\.t)-Nafion were not obtained due to the poor 

adhesion of the films to the Pt electrode. The 20 \\t% and 25 \vt% films were observed to 

peel off the electrode ~vhen  immersed in the electrol$te solution. Furthermore, the 

PAN1(15%~\-t)-Nafion. PANI(20%w-t)-Nafion and PAN1(25%~-t)-Nafion solutions were 

observed to precipitate upon standing and films cast from these solutions showed 

significant phase segregation as s h o w  in Figure 5.3. This figure sho~vs  a picture of a 

t 
film cast from a PANI(1 5?/0n-t)-Nafion solution. Discrete regions of polyaniline (dark) 

and Nafion (clear) are clearly obsewed. 

A proposed morphology of the PANI-Nafion composites can be represented by 

Figure 5.4. With sufficient polyaniline content, the polymer is interconnected to form a 

conducti\,e network in the composite. 

- - -  

. . *  I .  

I 
I 

Figure 5 . 1  Proposed rnorpholog. of  PANI-Nafion composites ladopted frorp Ref. 621 

I 



Figure 5.3 Optical micrograph of a PANl(lS%wt)-Nafion composite films. 



5.2.3. Conductivity of PANI-Nafion Composites 

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%w-t)-Nafion composite was cast onto the 2-band 

electrode so that the polymer film spanned both electrodes. The electrical connectivity of 

the two electrodes through the polymer film \\as determined by performing cyclic' 

voltammetry on the electrodes. First. a cyclic voltammogram was obtained by making 

one of the band electrodes the ~vorking electrode (Figure 5.5(b)). Then another cyclic 

voltammogram was obtained by making the other electrode the wo;king electrode (Figure 

Figure 5.5 Cyclic voltammograms of a PANI(15•‹/owt)-Nafioncomposite film on a two-band electrode 
in 0.5 hl HLSO, at a scan rate of 100 mV/s (a) Electrode I 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 t~t .0  band ele,ctrodes were then connected together as  the Lvorking electrode and a 

cyclic voltammogram was obtained. Figure 5.5(a) shows the cyc'lic voltammogram 

obtained Lvhen the two electrodes were used simultaneously as the Lvorking electrode. 

The charge passed is almost twice as large as those obtained for the indi~ridual electrodes. 

I t  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 pm distance between the two electrodes. Nevertheless, 

as will be sho~vn later in this thesis, the films are sufficiently conductive over micron 

dimensions that they can sen.e as conductive matrices for electrocatalysis. 

5.3. Effect of Nafion Content on Film Permeability 

The motit,ation for the addition of Nafion into the matris \\.as to increase the 

permeability of the matrix totvard oxygen. The permeability of a series of PANI-Nafion 

composites with different Nafion contefit was studied using a Pt disk substrate electrode 

as described in Chapter 4 (Section 4.2.). Rotating disk voltammetry was performed at the 

PAN-Nafion modified Pt electrodes in an 0 2  saturated 0.5 M H2SOA solution using 

rotation speeds bettveen 100 rpm and 900 rpm. 

Figure 5.6 shows the Levich plot for the reduction of oxygen at a PANI(S%wt)- 

Nafion and a PAN1(10%~-t)-Nafion composite modified electrode. Shown for 

comparison are the ,Le\.ich plots for 0: reduction at Pt electrode modified with 

camphorsujfonic acid doped polyaniline (PANI-CSA), a Nafion-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 tvas not carried out on these composite films. As expected, the bare Pt electrode 



exhibits the highest current density because the current is limited only by the rate at - 
which O2 is brought up to the electrode surface. The PANI(S%n-t)-Nafion film exhibits a 

very similar current density as a Nafion modified electrode which is not surprising since 

the PANI(S% wt)-Nafion film comprises mainly of Nafion (95%). The current density for 

oxygen reduction decreased as the polyaniline content is increased to 1096. The PANI- 

CSA film sho~ved the lowest rate of Oz reduction at Pt. This cle%ly sho~vs that 

polyaniline is less permeable to 0, 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. 

Figure 5.6 Levich plot for oxygen reduction at (a) bare Pt e l e c t r o d e , m  PAN1(S0/0wt)-Nafion, (c) 
Nafion, (d) PANl(lOO/~wt)-Nafion, (e) PANI-CSA, modified Pt electrode in O 2  saturated 0.5 M H2S0, ,  

P 

scan rate = 5 mV/s. 



A comparison of the permeability of these films may be obtained by plotting lli 

against llo"' as shown in the Koutecky-Levich plot (Figure 5.7) for O2 reduction at a 

PANI(5xb-t)-Nafion, a PANI(lO%hz)-Nafion , a PANI-CSA, a Nafion modified 
*, 

electrodes, and a bare Pt electrode. 

Figure 5.7 Koutecky-Levich plots for modified Pt electrodes constructed using data in Figure 5.6: (a) 
PANI-CSA, (b) PANl(lOO/'wt)-Nafion, (c) Nafion, (d) PAN1(S0/0wt)-Nafion and (e) a bare Pt 
electrode in O2 saturated 0.5 M H2S0,, scan rate = 5 mV/s. 

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

current and the O2 diffusion current through the composite films (Eqn. 1.7). 

[Eqn. 5.11 



Expanding Eqn.5.1 gives: . , 

[Eqn. 5.21 

Assuming that the kinetic current, i h ,  is large at high over-potential, andJlih is negligible, 

the permeability, DtCf, of the polymer composite films is inversely proportional to the 

intercept of the Koutecky-Levich plot. Therefore. .as can be seen from Figure W, the 

PANI-CSA has the largest intercept (i.e. lowest permeability) and with increasing Nafion 

content, the permeability was observed to increase. { 

5.4. Permeability of O2 Through PANI(lO%wt)-Nafion Films . 

The permeability of the PANI( I OO/ou-t)-Nafion composite films to~vards oxygen 

was investigated as a function of film thickness, d.  Further studies on the PANI(S%wt)- 
-4 

Nafion composite klms \\ere not performed because there was concern that there was 

insufficient polyaniline to form a homogeneous conductive network even though they 

show higher permeability compa d to the PANI(1 O%\LT)-Nafion films. P 
The permeability of a PANI(lO%wt)-Nafion film was studied using a bare Pt 

rotaiing disk electrode as previolrsly described, and voltammetry was performed using 

PANI(lO%wt)-Nafion films of thickness 1.4 pm, 2.2 pm, 2.7 pm, 3.4 pm and 4.1 pm. 

Figure 5.8 shows the Levich plots of these PANI(lO%\ct)-Nafion modified electrodes 

obtained from the rotating disk voltammetry in 0.5 M HzSOj saturated with Oz. It can be 
/- 

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

thickness due to the diffusion limitation of 0; through the composite films. 

. . 



0'12 ((rad/s)v2) 

Figure 5.8 Levich plots of PANI(1O0/~~t) -Naf ion films with vary in^ film thickness, (a) 1.4 prn, (b) 2.2 . - 

pm, (c) 2.7 prn, (d) 3.4 pm, (e) 4.1 pm, in O2 saturated 0.5 M H,SO,. 

Figure 5.9 Koutecky-Levich plots of PANI(lOO/~wt)-Nafion films with varying thickness, (a)4.1 pm, 
(b) 3.4 pm, (c) 2.7 pm,  (d) 2.2 pm, (e) 1.4 pm. O2 saturated 0.5 M H2S04. .. 



The permeability. DfCf. of the PANI(I  ~ % ~ - t M a f i o n  films towards 0 2  can be obtained by 

plotting l/i v s  I / u ' ~  (Koutecky-Levich Plot). These rvere 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 Oz diffusion current, were 

- then plotted against the film thickness (Figure 5.10). From the slope. the permeability of 

' the PANI(lO%\~t 4 - afion composite film \vas determined to be 1.74 x lo-'' mol cm-' s-I. 

Comparing this value with the one obtained for carnphorsulfonic acid doped polyaniline 

film (1.-18 x lo-'' mol cm-' s-I). incorpoation of Nafion into the film resulted in a 47% 

increase in permeability. 

Thickness (pm) 

Figure 5 .10  Plot of l / i  (obtained frorn'the intercept o f  the Koutecky-Levich plot) vs. thickness o f  the 
PANI(IOO/~wt)-Nafion films. 
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Table 5.1 Permeability o f  oxygen in several media 

Reference 

6 3 

64 

.65 

PTFE 

20 
I 1 I t 

Table 5.1 shows the permeability of 0 2  in different media as a further comparison. There 

20 

is a large variation in the permeability of O2 in Nafion in the literature. This is largely due 

3.7 

PANI-CSA 

to the difference in morpholog of Nafion, e.g.. recast films vs. membranes. A recast 

67 

1.18 I this work 

P A N (  1 O%u-t)-Nafion 

Nafion film is obtained by casting Nafion solution onto the substrate electrode whereas 

Nafion membranes are prepared by compression molding under elevated temperature. 

1.74 - 

Furthermore, different research groups use different methods for determining t h e  

thickness of the Nafion film. In the case of Nafion membrane, a micrometer can be u! sed 

this work 

to determine the thickness. Howe~ter, 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 Na5on used. This allows only an estimate of film 

thickness and leads to discrepancies rn the permeability value obtained by different 

research groups when different estimates of densities of ~ a f f o n  are used. For example, 



Watanabe et 01. [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-I. 

Alternatively, Gottesfeld el al. [64] took the swelling of the Nafion film in aqueous 

solution into account and assumed a hydrated Nafion density of 1.58 g ~ m - ~ .  For the 

PANI(1 O%wt)-Nafion composite, the density was estimated using a direct ratio of PANI 

and Nafion densities. Assuming 1.3 g for the density of PANI [19]. and 1.98 g cm" 

for the density of Nafion, the density of PANI(lO%wt)-Nafion composite was calculated 

as follow: 

This density value kvas used to determine the permeability of PANI(lO%u.t)- 

Nafion films and a value of 1.7 s lo- ' '  mol cm-I s-'  was obtained. If 1.58 g cm-3 was used 

for the density of Nafion, the density of PANI(lO%wt)-Nafion would be 1.55 g cm-3 and 

the permeability of the PANI(lO%\\?)-Nafion composite calculates to be 2.1 x lo-'? mol 
0 

- I  - I  cm s accordinglj.. 

Comparing the permeability of the PANI(l0 &.I%)-Nafion composite with the 

aqueous acid (0.5 M H'SOJ), it is about 1/10 of the permeability of H2S04; however, the 

PANI-Nafion composites appear to have a permeability towards Oz 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% wlw). The permeability of Oz through 



these PAN-Nafion composites was studied and it was found that the higher the Nafion 

content, the higher the permeability of Oz through the composites. However, phase 

segregation was observed in the composites with PANI weight content greater than 10% 

and the mechanical stability of films cast from the high PANI content solutions was very 

poor. Permeability studies kvere focused on the PANI(lO%k;t)-Nafion composit~,su&id it 
$ 

was determined to be 1.7 x lo-'' mol cm-' s-' which when comparing with the 

camphorsulfonic acid,doped polyaniline (PANI-CSA), shows a 47% increase. It has also 

been sho~vn that the permeability of the PANI(lO%wt)-Nafion composite is in the same 

orcer of magnitude as NafioR. 



Chapter 6 

Methods of Incorporating Pt into PA-NI-Nafion Composites 

6.1 Electrochemical Deposition of  Pt 

Pt microparticles were deposited into PANI-Nafion films cast on electrodes by 

electrochemical reduction of K,PtCI, 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 

bj, PANI-NafionIPt. The presence of Pt was confirmed by Auger Electron 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-NafiodPt electrode was also determined by Auger 

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

6.1 sho~vs the depth profile of this electrode. 

Sputtering Time (rnins.) 

Figure 6.1 Depth Profile of a PANI-NafionIPt electrode obtained by 
Carbon, (b) Fluorine, (c) Platinum. 

40 

Auger Electron Spectroscopy, (a) 



The Pt signal decreased to undetectable level after 12 minutes of sputtering. The fluorine 

signal, codsponding 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-NafiodPt electrode was studied using 

rotating disk voltammetry as previously described. Levich plots for O2 reduction were 

obtained from t ta. Figure 6.2 sho~vs the Levich plot for oxygen reduction reaction in 

0.5 b1 H2S0, at a PANI-Nafion modified electrode onto which 3.1 pg/cm2 of Pt was 



Figure 6.2 Levich plot for oxygen reduction at a PANI-NafionIPt modified glassy carbon electrode in 
0, saturated 0.5 IM H,SO,, scan rate = 5 mV/s, film thickness = 2.4 y m ,  Pt loading = 3.1 pglcm'. 

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 plat would be 

expected. The cumature 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 shoun in Figure 6.3 which shows Levich plots for oxygen 

reduction at a PANI-Nafion/Pt and a PAN-CSAlPt modified glassy carbon electrode. In 

both,cases, Pt was deposited electrochemically and the Pt loadings were similar. The 

PANIICSA films are slightly thinner but this should be irrelevant because Pt is largely 



deposited at the surface as described in Chapter 4 so that the film does not impede 0, 

reduction. 

Figure 6.3 Levich Plot o f  (a)  PANI-CSAIPt (film thickness = 0.44 pm, 2 3  pg/cmZ);  (b) PANI-NafionIPt 
(thickness = 1.5 pm, Pt loading = -24 pg/cmz), in 0, saturated 0.5 M HzSO,, scan rate = 5 mV/s. 

Under these conditions, the PANI-CSAIPt film-& a much higher activity towards 0, 

reduction than the corresponding PANI-NafionlPt electfode even though an enhancement 
z \ 

in electrocatalytic activity was expected from the P A N I - ~ a t i o n  composite electrode due 

to the higher dispersion of Pt into the matrix:These 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. 



6.2 Addition of Platinum Black 

Although the method of incorporating Pt into the polymer film by the 

electrochemical reduction of K2PtCI, 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, i t  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 incerporated throughout the matrix. 
\ 

hloreo\w. electrochemical reduction of K,PtCI, may not be practical for large scale 

industrial applicatians 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 di\,ided 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(I0 wt %)-Nafion-Pt Black ( 1  1.9 pg/cm2) 

film. 



Figure 6.4 (a) SEM of a OANI(10 wt%) Nafion-Pt Black electrode 

90 



Figure 6.4 (b) TEM of a PANI(10 wt%)-Nafion-Pt Black electrode 



As seen in the TEM picture. tKe Pt black partides aggregate together to form bigger 

clusters of Pt ( 1  pm-7 pm) although the individual Pt black particles are very small ( 6 0 0  

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/cm2 of Pt black in N2 and 0, purged 0.5 M H,SO,. Oxygen reduction - .  

was observed under 0, 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 
4 .  
,- il 

* 
touching the surface of the glassy carbon electrode as a result of extensive sedimentation. 

c .  

As can be seen from the T E M  micrograph, i t  is possible that the large Pt clusters might 

ha\.e sedimented on the glassy carbon surface, and the oxygen reduction observed was 

due to these Pt clusters which ha\,e electrical contact to the current collector. O2 reduction 

can occur at these catalytic sites and this is likely the reason why 0, current was observed 

in the Nafion-Pt black composite film. In fact, if the Pt particles were dispersed 
4- # 

homogeneously through the film, no 0, reduction should be observed because the catalyst 

would be electrically isolated. 



i; 
Figure 6.5 Cyclic voltarnrnogram of  ~ a f i o n - P t  Biack modified CC electrode (Pt loading = 25 pg/crn2, 

- .  
thickness = 5.7 prn) in 0.5 M H,SO,, (a) under 0, and (b) under N,, scan rate = 5 mV/s. Nation-Pt '.,L2 

black composite was prepared by mixing Pt black and liquid Nafion (5 wt%. EW1100). %&* V 

Following this preliminary experiment, the same Nafion-Pt Black slurry solution 
/ 

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

determine the effect of P A N .  The components bf this mixture were controlled to yield a 

PANI(1O ~t %)-Nafion composite solution. Electrodes modified by solution casting of 

this PANI-Nafion-Pt Black composite are denoted by PANI(1O wt %)-Nafion-Pt Black. 

Figure 6.6 shows the C ~ C ~ C  voltammogram of a PANI(l0 wt %)-Nafion-Pt Black 

electrode under N, and 0,. 



Figure 6.6 Cyclic voltammogram of PANI(IOO/' wt)-Nation-Pt Black modified CC electrode in 0.5 h.1 
H,SO,, (a) under N,, (P) under 0,. Pt loading = 11.9 pg/cm2, thickness = 3.1 pm , scan rate = 5 mV/s. 

The cathodic potential limit was set at +0.6V vs. SCE to minimize the degradation . 

of polyaniline. The redox peak at - +O. 15V, due to the polyaniline, was observed both in 

the Nz and 0, environment. However. the calhodic current in the 0, environment Lvas 

i 

much higher than in the N2 environment. This is due to reduction of oxygen at Pt black ' 

particles. Comparing this electrode with the Nafion-Pt Black electrode, the increase in 



5 .  n 

cathodic current due to ox>.gen reduction is higher the PANI(1O w.t %)-Nafion-Pt black ,)? 
modified electrode. I t  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 

addition of conducting polyaniline. the oxygen reduction reaction at the Pt clusters at the - 

elassy carbon substrate can still occur. but at the same time, the smaller aggregates Lvere 
L 

also being connected electrically to the current collector by the polyaniline, and hence 

os>.gen reduction can also occur at these Pt particles. Therefore. the addition of 

poljaniline enhances the Pt utilization and the cathodic current observed for oxwen  

reduction \vas higher than the Nafion-Pt Black modified electrode 

The sedimentation and aggregation of Pt black particles in solutions of Nafion 

that \Yere observed might indicate that the quantity of Pt is too high to attain stable 

b 

dispersions. A smaller quantit\- of Pt might reduce the estent of aggregation of Pt black 

particles, and 'increase the acti\.e surface area of the catalyst. Therefore a series of 

solurions \vith different Pt black loading were prepared. Figure 6.7 shows the cyclic 

\oltammograms of a series of Nafion-Pt black modified electrodes in the presence of 0, 

The cyclic voltammograms show that the oxygen reduction current decreases with 

decreasing loading as expected. Oxygen reduction reaction lvas still obsen.ed at loading 

as low as 4.5 i.ig/cm' but the cathodic currents were much smaller and the overpotential 

for 0, reduction are quite large 

* 



Figure 6.7 Cyclic voltammogram of PANI-Nafion-Pt Black with the following Pt Black loading: (a) 
1.5 pg/cm2. (b) 9.1 pg/crnl, (c) 13.6 pg/cm2, (d) 18.1 pg/cm2, in 0, saturated 0.5M H2S0,, scan rate = 5 
m V/s. 

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 pol\.aniline sho~vs  that the presence of polyaniline enhanced the utilization of . 



Pt black due to its electrically conducting nature which provides a mnductive pathway 

for the smaller Pt aggregates. 

6.3 Chemical Reduction of K2PtCI6 in Solutions of Nafion 

In addition to simple mixture of Pt black with commercial solutions of Nafion, 

other methods of incorporating Pt ha\.e been published in the literature. For example. 

Xlillet el 01. soaked a Nafion membrane in a solution containing a cationic Pt precursor, 

Pt(NH,),CI, [68]. The H' in the Nafion membrane ion-exchanged with Pt(NH,),CI, which 

was subsequently chemically reduced by NaBH, to Pt metal. The amount of Pt deposited 

is relati\.ely small. In the present study. K,PtCI, was first reduced in a commercial 

solution of Nafion and the resultant suspension mas added to a pol>.aniline solution: 

K,PtC1, was dissolved in a commercial solution of Nafion which contains water and 
k 

aliphatic alcohols. The solution n-as rcfluxed for one hour. during \\hich K,PtCI, was 

reduced to Pt(0) by the reducing pon.er of the alcohols. A grey 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 

PAN1 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 

s h o w  the TEh,I and SEM micrographs of PANI(l0 ~t %)-Nafion-Pt films prepared by 

depositing Pt chemically in liquid Nafion prior 12 doping of PANI. The SEM picture 



indeed indicates that the Pt particles are distributed homogeneously in the matrix The 

size of the particles range from 1 pm-3 pin From the TEM picture, it can be obsewed 

that the larger particles observed in the SEM micrographs are actually composed of 

smaller spherical particles (-1 00 nm in diameter). In comparing these micrographs with 

those obtained on films prepared by simple mixing of liquid Nafion-PAN1 with Pt black 

and subsequent solution casting (Figure 6.4), it is clear that the aggregate size of Pt 

particles is smaller compare to the Pt black aggregates. Furthermore. the Pt particles 

appsa'r to be more homogeneously d ishrsrd .  
\ 



Figure 6.8 (a) SEM of PAN1 (10 wt O/O)-Nafion-Pt electrode. 



Figure 6.8 (b) TEM of PAN1 (10 wtOh)-Nafion-Pt electrode. 



The depth profile of Pt in the PANI-Nafion-Pt electrode Lvas also determined by Auger 
* 

electron spectroscopy by continuous sputtering of the film with an Ar* ion beam. Wizh , . a 

Pt loading of 3 vg/cm2. 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 ui th  

the PANI-NafionIPt sample (Figure 6.1), the thickness of the PANI-Nafion-Pt sample is 

much thicker than the PANI-NafiodPt sample (it only took 42 minutes to sputter through 

the PANI-NafionIPt sample). With similar Pt loading (-3 Clg/cm') in both cases. the Pt 

signal was observed in the PANI-NafionTt sample because most of the Pt particles were 

situated in the top 30% of the total film thickness. In the case of PANI-Nafion-Pt, the Pt 

signal is below the detectable limit \\hich indicates that the Pt particles were 

homogeneously dispersed throughout the film, i.e. the concenfration of Pt across the total 

thickness of the film is consistently low. This could be illustrated by the concentration 

gradient of Pt in a PANI-NafiodPt electrode and a PANI-Nafion-Pt electrode (Figure 
L 

; 

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

dispersed throughout the polymer composite matrix 

Distance from polymerlelectrolyte 
interface (cm) 

Distance from polymerlelectrolyte 
interface (cm) 

Figure 6.9 Pt concentration gradient in (a) a PANI-NafionIPt electrode, (b) a PANI-Nafion-Pt 
electrode. 



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. 

Figure 6.10 Cyclic voltammograms of a Nafion-Pt modified electrode (thickness = 8.5 pm, Pt loading 
= 34 pg/cm2) electrode (a) at 900 rpm (solid line) and (b) at 0 rpm (dotted line) in 0, saturated 0.5 M 
HISO,, scan rate = 5 mV/s. 

The electrocatalytic actiivity towards 0, reduction is observed to be negligible. 1 

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 6.1 1 shoivs the rotating disk voltammogram of a PANI (10 wt %)-Nafion- 
B 

Pt modified glassy carbon electrode under the same conditions (the Pt loading and the 

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

cathodic potential was set at +0.6V ~ ( s .  SCE in order to minimize degradation of 
i 



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 PAN1 Lvas absent 

900 rpm 

I 
0 rpm 

Figure 6.11 Rotating disk voltammograms of a PANI-Nafion-Pt electrode (thickness = 9.3 p n ,  Pt 
loading = 33 pglcm') in 0, saturated 0.5 M HISO,, scan rate = 5 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 
* 4 

homogeneously dispersed into an electronically insulating matrix. The effect of 

into-rporating a conducting polymer into the matrix in order to facilitate electrical 



connectivity betkveen Pt particles was fo r id  to be very dramatic in this case. Figure 6.12 

shokvs Levich plots for oxygen reduction at a PANI(I0 kb-t %)-Nafion-P[ electrode 

prepared by casting of PANI(I0 ~ b - t  96)-Nafion-Pt composite, in comparison with a 

PANI(I0 u-t %)-Nafion-Pt Black electrode. in which Pt was deposited by simply mixing 

of Pt black and Nafion solutions. 

d n  (( radls) la) 

Figure 6.12 Levich plot for oxygen reduction at (a) PANI-Nafion-Pt Black electrode (thickness = 3.1 
pm, Pt loading = I 1  pg/cm2); (b) PANI-Nafion-Pt electrode (thickness = 3.1 pm, Pt loading = 1 1  
pg/cm2), in 0, 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 

to~vards osygen reduction reaction after incorporating the conducting polymer is almost 
. 

identical fbr the two electrodes. The difference in electrocatalytic activity towards oxygen 



reduction bet~veen 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 Lvhereas 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 higher electrocatalytic activity towards 

oxj.gen reduction than the Nafion-Pt electrodes. Ho~vever, upon incorporation of 

conducting polyaniline. electrical connectivity between the Pt particles and the current 

collector is established in either case and therefore the electrocatalytic acti\.ity of the 

P.431-Safion-Pt electrodes and the PANI-Nafion-Pt Black electrodes is similar. In 

situations Lvhere mass transport to the p61ymer films is increased. such as in fuel ccell 

application. i t  is exp~c ted  that the PANI-Nation-Pt electrodes ~ v i l l  out-perform the PANI- 
i* I 

- * 

Nafion-Pt Black electrodes for similar Pt loadings because the Pt ~LPANI-Niifion-Pt 

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

the catalyst u i l l  be larger. 

6.1Discussion of  the Electrocatalytic Activity of the Modified 
b 

Electrodes Studied 

The chemical reduction of K,PtCI, in Nafion solutions yields a homogeneous 

suspension of Pt particles in the PANI-Nafion compowe solution. Electrocatalq~tic films 

obtained from this solution mixture consist of Pt homogeneously dispersed throughout 



the matrix as illustrated by the SEM micrograph in Figure 6.8. therefore a three 

dimensionallj. dispersed catalytic system was achieved. The e le~t roc~ta ly t ic  activity of 

this electrode (PAN-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 PAN-NafionfPt electrode (Pt electrochemically deposited on a 

precast PANI(l0 ui %)-~afion-film); and a PANI-Nafion-Pt electrode (Pt incorporated 

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

Figure 6.13 Levich plot for (a) PANI-CSA/Pt (film thickness = 0.44 pm, 23.1 pg/cm'); (b) PANI- 
Nafion-Pt (thickness = 3.1 pm, Pt loading 21 pg/cm2); (c) PANI-NafionIPt (thickness = 1.5 pm, Pt 
loading -24 pg/cm2), in 0, saturated 0.5 M HISO,, scan rate = 5 mV/s. 

As described previously, the Levich plot for oxygen reduction at the PANI-CSA 
-4 

modified electrode ~vi th Pt localized mainly at the polymerlelectrolyte interface (Section 

3.1 .) is linear showing that the oxygen is not impeded by the polymer film. The PANI- 



7 * 

Nafion-Pt electrode containing homogeneously dispersed Pt yields a Levich plot which 
b 

deviates from linearity at higher rotation rate. This is expected in a polymer modified 
. -  

electrode where the reactant has to diffuse through the polymer f%n in order to reach the' 

catalyst particles in the matrix. At low rotation speeds, the elecirocata~~tic  current for 0, 
C 

reduction at the PANI-Nafion-Pt is cqmparable to, if not higher than. the PANI-CSAIPt 

modified electrode. This indicates that the area of the Pt particles available for oxygen 

reduction rpaction may be larger in the PANI-Nafion-Pt electrode. Honever. at higher 

rotation rates. the limiting current for oxygen reduction reaction on the PANI-Nafion-Pt - - 
# 

electrode becomes smaller than that &I PANI-CSAPt electrode because the current is 

limited by the diffusion of oxygen through the composite film in the PANI-Nahn-Pt  

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

limitation'of oxygm in the PANI-CSNPt modified electrode. 
. a 

The low electrocatalytic activity for 0, reduction at the PANI-NafiodPt electrode 
k 

in \i.hich Pt was incorporated by electrochemical deposition into a precast PANI-Nafion 

film is an unexpected result especially since the PANI-Nafion-Pt electrodes in \i.hich Pt is 
e 

deposited ~he~rnically yields high catalytic activity. I t  is noted that the matrix for these 

t ~ v o  modifying films are identical, the only difference is in the method of incorporating Pt 

into the matrix. I t  has been pretiously documented that the 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 Lvere deposited by the electrochemical reduction of K2PtCI, into a 

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

polyaniline fibrils. The particles were found to be spherical, - 100 nrr: in diameter and 



quite narrow in size distribution. In our kvork, as observed by TEM micrographs of PANI- 

Nafion-Pt films in Figure 6.8. the size of the Pt particles/clusters varied considerably (100 
J 

nm - 4 p m )  due to the aggregation of small particles (-100 nm). Some of the larger Pt 

clusters may span across large regions of the film. 

The proposed spatial distribution of Pt particles in a PANI-NafionIPt electrode in 

which Pt is electrochemically deposited is represented by Figure 6.14. 

- Poly mer/Electrolyte 
Interface 

- Pt particles 

- Polyaniline 
region 

/-- 
Nafion region 

Poly mer/Electrode 
Interface 

Figure 6.11 Proposed spatial distribution ,of Pt in a PANI-NafionIPt 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. 

Therefore the Pt particles deposited inside these' polyaniline regions h a w  no direct 

exposure to Nafion which is important in enhancing 0: diffusion through the film. 

In the case of chemical incorporation of Pt, Pt (IV) is reduced in Nafion solution 

and the particles are smaller. and the composite solution is less prone to sedimentatton. 

.4s a result. Pt clusters!particles distribute more homogeneously in the matrix. The 



proposed spatial distribution of Pt in a PANI-Nafion-Pt electrode is represented by Figure 

Figure 6.15 Proposed spatial distribution of Pt in a PANI-Nafion-Pt electrode (electrode prepared by 
reducing K2PtCI, chemically in Nafion solution prior to doping of  PASI) .  

In order to design catal)~ic s>.stems u.hich facilitate efficient electrochemical 

reactions. the catalyst'electrol te'reactant interface needs to be maximized. Since 

electrochemical reactions have to occur at this three-phase interface, and no reaction will 

occur ~ . i t h o u t  either one of the three phases. In the oxygen reduction reaction studied in 

this \vork, the catalyst, Pt. the electrolyte. H,SO,, and the reactants, proton and oxygen, 

ha\.e to come together for reaction to occur. In this case. the 0? permeability in Nafion is 
I 

much higher t h n  in PAN1 (Table 5.1). Therefore. i t  is advantageous to ha\,e Pt particles 

located in close proximity to the Nafion. Ho~vever, in the PANI-NafiodPt electrode in 

- PolymerlElectrolyt 
e Interface 

- Pt particles 
/ aggregates 

/- 
Polyaniline region 

- Nafion region 

Polymer/Electrode 
lnterface 

Lvhich Pt is incorporated in an electrochemical step, the Pt particles are assumed to be 



located mainly inside the PANI region and therefore may not be in direct contact tvith 

Nafion. Although the permeability of the PANI-Nafion composite is higher than the pure 

PANI-CSA pol>.mer. O2 still has to diftiise through the less diffusi\.e PANI regions to 

reach Pt catalyst. In contrast. Pt particles incorporated by chemical reduction in Nafion 

solution. aggregate to form relatively large clusters of 1-4 pm in size. These are of 

sufficient size to span both Kafion and conductiw PAN1 regions (Figure 6.15). Those Pt 

particles in contact with PANI and in close proximity to Nafion will yield the highest 

t 
electrocatalytic activity because both electrical connectivity and O2 permeability 

% requirements are met. I t  is clear that the electrocatalytic acti\.ity is strongly affected by 

the method of catal>,st deposition and the spatial distribution of the catal>.st in the matrix. 

Thus some catalytic films arc \.cry active ~ i -h i le  others are not, e\.en though the chemical 

con~positions of the ~ x i o u s  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 \vex deemed the most promising candidate as 

catalytic matrix for oxygen reduction. In order to utilize these electrodes in any industrial 

application. they must eshibit reasonable stability for an extended time. Therefore the 
I 

stability of the PANI-Nafion modified electrode containing chemically deposited Pt was 

in~.sstigated. Figure 6.16 shows the stability cun,e of a PANI-Nafion-Pt electrode. The 

potential of the electrode Lias cycled bet~veen +0.6 V and 0.0 V (vs. SCE) at 5 mVls 

repeatedly in an 0, saturated solution and the rotating disk electrode \vas rotated at 900 



rpm throughout the experiment. In Figure 6.16. the y-coordinate is the ratio of the 

limiting current measured at time t and the limiting current measured at time t=O, i.e., i/i,. 

The current \\as observed to decrease steadily with time. This +gradation could be due 

to several factors: ( i )  degradation of  the polymer and hence the degradation of the 
&= 

conductive network; (ii) poisoning of the Pt particles by the small organic contaminants 

from the pol>mer; (iii) ph>.sical l o s ~ o f  Pt upon continuous rotation. 

Time (hours) 

Figure 6.16 Stability plot of PANI( lOO/~~t) -Naf ion-Pt  electrode with continuously cycling between 
+0.6V and O.OV (SCE) at 5mC'/s, rotated at 900rpm, in 0,saturated 0.531 H,SO,, i, = 1.6 mA/cm2. 

In order to examine the effect of the rotation on the physical loss of Pt, a stability 

test ivas carried out ivith a glassy carbon electrode with Pt deposited on i t .  The electrode 

Lvas again cj.cled bet~veen +0.6V and O.OV vs. SCE and i t  was rotated throughout the 

experiment. Figure 6.17 s h o w  the stability plot (under similar conditions as used for the 



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

electrochemically deposited. 

Time (hours) 

Figure 6.17 Stability curve of  a G C I P t  electrode with continuously cycling between +0.6V and O.OV 
(SCE) at  SrnVIs, rotated at 900 rprn, in 0, saturated 0.5M H,SO,, i ,  = 2.7 rnAlcrn2. 

Similar1 to the PAXI-Nation-Pt modified electrode, the current decreased steadily to 

90% of the original current after 1.5 hour. Since the GCIPt 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 PAXI-Nafion-Pt electrode was studied again under quiescent condition. Figure 6.18 

s h o w  the stability c u n e  of the PANI-Nafion-Pt modified glassy carbon electrode 

continuousl c>.cled bet~seen -0.6 V and 0.0 V at 5 mVis in 0, saturated 0.5 h.1 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. Ho~vever. the degradation of polyaniline andlor the 
4 

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

in industrial applications, - d 

T i e  (hours) 

Figure 6.18 Stability plot of a PANI(IOO/~wt)-Nafion-Pt electrode, with continuously cycling between 
+0.6C' and 0.0 \.:(SCE) at 5 mV/s, in quiescent 0,saturated 0.5 M H,SO,, i, = 0.36 m ~ l c m ' .  

6.6 ConcCusions 

Three different methods of incorporating Pt into polyanilins-Nafion composites 

were discussed. I t  Lvas 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 gro\v ivithin the polyaniline regions and hence may not be in direct contact with 

Nafion, for which O2 permeability and proton conductivity are much higher. Therefore, 

although the Pt particles deposited electrochemically are found to be dispersed to a 

greater rstent into the PANI-Nafion composite films, as compared to the pure PAN1 

films, the electrocatalytic activity towards oxygen is poor. Pt black Lvas also studied as a 

prospective catalyst, but i t  was found that Pt black aggregates tend to precipitate and 

settle onto  he surface of the substrate electrode. A new method of incorporating Pt into 

the con~posite tvas dei.eloped in our laboratorjf. Pt was deposited in Nafion solution by 

chemical reduction of KIPtCIb. This sus&nsion was then used to dope polyaniline base. 

The resulting PANI-Nafion-Pt mixture kvas found to be a promising candidate to~vard 

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

studied and shon.s electrocatal\.tic acti\.ity e\,en after 300 hours of use. 



SUMMARY 

In this ~vork, $olyaniline has been investigated as a host matrix for Pt in. the 

electrochemical reducjion of oxygen. The electrocatalytic~activity has been e\alurtted and 

several conclusions can be made: "- 

I)  Electrochemical deposition of Pt onto PANI-CSA films results in localization of Pt 

C 

particles on the top surface of the polj.mer. This is likely due to the compact 

morphology of the chemically s1,nthesized PAN1 and the inability of K,PtCI, to 

penetrate the bulk of the polymer f lm on the timescale of the electrochemical 

reaction. 

2 )  For similar Pt loadings. the electrocatalytic activity for 0: reduction is higher for 

PANI-CSA!Pt electrodes than for Pt deposited on a bare glassy carbon electrode. This 

indicates a higher acti\.e surface area of the catalj.st in the polymer modified 

electrodes; ho~vever. since Pt is localized ~ i i t h in  30-40 nm of the polj,mttr surface, i t  

is unlikely that this distribution of Pt nould provide the largest surface ares'gram of 

catalyst. 

3) Rotating disk voltammetry shoivs diffusion limitation of 0, through the PANI-CSA 

films. The permeability of 0, through the PANI-CSA films lvas determined to be 

1.18 x 10." mol cm.' s-' ivhich is only about 1120 of the permeability of 0, in 0.5 hI 

4)  Polyaniline-Nafion composites were prepared to improve the permeability of the 

matrix for oxygen. The permeability of PANI(lO% ~i-t)-Nafion films was determined 

to be 1.71 x 10." rnol cm-'  s". showing a 47% increase in permeability compared to 



PANI-CSA. Moreover. i t  is in the same order of magnitude as the permeability 

through a Nafion film. 

5 )  Pt deposited electrochemically into the PANI-Nafion films \i.as found to disperse into 

the matrix to a greater extent than in PANI-CSA films; ho~vever. the electrocatalj.tic 

acti~.ity of this electrode was found to be much smaller than that of the PANI-CSAIPt 

electrode. It is postulated that the, low activity of the PANI-NafionPt electrode is due 
d 

to the nature of Pt growth in the composite matrix. Pt was assumed to deposit in the 

PANI regions restricting access to oxygen. 

6)  A chemical method of reducing K,PtCI,, in Nafion solution u a s  de\,eloped by making 

use of the reducing pon.er of the alcohols present in the Nafion solution. 

7)  The PANI-Nafion-Pt composite solution >,ields polymer modified electrode system 

m.ith Pt homogeneousl> dispersed throughout the matrix 

8)  The electrocatalytic activity of the PANI-Nafion-Pt electrode \vas found to be similar 

to that of the PANI-CSA,'Pt electrode. 

9 )  The difference in performance of the elcctrocatalytic activity bet\veen PANI- 

Nafion'Pt electrode and PANI-Nation-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 Kafiun. 

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 ivas still elsctroacti\.e after 300 hours 



From the above results. it can be concluded that the PANI-Nafion con~posite has 

potential application in Hz/Oz fuel cells "as a matrix for the catalyst layer. The chemical 

reduction of K2PtCI, 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 carbob 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 ~i.ith rotating disk voltammetry; therefore one cannot fully 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 obsen,ed under operating fqel cell conditions. I t  is also 

, 
necessary to determine the lifetime of these eltxtrocatalytic layers in the demanding 

conditions of fuel cell operation. 
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