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Sabino Jose Menolasina Monrreal

The applications of ultramicroelectrodes have had an impact on applied 

electrochemistry in the last fifteen years due to their high immunity to ohmic drop 

phenomena and the high mass transfer obtained due to their small size.

In the present work, carbon and gold ultramicroelectrodes, 4 and 5 pm in 

radius respectively, were prepared and characterised using electrochemical 

techniques and scanning electronmicroscopy (SEM). It was found that a good 

quality seal, can be obtained by chemical treatment of the carbon fibres.

Ultramicroelectrode studies of underpotential deposition (upd) of lead were 

carried out. A monolayer of lead and Au-Pb alloys are formed simultaneously in the 

upd region.

Ultramicroelectrode studies of the oxidation and reduction of hexacyano- 

ferrate couple have shown that the electrochemical process is affected by the 

concentration of the KF supporting electrolyte. Determination of the rate constants 

for the hexacyanoferrate couple for the free (unpaired) anionic species seems to be 

impossible. Even at the lower concentrations and after correction for double layer 

effects, the reaction is still dominated by ion pair effects.

The oxygen reduction reaction was investigated using Pt polycrystalline 

ultramicroelectrodes and Pt modified carbon ultramicroelectrodes. The mechanism 

of oxygen reduction to water, seems to be dependent on the mass transfer 

conditions and the roughness of the electrode surface.



A cknowledsements

I would like to express my gratitude to my supervisor Prof. L.M. Peter for 

his guidance and advice over the last three years.

Many thanks to Dr. Jason Riley, Dr. Mike Bailes for their support and help 

in some stages of my studies.

Many thanks to all my laboratory colleagues who shared bad and good 

moments with me during the last three years.

Many thanks to the glassblower Mr. M. Lock for his help during the 

preparation of the first ultramicroelectrodes and for making innumerable 

ultramicroelectrodes after that.

I wish to thank Zoraida, my wife, and my children for their encouragement 

and understanding during this work and for keeping me in good spirits. I would 

like also to thank David Fermin, Enrique Millan, Dr. Jose Miguel Ortega and Dr. 

Carlos Ponce de Leon who in different ways contributed in encouraging me during 

these years.

Finally, I would like to acknowledge the Universidad de los Andes for giving to me 

the opportunity to do my studies abroad, and also the Cosejo Nacional de 

Investigaciones Cientificas y Tecnologicas (CONICIT) for their financial support.



Table of Contents

Page

CHAPTER 1: Theory and Applications o f ultramicroelectrodes

1.1. Introduction 1

1.2. Diffusion to disk ultramicroelectrodes 3

1.2.1. Semi-Infinite planar disk electrode 4

1.2.2. Spherical electrode 5

1.2.3. Inlaid disk ultramicroelectrodes 6

1.3. iR drop 8

1.4. RC constant 13

1.5. Small size 14

1.6. Applications o f ultramicroelectrodes 15

1.6.1. Applications in electroanalysis 15 

1.6.2 Applications in electrosynthesis and

electrochemical kinetics 17

1.6.3. Applications in electrocrystallisation studies 19

1.6.4. Applications in Bioelectrochemistry 20

1.7. Disadvantages o f microelectrodes 21

1.7.1. Instrumentation required to measure low currents 21

1.7.2. Characterisation andfragility 22

1.7.3. Poisoning o f the microsurface 23

1.7.4. Changes in the physicochemical characteristics 23

References 25

CHAPTER 2: Preparation and characterisation o f  ultramicroelectrodes

2.1. Preparation o f ultramicroelectrodes 30

2.1.1. Introduction 30

2.1.2. Carbon ultramicroelectrodes 33

A. Properties o f carbon 33

B. Preparation o f ultramicrodiscs from carbon fibre 36



2.1.3. Platinum ultramicroelectrodes 40

2.1.4. Gold disk ultramicroelectrode 40

A. Preparation o f gold ultramicroelectrodes 41

2.2. Experimental section 43

2.2.1. Chemicals 43

2.2.2. Electrochemical cell 44

2.2.3. Electronic equipment 45

2.3. Characterisation o f ultramicroelectrodes 47

2.3.1. Characterisation o f carbon ultramicroelectrodes 47

2.3.1.2. Scanning electronmicroscopy (SEM) 52

2.3.2. Characterisation o f platinum ultramicroelectrodes 54

2.3.3. Characterisation o f gold ultramicroelectrodes 63

A. Oxygen adsorption method 63

2.4. Conclusions 74

References 75

CHAPTER 3: Ultramicroelectrode studies o f underpotential deposition

3.1. Introduction 78

3.2. Experimental 85

3.3. Results and discussion 85

3.4. Conclusions 98

References 99

CHAPTER 4: Sudies o f kinetic parameters on ultramicroelectrodes

4.1. Introduction 102

4.2. The electrode-solution interface 103

4.2.1 Potential o f  zero charge on solid electrodes 104

4.3. Interpretation o f electrode kinetics 105

4.4. Low concentrations o f electrolyte 112

4.5 Electrochemical behaviour o f the oxidation o f feroocene and

its derivatives on ultramicroelectrodes 113

ii



4.6 Electrochemical behaviour o f the hexacyanoferrate couple 114

4.7. Experimental 116

4.8. Electrochemical study o f  ferrocene and some o f its derivatives 119

4.8.1. Diffusion coefficients 119

4.8.2. Voltammetry study in low concentration electrolyte solutions 121

4.9. Electrochemical study o f  redox couple Fe(CN)647Fe(CN) t  132

4.9.1. Diffusion coefficients 132

4.9.2. Capacitances vs. potential measurements 132

4.9.3. Supporting electrolyte dependence 133

4.9.4. Impedance studies o f the hexacyanoferrate couple 140

4.9.5. Conclusions 154

Appendix 4.1 156

Appendix 4.2 157

Appendix 4.3 158

Appendix 4.4 159

References 161

CHAPTER 5: Microelectrode studies o f electrocatalysis

5.1. Electrocatalysis 166

5.2. Fuel cell 167

5.3. Electrocatalytic oxygen reduction reaction 169

5.4. Experimental 172

5.4.1. Pt and carbon ultramicroelectrodes modified with Nafion® 172

5.4.2. Electrodeposition o f Pt on platinum substrate modified with 173 

Nafion® or polyaniline

5.4.3. Pt ultramicroelectrodes modified with poly aniline 173

5.5. Results and Discussion 174

5.5.1. Experiments on platinum as substrate 174

5.5.2. Experiments on platinum ultramicroelectrodes modified with 180 

Nafion®

5.5.3. Experiments on platinum modified carbon substrates 189

iii



5.5.4. Experiments on platinum ultramicroelectrodes modified with 204

polyaniline

5.6. Conclusions 208

References 210

iv



CHAPTER 1

THEORY AND APPLICATIONS OF 
UL TRAMICROELECRODES



CHAPTER 1

THEORY AND APPLICATIONS OF ULTRAMICROELECTRODES

1.1. Introduction

An ultramicroelectrode is defined as an electrode with at least one 

dimension small enough for its properties e.g. transport regime, to be a function of 

its size [1]. In practice electrodes ranging from 1 to 50 pm fall into this category. 

This kind of device was first developed for use in situ and in vivo electrochemical 

studies in biological tissues [2,3]. They were used 50 years ago for determining 

oxygen in animal tissue [2]. They are ideal as sensors in biological systems because 

their small size minimises damage to the surrounding tissue, and allows local 

concentrations to be examined. Until the early 1970s, most of the 

ultramicroelectrode voltammetric literature was related to the determination of 

oxygen in biological tissues and fluids. It was during that decade that 

ultramicroelectrodes began to be applied to the in vivo voltammetric determination 

of specific compounds present in the brain, called neurotransmitters [3], Although 

the advantageous properties of these small devices were recognized for many 

years, research in this area did not become very active until the late 1970s. 

Research carried out in the field of electronics, especially in the measurement of 

very small currents and the development of microstructural materials, have been 

important for construction and use electrodes of small dimensions. Fleischmann et 

al. at the University of Southampton [4,5], were interested in understanding 

electrode mechanisms under conditions of high current density, and they initiated 

and developed some theoretical aspects of the application of ultramicroelectrodes.

Ultramicroelectrodes with different geometries are widely described in the 

literature [6-9], The shape is an important factor in determining the properties of an 

electrode. Table I summarises the common types and figure 1.1 shows their 

diffusion geometries in the steady state. Smaller ultramicroelectrodes with 

dimensions less than 1pm are being increasingly used in areas as diverse as
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scanning tunneling microscopy (STM) [9], chemical kinetics [10], and 

electrophysiology [11]. However characterisation of the size, shape and 

configuration o f these ultrasmall electrodes is more difficult [12].

Table I

Type of 

ultramicroelectrode

Critical dimensions Geometry of diffusion field

sphere radius spherical

hemisphere radius spherical

disc radius spherical

wire radius cylindrical

line width cylindrical

ring width cylindrical

sphere hemispherical disk

line (band) Ringwire

Figure 1.1. Different types of electrodes with their respective 
diffusion geometries.
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The properties of ultramicroelectrodes, which have been exploited in many 

areas of the electrochemistry are:

1.- High steady state rates of diffusion. This behaviour permits the study of 

rapid electron transfer and fast coupled chemical reactions, using steady state 

techniques [13,14].

2.- Low iR drop, which allows the use of highly resistive media and very 

high speed cyclic voltammetry [15-17].

3.- Small RC time constant. When an ultramicroelectrode is used, the 

uncompensated resistance of the electrochemical cell will be inversely proportional 

to the radius of the ultramicroelectrode. Since, the capacitance is proportional to 

the area of ultramicroelectrode, the product RC will be proportioanal to the radius. 

The smaller r is, the smaller the RC time constant will be. This behaviour permits 

the study of fast electron transfer processes at short times.

4.- Small size. This property has already been mentioned at the beginning of 

this section, with its application in the area of electrophysiology [2,3], Due to the 

small size advantages are also obtained in investigations of adsorption, 

conformational changes and kinetics at the molecular level, e.g. studies of the 

nucleation and growth of a single nucleus under well defined experimental 

conditions [18,19],

1.2. Diffusion to disk ultramicroelectrodes

In this section the properties of disk ultramicroelectrodes will be explained 

in more detail, because this type of ultramicroelectrode was predominantly used in 

the present work. The popularity of disk ultramicroelectrodes arises from their easy 

construction, but a disadvantage is the difficulty in making theoretical predictions 

of their electrochemical behaviour, though this problem has been solved for some 

experimental conditions.

To explain the diffusion process when these disk ultramicroelectrodes are 

used, it is first necessary to explain the behaviour observed at planar and spherical 

electrodes. During electrolysis, mass transfer from the bulk solution to the 

electrode surface takes place. The electrochemical response of the electrode will
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therefore depend on the modes of mass transport that are operative. Unless the 

electrolyte is stirred or the electrode is rotated, the dominant mode of mass transfer 

will be diffusion. In the case of ultramicroelectrodes, the flux due to diffusion is 

large [20], so the effects of convection are less apparent than at electrodes of 

conventional size. Mass transport to ultramicroelectrodes is enhanced by the radial 

component [21] which is dependent on the geometry of the ultramicroelectrode.

In the following discussion, the simple electron transfer reaction:

O + ne-  >R (1.1)

will be analysed, for the case of chronoamperometry under well defined conditions, 

where the current is limited only by diffusion of species to the electrode. Diffusion 

control is obtained by applying an overpotential, at which the electrolysis rate is 

limited by the rate of diffusion of the species O to the electrode surface (i.e. for t > 

0, Co = 0 at the electrode surface). Initially Co = Co°° and Cr = 0 throughout the 

solution, where Co, Cr are the concentrations of species O and species R 

respectively in bulk solution.

1.2.1. Semi-Infinite planar disk electrode

In the simplest case of a semi-infinite planar electrode, derivation of the 

current-time response requires solution of Fick’s laws of diffusion under the 

appropriate boundary conditions. According to Fick’s 1st law, and considering the 

case of linear (one dimensional diffusion), the flux of species O at the electrode 

surface is given by the following equation:

( 1.2)
OX

where D0 is the diffusion coefficient of the species being electrolysed.

When the reaction rate is equal to the rate of linear diffusion at the 

electrode surface, the flux of species O is related to the current density j by:
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J o = ^  (1.3)nF

Here n is the number of electrons per molecule oxidised or reduced, F is Faraday’s 

constant and j is the current density.

Combining (1.2) and (1.3), gives:

^  = -D 0 ^ M  0-4)
nF ox

According to Fick’s 2nd law, for a linear diffusion process:

^ o = D ^ o  (15)
a dx2 ( ’

Solving equations (1.4) and (1.5), with the initial condition: at t = 0, Co = Co°° for 

all values of x; and boundary conditions, for t > 0, Co = 0 at x = 0 and Co = Co°° at 

x = oo, the current transient for a large potential step is obtained (Cottrell equation 

[22]):

j = nFDl/2C“(7ct)_,/2 (1.6)

1.2.2. Spherical electrode

For a spherical electrode mass transfer occurs in a spherical diffusion field. 

The boundary conditions for the reduction of species O, of bulk concentration Co°°, 

are:

C0 (r,t) = C0"

Co (r,0) = C0“ (r > r0 ) (1.7)

Oq (ro »0 = ^0 > 0)
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where r0 is the radius of the sphere, and r is the distance from the center of the 

electrode. The faradaic current density evaluated for this process, is a function of 

the concentration gradient at the electrode surface. From Fick’s 1st law:

nF
dCpp-p.O

( 1.8)
dr

Applying Fick’s 2nd law to the process of spherical diffusion gives:

dCQ(r,t)
dt

d2C0(r,t) | (2/r)5C0(r,t) 
dr2 drdr

(1.9)

Solving equation (1.8) and (1.9) with the appropriate boundary conditions gives 

the following relationship for the current-time profile:

In contrast to the planar electrode, the current is given by the sum of two 

terms. From equation (1.10), it can be seen that when the radius of the electrode is 

small, the second term is large, and the behaviour of the electrode will be 

independent of time. At short times, the behaviour of the current will be equivalent 

to the behaviour on a planar electrode (dependent on t1/2).

1.2.3. Inlaid disk ultramicroelectrodes

In this type of electrode the current-time response is due to a combination 

of both planar and radial diffusion. The process of diffusion is more complex than 

for an infinite planar or a spherical electrode. The disk is not a uniformly accessible 

electrode. The flux of material reacting at the surface is unequal across the 

electrode surface because the electrolysis that occurs at the outer circumference of 

the disk diminishes the flux of material to the central portion of the disk [20], The

nFD0Co nFDpCp 
J " « 2

(1.10)
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radial diffusion near the edge of an ultramicroelectrode has a considerable effect, 

which makes the mathematical treatment more complicated. The determination of 

the current-time behaviour of the disk electrode requires the solution of the 

following partial differential equation:

5C o = D ^  + ^ ^  +  D ^  ( 1 1 1 )
a 0 a2 r a ° &2 u u

where z is the perpendicular distance from the electrode surface. Different 

solutions to this equation have been obtained, using simulation or numerical 

methods [23-28], Aoki and Osteryoung have reviewed the development of the 

theory of microdisk electrodes and have provided a general solution for the i-E 

response for reversible reactions [23], Shoup and Szabo considered the influence 

on the i-t response of the insulation geometry of a microdisk and concluded that 

the infinite plane model is useful as long as the radius of the insulation is at least 

twice that of the electrode [24]. An algorithmic method was described by them for 

obtaining results for the chronoamperometric response at a finite microdisk 

electrode [25], Aoki et al. presented a mathematical description of i-E curves at 

stationary finite microdisk electrodes for quasi-reversible and irreversible reactions, 

and the results were compared with those predicted for hemispherical electrodes 

[26]. Solutions to the problem of steady-state transport to an inlaid disc electrode 

subject to control by diffusion, thermodynamics, or kinetics, or any combination of 

these three constraints, were also presented by Bond and Oldham [27]. Zoski, 

Bond, Oldham and co-workers also developed new analysis methods for linear- 

steady state voltammograms [28], Often, however, it is assumed that inlaid disc 

ultramicroelectrodes behave electrochemically in a similar way to the more 

theoretically tractable microhemispherical electrodes [29], Although, there is a 

similarity between, the steady state current obtained for a spherical electrode of 

radius 2ro/7t, and the steady state current obtained for a disc ultramicroelectrode of 

radius rQ, it is necessary to keep in mind that the current density over the sphere is

7



uniform while on the disc ultramicroelectrode, the current density decreases from 

the edge to the centre of the ultramicroelectrode [30],

At long times, the current density at a microdisc electrode reaches a steady 

state, which is given by:

4nFDC®j = o (1.12)
7CTX

where r0 is the radius of the disc ultramicroelectrode. From this equation it is seen 

that the steady state current density is inversely proportional to the radius of the 

disc ultramicroelectrode. The larger the ultramicroelectrode, the longer it takes to 

reach a steady state. Since a high rate of steady state diffusion is obtained when 

ultramicroelectrodes are used, because of the radial diffusion operating near to the 

edge of the microsurface, the cyclic voltammetric curves at ultramicroelectrodes 

are different from those obtained at a macroelectrode. At low scan rates, a 

sigmoidally shaped curve is found, because radial diffusion to the surface is the 

dominant diffusion process. However at fast scan rates, a peak shaped 

voltammogram is obtained. This behaviour is attributed to linear diffusion control 

on this time scale. The use of ultramicroelectrodes, under conditions of steady 

state diffusion, offers an exciting opportunity for the accurate measurement of the 

kinetics of fast electrode reactions.

1.3. iR drop

When very small electrodes are used, little iR distortion of the data is 

observed. This permits experiments in extreme conditions (e.g. at high potential 

scan rates or using poorly conducting media). When conventional size electrodes 

are employed, it is necessary to use a three electrode cell arrangement (figure 1.2). 

In this arrangement, the current is passed between the working electrode and a 

counter electrode, and the working electrode potential is measured using a 

reference electrode at zero current. However, taking this arrangement of three

8



electrodes, not all the iR drop is removed completely. This is due to a fraction of 

the total iR remaining between the reference electrode and the working electrode. 

This fraction is called iRu, where Ru is the uncompensated solution resistance 

(figure 1.3).

Power supply

Counter
electrode

working
electrode

Reference
electrode

Figure 1.2. Diagram of a three electrode cell arrangement
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iR solution

working
electrode <f> counter 

electrodeReference
electrode

Figure 1.3. Potential drop between working an counter electrodes 
in solution and iRu measured at reference electrode

A capillary tip reference electrode placed very close to the working electrode, is 

often used to decrease this uncompensated solution resistance. For a planar 

electrode with uniform current density across its surface, Ru is determined by the 

following equation:

R u = ^  ( U 3 )

where x is the distance of the capillary tip from the working electrode, A is the 

electrode area, and k  is the solution conductivity.

On the other hand, when a ultramicroelectrode is used, a two electrode cell 

arrangement is often adequate (figure 1.4). In this system the working ultramicro

electrode can be considered as a microhemisphere of radius r0 and the reference 

electrode as a larger sphere at distance d (figure 1.5),

10



1 Waveform generator
2 Two electrode cell
3 Amplifier
4 Recorder
SE = Reference electrode 
WE = Working electrode 
R = Resistance

Figure 1.4. Diagram of a two electrode cell 
arrangement

Working electrode Reference electrode

Figure 1.5. Two electrode cell consisting of a hemispherical ultra
micro electrode of area 2jir02, where the distance between WE and 
RE is d, with d » rQ

The effective resistance or uncompensated resistance under these conditions is 

calculated by integrating the series resistances of an infinite number of
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infinitesimally thick shells; the resistance of a typical shell at a distance d  from the 

coordinate origin being dr/27cr2K. Hence:

d dr 1 f \ o
ro27cr k 2 rocr = I t - 2 -  = ^----------- 7  <U 4 >vrQ d)

Ford»ro, R = > -------- (115)
27ncr0

At short times, the current at a microdisc is proportional to the electrode 

area,and is given by:

. nFD,/2C°°A
■d =  —1/2.1/2 0 - 16)7t t

The iR drop can be estimated, by combining equations (1.15) and (1.16), taking 

into account that the area of a microdisc is equal to 7cr2. Hence:

n F D ^ C X  n r n
27t1/2t 1/2K a  >

This equation shows that in a microdisc, under these circumstances, where non

steady state conditions apply, the iR drop decreases as the radius of the 

ultramicroelectrode decreases.

In steady state conditions, the limiting current for a disc ultramicroelectrode 

will be proportional to the radius ro, according the following equation:

i5S = 4nFD0C*r0 (1.18)

Under these conditions the iR drop will be independent of the dimensions of the 

ultramicroelectrode, according to the following equation:

12



4nFD0C (1.19)
2tzk

1.4. RC constant

The use of ultramicroelectrodes permits experiments at short times, where 

the charging current with conventional size electrodes would limit meaningful 

measurements of faradaic currents. For studying the kinetics of fast reactions, fast 

sweeps, short pulses, or high frequencies are needed. When conventional size 

electrodes are used, this would mean large capacitive currents which would make 

measurement of the faradaic current unreliable. However, when ultramicro

electrodes are used, this problem is minimised. For a potential step experiment, 

using ultramicroelectrodes, the behaviour of the charging current, idi with time, t, 

when a potential step of magnitude E is applied, will be given by the following 

relationship:

where R is the electrochemical cell resistance and Cai is the double layer 

capacitance. According to equation (1.15), R will be proportional to 1/ro, and the

Since the product of RCai is the time constant of the cell, it is seen that this 

time will be proportional to r0, and will decrease when the radius of the 

ultramicroelectrode is decreased. This means that the charging time of the double 

layer is also greatly reduced. This prediction of decreased charging current time is 

important, since this parameter determines the shortest time at which meaningful 

measurements of faradaic current can be made [31]. For example, for a 6 p,m disc 

ultramicroelectrode, the double layer should be 99% charged within 5 p,s, assuming 

a 100 pF/cm2 double layer capacitance and a cell resistance of 10 kQ. This 

behaviour combined with the small iR distortion should permit the use of very fast

i = E e'RCdl
R

( 1.20)

double layer capacitance will be proportional to the area (i.e. C<u a  r02).

13



transient techniques. Fast cyclic voltammetry experiments can be carried out using 

ultramicroelectrodes without distorting the electrochemical response of the system 

studied [32].

1.5. Small size

The small size of ultramicroelectrodes, makes them very suitable as sensors 

in biological systems. When they are used in in vivo biomedical research, they 

cause less damage to the surrounding tissues. Once the ultramicroelectrode is 

implanted in the brain, it is considered to be lying in a pool of extracellular fluid. 

This interpretation of the relationship between the ultramicroelectrode and the 

brain tissue relates to their relative sizes. Neuronal tissues have dimensions varying 

from nanometers in the case of synapses to micrometers for cell bodies. In 

comparison, the tip of the ultramicroelectrode can have a diameter varying from 8 

[im (carbon fiber) to 1 fim (gold or platinum) [2,33]. It follows that a 

ultramicroelectrode can be used for detecting electroactive compounds dissolved 

within the extracellular fluid immediately surrounding it. However, small 

ultramicroelectrodes having dimensions in the nanometer range scale, could offer 

opportunities to explore phenomena that occur near the synapses.

At the same time, this property (small size) has allowed measurements to be 

performed under purely diffusive conditions, that is without any involvement of 

convection. The concentration of the electroactive species is only perturbed by 

electrolysis for very small distances from the ultramicroelectrode surface 

(approximately six times the radius under totally steady state conditions) [31]. For 

this reason the diffusion layer in these devices is very thin compared to the typical 

thicknesses of hydrodynamic boundary layers so the behaviour of ultramicro

electrodes is independent of the motion of the bulk liquid phase.

Due to the small size of ultramicroelectrodes, electrochemical nucleation 

and growth studies can be carried out more easily. When large electrodes are used, 

the process of electrocrystallisation is often controlled by progressive nucleation 

and growth, and overlap of the centres for growth or overlap of the diffusion 

zones, make the study more complicated. However, when ultramicroelectrodes are
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employed, the birth and growth of individual centres can be observed, which makes 

the study of the nucleation and growth rates easier [17,18]. The formation of single 

centres on ultramicroelectrodes, which can act as sub-microscopic electrodes, 

offers the possibility of determining the exchange current for a well defined redox 

system, using a simple steady state procedure [18].

Interesting applications regarding to the physically small size of the 

ultramicroelectrodes have also been developed in scanning electrochemical 

microscopy (SECM) [34].

1.6. Applications o f  ultramicroelectrodes

Because of the properties described in the last section, the applications of 

ultramicroelectrodes have increased considerably in the last fifteen years in many 

areas of research. They have had an impact on applied electrochemistry, because of 

their high immunity to ohmic drop phenomena, even under conditions where no 

significant faradaic information may be found using classical electrodes, and 

because steady state behaviour is obtained more easily, which permits 

measurements under purely diffusive conditions with no interference from 

convection phenomena. The applications of ultramicroelectrodes will be considered 

in more detail in the following section, taking into account some important areas of 

electrochemistry, such as electroanalysis, electrosynthesis, electrochemical kinetics, 

electro-crystallisation and bioelectrochemistry.

1.6.1. Applications in electroanalysis

When ultramicroelectrodes are used, mass transfer to the microsurface is 

enhanced. This permits the rapid determination of trace heavy metals by anodic 

stripping voltammetry [35]. The process of preconcentration is achieved quickly, 

without the need for forced convection. Experimental and theoretical advances in 

anodic stripping voltammetry (ASV) continue to be reported. Mercury 

ultramicroelectrodes have been used for the determination of heavy metals in wines 

rain water, and sea water [36].
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With the use of these small area devices, the analysis can be carried out at 

natural pH and without added supporting electrolyte [35,36]. Recently a sensor 

array consisting of thin-film noble metal ultramicroelectrodes has been developed 

for simultaneous stripping analysis of trace metals [37], and square wave anodic 

stripping voltammetry has been used for lead and cadmiun speciation studies in 

river waters [38].

In recent years, interest in using ultramicroelectrodes in the analysis and 

control of food has appeared. Food analysis generally requires a specialist 

laboratory. Ultramicroelectrodes provide an easier solution because they can be 

used with minimum sample preparation. The use of gold microband and gold 

microdisk electrodes for the electroanalysis of ascorbic acid (vitamin C) in 

foodstuffs has been reported [39,40]. Cylindrical carbon fiber ultramicroelectrodes 

(8 pm in diameter) have been used for determining the phenolic antioxidants in 

samples of dehydrated potato flakes [41].

On the other hand, the freedom from convection effects makes the 

ultramicroelectrodes suitable for use in flowing streams (e.g. high performance 

liquid chromatography and flow injection analysis) [42,43]. Amperometric 

detection in flowing streams has proved to be a viable technique for many 

analytical problems demanding high sensitivity and selectivity. The separation and 

electrochemical detection of ferrocene derivatives with ultramicroelectrodes in a 

capillary-flow system has been reported [43], and enzyme ultramicroelectrodes for 

the analysis of neurotransmitters like choline and acetylcholine have been used in 

microflow injection and micro liquid chromatographic analyses [44].

Ultramicroelectrodes have also extended the boundaries of electrochemistry 

from the solution phase to the gas phase, as detectors in gas chromatography [45], 

and even for monitoring solid phase reactions [46].

Recently the electrochemical behaviour of a single molecule has been 

observed by trapping a small volume of a dilute solution of the electroactive 

species between a nanoultramicroelectrode tip with a diameter of ~15 nanometers 

and a conductive substrate [47],
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1.6.2. Applications in electrosynthesis and electrochemical kinetics

Although high concentrations of supporting electrolyte are normally used in 

order to lower the solution resistance and to suppress the migration current 

whenever charged species are under study, it is known that the high ionic strength 

of the system can alter the voltammetric and thermodynamic properties. The 

mechanism and kinetics of the system can change in low ionic strength media 

[48]. Studies in the absence of supporting electrolyte are difficult to carry out with 

electrochemical techniques using large electrodes, due to the effects of ohmic drop 

and the migration produced. The iR drop is especially minimised when 

ultramicroelectrodes are used in voltammetry. It is independent of the size and 

shape of the ultramicroelectrode under diffusion limited by steady state conditions, 

according to equation (1.19). This has allowed these devices to be used in solutions 

containing low concentrations of supporting electrolyte [15,31], in the absence of 

supporting electrolyte [49,50], in highly resistive organic solvent [51] and in 

supercritical fluid conditions [52].

Electrochemical studies at high potentials where the supporting electrolyte 

would be decomposed, can be carried out when ultramicroelectrodes are employed 

without supporting electrolyte [53]. Inert species such as N2, and Ar have been 

oxidised in aprotic solvents in the absence of added electrolyte [54,55].

Ultramicroelectrodes also permit voltammetric measurements on a much 

more rapid time scale than with electrodes of conventional size [15]. They have 

been found advantageous in high speed applications because the cell time constant 

and the ohmic drop are both much smaller than with large electrodes [56]. Rates 

and mechanisms of very fast chemical reactions accompanying the heterogeneous 

electron transfer can be elucidated. They have been found of crucial importance in 

measuring the kinetics of radical anion isomerizations [57]. Several investigators, 

have published work on non-steady state and ac behaviour at ultramicroelectrodes 

[6,58].

Similar advantages are found in the study of heterogeneous electron 

transfer under steady state conditions. Numerical expressions for the kinetic 

parameters for reversible, irreversible and quasi-reversible reactions have been
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developed [59, 26-28]. In the steady state there is no charging current, and no 

characteristic time either. For studying the kinetics of fast electrode reactions under 

these conditions, it is necessary for the method of investigation to operate on a 

time scale comparable to the ‘kinetic time scale’, D/(k0)2 of the reaction, where D 

is the diffusion coefficient (cm2 s'1), and k° is the standard rate constant, which is 

the rate constant at E=E°, where E° is the formal potential, dependent on the 

medium since it includes the logarithmic activity coefficient terms (yi) as well as the 

standard electrode potential (E°), according to the following relationship:

E 0' = E° -  — lny,  (1.21)
nF

When ultramicroelectrodes are used, the ‘kinetic time scale’ can be considered as a 

‘kinetic distance scale’, D/k°, which is small for fast reactions (e.g about 10"6 m for 

k°= 10'3 m.s'1 and typical diffusivities) [60]. Under these conditions, kinetic 

parameters like a, k° and the thermodynamic parameter E° may be determined 

more accurately. On the other hand, the reduced iR drop permits the study of the 

kinetics and mechanisms of systems where the electroactive species are present in 

high concentrations. Such situations occur with real systems in industry, both in 

electrosynthetic reactions and electroplating baths [61,62], For higher 

concentrations, the measured current and the ohmic drop are too large for 

electrodes of conventional size. Uncharged species can be present in excess of 1 

mol dm'3 concentration, or if liquid as 100% pure solvent. Ciszkowska and Stojeck 

[63], demonstrated that methanol, ethanol and propanol as pure solvents give well 

defined waves at platinum microdisc electrodes with radii in the range 5-12.5 pm. 

However it is necessary to point out that some supporting electrolyte is required to 

prevent too much iR distortion. Studies at low temperatures (below -180°C) in 

combination with ultramicroelectrodes provide an excellent technique for cryogenic 

electrochemical experiments [64], Application of low temperature voltammetry 

with microelectrodes has been described in the area of electrode kinetics [65], and 

reviewed with respect to the elucidation of electrode mechanisms [66].
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Ultramicroelectrodes have also been utilized to study ultrafast reactions at 

conducting polymer like polyaniline at low temperatures [67],

1.6.3. Applications in electrocrystallisation studies

It is known that the electrocrystallisation process under kinetic control 

conditions is influenced by a number of factors, one of them being the overlap of 

growth centres when a large electrode is used. The application of electrodes with 

small areas (micro or ultramicroelectrodes) can restrict growth to one or a few 

centres on the timescale of the experiment. Several studies of electrocrystallisation 

on ultramicroelectrodes have been reported [4,18,19,68]. When these devices are 

used, the analysis of experimental data is simplified greatly if the overlap problem is 

eliminated. However, there are problems with edge effects that need to be 

considered. The characterisation of the size and shape of the centre or centres 

formed is generally carried out using scanning electron microscopy. These studies 

of electrocrystallisation on ultramicroelectrodes can be carried out straight

forwardly with the application of a single potential step. The reduced value of the 

double layer capacity does not affect the process of electrocrystallisation and the 

decrease in the frequency of nucleation ensures that the charging of the double 

layer occurs before the onset of nucleation and growth. Formation of small single 

centres on ultramicroelectrodes has also permitted another application of these 

devices, i.e. determination of the exchange current for redox couples using these 

small deposited centres as ultramicroelectrodes [19]. Li et al. [68] have carried out 

studies with carbon, platinum and lead ultramicroelectrodes, related to electro

crystallization reactions relevant to lead-acid battery electrochemistry. They have 

found that a combination of kinetic and electron microscopy measurements at 

ultramicroelectrodes permit information of the reaction mechanisms that cannot be 

derived from observations at electrodes of conventional size. At the moment, there 

is interest in understanding the influence of the particle size of a catalyst on its 

catalytic properties. By permitting the generation of one or a few catalytic centres,
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ultramicroelectrodes could allow a study of the effect of size on the oxidation or 

reduction of molecules of importance in the field of fuel cell research.

1.6.4. Applications in Bioelectrochemistry

The applications of ultramicroelectrodes in this field have increased 

considerably in recent years. The area of electron transfer reactions involving 

proteins and mediators continues to dominate the bioelectrochemistry review 

literature [69-72]. The use of ferrocene and ferrocene derivatives as mediators for 

direct and indirect electron transfer represents a new generation of biosensors [69]. 

Immobilisation of glucose oxidase at a nanometer sized ultramicroband gold 

electrode has been used for detecting glucose without a mediator in solution [70], 

Deposition of enzymes using electrochemically aided adsorption with glutaral- 

dehyde has permitted spatially well ordered protein layers to be formed on 

ultramicroelectrodes [71].

Platinized carbon ultramicroelectrodes have also been constructed as 

glucose biosensors [72]. Copper microwires coated with a thin film of borosilicate 

glass have been used for studying the electrochemical behaviour of glycine which 

represents an example of a biologically important molecule [73]. Investigation of 

adsorption and kinetics at the molecular level has been carried out [1] using small 

microelectrodes (radii <10pm). The adsorption of individual molecules like DNA 

has been studied [1].

Various approaches to the production of miniaturised chemical sensors for 

in vivo applications in neurochemical investigations of dynamic events have been 

carried out [2,3,32,74]. The cathecolamines, dopamine (DA) and noradrenaline 

(NA), and their metabolites are essential participants in the neurotransmission 

process [75]. Accordingly, they are frequently implicated in neurological diseases 

of the brain [76]. Advances in the treatment of such diseases have resulted from 

the study of these amines and their metabolites in the central nervous system. 

The potential applicability of voltammetric techniques together with the use of 

microelectrodes has permitted analytical and mechanistic characterisation of these 

compounds in the brain [11], However, the specificity of the response of these
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microelectrodes is affected by the presense of other compounds which have similar 

oxidation potentials. This is an important consideration and markedly affects the 

interpretation of in vivo electrochemical signals. Carbon fiber microelectrodes 

coated with Nation®, a cation exchange polymer, have been found more selective 

to some neurotransmitters [77]. The polymer can exclude anions from the 

microelectrode surface and thus impair their detection. DA and NA are cations at 

physiological pH, and the metabolites and the important brain substance ascorbic 

acid are anions or neutral at pH 7.4. Although Nafion® provides increased 

selectivity, it may distort the temporal response of the sensor. Diffusion coefficients 

of the cations in the polymer tend to be greatly reduced compared with solution 

values. Modification of microelectrodes with functional composite monolayers, 

where these monolayers can act as nanoporous molecular recognition membranes, 

could be the way to prepare selective microelectrodes for certain neurotransmitters 

without problems of the distortion of the temporal response of these devices as 

sensors. The framework component of these composites could prevent probe- 

molecule penetration through the monolayer membrane, and the template 

component could induce defect sites within the inert framework which can be used 

for the probe-molecule penetration.

1.7. Disadvantages o f microelectrodes

Apart from the more complex mathematical analysis required for describing 

the radial diffusion behaviour present when microelectrodes are used, other factors 

have meant that these devices have not had a wider impact on electrochemical 

research. However, some of them have been overcome in recent years. In the 

following section these factors will be mentioned, and the way some of them have 

been overcome will also be described.

1.7.1. Instrumentation required to measure low currents

In general, the small surface area of these devices means that low currents 

must be measured and recorded. When techniques such as high frequency a.c. 

impedance are applied using microelectrodes, small currents (typically 10‘12 to
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10'9 A) need to be measured on a short time scale, which requires relatively 

sophisticated and costly instrumentation. With very small electrodes, extremely low 

currents have to be measured, imposing serious constraints on the instrumentation 

needed. However, under some experimental conditions, where the shape and 

dimensions of the support which is used for holding the microelectrode do not play 

an important role in the measurements (as would be the case in vivo measurements 

inside living brain tissue), the current response can be increased by using ensembles 

of microelectrodes (arrays of band, circular or irregularly shaped microelectrodes, 

assembled in a number of possible ordered or disordered patterns) [1]. The 

advantages summarised at the outset for microelectrodes can be retained for an 

array of identical microelectrodes with the added advantage of a higher level of 

total current response. For N identical microelectrodes in a uniformly dispersed 

array, the total current signal will be N times the value at a single microelectrode, 

provided depletion zones for neighbouring electrodes do not intersect.

1.7.2. Characterisation andfragility

The surface state of an ultramicroelectrode is difficult to control, and when 

a submicron-sized ultramicroelectrode is used, its geometry may differ significantly 

from that of an ideal inlaid disk, ring or hemisphere, which makes characterisation 

of size, shape, and configuration more difficult [78], At the same time, 

microelectrodes are difficult to obtain with high quality. Microelectrodes are 

usually constructed by sealing metal or carbon in an insulating matrix such as glass 

or polymers. If the seal between the conductor and matrix is not good, the 

electrolyte solution may enter the gap and increase the apparent capacitance of the 

microelectrode. This may of course happen with macroelectrodes as well, but the 

effect is more noticeable in microelectrodes because of their larger edge-area ratio. 

The gap between the conductor and insulating matrix, with its resulting impedance, 

is a critical characteristic of these small devices for a variety of applications. The 

charging current can be the major component of the background current making 

the interpretation of the results difficult. Furthermore, stray capacitance generated 

by the contact between the microelectrode and the instrument becomes important
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when the electrode area becomes very small. Thus, stray capacitance, rather than 

electrochemical capacitance (or electrochemical noise), ultimately limits the 

precision of the measurement. The fragile nature of such small devices means that 

they have a short working life before electrical contact is weakened or broken. 

However this problem can be overcome using ensembles of microelectrodes as was 

described above.

1.7.3. Poisoning o f  the microsurface

From the applications summarised in this chapter, it is apparent that 

ultramicroelectrodes may be used for rapid anodic stripping voltammetry because 

of the high steady state flux given by radial diffusion to the edges of the 

microelectrode. However, this high steady state flux is also a disadvantage when 

impurities are present in the solution being studied. Minor impurity effects, surface 

fouling, or inadequate polishing are also serious problems with these small devices. 

The problems can be minimised by using microelectrodes which are very well 

sealed to avoid the collection of impurities in the cracks. An ultrasonic bath can be 

used to remove polishing debris from the surface.

The difficulty of maintaining clean electrode microsurfaces in the presence 

of surfactants or adsorbing materials is a problem that becomes more severe as the 

electrode size decreases. It follows that the biggest drawback in analytical studies 

with microelectrodes is the surface fouling that occurs with real industrial or 

envirommental samples. However, the advantages described in this chapter, 

together with the ability of microelectrodes to be used in so many electrochemical 

media where the use of conventional macroelectrodes is a problem, has led to their 

increasing use in the last ten years.

1.7.4. Changes in the physicochemical characteristics.

When ultramicroelectrodes with at least one of their dimensions 

approaching the molecular level are used, several physical features modify their 

physicochemical characteristics. For example, the thickness of the double layer may 

be comparable to or larger than the electrode dimensions. Under these conditions,
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the capacitance of these devices will vary with their radius rather than their surface 

area [79]. At the same time, the dimensions of diffusion layers may be close to 

those of double layers. For all these reasons, new theories will be required to 

describe processes in which diffusion and migration are taking place within the 

double layer [80].
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ULTRAMICROELECTRODES



CHAPTER 2

PREPARATION AND CHARACTERISATION OF MICROELECTRODES

2.1. Preparation o f ultramicroelectrodes

2.1.1. Introduction

As was indicated in the first chapter, the use of ultramicroelectrodes in 

different areas of electrochemistry has dramatically increased over the past 20 years 

[1-5]. A major reason for this is the beneficial characteristics that result from the 

small physical dimensions of these devices. Most of them have been fabricated by 

insulating carbon fibers or metal wires with different kinds of materials [3,4]. 

Recently ultramicroelectrodes with diameters on the order of 1-5 pm [6], 0.1-1 pm 

[7], 5 nm [8], and 1 nm [9] have been fabricated. However, it is necessary to point 

out that for devices in the nanometer to Anstrom range, characterization is difficult 

with respect to size, shape and configuration. Also, the technical difficulty in 

achieving the mandatory perfect seal between the material used as electrode and 

the insulating substrate increases as the electrode size decrease. Cracks or other 

imperfections in the seal may cause severe problems, particularly when solution 

leaks into the cracks. From a fundamental electrochemical point of view, the small 

dimensions of ultramicroelectrodes provide a considerable improvement in the 

quality of the electrochemical information (greater sensitivity of the measurement, 

enhanced mass transport, increased temporal resolution, and decreased influence of 

the solution resistance due to the small current).

A series of factors must be considered when an ultramicroelectrode is 

fabricated. Parameters like geometry, electrode material and insulating material, are 

the main factors that control the fabrication of these devices. A very good 

geometry is required to obtain a well defined diffusion field around the 

ultramicrosurface. The choice of the electrode material depends on its suitability
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and selectivity for the required electrochemical reactions. Moreover the electrode 

material and the insulating material must be stable in the electrolyte media used.

One of the most popular shapes of these devices is the circular disc 

surrounded by an insulator material, which is coplanar with the electrode. The 

popularity of these inlaid disc electrodes arises from their ease of construction [2]. 

When these kinds of devices are used, it is often assumed that they behave 

electrochemically like the theoretically more tractable microhemispherical 

electrodes [10].

Different materials have been used as insulator material around carbon fibre 

and metal wires. The most common of these materials has been glass. This type of 

material has been successfully used due to its mechanical strength which protects 

fragile metal wires and because it permits polishing of ultramicroelectrode to 

reproducibly form a clean smooth ultramicrosurface. Moreover, glass materials are 

stable in most electrolytes, which is an advantage for maintaining a very clean 

ultramicrosurface. The seal between the electrode material and the glass is 

generally obtained by melting the glass around the electrode material. The method 

for doing this depends on the melting point of the electrode material.

Other insulator materials like epoxy resin are formed around the electrode 

material without need to use high temperatures for obtaining the seal. These type of 

insulating materials are much softer than glass materials. When the electrode 

material is harder than the epoxy resin, the epoxy material may be smeared over the 

ultramicrosurface during polishing, which can produce changes in the 

electrochemical response. Also, epoxy resins can contaminate the ultramicro

electrode surface because impurities can be leached out. Moreover, they can be 

unstable in some electrolytes, where they can dissolve causing contamination of the 

electrolyte, and deterioration of the seal.

With respect to the electrode materials used for preparing ultramicro

electrodes, platinum and carbon have been utilised more than gold and other metals 

like silver and nickel. The quality of the seals between the electrode materials and 

the insulating materials depend on the difference of thermal expansion coefficient 

between them, this difference must be small or zero, so that the electrode material
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does not shrink away from the insulating material as the assembly cools. The 

formation of air bubbles around the interface, between the electrode material and 

the insulating material can affect the quality of the seal. For that reason, the process 

of sealing is generally carried out under vacuum when glass materials are used as 

insulators.

Information about the quality of the seal between the material used as 

microelectrode and the insulating material and the shape of the microdisk can be 

obtained by micrographs of the surfaces of the disc and the boundaries of the 

interface between the electrode material and the insulating substrate. Scanning 

electron microscopy (SEM) is particulary useful for mapping the morphology of 

the microelectrode surface. The quality of the seal may be also evaluated by 

capacitance measurements.

Ultramicroelectrodes are usually polished mechanically and sometimes 

etched in acid media. For obtaining successful mechanical polishing it is necessary 

to take into account the characteristics of the material used as electrode and the 

material used as insulator. Differences in the hardness of these materials can 

produce protuberances and recessions during the process of polishing with different 

grades of alumina. Electrochemical treatment of ultramicroelectrodes inmediately 

prior to the measurement is generally necessary. The simplest procedure is to 

polarise the electrode with a series of pulses into the potential ranges where the 

formation of oxide and the evolution of hydrogen occurs. However, it is necessary 

to point out that potential cycling can substantially increase the roughness of the 

ultramicrosurface.

Determination of the true surface area of the electrodes is essential in any 

electrochemical study, since electrochemical measurements such as electrode 

capacitance and current need to be normalized before meaningful comparison with 

theory can be made. Generally, an electrode that is macroscopically characterized 

by a smooth surface actually contains many steps and other microscopic 

irregularities. The real (physical) electrode surface is thus larger than the geometric 

surface and the ratio of the real and geometric surface areas is termed the 

roughness factor, fR=Areai/Ageometric. In the present work, some in situ and ex situ
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methods have been utilized for the characterization of microdiscs fabricated from 

carbon fibre, platinum and gold wires.

2.1.2. Carbon ultramicroelectrodes

A. Properties o f  carbon

When carbon is used there is a severe problem with the reproducibility of 

the physical properties of the material itself. Electrochemical reactions are normally 

slower at this substrate than at metallic electrodes, electron transfer kinetics being 

dependent on structure and surface preparation [11]. This material exists in various 

forms such as graphite, and glassy carbon, which can be superficially oxidized by 

chemical or electrochemical treatment. Graphite is the thermodynamically most 

stable form of elemental carbon below approximately 2600 °K at 100 Mpa. This 

kind of carbon is anisotropic in electrical conductivity. Large single crystals of 

graphite are rare, and for this reason, it is utilized in polycrystalline form (solid 

block, paste electrodes, suspensions, etc). However, the so-called highly oriented 

pyrolytic graphite (HOPG), formed from ordinary pyrolytic graphite by heat 

treatment under simultaneous compressive stress (stress annealing) around 3500 

°C, matches the properties of graphite single crystals. The faces parallel to the plane 

of carbon hexagons (100), called basal planes, present chemical and 

electrochemical properties significantly different from those of the perpendicular 

(edge) planes (110), which contain unsaturated carbon atoms that are highly active 

for reacting with oxygen, by chemical and electrochemical treatment. It is usually 

assumed that the surface functional groups generated during the activation process 

are phenolic, quinonic, carboxylic, carbonylic and epoxidic-like [12].

On the other hand, glassy carbon is the most popular carbon material for 

electrochemistry. This kind of carbon is prepared by pyrolysis of suitable polymers, 

e.g. polyfiirylalcohol of phenolic resins. Glassy carbon has some amorphous 

characteristics. It is, in contrast to graphite, isotropic in electrical conductivity and 

physical-chemical properties. Its structure is characterized by randomly oriented 

strips (lamellae) of pseudo-graphitic layers of carbon hexagons. It has been found 

that on glassy carbon (GC), the electron transfer rates of several redox couples are
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much higher than on HOPG. This has been attributed to either the lack of specific 

chemical sites on the basal plane or the low density of electronic states exhibited by 

low-defect HOPG [13].

The use of carbon fibres permits the construction of microelectrodes which 

are mechanically stable, with surfaces easily modified by chemical reaction. The 

choice of the right carbon fibre is an important first step in the fabrication of a 

carbon microdisc. The mechanical properties and chemical reactivity of these fibers 

depends very much on the type and orientation of the precursor material as well as 

the details of the heat treatment (e.g. duration, temperature range, temperature 

profile, extent of stretching during heat treatment). The mechanical and chemical 

properties may differ drastically from one carbon fibre to another. Carbon fibers of 

the highest possible stiffness are recommended as they are more grafitized and thus 

may yield better electrochemical results.

The following scheme shows the cross section of the highly orientated 

carbon fibers used for the preparation of these devises:

PITCH PAN

RADIAL CONCENTRIC

Figure 2.1. Typical schematic cross sections of highly 
oriented carbon fibres ( after ref. [14])
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Pitch fibres are characterized by a radial arrangement of the graphitic layers 

with high stiffness. This kind of fibre usually shows a star shaped cross section after 

electrochemical or chemical etching. The PAN fibres, formed by pyrolysis of 

polyacrylonitrile are characterized by a circular cross section and onion peel 

arrangement of the graphitic layers, with high tensile strength or high stiffness. The 

mechanical properties, morphological aspects and fabrication procedures for these 

fibres have been discussed elsewhere [14,15]. Different reaction products may be 

formed after anodic oxidation of carbon fibres with high stiffness in aqueous 

solutions [16]. Graphite intercalation compounds (GIC), may be formed according 

to the following reactions:

(C„) + (1 + x)HA (C„)+ A -(H A )x + H + + e- (2.1)

(Cn)+(l+x)HA+yH20 o (C „ )+A-(HA)x(H20)y +H+ + e "  (2.2)

During the process of intercalation of graphite the interlayer spacing is increased, 

which produces some deterioration and loss of mechanical stability. However, this 

kind of fibre can still be handled easily.

Bulk graphite oxides (GO) are formed by hydrolysis of GICs according to 

the following reaction:

(C„)+A~(HA)X + H 20  <-> (C„)OH + (1 + x)HA (2.3)

For this kind of fibre, the interlayer spacings are highly dependent on the degree of 

solvation. They have been used as precursors for chemically modified electrodes 

[17].

Surface oxides (SO) differ from bulk graphite oxides not so much in their 

atomic composition as in their chemical and electrochemical properties. Like bulk 

oxides, surface oxides prepared by anodic oxidation are acidic. The functional
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groups are situated at plane edges or at other defects in the graphite layers [18]. By 

contrast, in bulk oxides most of the oxygen is situated between the carbon layers.

B. Preparation o f ultramicrodiscs from  carbon fibre

Although, from a fundamental electrochemical point of view, the small 

dimensions of ultramicroelectrodes offers considerable improvements in the quality 

of electrochemical information, the quality of the results is highly dependent on the 

seal between the carbon fibre or metal wire with the insulator material. Under 

steady state conditions the radial diffusion at the edges of the ultramicrodisc can be 

affected by imperfection of the seal.

Also, the minimal ohmic loss and the low capacitance charging current are 

advantageous for fast scan voltammetric experiments with applications for 

heterogeneous and homogeneous kinetic measurements. However, imperfections in 

the seal can produce an increase in the apparent capacitance of the ultra

microelectrode, which can interfere with this kind of experiment. Different 

approaches have been used to obtain a good seal between the substrate and 

insulator. The most common method for sealing carbon ultramicrodiscs with 

diameters in the range of 10-20 pm is to encase the carbon fibre in a glass capillary, 

reduce the thickness of the glass support around the fibre with a capillary puller, 

and seal the tip with epoxy. Other methods include the electrochemical deposition 

of a thin insulating polymer coating [19] or heat sealing the carbon fibre in a 

polymer matrix [20]. Recently, the chemical vapor deposition of silica from a SiCU, 

H2, and O2 gas phase precursor system directly on a resistively heated fibre 

substrate [21], has been used, and a good quality seal between the carbon fibre and 

the silica film was obtained. In the present work, the carbon fibres were treated 

chemically in different acid media, before fabicating the seal with glass. It was 

found that when the carbon fibres were chemically treated in concentrated nitric 

acid for a period of 2-3 hours, the ultramicroelectrodes obtained after sealing with 

glass and after electrochemical treatment in acid media exhibited capacitances 

values less than 300 pF/cm2. These capacitance values are high with respect to the 

values reported in the literature [22], However, a porous and hydrated film has
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been confirmed by ellipsometric by Kepley and Bard [23] after electrochemical 

treatment of glassy carbon (GC). Barbero et al. [24] have also reported that an 

electrochemical treatment in 1 mol dm'3 H2S 0 4, produce the formation of a 

multilayer porous film on GC. Considering that carbon fibre was treated chemically 

and electrochemically in acid media, the high value of capacitance obtained could 

be attributed to the formation of this kind of porous oxide film.

In the present work, PAN-based carbon fibres (radius 4 pm), were used for 

making ultramicrodiscs according to the following procedure:

the carbon fibre was inserted into a soft glass tube, and then the tip was sealed 

with a flame.

Glass

w

i  A
* carbon 

fibre

V

weak seal j f j j t

ix  —-W
soft heating 
with flame

Figure 2.2

2.- A vacuum was applied to the capillary tube to remove the oxygen present and 

the tip was heated with a flame until the glass collapsed. It was necessary to take 

care that the fibre did not become completely covered by glass.
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Figure 2.3

3.- The tip was cut to obtain an ultramicrodisc, and the ultramicroelectrode was 

filled with mercury. A nickel wire was inserted to make the electric contact and 

epoxy was used to fix the nickel wire in the glass. It was observed that using this 

procedure the electrical contact is sometime lost. It was found that this occurs due 

to the presence of air between the nickel and the mercury pool. To avoid this 

problem, vacuum was applied and the nickel wire was sealed in the glass by heating 

with a flame.

The electric contact was tested by carrying out a steady state measurement 

of the oxidation of Fe(CN)64’. This method also permits the characterization of the 

apparent radius of the ultramicroelectrode.
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4 - The ultramicrodiscs were cleaned by polishing with fine grades of aluminium 

oxide sheet (Lapping Film, 3M; 30 and 3 pm) and with 0.3 pm alumina (Buehler), 

using ultrapure water as lubricant. After this cleaning procedure, they were rinsed 

and sonicated during few seconds in ultrapure water to remove alumina from the 

surface of the microelectrode. These ultramicroelectrodes were used for studying 

the electron transfer kinetic of ferrocene and some of its derivates, as well as for 

studying the oxygen reduction reaction.
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2.1.3. Platinum ultramicroelectrodes.

Platinum has historically been the most important electrode material used. It is 

a d-band metal in the third row of the transition elements and is considered as a noble 

metal. It exhibits relatively high chemical inertness and electrocatalytic properties and it 

is extremely resistant to corrosion. Hot aqua regia (1/1 mix of nitric and hydrochloric 

acids) is one of the few aqueous solutions which can dissolve Pt due to the formation 

of a platinum complex. However, platinum is not completely inert electrochemically in 

aqueous solutions, where reactions involving oxygen and hydrogen may occur. In 

aqueous solution Pt is quickly covered, according to the polarization voltage, either 

with adsorbed hydrogen or a surface oxide, and only in a narrow potential range (from 

0.4 to 0.8 V versus NHE), the so-called double layer region, may the Pt surface be 

considered almost free from adsorbed or chemisorbed species. In practice, it has been 

found that anions and organic impurities may be adsorbed even in this potential region. 

However, a potential window is obtained where there is a comparatively small steady- 

state faradaic current. This potential window is the interval from about 0 to 1.6V versus 

NHE in acidic aqueous electrolytes. In the present work, the platinum microelectrodes 

used were fabricated at the University of Southampton. These ultramicroelectrodes 

were utilised for studing the oxygen reduction reaction.

2.1.4. Gold disk ultramicroelectrode.

Similar to Pt, gold is considered a noble metal, and it has been widely used for 

preparation of electrodes. In aqueous electrolyte, Au is covered with an oxide film 

over a large potential range. Hydrogen adsorption-desorption peaks are absent on the 

cyclic voltammograms of a gold electrode in aqueous solutions, and the 

electrocatalytic activity for many charge transfer reactions is lower than on platinum. It 

is the last of the sp metals in the periodic classification of the elements, close to the d- 

metals. The properties of this metal are between those of sp and d metals. Interaction 

of organic molecules with Au is stronger than with other sp metals, but weaker than 

with d-metals. Adsorption processes on Au usually have a reversible character. In 

contrast to other sp metals, adsorption is dominated by the metal-adsorbate rather than 

by the metal-solvent interaction [25]. The use of Au substrates is important to the
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molecular self assembly process of thiols, which produce high quality films on its 

surface [26].

Gold was selected in the present work for investigating the influence of the 

concentration of supporting electrolyte on the electron transfer kinetics of the system 

Fe(CN)64‘/Fe(CN)«3\

A. Preparation o f  gold ultramicroelectrodes.

The fabrication of gold ultramicroelectrodes proved to be a difficult task. 

Several attempts were made using different types of glass and epoxy to obtain a good 

seal between the gold and the insulator material. The main difficulty for reproducing a 

good seal stems from the relatively large difference between the thermal expansion 

coefficients of the gold and glass, which produces a large gap at the gold-glass 

interface. A mix of soft glasses was employed to obtain a material with a thermal 

expansion coefficient near to the metal (14.2X10*6 m/m °C). However, this method was 

not successful when gold wire of 0.01 mm were used. It was found that using a 

composite of Araldite™ CY1301 + Hardener HY 1300 from Ciba-Geigy Plastic, very 

good seals between the gold and the composite could be obtained. Gold discs were 

then fabricated using gold wires of 0.01 mm and 0.06 mm diameter, 99.99% 

(Goodfellow Metal). The following procedure was used for fabrication:

1) The gold wires were cleaned chemically with 1:1 concentrated H2 SO4/H2O2 . This 

solution reacts violently with most organic materials and must be handled with extreme 

care. The wires were rinsed with ultrapure water and dried in an oven for 30 min.

2) Each gold wire was then soldered to a nickel wire and threaded through a glass 

pipette until the gold projected out of the pipette tip by at least 2 mm. The composite 

was then added to the pipette. The epoxy was allowed to harden at room temperature 

during 24 hours and then in an oven at 70°C for 5 hours.

3) The glass tube was cut flat to obtain the gold ultramicrodisc. The ultramicro

electrode was polished with different grades of alumina following the same procedure 

used for polishing carbon ultramicroelectrodes. Figure 2.5, shows a scheme of the 

procedure used.
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2.2. Experimental section

2.2.1. Chemicals.

Reagent grade concentrated 70% HC104, K4Fe(CN)6, ferrocene, and 

tetrabutyl- ammonium perchlorate were obtained from Aldrich, and Fluka. H2 SO4 

Aristar® grade from BDH. All these chemical were used as received, except 

acetonitrile, which was dried with aluminium oxide (Avocado, neutral 50-160 jam, 

99%), which was activated by drying in a oven at 150 °C for 15 hours under 

vacuum. Water was purified by a Milli-Q filtering system (Millipore 18 M fl). 

Sulphuric acid solutions were treated with activated granular charcoal for gas 

adsorption (particle size 0.85-1.70 mm) from BDH, to eliminate organic impurities 

which can interfere with the determination of kinetic parameters. Gaseous N 2 was 

passed through the system describe in figure 2.6, before passing through the 

solution contained in the electrochemical cell. This procedure was applied for 15 

min before carrying out the experiment.

purified N2

Gaseous

»• >• »•
Electrochemical

cellJO “

ultrapure 
water or 

acetonitrile activated
charcoal

F ig u r e  2 .6
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2.2.2. Electrochemical cell

Electrochemical experiments were carried out using a single compartment 

cell with a two electrode configuration. The cell was cleaned by using a solution of 

H2O/H2SO4 (1/1), and rinsing with ultra pure water to remove residual organics. A 

saturated calomel electrode (SCE), model K4040 from Radiometer Electrodes, a 

platinum quasi-reference electrode, and a reversible hydrogen electrode (RHE) 

were used as reference electrodes in different experiments. The platinum quasi

reference electrode was flamed each time before carrying out an experiment. The 

RHE was fabricated according to the following procedure:

A) A platinum wire spiral was cleaned in 1/1 H2SO4/H2O2 solution, rinsed 

with plenty o f water, and dried in an oven at 70 °C.

B) The platinum wire spiral was sealed into a pipette tube, and the pipette 

was filled with 1 mol dm'3 H2SO4 solution. A potential where H2 evolution occurs 

was applied. The H2 produced displaces the solution, leaving a space where only 

the gas was in contact with the platinum wire. Under these conditions the electrode 

behaves like a reversible hydrogen electrode (Figure 2.7):

Nickel wire

Platinum wire
Electrolysis

process

|  H2SO4 -
solution

F ig u r e  2 .7
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This kind of reference electrode was found to be stable for long periods of time. 

The use of this reference electrode instead of saturated calomel electrode, for 

example, avoids contamination of the solution under study.

2.2.3. Electronic equipment

Cyclic voltammetry experiments were carried out using a waveform 

generator (Hitek Instruments) coupled to a current amplifier with a low pass filter 

(sensitivity of 0.0lpA V*1), built in house. The circuit diagram of this device is 

shown in figure 2.8a. The amplifier and the cell were placed in an earthed metal 

Faraday box (figure 2.8b). All experiments were carried out at room temperature.

C

output

Imput

com

imput

com

Figure 2.8a. Circuit diagram of the amplifier used
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2.3. Characterisation o f ultramicroelectrodes

Characterization was carried out using physical and electrochemical 

measurements. The quality of the seal between the electrode material and the insula 

tor material, as well as the shape of the microdisc were investigated by 

scanning electron microscopy. Capacitance measurements were also used to check 

the quality of the seal and steady state voltammetric measurements were used for 

determining the real surface area of these devices.

2.3.1. Characterisation o f  carbon ultramicroelectrodes

The quality of the seal between the carbon fibre and the glass was 

investigated by capacitance measurements, using cyclic voltammetry. Before 

carrying out the experiment, the microelectrode was repolished with 0.3 jim 

alumina and rinsed and sonicated in ultrapure water. After that, it was 

electrochemically treated by cycling between -0.3 and 1.4V vs SCE in the 

electrolyte medium used for the experiment, until reproducibility of the 

voltammogram was obtained. Figures 2.9a, and 2.9b show the voltammmograms 

recorded in different aqueous media using the carbon microelectrodes fabricated 

under the conditions described in the section 2.1.2., and Figure 2.9c the 

comparison between a very well sealed ultramicroelectrode with a leaking 

ultramicroelectrode. The values of capacitance were calculated from the 

relationship:

Cdl = —  (2.4)
V)

where jdi is the current density in the the double layer region. The values of 

capacitance obtained show in a qualitative way the quality of the seal between the 

carbon and the glass. According to these values and the shape of the 

voltammograms obtained, the ultramicroelectrodes fabricated were classified into 

two groups. The first group of ultramicroelectrodes with values of capacitance less 

than 300 p.F/cm2, exhibited very flat voltammograms, the second group, in which
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the values of capacitance are higher than 1 mF/cm2, gave voltammograms that were 

tilted indicating that solution was penetrating between the carbon and the glass. The 

rather high values of capacitance obtained in the first group can be attributed to 

either the contribution of pseudocapacitance by redox surface groups present in the 

carbon microsurface or to the roughness of the surface due to the electrochemical 

treatment which can produce a porous multilayer film.

The apparent radii were calculated from the limiting current obtained from 

steady state voltammograms, according to the equation:

r = — ----  (2.5)
4nFD0 C"

where, idiff is the radial diffusion controlled current, C is the bulk concentration of 

the electroactive species, n is the number of electrons transferred during the 

electrochemical reaction, r is the radius of the microdisc, and D is the diffusion 

coefficient of the electroactive species (the diffusion coefficients were determined 

experimentally and the method used is explained in chapter 4). Figures 2.10a, and 

2.10b show the voltammograms obtained in different electrolyte media. The radius 

of the carbon ultramicroelectrode calculated from the plateau currents for a set of 

experiments was 3.8± 0.2 pm, which is in good agreement with the geometric 

value of 3.6 pm, determined by SEM.
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Figure 2.9 Cyclic voltammograms for a carbon ultramicroelectrodes of the first 

type (non-leaking): A) 1 mol dm HC1; B) 1 mol dm I^SO^; v=80 mV s- 1
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2.3.1 .2 . Scanning electronmicroscopy (SEM)

Scanning electron microscopy (SEM) was employed for the charac

terization of the quality, shape and size of the ultramicroelectrodes fabricated. At 

the simplest level an SEM can be thought of as providing images of external 

morphology rather similar in appearance to those formed by the eye. However it is 

necessary to point out that one of the main features of the SEM is that, in principle, 

any radiation from the specimen or any measurable change in the specimen, may be 

used to provide the signal to modulate the cathode ray tube (CRT) and thus 

provide contrast in the image. Each signal is the result of some particular 

interaction between the incident electrons and the specimen, and may provide us 

with different information about the specimen. Figure 2.11 shows schematically 

some of the signals which may be obtained in the SEM:

Incident bean

Backscattered electronsX-rays
Cathodolum inescence

Secondary electrons

specimen

Specimen current

Transmitted electrons

Figure 2.11. Some of the signals which may be obtained in the SEM
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In the SEM, a beam of electrons is directed at the specimen and normally 

only secondary electrons are used to form the image of the surface. These 

secondary electrons are described as those electrons which escape from the 

specimen with energies below about 50 eV. These electrons are emitted from the 

outer electron orbits, which present the highest energy electrons (i.e those with the 

lowest binding energies). This emission is the result of inelastic collisions between 

the atoms in the sample and the incident electrons. These secondary electrons are 

first accelerated by a high voltage to impinge upon a scintillator, then the light 

produced passes down a light pipe to a photomultiplier where it is converted to an 

electric current for subsequent amplification and display on a cathode ray tube. The 

image formed is then taken by a mounted camera to provide a permanent record. 

The surface in some cases is coated with a thin conducting layer of gold by sputter 

coating. This is done to avoid charging of the surface by the electron beam.

Figures 2.12a, and 2.12b show the scanning electron microscopy 

photographs taken of the a carbon ultramicroelectrode fabricated with a carbon 

fiber without chemical modification (figure 2.12c). This ultramicroelectrode 

exhibed high capacitance values (>1000 pF/cm2), and the voltammogram obtained 

was tilted. Similar behaviour was observed with other ultramicroelectrodes 

fabricated using carbon fibers without chemical modification. According to these 

results, when a large gap between the carbon and glass is observed by SEM, it can 

be assumed that the ultramicroelectrode will give a high capacitance value due to 

leakage of solution at the carbon-glass interface.

Figure 2.13 shows the SEM photograph obtained of a carbon fiber which was 

treated chemically with conc. HNO3 for 3 hours. Grooves are observed along the 

fiber, when this treatment is used. The morphology of the modified carbon fiber is 

completely different to the structure observed when the carbon fiber has not been 

modified (figure 2.12c). It appears that during the chemical treatment, the outer 

shell of the carbon fiber is removed and oxidation takes place along the carbon 

fiber. On the other hand, during this oxidative process the radius of the carbon fibre 

is decreased. Most of the ultramicroelectrodes fabricated using these chemically 

modified carbon fibers gave capacitance values less than 300 pF/cm2, and the
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voltammograms were completly flat. Figure 2.13b shows the SEM picture of a 

carbon ultramicrodisc, which was fabricated using a carbon fiber that had been 

modified chemically. The surface was coated with a thin layer of gold by sputter 

coating. The boundary between the carbon and glass is very narrow (figure 2.13c). 

This mean that a very good seal has been formed between the carbon and glass. In 

some case, high capacitances values (>500 pF/cm2), were obtained. The SEM 

pictures showed that in these cases that small air bubbles were trapped at the 

carbon-glass interface (figure 2.14a and 2.14b). The presence of these small 

bubbles produces a gap between the carbon-glass, which is reflected in the 

capacitance measurements.

2.3.2. Characterisation o f  platinum ultramicroelectrodes.

The characterisation of Pt ultramicroelectrodes was carried out using cyclic 

voltammetry in order to determine the real area of the microelectrode. In acidic 

aqueous electrolytes, at least two well-defined peaks for hydrogen adsorption- 

desorption on platinum must be observed at low sweep rate. This behaviour is 

characteristic of a clean solution and a clean platinum microelectrode. The real 

surface area was calculated from the charge due to hydrogen adsorption assuming 

2 1 0  pC/cm2 The area under the adsorption or desorption (Ad) hydrogen peaks was 

determined, and the double layer charging contribution was subtracted. This 

determination involve the assumption of considering that the double layer 

capacitance is constant in the hydrogen adsorption and desorption region.

The experimental charge associated with hydrogen adsorption or desorption was 

determined from the following equation:

Qexp = Ad (2 6)F o

where Si and Sv are the current and voltage sensitivities for the respective axes on 

the cyclic voltammogram, and v is the sweep rate. The real surface area was then 

calculated from the ratio:
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Figure 2.12a. SEM photograph of a carbon ultramicrodisk fabricated
with a carbon fiber without chemical modification

V

Figure 2.12b. Carbon-glass interface of a carbon ultramicrodisk prepared 
using a carbon fiber without chemical modification.



Figure 2.12c. SEM photograph of a carbon fiber without chemical modification



Figure 2.13a. SEM photograph of a carbon fiber with chemical modification 
in concentrated HN03



Figure 2.13b. SEM photograph of a carbon ultramicrodisk fabricated
with a carbon fiber modified chemically with concentrated H N 0 3
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Figure 2.13c. Carbon-glass interface of a carbon ultramicroelectrode 
prepared using a carbon modified chemically with concentrated HN03



air bubbles

Figure 2.14a. SEM photograph of a carbon ultramicrodisk fabricated 
with a carbon fiber modified chemically with conc.HN03 (where air
bubbles were trapped at the carbon-glass interface).

air bubbles

Figure 2.14b. Carbon-glass interface in the place where air bubbles 
were formed. The carbon ultramicroelectrode was prepared using a 
carbon fibre modified chemically with concentrated HN03
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According to Woods [27], on the the polycrystalline platinum surface, there 

is an equal distribution of the three low index planes, (100), (111), and (110). 

However the value taken as standard is that of the (100) surface, the median of the 

three planes in terms of surface atom density. Considering the packing structure of 

platinum as a face-centred cubic:

Figure 2.15. Face-centred cubic (fee 100) 
unit cell for platinum, a= 3.91 A, and b=
V ia 2.

the charge (Q th eo) corresponding to a monolayer coverage with hydrogen is 

determined by considering the hydrogen atoms adsorbed on both, the first layer 

(dark shaded) and the second layer (light shaded). With these assumptions, a value 

o f approximately 210 pC/cm2, is predicted, which was the value used at the present 

work as Qtheo

Before carrying out an experiment, the platinum ultramicroelectrodes were 

cleaned. The first step was the same as the procedure utilized for cleaning the 

carbon microelectrodes. After that, they were soaked in conc. H N 03, and then they 

were rinsed with plenty of ultrapure water before being placed in the electro

chemical cell. Electrochemical treatment was carried out by cycling between 0 to
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1.4V vs RHE at 100 mV/s, until reproducibility of the voltammogram was 

obtained. Figure 2.16 shows the voltammogram obtained at a platinum micro

electrode (radius 5 p,m) in 1 mol dm'3 H2 SO4 solution, after passing N2 gas for 30 

min. In this experiment, the potential sweep began at E=0.0 V vs RHE, where the 

surface is covered with a layer of adsorbed hydrogen. When the potential is shifted 

to a more positive value, the adsorbed hydrogen is oxidized, giving rise to two 

anodic peaks in the range 50 mV to 250 mV vs RHE. In the potential range 

between 300 mV and 800 mV, no electrode process was observed. In this region 

only the current for electrode charging flows through the system. At potentials of 

E> 800 mV, the adsorption of oxygen begins to occur, being characterized by a 

drawn-out wave. When the direction of polarization was reversed at 1.4 V, the 

reduction of the oxide layer is observed at a more negative potential than the 

anodic process. When the potential is driven more negative between 300 and 50 

mV, the one electron reduction of hydrogen ions results in a growing monoatomic 

layer of adsorbed hydrogen on the platinum surface, as indicated by the two 

cathodic peaks observed in the voltammogram in the cathodic direction. The two 

well-defined reversible hydrogen adsorption/desorption peaks have been attributed 

to a different kind of adsorption of hydrogen. Most authors choose to refer to the 

peak at about 250 mV as strongly bound hydrogen, and the peak at around 1 2 0  

mV as weakly bound hydrogen. According to UV/visible reflectance spectra 

reported by Bewick and Tuxford [28,29], the two peaks arise from hydrogen 

adsorption with different coordination numbers at the surface. They reported that 

the strongly adsorbed hydrogen penetrates into the surface and the weakly 

adsorbed hydrogen behaved like a chemisorbed species. However it is necessary to 

point out that two more peaks can appear at the voltammogram [30], These peaks 

have been attributed to different adsorption sites on the crystal face [31,32].

From the area calculated, roughness factors between 1.57 to 2 were 

determined. Most of the Pt ultramicroelectrodes used in the present work did not 

leak because the platinum and glass have similar thermal expansion coefficients. 

The roughness factors of 1.5 to 2 were attributed to the electrochemical treatment 

used in the present work.
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Figure 2.16. Cyclic voltammogram at a platinum ultramicroelectrode of 
5 pm in radius in lmol d m H 2 SO4  at 25 °C, in the absence of oxygen;

sweep rate = 100 mV s'*.
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2.3.3. Characterisation o f gold ultramicroelectrodes.

In the present work, the gold ultramicrodisks were characterized by capaci

tance measurements and oxygen adsorption from acid solutions, SEM and by 

underpotential deposition of lead on their microsurfaces. The method used to 

calculate the real area and the apparent radius from underpotential deposition data 

will be discussed in chapter 3.

Figure 2.17, shows the cyclic voltammogram recorded using a gold 

ultramicroelectrode, for a blank solution of 0.2 mol dm'3 HCIO4. The double layer 

capacitance was determined, using equation (2.4). The value of about 50 p,F/cm2 is 

in agreement with the values reported in the literature [33],

A. Oxygen adsorption method.

By using the oxygen adsorption method, it is assumed that oxygen is 

chemisorbed in a monoatomic layer prior to O2 evolution with a one to one 

correspondence with surface metal atoms. Knowing that gold has well-developed 

regions for oxide monolayer formation and reduction [34], this method may be 

used to determine surface areas. However, the cleanliness of the surface of the 

ultramicrodisc and the solution must be ensured. During adsorption (positive 

potential sweep), the anodic measured charge may include oxidizable impurity 

effects and some charge associated with oxygen evolution. On the other hand the 

charge measured during adsorbed oxygen reduction may correspond to multilayers 

(oxide film) of undefined stoichiometry.

The successful application of this method entails a careful selection of the 

limits of the potential range where the charge corresponding to oxidation or 

reduction should be determined. Different methods of cleaning the ultramicro

electrodes were tested and extreme care was taken when preparing the solution. 

The gold ultramicroelectrodes were repolished with 3 and 0.3 alpha alumina, 

followed by rinsing and sonicating with ultra pure water for 1 min. Then they were 

electrochemically treated by cycling in acid media in the potential range where the 

formation of gold oxide and its reduction occurs. In experiments carried out in 0.5 

mol dm'3 H2SO4, the onset of the formation of gold oxide and its reduction are
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shifted to more positive potentials than in 0 . 2  mol dm'3 aqueous solutions of 

HCIO4 . This behaviour has also been reported by Kozlowska et al. [35], and it has 

been attributed to the sulphate ion which is adsorbed more strongly than the 

perchlorate ion. On the other hand, when the ultramicroelectrode is cycled at high 

sweep rate in the potential range where the formation of gold oxide and its 

reduction occur, the voltammogram changes after the first cycle, and it was found 

that the roughness of the microsurface increases w7ith cycling time.

Following these results, the characterization of these ultramicroelectrodes 

was performed using HCIO4 as supporting electrolyte because the range of 

potential where oxide formation and its reduction occur can be reduced, hence 

increased surface roughening avoided. Figure 2.18 shows the voltammogram 

obtained at a gold ultramicroelectrode in HCIO4 aqueous solution. The potential 

scan includes the double layer region (0.1 to 1 V vs SCE), as well as the region of 

oxide formation (1 to 1.4 V). In the double layer region, an electrode process is 

observed around 0.65 V. This shoulder is attributed to the adsorption of the C104' 

anion [35]. In the region of oxide formation, replacement of the adsorbed anions by 

OH7 occurs and two peaks are observed. The first peak at 1.25 V is attributed to 

formation of the first sublattice of OH* deposited in between adsorbed anions [35]:

^MxA 'Jm  + H20  -> [m xA~1m OH + H+ + e“ (2.8)

The second peak at 1.35 V has been attributed to the deposition of OH” 

accompanied by desorption of the anions [32].

MXA-  + H20  o  Mx_! + MOH + A” + H+ + e- (2.9)

A peak is observed on the cathodic side of the voltammogram between 0.85 to 0.9 

V vs SCE, which corresponds to the reduction of adsorbed oxygen (oxide 

stripping).
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Figure 2.17. Cyclic voltammogram at gold ultramicroelectrode in 
in 0.2 mol dm 3 HC104; v = 60 mV.s1.



400
OXIDE FO RM A TIO N

REG IO N

200
D O U B L E  LAYER R EG IO N

0

-200

OXIDE ST R IPP IN G  REGIO N

-400
0.9 1.5-0.3 0.0 0.3 0.6 1.2

E vs. SCE/V
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The shape of the voltammogram is similar to that reported for 

polycrystalline gold [34]. The effective area of the gold ultramicroelectrode was 

calculated taking into account that the cathodic charge in aqueous solutions of 

HCIO4 increases almost linearly with the applied potential above 1 . 2  V vs SCE and 

that this charge is independent of pH [36]. The charge value (Qb) used was taken 

from the curve cathodic charge vs anodization potential reported by Brummer et.al. 

[36]. This value and the charge obtained experimentally by integration of the oxide 

stripping peak (figure 2.19), were used to calculate the real area of the microdisc 

from the radio:

The apparent radius was calculated by assuming the ultramicroelectrode is an ideal

For a series of experiments carried out at 60 mV/s, using gold wires of 10 pm

corresponds closely to the nominal value of 5 pm.

Figures 2.20a and 2.20b, show the SEM photographs obtained for a 

transverse section of a 1 0  pm diameter gold wire surrounded by epoxy. It is 

necessary to point out that all photographs were taken without performing the 

complete cleaning procedure reported in the section 2.1.4.

Figures 2.21a and 2.21b, show the SEM photographs for a gold 

ultramicroelectrode (60 pm diameter) sealed in glass which exhibited an 

anomalously high capacitance value. Again, the SEM showed that the high 

capacitance arises from leakage due to an air bubble trapped at the gold-glass 

interface, which produces a gap at the interface. However, it is seen that the 

boundary between the epoxy and gold is very sharply defined, indicating a good

(2 .10)

disk:

(2 .11)

diameter, the values of apparent radius obtained was 4.80 ± 0.13 pm. This value
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quality seal. From these pictures, it is also observed that the diameter of each disk 

is about 1 0  and 60 pm respectively.

Figure 2.22a shows a family of voltammograms obtained on a gold 

ultramicroelectrode of 10 pm diameter, with sweep rates from 10 to 100 mV/s. 

Since the peak heights are linearly dependent on the sweep rate (figure 2.22b), it 

was concluded that the electrode processes responsible for the peak are surface 

processes and not diffusion of some electroactive species from the solution. Figure 

2.23a shows a family of voltammograms with an anodic limit increasing in 50 mV 

steps from 1.25 to 1.45 V. It is observed that the area under the oxide stripping 

peak increases with the increase in anodic potential limit. Figure 2.23b shows the 

behaviour of the cathodic charge calculated, from the area under the stripping 

peak. It is seen that the variation of the cathodic charge with the potential is almost 

linear.
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Figure 2.20a. SEM photograph of a gold ultramicroelectrode 
fabricated with gold wire ( 1 0  pm diameter), sealed with epoxy

1 N mA 0 6 5 1 0  1 5 K U  X 1 9 . 0 0 0  © m m

Figure 2.20b. gold-epoxy interface of a gold ultramicroelectrode 
prepared using a gold wire ( 1 0  pm diameter)



Figure 2.21a. SEM photograph of a gold microelectrode fabricated 
with gold wire (60 pm diameter), sealed in soft glass, showing bubble 
formation

Figure 2.21b. gold-glass interface of a gold microelectrode prepared 
using a gold wire (60 pm diameter), showing bubble formation



<Nia0
1

600

400

200

-400

-600
0.3 0.0 0.3 0.6 0.9 1.2 1.5

E vs. SCE/V

-50

-100

-150

^  -200 
B
< -250
n>
•J? -300 

-350 

-400 

-450
0 20 40 60 80 100 120

sweep rate/m V s’1

Fig 2.22. A) Cyclic voltammograms recorded at a gold ultramicroelectrode sealed i 
epoxy; 0.2 mol dm"** HCIO4  ; u=10, 20, 30, 40, 50, 60, 70, 80, 90, 100 mV s"*; B) 
Current density (stripping peak) versus sweep rate plot from data in A.

72



0.3

0.2

0.0

- 0.1

- 0.2

-0.3

-0.4
0.3 0.0 0.3 0.6 0.9 1.2 1.5

E vs. SCE/V 

900 

800 

700

<n 600
a
£ 500 

^  400 

300 

200 

100 
1.20 1.25 1.30 1.35 1.40 1.45 1.50

E vs. SCE/V

Figure 2.23. A) Cyclic voltammograms recorded at a gold 
microelectrode sealed in epoxy; v=60 mV s’1; B) Charge vs. 
potential plot from data in A.

73



2.4. Conclusions.

Electrochemical techniques for characterisation of the real area, and apparent 

radius of ultramicroelectrodes must be accompanied with scanning electromicroscopy 

measurement, for determining the real shape of the surface, and for obtaining complete 

information about the quality of the seal at the electrode material-insulator material 

interface.

Carbon fibres chemically modified in conc. HNO3, can be used for the 

fabrication of carbon ultramicrodiscs with a good quality seal. This type of modifi

cation offers some advantages over other methods, in particular the absence of an 

organic-based epoxy or polymer coating permits its use without concern of electrode 

degradation or contamination of the system being studied.

The electrochemical characterization of platinum ultramicroelectrodes using the 

adsorption and desorption hydrogen method should be carried out at low scan rate (< 

2 0 0  mV/s). At low scan rate, contamination of the solution due to very small amount 

of impurities can be detected, as a loss of the well defined hydrogen adsorption and 

desorption peaks. When, high sweep rate are employed ( ~ 1 0 0  V/s), the presence of 

these impurities is not readily detected.

The reproducible construction of well sealed gold ultramicroelectrodes using 

glass materials is not an easy task, because glass has a lower thermal expansion 

coefficient than gold. The use of an epoxy resin, which has a higher thermal expansion 

coefficient than glass appears to offer a simple, low cost and highly successful method 

for preparing gold ultramicroelectrodes.
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CHAPTER 3

ULTRAMICROELECTRODE STUDIES OF UNDERPOTENTIAL

DEPOSITION

3.1. Introduction.

In the present work the underpotential deposition (upd) of lead on gold was 

used to characterise the real surface area of gold ultramicroelectrodes, prior to 

their use in kinetic studies. This chapter is concerned with the mechanism of the 

underpotential deposition and details how more information was obtained about the 

process using ultramicroelectrodes.

The deposition of metal atoms on a foreign metal electrode at a potential 

positive of the reversible bulk potential has been known for a long time [1]. The 

potential difference between the oxidation potential of a monolayer of metal 

deposited on an inert foreign metal substrate and the reversible Nemst potential 

(En) of the depositing metal in the same electrolyte, is called the underpotential 

shift, and the process itself, underpotential deposition. Different approaches have 

been described in the past for trying to explain the thermodynamics of 

underpotential deposition [2]. An activity of less than unity for the underpotential 

deposited phase has been considered in some cases to explain this process. The 

most important and direct thermodynamic information one obtains from 

experiments is that the chemical potential of the first monolayer (jiml), is markedly 

different from that of the bulk metal ((Xmeui). The difference between these chemical 

potentials represents a direct measure of the difference in binding energies between 

a metal adatom (at a certain coverage) on the substrate and the same atom on the 

parent surface. This difference is independent of the metal ion concentration. To 

establish a quantitative description of underpotential deposition, the peak potentials 

of monolayer and bulk stripping peaks have been considered as the most suitable 

values for the difference in chemical potentials of monolayer and bulk deposits [2 ], 

In the case of multiple peaks in the corresponding I-E curve, the position of the
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most anodic (low coverage) peak is chosen as the stripping potential of the 

monolayer (E m ls) . The potential difference between bulk and monolayer stripping 

peaks is termed the underpotential shift or underpotential range, and it is defined 

as:

AU = Emls -  Ebu|k > 0 (3.1)

This difference in chemical potentials between the monolayer and bulk metal has 

been related to work function differences between the two dissimilar metals [2 ]. 

The work function O of the metal is the energy required to remove an electron 

from the metal to charge free vacuum. According to experimental observations [2], 

the work function of the substrate must be higher than that of the adsorbate metal 

for upd to occur. In cases where the underpotential effect is not observed, the 

differences in work function are relatively small. Another closely related model of 

the adatom-substrate bond is that the charge transferred from the adatom to the 

substrate is proportional to the difference in their electronegativities. A linear 

correlation exists between Pauling’s electro-negativity (xm ) of a metal atom and the 

work function (O) of the same metal. The empirical formula is:

X M = 0.50 -  cons tan t (3.2)

where the constant value is 0.29 for sp metals and 0.55 for transition metals [3], 

From the fact that differences in the electronegativities are linearly related to the 

work functions, the underpotential shift (AU) has been found to change linearly 

with the difference in work functions for the bulk substrate and bulk deposited 

metals [2]. This behaviour suggests that the covalent part of the adatom-substrate 

bond does not differ appreciably from the bond strength between the adatom and 

the surface of the same metal [2], However it is necessary to point out that this 

good linear correlation between substrate and monolayer exists as long as no 

complications, such as alloy formation, arise.
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The upd process extends from a few millivolts to several hundred millivolts, 

depending on the strength of adsorbate substrate interactions, i.e. on the system 

studied. The so-called underpotential range (AU) has been demonstrated to depend 

strongly on the crystallographic orientation of the substrate, and thus the 

underpotential deposition of metals on foreign metal surfaces has a multiple-state 

character [2 ].

Upd is a complex process consisting of several phenomena. The first of 

these is transport of the metal ions from the bulk of the solution to the substrate 

surface. The second is charge transfer, and finally the adsorption of the discharged 

metal on one or more adsorption sites of the substrate metal surface. However, the 

adsorption step may precede charge transfer. Adsorption of the metal ions on the 

substrate, where chemical or physical bonds can be formed between the ions, the 

surrounding solution components and the metal lattice of the substrate, can take 

place in the upd region [2,4,5] before charge transfer occurs. In aqueous solutions, 

the ions of the depositing metal (Mz+) penetrate into the double layer to make 

direct contact with the substrate metal (S) [5]. During this process adsorbed water 

molecules are removed from the surface of the substrate metal, and the solvation 

shell of the depositing ions will be partly or completely destroyed [5]. Depending 

on the chemical nature of the interaction between adsorbent (S) and adsorbate 

(Mz+), a purely physical bond or a much stronger chemical bond is formed. It has 

also been found that the upd of a foreign metal on a well defined substrate is 

strongly affected by the type of solvent and supporting electrolyte utilised. The use 

of solvents of low dielectric constant produces different cyclic voltammetric curves 

in the upd region for a specific foreign metal on a specific substrate [6 ]. This 

behaviour has been attributed to extensive ion pairing both at the interface and in 

the bulk solution.

The presence of anions like CX and S042’ in the supporting electrolyte has a 

strong effect on the potential region where deposition/stripping of the foreign metal 

occurs and on the reversibility of the reaction [7,8]. This behaviour has been 

attributed to the coadsorption of these anions together with the foreign metal. This 

coadsorption may also influence the number of atoms deposited [9] as well as the
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charge transferred to the deposited foreign metal [9,10]. If a chemical bond is 

formed, a partial charge transfer of X electrons will take place from the substrate 

metal to the depositing ions [11]. According to the formalism originally introduced 

by Schultze and Vetter [5], upd in aqueous solutions may be described by the 

following equation:

v S -O H 2 + M z+.aq + Xe~ <->Sv - M >ds(z‘X)+ + vH2 0.aq (3.3)

where M .aq is a metal (M) ion of charge z  solvated by solvent (aq) molecules; S 

are adsorption sites covered with solvent molecules, v is the number of surface 

sites occupied by one metal ad-ion, Xe is the charge transferred from the electrode 

to the species Mz+ upon adsorption. This formal analysis suggests that the 

magnitude of (z-A,) will modify the state of solvation of the adsorbed metal species 

and therefore the overall energetics and kinetics of the upd process. The partial 

charge transferred is defined by the difference between the ionic charge of the 

adsorbing ions (z) and the actual charge of the deposited metal atoms (zadS), 

according to the following equation:

X — Z — Zads (3.4)

The partial charge on adsorbed metal atoms is usually small and cannot be 

determined experimentally [5]. When a physical bond is formed and the ionic 

charge on the adsorbed metal atoms is low (zadS « 0 ), the adsorption behaviour of 

Mz+ can be described by Nemst equation:

RT a z+
E = E 0 + ——In— — (3.5)

° zF a(H

where the activity of the MadS adsorbate (a(T)) represents the system-specific type 

of isotherm as a function of Y only, where Y is the surface coverage.
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It has been found that some metals can undergo partial discharge on the 

electrode surface in the upd region [4,6], Some hint of a macroscopic partial 

charge for adsorbates like Pb2+ on gold substrates has been reported in the past 

[12,13]. This behaviour may produce changes in the solvation characteristics o f the 

adsorbed species as was mentioned before. However, Conway et.al [14] have 

found very small differences for the upd of Pb on polycrystalline gold electrodes in 

water, methanol and acetonitrile solutions, which means that the upd of Pb on Au 

is largely independent of the nature o f solvents with high dielectric constants. The 

following schemes (figure 3.1 and figure 3.2) summarise the phenomena involved 

in the upd process, taking into account chemical bonding, physical bonding and 

coadsorption of anions from the supporting electrolyte

(z-X)+

Substrate

Metal adsorbed with a partial 
charge and solvated with some 
solvent molecules

Metal ion of charge z+ 
solvated by solvent (sol) 
molecules

solvent molecule

Anion

Figure 3.1. Schematic representation of the upd process when a 
chemical bond is formed between the metal ion and the substrate.
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adsorbed Metal

Metal ion of charge z+ solvated
by solvent (sol)
molecules

solvent molecule

Anion

Figure 3.2. Schematic representation of the upd process when a 
physical bond is formed between the metal ion and the substrate 
and Zads ~ 0 .

The description of the upd process is complicated by the fact that when 

chemical bonds are formed between the substrate and adsorbate, changes in the 

state of charge of the adsorbed species can occur when the potential is driven to 

more negative potentials. Surface diffusion of MadS as well as electrostatic repulsion 

between adsorbed atoms is another phenomenon which can play an important role 

in upd.

Although there has been considerable research on the upd o f different 

systems, several crucial problems remain to be resolved. There is no clear 

agreement on the extent o f the partial charge on the deposited atoms, nor has it 

been clearly established whether a two-dimensional phase is formed at any stage in 

the deposition process. Moreover, there is still a controversy regarding the 

mechanism of the upd process in some systems [15,16],

Different techniques have been used for studying the upd of metals. An 

abundant literature exists for the investigation of the structure and structural 

transformation of the metal deposited by using electrochemical [15,17,18], and in
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situ surface techniques [19-22]. It has been known for a long time that the 

modification of electrode surfaces by using upd to produce a monolayer of a 

foreign metal [2,23] may increase reaction rates for oxidation and reduction of 

small molecules. Upd monolayers or submonolayers of Pb adatoms, act as catalysts 

for the electroreduction of both H20 2 and 0 2 to H20  in both acid and basic 

environments [24,25].

The formation of adsorbed metal monolayers on foreign metal substrates is 

usually carried out in very dilute solutions of the ions to be deposited, so that mass 

transport has a profound effect on the kinetics of the upd. The main characteristic 

of upd processes is that the formation or desorption of the monolayer occurs in a 

number of usually easily resolvable stages over a potential range characteristic of 

both the adsorbate and adsorbent. This behaviour can in principle be used to 

determine the active surface of the electrode. The amount of metal deposited at a 

certain potential can be obtained from the corresponding charge by scanning the 

potential positive and integrating the current caused by oxidative desorption of the 

deposit, with subtraction of the contribution due to double layer charging. In the 

present work it was envisaged that this behaviour could be employed for 

determining the real surface area of an ultramicroelectrode.

One of the simplest and yet most powerful techniques often used for upd 

studies is cyclic voltammetry, utilising electrodes of conventional size and rotating 

ring disk electrodes [17,26]. Potentiostatic or galvanostatic pulse measurements 

have also been used for studying the kinetics of upd [16,27].

The use of gold ultramicroelectrodes in upd studies has not previously been 

reported in the literature. Although it is obvious that measurements of monolayer 

coverage charges on a polycrystalline surface have the disadvantage of representing 

an average over all bonds formed on a rather heterogeneous surface, large atoms 

can form a close packed monolayer at high coverage [2 ], with a surface 

concentration independent of the substrate structure. Atomic scale analysis of the 

Pb upd process by surface X-ray scattering (SXS) measurements [28], showed that 

the upd of Pb forms a hexagonal close packed monolayer. The upd literature for Pb 

on gold is somewhat contradictory. Some authors [29,30], have reported that Pb
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does not form an alloy with gold, while other authors [31] have found that the 

formation of an alloy is possible in the upd region. As was mentioned in the first 

and second chapters, the iR drop when ultramicroelectrodes are used is very small 

and the charging current is negligible, which permits a study of upd at low 

concentrations of the metal to be deposited. It follows that the use of these small 

electrodes can contribute to a more detailed understanding of the mechanism of the 

upd of Pb on gold. In the present work, the upd of Pb on gold ultramicrodisks (10 

jam diameter) was investigated by cyclic voltammetry and chronoamperometry, 

using dilute solutions of Pb2+ in 0 . 2  mol.dm' 3 HC104.

3.2. Experimental

Gold ultramicroelectrodes were prepared according to the method 

explained in chapter 2. The cyclic voltammetry and chronoamperometry experi

ments were carried out with the electronic equipment also reported in chapter 2 . 

The upd of Pb on gold was investigated using different concentrations of Pb2+ in

0 . 2  mol.dm'3 HC104. Before carrying out each experiment, the solution was 

deoxygenated by passing N2 gas for 15 min and the ultramicroelectrodes were 

electrochemically treated by cycling between 0  and 1.45 V in 0 . 2  mol dm'3 HC104. 

The experiments were started at a potential which was positive of the 

underpotential region but negative of the oxygen chemisorption region. Electrode 

potentials were measured vs. SCE. All experiments were carried out at room 

temperature in an earthed Faraday box.

3.3. Results and discussion.

3.3.1. Cyclic voltammetry experiments

Several experiments were carried out in an attempt to obtain reproducible 

voltammograms in the upd region under well-defined experimental conditions. It 

was found that the experimental behaviour is considerably affected by the method 

used to clean the ultramicroelectrode surface. It was also clearly observed that the 

experimental behaviour of the upd of Pb is strongly influenced by the concentration 

of Pb2+ cations present in the bulk solution. Figure 3.3 shows the cyclic
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voltammograms obtained at two different concentrations of Pb2+. Different stages 

of the process of adsorption and desorption of the monolayer are observed when 

the concentration of Pb2+ is changed from 8x1 O'6 to 8 x 1 0 ‘5 mol dm'3. A shift of the 

monolayer stripping peak (A’) towards a more positive potential is observed when 

the concentration is raised from SxlCT6 to 8x1 O' 5 mol dm'3. Figure 3.4 shows the 

family of voltammograms obtained for a solution of 8x1 O' 5 mol dm*3 Pb2+ in 0.2 

mol dm*3 HC104, when the cathodic potential limit is changed in 50 mV steps from 

-0.4 to -0.65V vs SCE, using a sweep rate of 60 mV/s.

The inhibition of the hydrogen evolution reaction by Pb2+ upd is observed in 

this figure when a comparison is made with the voltammogram obtained for the 

supporting electrolyte alone. The different peaks observed are labeled A, A’, B, B’, 

C, C’ and D. When the cathodic potential is decreased to values more negative 

than -0.4V, another peak (peak D) begins to appear in the anodic direction and 

rises quickly with potential. This peak was attributed to the oxidation of the bulk 

lead deposit. The difference between the bulk (D) and monolayer (A’) stripping 

peaks is 0.40V. This value is in agreement with the value reported by Bruckenstein 

[26] and Schmidt [32]. The peaks B’ and C’ could be related to changes in the 

structure of the adsorbed atoms to allow the accommodation of more Pb on the Au 

microsurface [2]. However upd studies carried out in aqueous solutions of Pb2+ 

with conventional electrodes or rotating disk electrodes have attributed the peak 

observed between -0.35 and -0.25V vs SCE in the anodic direction to a phase 

transition attended by a change in the state of charge within the adsorbed layer, 

which produces condensation into patches of predominantly metallic character. 

This behaviour is characterised by quite a sharp peak in both directions (cathodic 

and anodic) in the voltammetry curves which also proves that the process is not 

under diffusion control [7]. This was not found in the present study using a gold 

ultramicroelectrode. The characterisation of the real surface area of the gold 

ultramicroelectrode was carried out by assuming that the Pb atoms, being large, 

can form a close packed monolayer at high coverage, with a surface concentration 

independent of the substrate structure [2], The quantity of Pb(0) which constitutes 

a monolayer coverage on polycrystalline gold was calculated assuming a hexagonal
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Figure 3.3. Cyclic voltammograms recorded at a gold ultramicroelectrode sealed 
in epoxy (10 pm diameter) from 0.6 V to the upd region in —  8xl0 ' 6 mol dm '3 

Pb(N03 ) 2 and — 8x10 5 mol dm 3 Pb(N03 ) 2 + 0.2 mol dm 3 HC104; v =60 mV s '
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Figure 3.4. Family of voltammograms recorded at a gold ultramicroelectrode 
from 0.6 V to more negative potentials in the upd region:— Solution 8xl0 ' 5 mol dm 3 

Pb(N03 ) 2 + 0.2 mol dm"3 HCI04;  only supporting electrolyte; v = 60 mV s'1.
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close packed structure, (figure 3.5):

A

Figure 3.5. Hexagonally close-packed monolayer of Pb 
on a gold substrate.

In this figure, it is seen that each Pb atom has six other Pb atoms touching it. The area 

occupied by 1 atom corresponds to the area of the parallelogram shown in figure 3.5, 

and is given by:

A atom= 2 a 2V3 (3.6)

where, a is the Pb metallic radius, which equals 1.75 A [33], Assuming 2 electrons per 

atom, the charge per unit area of lead monolayer will be:

Qmonolayer =  =  3 0 2 HC  /  C m 2 ( 3  .7 )
^atom

where q is the elementary charge of an electron. The experimental charge was 

determined by integration of the i vs E curve, with allowance for double layer charging. 

The real area of the gold ultramicroelectrode was then calculated using the equation .
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a  _  Q e x p  „  o xA-real -  —-----------  (3.8)
v  monolayer

where Qcxp is expressed in pC. The electrode area was found to be (7.0± 0.2) xlO'7 cm2 

for a series of experiments in which Qexp was determined from the anodic charge. This 

experimental charge was determined in the potential range of -0.4 to 0.6 V vs. SCE. 

The roughness factor was always less than 1. When the electrode area was determined 

using the cathodic charge a value of (9.3 ± 0.4)xl0'7 cm2 was found. This represent a 

roughness factor of 1.14 ± 0.01. It was observed that the anodic charge/cathodic 

charge ratio was 0.77 in most of the experiments carried out where the concentration 

of Pb2+ was 8 x 1 0 ' 5 mol dm'3. This value shows that other processes may be taking 

place which hinder the stripping.

Experiments carried out in aqueous solutions of Pb2+, with concentrations 

< 1 x 1 0 ' 5 mol.dm' 3 show a broad plateau in the cathodic direction and two broad peaks 

in the anodic direction in the underpotential region. Figure 3.6 shows the voltam- 

mogram obtained under these conditions. In the potential region between 0 and -0.4V 

vs SCE, a well defined mass transfer limited plateau is observed in the cathodic 

direction and two peaks, one at -0.04V (peak A’), and another at -0.25 V (peak B’) in 

the anodic scan. The steady state diffusional plateau observed was used for 

determining the radius of the gold ultramicrodisc, according to equation (2.5). 

Although the value obtained in some experiments was in good agreement with the 

value of 5 pm as specified by the manufacturer, lack of reproducibility of these 

experiments suggest that alloy formation is taking place.

Figure 3.7 shows the family of voltammograms obtained when the anodic scan 

rate was maintained constant and the cathodic sweep rate was decreased from 100 to 5 

mV/s. It was observed that charge under peak B’ increases faster than the charge 

under peak A’ and a new peak, F, starts to grow when the cathodic sweep rate is < 20 

mV/s. The increase of peak B’ could be attributed to two different factors. First, when 

the cathodic sweep rate is low, the surface concentration of Pb2+ is higher because 

more Pb2+ cations can reach the microdisk when the experimental time for the potential 

scan is longer. Consequently, there is an increase in the coverage of the microsurface
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with Pb2+, which can produce changes in the structure of the adsorbed atoms to allow 

more Pb to be accommodated on the surface. These changes in the structure could be 

accompanied by changes in the state of charge within the adsorbed layer permitting 

condensation into patches of predominantly metallic character. If this is the case, the 

upd of Pb2+ is controlled by the rate of diffusion of Pb2+ to the microdisc. However, the 

unequal cathodic and anodic charges, the lack of a reproducibility of the experiments 

and the appearance of the peak F could be attributed to the formation of alloys in the 

upd region. If alloy formation is occurring, it should be enhanced at low sweep rates. 

Different Pb/Au alloys formed during the cathodic scan can then be dissolved in the 

anodic direction, and the increase of peak B and the appearance of the peak F at a 

more positive potential than the stripping monolayer potential, when the scan rate is 

decreased to < 20 mV/s, could be attributed to the stripping of one type of alloy 

formed below the lead monolayer.

Figure 3.8 shows the Qanodic/Qcathodic charge ratio vs. sweep rate anodic/ sweep 

rate cathodic ratio from the data in figure 3.7. It was observed that when the cathodic 

sweep rate is decreased whilst maintaining the anodic sweep rate constant, the 

Q anod ic /Q ca thod ic  charge ratio decreases. This behaviour shows that the cathodic charge is 

inversely proportional to sweep rate which indicates that alloy formation is enhanced 

under these conditions.

3.3.2. Potential step experiments.

Current-time curves were obtained for a single potential step from an anodic 

starting potential to the upd region. Experiments were carried out at different 

concentrations of Pb2+. The transients show a shoulder superimposed on the falling 

curve when the potential was stepped into the upd region.

Figures 3.9a and 3.9b show the behaviour of the current vs time when the 

concentration of Pb2+ was 8x1 O'6 mol.dm'3 and 8x1 O' 5 mol dm'3 respectively. When the 

potential is decreased between the underpotential range the formation of a Pb 

monolayer is enhanced. It was observed that the shoulder appears at longer times when 

the concentration of Pb2+ is lower. In the case of a metal adsorbate, the appearance of 

non-monotonic flux-time transients under potentiostatic step polarisation conditions 

has been attributed to a two dimensional nucleation growth mechanism [34,35], or to
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nucleation-free adsorption controlled by diffusion and/or charge transfer only [36], The 

relative rates of mass transport, surface diffusion or bulk diffusion, and lattice growth 

are important factors in determining the behaviour of the shoulder observed in these 

transients. The appearance of the shoulder in the transients recorded under the 

experimental conditions mentioned before could be attributed to the formation of a 

monolayer of Pb(0). A complete monolayer of Pb atoms on gold is equivalent to 302 

pC/cm2, when this metal forms a hexagonal closed packed monolayer. Figures 3.10a 

and 3.10b show a family of charge vs time plots obtained from data in figure 3.9a and 

3.9b. It is seen that a complete monolayer is formed just when the shoulder appears in 

the transients of current density vs. time. The appearance of the shoulder at different 

times in the transients when the concentration of the Pb2+ ions is changed can be 

explained if it is considered that the upd process is controlled by diffusion of the Pb2+ 

ions to the surface. A monolayer is formed more quickly when the concentration of 

Pb2+ ions is increased.
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3.4. Conclusions.

The underpotential deposition (upd) of Pb(0) on gold occurs between 

0V>E>-0.4V vs SCE.

Determination of real surface area of the gold ultramicroelectrodes from the 

charge of the monolayer deposited in the upd region or from the mass transfer 

limited plateaus is hindered by the formation of alloys.

The results show that a monolayer of lead and Au-Pb alloys are formed 

simultaneously in the upd region. When the concentration of Pb2+ is > 8 x 1 0‘5 

mol.dm'3, the formation of a monolayer of lead on the gold ultramicroelectrode 

occurs faster than when Cpb2+ < 8xl0*6 mol.dm'3. This shows that the formation of 

upd is controlled by diffusion. Under conditions where Cpb2+ < 8x1 O'6 mol.dm'3, the 

formation of alloys is enhanced. Holding the ultramicroelectrode at potentials 

anodic of the equilibrium reduction potential for the metal/metal ion couple for a 

long time enhances the alloy formation.

The results of the chronoamperometry experiments demonstrate that the 

formation of a complete monolayer can be related to the appearence of a non

monotonic current-time transient. Formation of a second monolayer may also 

occur. However, due to the complications associated with formation of the alloy, 

further work would be required to characterise the system fully.
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CHAPTER 4

STUDIES OF KINETIC PARAMETERS ON ULTRAMICROELECTRODES

4.1. Introduction

Ultramicroelectrodes have become popular as a means of studying electron 

transfer kinetics, especially when they are used in conjunction with voltammetry [1 - 

5]. The most striking feature of ultramicroelectrodes is that they have extremely 

small surface areas which enhance the effective rate of mass transport and reduce 

the potential drop in resistive solutions. Ultramicroelectrodes generally exhibit 

sigmoidal voltammograms at slow scan rates, giving a number of advantages over 

the more familiar transient voltammetry observed at macroelectrodes.

Kinetic measurements at ultramicroelectrodes can be carried out by using 

high speed cyclic voltammetry (e.g. sweep rates in the range 106 V/s may be used 

for ultramicroelectrodes about 10 pm in diameter [6,7]), slow steady state 

measurements with electrodes of submicrometer size [4,7,8] or ac voltammetry at 

frequencies where kinetic parameters can be determined [9], The first method 

requires advanced electronic equipment and complicated algorithms for extracting 

kinetic information. Further, the electron transfer processes can be obscured by 

charging currents and by the slow response of electronic circuits. The second 

method, although limited by the ability to prepare and characterise sufficiently small 

ultramicroelectrodes allows measurements where there is virtually no capacitive 

current. This permits accurate measurements of the kinetics of fast electrode 

reactions.

The third method could be the most useful of those mentioned because it 

allows the determination of not only kinetic parameters but also the solution 

resistance, the double layer capacitance and the mass transport impedance from a 

single experiment. However, for the study of fast reactions, a high frequency a.c. 

impedance analysis is required, which normally results in high capacitive currents 

making the measurement of the faradaic current unreliable. It is also difficult to
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measure small currents or voltages over a wide frequency range due to the effects 

of stray capacitance and bandwidth limitations of electronic instruments.

In this work, carbon ultramicroelectrodes ( ~ 8  pm diameter), gold ultra

microelectrodes ( 1 0  pm diameter), and gold microelectrodes (60 pm diameter), 

were used to study the electrochemical behaviour of ferrocene, some of its 

derivatives and the Fe(CN)647Fe(CN)63’ redox couple, at varying concentrations of 

supporting electrolyte.

4.2. The electrode-solution interface

Kinetic processes on electrodes are profoundly affected by the double layer 

structure at the electrode-solution interface. It is well known that the properties of 

this interface depend on the nature of the solvent and supporting electrolyte 

[1 0 , 1 1 ], as well as the electrode material [12]. The electrical potential difference 

developed as a result of the separation of charge of opposite sign across the 

electrochemical interface is known as the electrical double layer. At potentials 

where no charge transfer occurs across the interface, an ideally polarized electrode

electrolyte solution interface acts like a pure capacitor. The structure of the double 

layer [13] depends on different factors, such as the distribution of ions through the 

interphase region, the orientation of polar molecules and the formation of polar 

chemical bonds. The properties of the interfacial region play an important role in 

electrode kinetics. In general the double layer is considered divided into three 

regions where electrostatic interactions occur; the electrode surface itself, the 

compact layer and the diffuse layer. On the basis of this model, the overall 

differential capacitance, Cd, for a system without specific adsorption, results from 

two capacitances in series, one corresponding to capacitance of the Helmholtz 

layer (C h) and the other to the capacitance of the Gouy-Chapman diffuse double 

layer Cgc [13,14]:
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Most of the studies of the structure of the double layer have been carried 

out on the mercury electrode, which has almost ideal properties. When a solid 

electrode is considered, the study of the structure of the double layer is hindered by 

several factors. Electrode contamination, geometrical reproducibility, interference 

by electrode reactions and in aqueous solutions the formation of adsorbed films of 

hydrogen and oxygen, represent some of the experimental difficulties that arise. 

Experimental studies of the structure of the double layer asociated with the gold- 

solution interface have been reviewed by Hamelin recently[15].

4.2.1. Potential o f zero charge on solid electrodes

The gold-aqueous solution interface has been studied by a number of 

workers [15-20]. However there is considerable disagreement regarding the value 

of the potential of zero charge (EpZC). This potential is considered as the potential 

where the excess charge on the metal and in the solution phase are zero hence the 

amount of cationic surface excess at the solution side of the interface T+ equals the 

anionic excess T-. The wide range of EpZC values reported indicates that the double 

layer structure on gold electrodes in aqueous solutions may be complicated by 

oxide films or adsorption of solution species. Also, a well known problem with 

capacity measurements at polycrystalline gold electrodes is the frequency 

dispersion observed [18]. This phenomenon has been attributed to surface 

inhomogeneity. Superficial defects on single crystal faces can affect the properties 

of the double layer. Moreover it is well established that the EpZC of a metal in 

contact with a solution depends on the crystallographic orientation at the interface

[4,15,21], This behaviour has been attributed to the dependence of the work 

function on the atomic roughness of the crystal face. The Epzc of a single crystal 

face is considered to be the potential of the capacitance minimum, Ec, in the 

absence of specific adsorption. For polycrystalline metal electrodes, the surface 

heterogeneity model [4,15,21], is used to describe the metal/aqueous solution 

interface. In this model each crystalline face has associated with it a localised 

charge density and a solution double layer consisting of a Helmholtz and diffuse 

layer capacitance, CH and C gc , in series. The capacitance of a polycrystal is given
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by the parallel contribution from all the faces, and the potential of the capacitance 

minimum occurs at the potential where the total capacitance is a minimum.

One of the few techniques available for obtaining direct double layer 

information on solid metals is the capacity method. However, experimental 

difficulties are found when solid electrodes are studied. The main difficulties are 

frequency dispersion and pseudo-capacity. The former is minimised by using 

smooth electrodes or electrodes of single crystals and ac frequencies which do not 

coincide with the relaxation frequencies of the other processes which are not under 

investigation. The pseudo-capacity, which is related to the adsorption of reaction 

intermediates, can considerably affect the double layer capacitance. This problem is 

avoided by choosing a suitable potential range at which to work, as well as by 

choosing a suitable electrolyte and/or pH at which to work. By taking into account 

all these effects, the capacitance vs. potential curves can be used for determining 

the EpzC.

Specific adsorption of F* on gold has been reported to be very small 

[15,22]. For polycrystalline gold, the potential of the capacitance minimum on the 

C(E) curves is found close to the Epzc of the ( 1 1 0 ) face (~ -0.05 ± 0 . 0 1  Vs SCE) 

[18]. Analysis of C(E) on this kind of electrode only can give a qualitative 

information because the effects of its crystallographic non uniformity are difficult 

to take into account. However, this kind of information can be used to give an 

indication of the nature of the electrode and interpret other types of 

electrochemical measurements.

4.3. Interpretation o f electrode kinetics

Electrode reactions are heterogeneous processes with kinetics depending on 

the rates of charge transfer and mass transfer. The kinetics can also be affected by 

the rate of chemical reactions coupled with the charge transfer. Heterogeneous 

redox reactions involve the reorganization of the coordination and solvation 

spheres of the participating ions, which determines the kinetics of the overall 

electron transfer process because the electronic transition is a very fast event. Two 

types of mechanism for the redox process at the electrode-solution interface may
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occur. According to Weaver and Anson [23], the reactant center or ion in a 

heterogeneous outer sphere electron transfer reaction is located in the outer 

Helmholtz plane, while heterogeneous inner sphere redox reactions proceed 

through a common ligand and correspond to specifically adsorbed reactants.

The simplest conditions for the interpretation of the effect of double layer 

structure on electrode kinetics are obtained in the absence of specific adsorption of 

the supporting electrolyte, reactants and/or products.

At the equilibrium potential, the net current density is equal to zero and
— >  <—

j = j . In the absence of specific adsorption, the net current is expressed as :

j )  -  a)nfn _ anfq.Q (an -  z)f(J), 
J -  Jte (4.2)

where jt° is the true exchange current density, a  is the cathodic transfer coefficient, 

z is the ionic valence of the oxidised species, f  = F/RT, r\ is the overpotential equal 

to potential difference (E-Eeq), n is the number of electrons tranfered and <j>2 is the 

potential in the outer plane of closest approach. The term <J>2 appears because the 

concentration o f the discharged species in the pre-electrode state, defined by 

Frumkin [24], is different from the bulk concentration and because the effective 

potential is not E but E-<t>2, i.e. there is a potential drop through the diffuse layer 

(figure 4.1). These potential differences in the double layer have a considerable 

effect on the kinetics.
Linear profile to x2

j— compact layer 
* Diffuse layer

+ x
OHP

Figure 4.1. Potential distribution with distance x from the electrode surface
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The interpretation of kinetic parameters requires knowledge about the type 

of electron transfer process occuring at the electrode-solution interface. Depending 

on whether the electron transfer process is fast, quasi-fast or slow with respect to 

the rates of mass transport, kinetic parameters may or may not be experimentally 

accessible. The experimental technique utilised needs to operate on a time scale 

comparable to the kinetic time scale, D°/(k0)2, with some characteristic time, x, 

which can be a drop time, a pulse width, a reciprocal frequency or the quantity 

RT/nFv, where v is the sweep rate. For fast reactions, when large electrodes are 

used together with fast sweeps, short pulses or high frequency ac, the 

electrochemical behaviour can be affected by large charging currents that flow 

under such conditions.

Steady state experiments may be used to avoid the experimental difficulties 

mentioned above. Under these conditions, the role of the kinetic time scale is 

assumed by a kinetic distance scale D°/k°. When ultramicroelectrodes are used, 

very fast reactions can be studied. If the dimensions of the ultramicroelectrode 

sufficiently exceed this kinetic distance the process is controlled by mass transport 

and kinetic parameters are not measurable using steady state technique. However, 

it the inlaid disk electrode is sufficiently small compared with D/k°, a mixed kinetic 

and mass transport control can be obtained and the kinetic parameter can be 

measured under steady state conditions without interference from charging 

currents.

The shape of a steady state voltammogram is also influenced by diffusion of 

the electroactive species from bulk solution to the ultramicroelectrode surface, 

electron transfer and the diffusion of the species produced on the surface to the 

bulk solution. The current measured is governed by these three processes. For the 

overall reaction:

0 bulk + ne- > Rbulk (4.3)

the reactant O diffuses to the electrode with a diffusion coefficient of D°:
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Qbulk D° Qsurface (4 .4)

and then the electron(s) must be transfered:

n e ~  +  Q ^ rface l q _ ^ R S urface

kb

Here kf and kb are the (potential dependent) heterogeneous rate constants. The

product R must diffuse away from the surface:

R surface D r ) R bulk ^  q

where DR is its diffusion coefficient.

The experimental current observed will be determined by the slowest step. 

If step (4.4) is rate determining, then the overall reaction is controlled by the rate of 

diffusion of O to the electrode surface. According to this the current will be idif, as 

given by equation (2.5). However, if the charge transfer process is rate

determining, then the reaction rate obeys the simple kinetic law:

-L  = rate = kbQ - k fQ  (4.7)
nF

where j is the current density and Cs denotes a surface concentration. Here it is 

assumed that the diffusion of O and R impose no restriction on the current, in 

which case the surface concentration of 0  would have its bulk value, and the 

surface concentration of R is close to zero. It follows that the kinetic current is 

given by:

>km = 7tr2 nFkfCso (4.8)
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where 7ir2 is the area of microdisk. On the other hand, if the diffusion of R from the 

electrode surface to the bulk solution is the rate determining step according 

equation (4.6), the current will be given by:

i = 4nFCsRDRr (4.9)

The surface concentration C Sr can be established if it is assumed that the

kinetic process is so fast that is maintained thermodynamic equilibrium between the 

two species at the electrode surface, so that:

where the term it/d represents ‘thermodynamic/diffusion’ and reflects the fact that 

the current in this case is controlled jointly by the thermodynamics and the 

transport of species R by diffusion. It follows from this discussion that when the 

experimental current is controlled by all three processes a circuit of three 

impedances in series can be considered. If the current passed by each impedance on 

its own is known, then the current passed where all three are present is given by the 

reciprocal sum formula :

kfCso kfCbo
t  R -  — ;--------=  — ;----- (4.10)

where the concentrations of Cso=Cbo, where C o is the concentration of the O in 

the bulk solution. Combination of equations (4.9), and (4.10) give:

4nFC o DRr (4.11)

(4.12)
 ̂ ^dif  ^kin h / d
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When the kinetics of reaction is so fast, the term 1/iidn will be negligible, so that 

equation (4.12) can be expresed as:

4nFCboD0r (4.13)

kf and kb are large, the rates of the reaction (4.5) will be fast compared to (4.4), 

and (4.5) will appear to be in equilibrium. Under these conditions, the surface 

concentrations can be calculated using thermodynamic arguments. The ratio kb/kf 

of rate constants is the equilibrium constant of the electron transfer reaction, which 

can be related by Nemst’s equation to the potential. It follows that:

This equation describes the shape of the sigmoidal curve under steady state 

condition when the electrochemical process is only controlled by mass transport at 

an ultramicrodisc. The difference between the standard and half-wave potential 

satisfies the relationship:

For a process where the rates of mass transport and electron transfer are 

comparable, the shape of the voltammogram obtained using an ultramicrodisc has 

been investigated for Oldham et al [25-27], They have introduced two 

dimensionless parameters k  and 0 . k  is defined by:

(4.14)

(4.15)
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k  =  k ° exp[-onF(E -  E°) / R t] (4.16)

w h e r e  k ° is  g iv e n  by:

k  =
7tk°r
4D°

(4.17)

r is the radius of the ultramicroelectrode, k° is the standard rate constant rate. 0  is 

defined by :

0 =  1 +
vDRy

exp[nF(E-E°)/RT] (4.18)

With these parameters, the current-potential relationship for this process is given 

by:

l =
0

1 + —  
K0

2k 0 + 3n 
V4K0 + 3712

(4.19)

This equation has been verified independently by Michael et al. [28], Equation 

(4.19) can be written as:

1 ! 2 (h + l)
q0 3h(2h + 7t)

(4.20)

where, q = i/id and h is a new parameter, proportional to the k 0  product and 

defined by:

2 k 0h =
3n

(4.21)

For a process where the electron transfer is the determining step, the 

reduction wave is displaced negatively from the standard potential, which means
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that the term exp[nF(E-E°)/RT] in equation (4.18) is negligible in comparison with 

unity, so that 0->l and equation (4.19) reduces to the form:

4.4. Low concentrations o f electrolyte

According to the classical Frumkin analysis of diffuse double layer effects 

on electrode processes [13], changes in the rates of the electrode reactions can be 

produced by changing the concentration of the supporting electrolyte. At the same 

time, a decrease of the solution electrical conductivity, by decreasing the 

concentration of electrolyte, produces an increase in the iR drop, which distorts the 

voltammetric curve, resulting in the calculation of erroneous values of the rate 

constant when macroelectrodes are used. This problem can be overcome by using 

ultramicroelectrodes because the iR drop will decrease with the radius of the 

ultramicroelectrodes [29,30,31,32]. However, distortions due to migration can 

ocurr when little or no electrolyte is used, because the migration of electroactive 

species becomes an important transport mechanism. A variation in steady state 

plateau currents when supporting electrolyte is removed from the solutions has 

been reported [33,34], Amatore et al. [35] have studied the effects of migration on 

the diffusion limited current (iim) and E 1/2 for steady state voltammograms, without 

taking into account voltammetric distortions due to uncompensated resistance, 

while Oldam et al. [36], have studied such distortions taking into account iR drop 

and migration effects using a model based on the [electrolyte]/[analyte] ratio. Ways 

of using steady state voltammetry at disk ultramicroelectrodes to elucidate 

heterogeneous kinetics have been reported by the same authors [37]. A theoretical 

treatment has also been reported by Amatore et.al [38], which provides a 

reasonable estimate of the effects to be found in steady state experiments without 

supporting electrolyte under specific conditions.

(4.22)
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4.5. Electrochemical behaviour o f the oxidation o f ferrocene and its derivatives 

on ultramicroelectrodes.

The oxidation of ferrocene to the ferrocenium cation:

has been considered as a standard one electron transfer process [39] for use in 

instrumental and reference potential calibration in organic solvents. The use of 

ferrocene as a standard implies that the rate of electron transfer is extremely fast so 

that the electrode process exhibits reversible behaviour. Voltammetric studies on 

the Fc+ /Fc couple have been reported in aqueous media [40] and nonaqueous 

solvents [41-43]. Strange behaviour has been observed for this compound in 

acetonitrile, in which the formation of a film on a Pt electrode of conventional size 

has been reported [44]. Similarly, distorted, quasireversible steady-state 

voltammograms were obtained at Pt ultramicroelectrodes of 12.5 pm radius, 

especially with ferrocene concentrations of > 10 mM. By contrast little evidence of 

film formation was found for 1 pm radius ultramicroelectrodes in more dilute 

ferrocene solutions [44]. This behaviour is consistent with the lower sensitivity of 

microelectrodes to chemical reaction following charge transfer due to rapid 

diffusion of products away from the electrode. Studies carried out on platinum 

microelectrodes of sizes apparently approaching nanometer dimensions [45] have 

given the largest apparent heterogeneous rate constant for the oxidation of 

ferrocene in acetonitrile (220 cm s'1). The differences between the values of 

apparent heterogeneous rate constants previously reported for this system on 

macroelectrodes, microelectrodes and nanoelectrodes have been attributed to a 

decrease of ohmic drop and an increase of the mass transport rate, when the size of 

the electrode is changed from macro —» micro -» nanometer scale. However, these 

differences could also be attributed to a blocking of the electrode surface by a film, 

which is formed more easily on large Pt electrodes. FTIR, Auger spectroscopy and 

electrochemical studies of ferrocene at Pt electrodes of different sizes [46], have
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shown that ferrocene is oxidised at Pt electrodes in acetonitrile to form ferricinium 

ion, which then reacts to produce a film on the electrode surface.

Ferrocene and its derivatives have been widely studied using different 

physical methods [1,2]. With a view to advancing chemical sensor technology, 

modelling electron transfer processes in biological systems and producing new 

redox catalysts, the syntheses of these types of compounds have aroused 

considerable interest [47-49], They are potential aids to the understanding of 

biological electron transfer. Their redox potential and kinetic parameters are helpful 

for selecting donor/acceptor couples for the establishment of membrane systems as 

well as for electrochemical recognition.

In the present work, carbon ultramicroelectrodes were selected for studying 

the electrochemical behaviour of the ferrocene and some of its derivatives. Steady 

state voltammetry was used for determining some electrochemical parameters, as 

well as for determining the diffusion coefficients of these compounds. Experiments 

at different concentrations of supporting electrolyte were carried out, and the 

observed behaviour was compared with a theoretical model.

4.6. Electrochemical behaviour o f the hexacyanoferrate couple

Electrochemical studies of this system in solution without electrolyte have 

been carried out by Anson et al. [50] using carbon ultramicroelectrodes. They 

found that in the absence of KC1 the reduction of Fe(CN)63" is suppressed 

completely. This suppression was attributed to a ‘dynamic diffuse layer effect’ in 

which the transport of charged reactants across the diffuse part of the double layer 

limits the rate of their electroreduction. However, other factors such as the kinetics 

of electron transfer at the surface could be involved. The influence of ion pair 

formation between the hexacyanoferrate couple and the alkali metal cations of the 

electrolyte on the rate and mechanism of the charge transfer has been established 

[51,52], First order dependence of the rate constant on cation concentration of the 

electrolyte was found by Peter et.al. [52] for this couple over a wide range of 

electrolyte concentrations. It has been suggested that the hexacyanoferrate 

electrode transfer process can also be governed by other factors besides charge
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transfer and diffusion [53,54]. Adsorption of ferrocyanide and ferricyanide on the 

electrode surface has been reported [55-57], Wieckoswki et.al. [57] proposed a 

surface bonding scheme in which hexacyanoferrate is adsorbed on Pt through the 

nitrogen of the -C=N" group:

Pt <-:N s  C -  Fe(CN)5n_ (4.24)

The nature of the adsorbed intermediate has been studied more directly by in-situ 

or ex-situ vibrational spectroscopy, infrared, Raman and electrochemically 

modulated infrared spectroscopy (EMIRS) [56,58,59], Fleischmann et al. [58]

studied this redox system in alkali chloride solutions using enhanced Raman

spectroscopy (SERS) on Au. They found a C=N stretching band of adsorbed 

ferrocyanide which was significantly dependent on the nature of the cation of the 

electrolyte. Beriet and Pletcher [60], have reported that the reduction of

ferricyanide as well as the oxidation of ferrocyanide could be affected by surface 

poisoning. Stieble and Juttner [61] found that depending on the defined

prepolarisation conditions, a partial blocking of the platinum electrode surface is 

observed when this couple is studied in presence of 0.5 mol dm'3 Na2 S0 4 . 

However it is necessary to point out that the experiments carried out by 

Fleischmann et.al and Beriet and Pletcher were made using KC1 as supporting 

electrolyte and it is known that chloride ions can be adsorbed at Pt and gold 

electrodes [62], altering the kinetic behaviour of the hexacyanoferrate redox system 

in solutions of low concentrations of supporting electrolyte. Although some 

authors have verified the presence of adsorbed species [56,57,61] on Pt electrodes, 

other authors have not found any evidence of specific adsorption [52] on gold 

electrodes. It is possible that platinum can induce decomposition of the 

hexacyanoferrate species due to its high catalytic activity.

Recently Campbell and Peter [63] found by a.c. impedance spectroscopy a 

minimum in the rate constant when this parameter was analysed as a function of the 

total potassium cation concentration present in the system. They showed that the 

minimum in k° coincides with the concentration value reported by Eaton et.al. [64],
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at which the hexacyanoferrate anions becomes predominantly free from association 

with the potassium cation.

In the present work the hexacyanoferrate couple was studied in a range of 

different concentrations of KF as supporting electrolyte. The aim was to obtain 

information that will allow an understanding of the relative importance of the 

effects produced when much, little or no supporting electrolyte was used, as well 

as to obtain more information about the charge transfer kinetics of this system. The 

steady state response at a gold ultramicrodisc at different concentrations of 

hexacyanoferrate couple with high concentrations of electrolyte was utilised to 

determine the diffusion coefficients of both electroactive species.

4.7. Experimental

Reagent grade concentrated 70% HC104, KF, K3Fe(CN)6, K4Fe(CN)6 , 

ferrocene, ferrocenecarboxylic acid, and ferrocenecarboxaldehyde > 98% (Fe) were 

obtained from Fluka; tetrabutylammonium perchlorate, was obtained from Aldrich. 

All these chemicals were used as received. Acetonitrile was dried with alumina, 

according to the procedure described in chapter 2. Supporting electrolyte solutions 

of KF were treated with purified active charcoal for gas adsorption (particle size 

0.85-1.70 mm) from BDH to eliminate organic impurities, which can interfere with 

the determination of kinetic parameters. Gaseous N2 was passed through the 

solution in the cell for 15 min before measurements were made, according to the 

procedure described in figure 2.6 (chapter 2).

In the present work, voltammetric measurements of ferrocene and some of 

its derivatives were carried out using the electrochemical cell described in chapter 

2 , with a carbon ultramicrodisc electrode as working electrode, and a wire platinum 

electrode as a quasi-reference electrode. Gold microdisc electrodes (60 pm 

diameter), and gold ultramicrodisc electrodes were used with a SCE in the 

electrochemical study of the hexacyanoferrate couple Fe(CN)647Fe(CN)63’.

Capacitance measurements were carried out using gold microelectrodes (60 

pm diameter), sealed in glass or epoxy resin. These measurements were made after 

calibration using an equivalent circuit of a resistor and a capacitor in series. A three
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electrode electrochemical cell was utilised. A SCE was used as the reference 

electrode, and a platinum wire was used as the counterelectrode. The differential 

capacity curves (C-E) were recorded by the application of a slow potential sweep 

(5 mV s'1) to the working microelectrode plus a sinusoidal ac component of low 

amplitude (6 mV p/p) at 15 Hz, using a two-phase lock in amplifier (Bentham) 

coupled to a sine-square wave oscillator (Famell-LFM4). Potentiostatic control 

was achieved using a home built potentiostat (sensitivity IpA V 1) and a waveform 

generator (Hitek Instruments). Figure 4.2 shows the circuit diagram utilised for 

these measurements.

Impedance measurements were carried out using a two electrode 

electrochemical cell. A gold microelectrode (60 pm diameter), sealed in glass was 

used as the working electrode. The generator output and voltage analyser input of 

the frequency response analyser (Schlumberger-Solartron, model 1250) were 

connected to a platinum grid counter electrode (surface area c.a 1 cm2), while the 

working gold ultramicroelectrode was conected to the current analyser input 

through a home built amplifier (sensitivity 10 '7 A V 1). Figure 4.3 shows the 

circuit diagram utilised for these experiments.

The pretreatment of the carbon and gold ultramicroelectrodes was of prime 

importance for the present experiments. The carbon and gold ultramicroelectrodes 

were cleaned and polished according to the method described in chapter 2. In 

addition, the gold ultramicroelectrodes and gold microelectrodes were treated 

electrochemically by cycling between 0 and 1.45 V vs. SCE in 0.2 mol dm’3 HCIO4. 

The ultramicroelectrodes were rinsed with ultrapure water and transferred to the 

cell where the experiment was carried out, taking care to leave a drop of water on 

the electrode surface during the transfer, when gold ultramicroelectrodes were 

used.

The pH was measured with a digital pH meter (Orion, model 520A), which 

was calibrated with a buffer solution, pH 7, before carrying out the measurement. 

The quasi-reference Pt electrode was flamed each time before performing the 

experiment, and the solutions were deoxygenated before each experiment. All the 

experiments were carried out at 25 °C in an earthed metal Faraday box.
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4.8. Electrochemical study of ferrocene and some o f its derivatives

4.8.1. Diffusion coefficients

Steady state voltammetry at a carbon ultramicroelectrode, sealed in glass, 

with different concentrations of electroactive species was carried out to determine 

the diffusion coefficients of ferrocene, ferrocenecarboxylic acid, and 

ferrocenecarboxaldehyde. Figure 4.4a shows the steady state voltammograms 

obtained when the concentration of ferrocene was increased from 10'5 to 10'4 mol 

dm'3, in TBAP/acetonitrile at 25°C. Well defined steady-state voltammograms were 

observed, with diffusion currents proportional to the concentration (figure 4.4b). 

The diffusion coefficients of these species were determined from the slopes of plots 

of diffusion current vs. concentration of ferrocene (figure 4.4b) using the equation:

D° = — (4. 25) 
4nFr

where s is the slope of the limiting current vs. concentration of the electroactive 

species plot, r is the radius of the ultramicroelectrode, and n is the number of 

electrons transferred in the oxidation process. For a series of experiments, the
5 2values obtained for the diffusion coefficient of ferrocene was (2.46 ±0.1)xl0' cm 

s’1. This value agrees with that reported by Kadish et al. [65] of 2.46xl0'5 cm2 s'1.

Plots of E vs. log[(id-i)/1], show that the reversibility of the system was 

maintained (61.7 ± 2.3 mV) when the concentration of ferrocene was increased 

from 5xlO'5 to 2xl0'4 mol dm'3 (figure 4.5). The apparent half-wave potential 

(E1/2) was observed to change little in the concentration range studied. The 

variation was not a function of concentration. Differences of <8 mV between the 

apparent half-wave potentials ('Em) determined from each voltammogram were 

observed. This behaviour could be attributed to changes in the quasi-reference Pt 

electrode utilised.

The quasi-reference Pt electrode could actually be behaving as a reversible 

electrode under the experimental conditions used. It was placed in the main
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compartment where the electroactive species were present. The concentrations of 

the electroactive species were between 5x1 O’5 to 2x10*4 mol dm’3, and small 

concentrations of the corresponding oxidised species could be present before 

starting the electrochemical oxidation process. For instance, for the ferrocene 

system, if a concentration of the oxidised species of about 10’7 mol dm’3 is present 

in the solution where the concentration of ferrocene is about 10'4 mol dm’3, 

equilibrium between the ferrocene and ferrocinium may be established on the Pt 

electrode giving a reference potential of -177 mV vs. Ee for the redox couple.

For the ferrocenecarboxylic acid and ferrocenecarboxaldehyde values of 

(1.91 ±0.2)xl0*5 cm^s’1 and (2.61 ±0.1)xl0’5 cm2 s’1 were found respectively for 

the diffusion coefficients. It is seen that the diffusion coefficient of the ferrocene 

and ferrocenecarboxaldehyde are similar in contrast to the ferrocenecarboxylic 

acid. From plots of log[(id-i)/ i] vs. E , a slope of 70 ± 4mV was observed for the 

oxidation of ferrocenecarboxylic acid, while a slope of 63 ± 3mV was found for the 

oxidation of ferrocenecarboxaldehyde. The oxidation of ferrocenecarboxylic acid 

does not seem to be a process controlled only by mass transport. Differences <10 

mV were observed between the values of E 1/2 potential determined for each system 

in the range of concentration considered. Table 4.1 shows the values of diffusion 

coefficient and half-wave potentials (E1/2) for these three compounds.

Table 4.1

compound diffusion coefficient (D°) El/2

(cm2 s'1) (mV)

Ferrocene (2.36 ± 0.1)xl0’5 163 vs.QRE

Ferrocenecarboxylic acid (1.91 ±0.2)xl0’5 533 vs. QRE

Ferrocenecarboxaldehyde (2.61 ±0.1)xl0’5 581 vs.QRE

According to equation (4.15), if the diffusion coefficient of the reactant 

species is similar to that of the product formed during the oxidation process, the
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value of E 1/2 for the oxidation of ferrocene could be considered as the standard 

potential.

For ferrocenecarboxylic acid and ferrocenecarboxaldehyde, i-E curves 

show that the forward and reverse scans differ, and changes in the Ei/2 from the 

values reported above were found when water was added to the system. For the 

oxidation of ferrocenecarboxylic acid, it was observed that E 1/2 shifts to more 

negative values when water is added. E1/2 shifts about 30 mV when the % of water 

is doubled. Figure 4.6 and 4.7 show the voltammograms and the E  vs. log\(id- 

i)/I], plots obtained for this system. The pH of the solution of ferrocenecarboxylic 

acid in acetonitrile decreases from 6.9 to 6.2 when 8% of water is added. For the 

oxidation of ferrocene aldehyde, a different behaviour was observed with respect to 

the apparent E 1/2 . The apparent Em increased a little when water was added to the 

system and the pH of the solution does not change on addition of water. Figure 

4.8 shows this behaviour. These results may indicate that specific interaction at the 

electrode-solution interface is taking place. It seems possible that these derivatives 

of ferrocene are reacting with the carbon surface through the substitutent groups 

when water is present in the electrolyte. It has been considered that a series of 

phenolic, quinonic, or carboxylic groups are bonded on the carbon surface [66].

4.8.2. Voltammetry study in low concentration electrolyte solutions

The oxidation of ferrocene and ferrocenecarboxylic acid was investigated in 

dilute solutions and in the absence of intentionally added supporting electrolyte. 

Figure 4.9a shows the family of voltammograms obtained for different ratios of 

[electrolyte]/ [ferrocene]. Plots of E  vs. log[{id-i)/ i\ show that the reversibility of 

the system is lost when the ratio between the concentration of supporting 

electrolyte and the concentration of ferrocene falls below unity (figure 4.9b). 

Knowing that inlaid disc ultramicroelectrodes produce an electrochemical response 

identical to hemispherical ultramicroelectrodes for reversible systems under steady- 

state conditions [27], the model developed by Oldham [36], which is based on the 

determination of the analyte and electrolyte concentrations at the surface of a 

hemispherical microelectrode, was used for testing the experimental results
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obtained for different ratios of [ferrocene]/electrolyte]. Figure 4.10 shows this 

comparison with the model proposed by Oldam, which is given by:

0 RT
E = E +  In

nF
D0i

DR(idif 0
1 + D0c0 ^ 0

4 D R CMX id ify
(4.26)

Equation (4.26) permits the shape of the rising portion of the steady- state 

voltammeteric wave to be described in presence of little supporting electrolyte for 

the oxidation of O to R, O being a neutral species. Equation (4.27) allows the 

correction of the observed E 1/2 . In these equations Do and Dr represent the 

diffusion coefficient of these species, i and z'dif are the current and diffusion limited 

currents, and c0  and Cmx are the concentrations of the analyte and supporting 

electrolyte respectively. It is seen that the shape of the steady-state voltammogram 

for a reversible process on a carbon ultramicrodisc can be predicted successfully 

using Oldham’s approach when the ratio [ferrocene]/[electrolyte] is >0.6 and 

assuming that D0 =DR. The deviations observed when the ratio [ferrocene]/[electro- 

lyte] is < 0 . 6  could be attributed to electrode kinetic effects, double layer effects or 

migration. Another factor which it is necessary to take into account is that 

generation of a cation on the electrode surface when oxidation occurs requires an 

anion for its neutralisation. When supporting electrolyte is absent the process of 

neutralisation could be taking place by autoprotolysis of the solvent (acetonitrile) 

or of water, if the latter is present in the system.

Norton et al. [67] showed that the diffuse double layer affects voltammetric 

behaviour only if its thickness is comparable with the dimensions of the 

ultramicroelectrode. According to Gouy-Chapman double layer theory, the 

thickness of the diffuse layer can be determined by:

E1/2 = E 9 + ^ l n
nF
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where, 8  is the relative permitivity of the solvent, e0 is the vacuum permitivity, and I  

is the ionic strength of the solution. It was found that the thickness of the diffuse 

layer calculated taking into account the ionic strength at different ratios of 

[electrolyte]/[ferrocene] was less than 15 nm, much smaller than the radius of the 

ultramicroelectrode (~4 pm). For this reason double layer effects could be ignored 

in principle. However, when the supporting electrolyte concentration is decreased 

considerably, changes at specific adsorption sites on the carbon surfaces can be 

produced as the carbon surface contains phenolic, quinonic or carbonilic groups.

Figure 4.11 shows the behaviour observed for ferrocene-carboxylic acid in 

acetonitrile when the concentration of the supporting electrolyte was changed. It 

was observed that the oxidation process of this electroactive species does not fit 

well to Oldham’s model in all the concentration range investigated. This behaviour 

is expected for systems in which mass transport cannot be considered as the 

determining step. This result also suggest that, specific interaction between the 

electroactive species and the electrode surface could be also taking place.

Despite the advantages in using ultramicroelectrodes in conditions where 

little or no supporting electrolye is present, carbon may not be the ideal material in 

the study of electrochemical systems under those experimental conditions. Different 

kinds of oxide can be present on the carbon surface and the electrochemical 

behaviour of electroactive species may be affected due to changes in the sites at 

which electron transfer occurs. The behaviour observed in the electrochemical 

oxidation of ferrocene when the ratio [electrolyte]/ [ferrocene] is less than 0 . 6  can 

probably be attributed to changes in active sites on the electrode. Clearly, more 

work is required to confirm these results.
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Figure 4.4a. Steady-state voltammograms obtained at a carbon 
ultramicroelectrode for different concentrations of ferrocene: 
1) 5.7x10 5; 2) 1.0x10 4; 3) 1.50x10 4; 4) 1.92x10 4 mol dm 3 in 
lxlO'3 mol dm 3 TBAP/acetonitrile; v = 1 0  mV s’1.
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Figure 4.4b. Diffusion current vs. concentration of ferrocene 
in lxlO"3 mol dm 3 TBAP/acetonitrile; v = 10 mV s’1.
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Figure 4.5. E vs. log(((i(j-i)/i)) plots at a carbon ultramicroelectrode
-3 -3for different concentrations of ferrocene in 1 x1 0  mol dm HCIO4 ; 

v = 10 mV s~*; b[0] is E1/2 and b[l]= slope
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Figure 4.6. Steady-state voltammograms obtained at a carbon ultramicroelectrode when
-3 -3water was added to the system ferrocenecarboxylic acid + 1x10 mol dm TBAP/acetonitrile; 

v =10 mV s' 1
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dm"** TBAP/acetonitrile; v =10 mV s"*; b[0 ] is E1/2 and b[l]= slope
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Figure 4.9a. Steady state voltammograms of ferrocene in acetonitrile at a 
carbon ultramicroelectrode (8 |im diameter), where the ratio between 
[electroyte]/[ferrocene] was changed; v=10 mV s 1
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plots according Oldham's model
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Figure 4.11a. Steady state voltammograms of ferrocene carboxylic acid 
at a carbon ultramicroelectrode (8 pm diameter), where the ratio between 
[electrolyte]/[ferrocene carboxylic acid] was changed; The concentration 

of ferrocene carboxilic acid was 6 x1 0  3 mol dm 3 and the concentration 
of supporting electrolyte was changed between:0, lxlO’6, lxlO'5, 1x10 4 

and 1x10 3 mol dm 3; v=10 mV s 1
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Figure 4.11b. E/Pt vs. log((id-i)/i) from data in figure 11.a
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4.9. Electrochemical study of redox couple Fe(CN) e/Fe(CN) &

4.9.1. Diffusion coefficients

Steady state voltammetric studies of the hexacyanoferrate couple were 

performed using a gold ultramicroelectrode ( 1 0  pm diameter), sealed in epoxy. The 

solution was prepared keeping the concentrations of ferrocyanide equal to the 

concentration of ferricyanide. Different concentrations of the electroactive species 

were used to determine the diffusion coefficient of the oxidised and reduced forms. 

Figure 4.12a shows the steady state voltammograms obtained when the 

concentration of these species was increased in steps from 5xl0 ' 5 to 2.5xl0 '4 mol 

dm' 3 in 0.5 mol dm'3 KF at 25 °C. In these experiments it was observed that the 

diffusion limited current was proportional to the concentration (figure 4.12b). The 

diffusion coefficients of the oxidised and reduced species were determined from the 

slope of plots of diffusion current vs. concentration (figure 4.12b), applying 

equation (4.25). The value obtained for the oxidised species was (5.74 ± O^xlO "6 

cm2 s' 1 and the value for the reduced species was (7.25 ± 0.2)xl0 '6 cm2 s'1. These 

values agree with the values reported in the literature [70].

4.9.2. Capacitance vs. potential measurements

Capacitance experiments were carried out using a gold microelectrode (60 

pm diameter) sealed in glass. Initially cyclic voltammetry was used to test the 

purity of the solution, the cleanness of the microelectrode surface and to establish if 

the microelectrode was not leaking. Measurements of capacitance vs. potential for 

different concentrations of supporting electrolyte (figure 4.13) showed a high 

capacity maximum in the vicinity of 0.3 V vs SCE, as well as, a poorly defined 

minimum between -0.1 V to -0.05 V vs. SCE, which could be attributed to the 

potential of zero charge. The maximun in the vicinity of +0.3 V vs. SCE increased 

and shifted to more negative potential when the concentration of the electrolyte KF 

was increased from lxlO' 5 to lxlO'2 mol dm'3. This maximum may be attributed to 

the adsorption of F' anions. However, this behaviour may be masked by the 

presence of a small amount of oxide on the electrode as the experiments were made
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between 0.8 V to -0.3 V vs. SCE. The p.z.c. cannot be assigned more accurately as 

the minimum of capacitance is not well defined. This behaviour is attributed to 

complications such as an adsorbed film of oxygen atoms or heterogeneity of the 

microelectrode surface.

4.9.3. Supporting electrolyte dependence

A very large number of experiments was carried out using different 

[electrolyte]/[hexacyanoferrate couple] ratios. It was clearly determined that the 

experimental response is strongly influenced by the cleaness of the ultramicro

electrode surface. The experimental results showed that the electrochemical 

behaviour of the oxidation and reduction of the hexacyanoferrate couple was also 

strongly affected by the concentration of the electrolyte. At high concentration of 

supporting electrolyte, it has already been demonstrated by Peter et al. [53] that 

there is a first order dependence of the apparent standard rate constant on the 

supporting electrolyte cation concentration. In solutions where the concentration 

of supporting electrolyte was > 0 . 1  mol dm'3, a well defined steady-state behaviour 

was observed using a gold ultramicroelectrode (figure 4.14). The equilibrium 

potential of the hexacyanoferrate couple shifted to more positive potential as the 

concentration of supporting electrolyte was increased beyond 0 . 1  mol.dm'3. 

Although the equilibrium potential had an unknown contribution from the liquid 

junction potential of the reference electrode (SCE), the changes observed seemed 

too large to be attributed to changes of liquid junction potential. The potential shift 

was attributed to the association of the K+ cations and the hexacyanoferrate ions.

When the concentration of supporting electrolyte was <0.1 mol dm'3 and 

the hexacyanoferrate couple concentration < lx l 0 ' 3 mol dm'3, steady state limiting 

currents were not observed (figure 4.15). Initially it was thought that this 

behaviour could be attibuted to poisoning of the gold surface by adsorption of Cf 

anions from the reference electrode (SCE) or by contamination from epoxy used 

for sealing the gold wire. However, experiments carried out using platinum as a 

quasireference electrode and gold ultramicroelectrodes sealed in glass (~ 60 pm 

diameter) gave the same results. According to Steven and Wightman (71),
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electrochemical measurements performed when the electrolyte/analyte ratio is > 1 

can give information which is not affected due to scavanging electrolyte in the 

diffuse layer. In a series of experiments the [electrolyte]/ [hexacyanoferrate couple] 

ratio was changed from 0  to 1 0 0 , using a constant concentration of hexacyano

ferrate. However no steady-state behaviour was observed. If the absence of a 

limiting current is considered to result from migration effects, the ratio i\ Ha (where 

U is the limiting current when supporting electrolyte is absent from solution and id is 

the diffusion controlled limiting current in the presence of excess supporting 

electrolyte) must be > 1 for the anion oxidation, according the equations developed 

by Amatore et al. [39] for the oxidation or reduction of multiply charged ions in the 

absence of supporting electrolyte. For this reason comparisons with this model can 

not be made. Moreover, this model has been developed by making several 

assumptions such as similar diffusion coefficients for products and reactant, no 

double layer effects, and no ion pairing. It was concluded that migration cannot be 

considered to be responsible for the experimental behaviour observed in the present 

system.

According to the results obtained by Campbell and Peter [64] for the 

system Fe(CN)64' /Fe(CN)63' on gold electrodes using impedance measurements 

and KF as supporting electrolyte, a minimum in the apparent rate constant is 

observed when the total concentration of K+ cations is increased over the range 

4x1 O'4 to 1 mol dm'3. Experiments with different concentration of supporting 

electrolyte in the range where the total concentration of K+ increases from 7x1 O'4  

to 0.01 mol.dm'3 were carried out . Initially a lack of reproducibility was found. 

Different methods for cleaning the ultramicroelectrode surfaces were employed. It 

was found that when the ultramicroelectrodes were cleaned following the 

procedure described in the experimental section (4.6) and the scan initiated at the 

equilibrium potential, acceptable reproducibility was obtained. Figure 4.16a, 

shows Tafel plots under the experimental conditions mentioned above and figure 

4.16b shows the behaviour observed when the supporting electrolyte concentration

was > 0.01 mol dm'3. From these plots, the apparent exchange current i°pp, and 

the electron transfer coefficients were determined for both processes. It was found
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that the sum of the electron transfer coefficients for the anodic and cathodic 

processes is less than one. These results agree with the values obtained by Peter et 

al. [53] using a coulostatic method.

Figure 4.17 shows logk°pp vs. log [K+]totai plots for the oxidation and 

reduction processes. k0apP was determined using the equation:

_ Japp
Lapp “ nFC 3 /4

[Fe(CN)| ]total

Kno =   (4.29)

where j° is the exchange current density and C 3_/4_ is the total
FF [Fe(CN)g Jtotaj

concentration of hexacyanoferrate couple. A minimum in the apparent rate 

constants k° n is found when the concentration total of K+ is between lxlO*3 toaPP

3x1 O'2 mol dm'3. Effects of association of the K+ cation with the hexacyanoferrate 

couple or double layer effects on the rate of electron transfer could be responsable 

for the behaviour observed in this range. According to Eaton et al. [64] the 

association constants Ki and K2 for the equilibrium reactions:

K+ + Fe(CN)g” >KFe(CN)g~ (4.30)

K+ + Fe(CN)3" ■—-2 —> KFe(CN)g~ (4.31)
<------

are related to the thermodynamic association constant, K°, by the following 

equation:

NI1/ 2logK = logK0 -  ? - r  (4.32)
(l + 1.511/2 J

based on the extended Debye-Hiickel theory. Here the equilibrium constant K=Ki 

and K2, depending on the equilibrium studied and they are defined in terms of the 

molar concentration of the species present in the reaction. N is a constant; N=4.08
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for reaction (4.30), and N=3.06 for the reaction (4.31) [64]; I  is the ionic strength. 

From this equation, values of K were determined for a constant concentration of 

the hexacyanoferrate couple and different concentrations of supporting electrolyte. 

From these values, the concentrations of KFe(CN)63' and KFe(CN)62‘ were 

determined. Figure 4.18 shows the change of ion-pair association with increasing 

total concentration of K+ present in the system. Not surprisingly, it is observed that 

the ion association of the ferrocyanide anion is more appreciable than the 

association of the ferricyanide anion. When the total concentration of K+ is 2.2x1 O'3 

mol dm'3, the extent of association is 24% for the ferrocyanide anion, while it is 

only 4% for the ferricyanide anion. When the concentration of the supporting 

electrolyte increases beyond 0 . 0 2  mol dm'3, the [associated species]/[electroactive 

species] ratio becomes less steep (figure 4.18a). In any case beyond this 

concentration, equation (4.32) is not valid due to deviation from the extended 

Debye-Huckel theory.

From figure 4.16a it can be seen that the Tafel plot for the electrochemical 

process in absence of supporting electrolyte exhibits anodic and cathodic branches 

that are not symmetrical. The anodic branch is higher than the cathodic branch. 

This behaviour may be attributed to double layer effects. According to differential 

capacitance experiments (figure 4.13) it is seen that the potential of zero charge 

related to a capacity minimum appears at potentials negative of the equilibrium 

potential for the hexacyanoferrate couple. This means the charge on the metal 

surface (qm) near the equilibrium potential is positive. This excess of positive 

charge on the metal will result in the concentration of ferrocyanide anions near to 

the electrode surface being higher than in a bulk solution and higher than the 

concentration of ferricyanide anions at the microelectrode surface. This difference 

in concentration means that the current density at potentials positive of the 

equilibrium potential will be enhanced.

The plots of (j)2 vs. qM shown in Figure 4.19a Figure 4.19b were obtained 

using the relationship:

qM = ±f2RTee0 £ c is(e“2'F*2/RT -  l)l‘ * (4.33)
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which is derived from the Gouy Chapman theory of the diffuse double layer [13]. 

The plots were calculated considering no association of the ferrocyanide and 

ferrycianide anions with the K+ cations (figure 4.19a) and considering this 

association effect (figure 4.20a). In this equation, CiS is the concentration of ions in 

bulk solution, and <(>2 is the potential at the outer-Helmholtz plane [13]. From these 

plots it is seen that when the electrode is charged positively, a high concentration

of anions must be near to the electrode surface, which is reflected in the small

values of fa- If association of these electroactive species with the cations from the 

supporting electrolyte is considered, the concentration of these species near to the 

electrode surface is less with respect to the situation where no association is 

considered. This behaviour is also observed in the values of fa in figure 4.19b.

The charge on the metal electrode can be related to the potential by the 

equation:

qM= |  CdidE (4.34)
Epzc

If Cai is considered constant in the potential range studied, the potential difference 

E-EpZC is given by:

( E - E pzc) = ^  (4.35)
'“'dl

Figure 4.20 shows the behaviour of §2 vs. E-EpZC calculated using this 

approximation and Cdi equal to 25 pF cm'2.

Figure 4.21a shows the reported dependence of the formal potential for the 

hexacyanoferrate couple lxlO'4 mol dm'3 on the concentration of supporting 

electrolyte at 25 °C [71]. If the overpotential is calculated as (E - Eformai) and this 

data and <|)2 are taken from figure 4.20, the behaviour of the ratio between the 

current density and the true exchange current density can be evaluated for the 

hexacyanoferrate couple under conditions where supporting electrolyte is present
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or absent using equation (4.2). Figure 4.21b shows this behaviour. It is seen that

the theory predicts that the cathodic current should be considerably hindered by 

double layer effects even taking into account the formation of ion-pairs. 

Experimentally this effect was not as large as predicted; figure 4.21b. The ion-pair 

species may be reacting faster than the free ferricyanide anions present near to the 

electrode-solution interface. The association constant of formation of ion-pair 

species may be different in the double layer from the association constant of these 

species in the bulk solution. The concentration of the ion-pairs species in 

equilibrium with the free association species may be affected in the double layer 

region due to the potential difference developed in the electrode-solution interface.

Electrochemical and chemical reactions could be also occuring in parallel 

during the oxidation and reduction of the hexacyanoferrate couple, influencing the 

electrochemical response observed experimentally. The heterogenous rate constant 

of electron transfer of the ion-pairs species is expected to be higher than the 

heterogenous rate constant of electron transfer of the free electroactive species 

since the reorganization energy of the ion-pairs species may be smaller as the result 

of the lower charge.

According to the Marcus theory of electron transfer at electrodes [72], the 

heterogenous rate constant of the forward reaction in its simplified version is 

expressed by the equation:

where Z is the thermal velocity of reacting particles » (&T/27im)1/2, k is Boltzmann’s

kf = Zexpf 
f A  k T )

(4.36)

constant, T is the temperature, and m is the reduced mass of the reactant. Z ~ 104 

cm sec'1. AGf*, the free energy of activation of the forward reaction, is given by:

(4.37)
4 4
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where X is reorganization energy of the atoms and molecules in the environment of 

the reactant from their positions at equilibrium to the positions occupied about the 

product species when it is at equilibrium. This reorganization energy is considered 

to be the contributions of two types of energies Xt and X0. X\ is the inner 

contribution which is related with the changes of bonds lengths and angles within 

the molecule, and X0 is the outer contribution due to electrostatic effects, which in 

its simplest form can be related to the solvation energy determined by the Born 

equation considering the ion as a rigid sphere of radius r and charge ze immersed in 

a continuous medium of dielectric constant 8.

The reaction mechanism may be represented by the scheme of squares:

chemical steps

Fe(CN)63' + K* , ► KFe(CN)fi2'+ K* [ > K,Fe(CNk

electro - e‘ + e' -e' +e' -e‘
chemical

steps k,° k2° k3°

Fe(CN)64‘ + K* , »K Fe(C N l/> K* , >K2Fe(CN)62'

Figure 4.22. Schematic representation of squares for the electro
chemical and chemical reactions of the hexacyanoferrate couple

where k2° >ki°

When the supporting electrolyte is increased, and ion-pair species are 

formed, the electrochemical reaction of these species is considered to be more 

favourable than that of the free hexacyano ferrate ions. The outer contribution to 

the reorganization energy according to Marcus theory is independent of the charge
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of the electroactive species. The theory was developed considering very diluted 

solutions where only the fluctuations from the equilibrium polarization of the 

dielectric around an ion were considered. However in concentrated solutions, 

where the formation of ion-pairs is taking place, electrostatic interactions between 

the different ions present in the solution should be taken into account. These strong 

interactions between ions may produce appreciable changes on the reorganization 

energy of the electroactive species during the electron transfer process.

4.9.4. Impedance studies o f the hexacyanoferrate couple.

When an ultramicroelectrode is used, the a.c. response at lower frequencies 

is dominated by the diffiisional impedance of the microdisc. It is characterised as a 

quarter circle with its origin displaced below the real axis in the complex plane 

[72], This behaviour is attributed to the radial diffusion contribution to the edges of 

the electrode surface. This quarter circle due to diffiisional impedance is less 

noticeable as the radius decreases. Under charge transfer control, the impedance of 

ultramicroelectrodes is similar to that of planar electrodes and the impedance is 

characterised by a semicircle in the complex plane.

Impedance measurements were carried out under the same experimental 

conditions as those employed in cyclic voltammetric studies using a gold micro

electrode (60 pm diameter). Figure 4.22 shows the family of complex plane plots 

obtained. From these plots the charge-transfer resistance (Rct) was calculated. This 

was achieved using the computer software package, ZVIEW. The capacitance (Cai) 

was determined from the frequency value at the semi-circle maximum in the 

complex plane using:

■̂ct̂ exp
(4.38)

When the concentration of supporting electrolyte was increased, the diameter of 

semi-circle decreased, indicating a smaller Rct. This behaviour can be attributed to 

an enhancement of the electron transfer rate with the supporting electrolyte cation
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concentration . The experimental capacitance was observed to increase from 11 to 

29 pF cm'2. This behaviour could be attributed to adsorption of F' anions on the 

gold microsurface as was shown in figure 4.13. When the concentration of 

supporting electrolyte is higher than 0.05 mol dm*3 the kinetics of electron transfer 

of the hexacyanoferrate couple is faster and the diffiisional impedance becomes 

more prominent relative to charge transfer impedance. A gold ultramicroelectrode 

(5 pm radius) was used in an attempt to obtain a better defined semi-circle from 

which the charge transfer resistance could be determined. However, noise hindered 

the measurements.
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Figure 4.12a. Steady state voltammograms at a gold ultramicroelectrode 
( 1 0  pm diameter) sealed in glass for different concentrations of hexa- 
cyano ferrate couple : 1) 5x10 5; 2) 7.3x10 5; 3)1x10 4; 4) 1.4x10 4;
5) 2.1x10 4; 6 ) 2.5x10 4 mol dm 3 in 0.5 mol dm 3 KF; v = 20 mV s 1

0.3

^  0.2 
O

DR=5.94xlO"u cm s'

0.0
0 1 2 3 4

ON
o

D q = 7.45x 10 cm s _
- 0.1

- 0.2

-0.3

3 40 1 2

C/10‘7mol cm-3 C /IO' mol cm'

Figure 4.12b. Current vs concentration plots from data in figure 4.12a
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Figure 4.13. Capacitance vs. potential plots at a polycrystalline gold microelectrode (60 |im diameter) 
sealed in glass for different concentrations of supporting electrolyte: 1) lxlO"4; 2) 5xl0'4; 3) 1x10 3; 4) 5x10 
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Figure 4.14. Voltammograms obtained at a gold ultramicroelectrode (10 |im diameter) sealed in 

epoxy for the system Fe(CN)647Fe(CN)63" lxlO'3 mol dm 3 in different concentrations of KF: 

1)1x10 2; 2) lxlO'1; 3) 1 mol dm 3; v = 5 mV s 1
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4.9.5 Conclusion

Microelectrode studies of the oxidation and reduction of hexacyanoferrate 

couple have shown that the electrochemical process is affected by the 

concentration of the KF supporting electrolyte. The experimental results show that 

a low concentration of potassium ion and overall ionic strength, the electrode 

kinetics become dominated by double layer effects. At higher concentration of 

potassium ion, the apparent rate constant increases approximately linearly with [K+] 

as has been reported previously [52]. Attempts to model the double layer effects on 

assuming that the reaction involves the free hexacyanoferrate ions showed that the 

predicted influence of the (J)2 potential was larger than that observed experimentally. 

This provide evidence that the main reacting species are ion pairs, even at these 

low ionic strengths. The reason for this apparent anomaly is that the rate constants 

for the ion pair species are considerably higher than those for the free ions. 

Therefore the electrode reaction proceeds via the ion pairs, even when they are 

minority species.

The experimental Tafel plots gave a  and (l-a) values that do not sum to 

unity. This effect has been reported previously for measurements made by the 

coulostatic methods at much higher concentrations of KF [52], The reason for this 

anomalous behaviour remains obscure. It is certainly not due to a preceding rate 

limiting chemical step involving ion pair formation, since this is expected to occur 

with a second order rate constant in excess of the diffusion controlled limit of 1 0 10 

dm3 mol s'1. The possibility that adsorption of hexacyanoferrate ions occurs cannot 

be ruled out, but it seems unlikely since the capacitance of the gold electrodes 

appeared to be unaffected by the presence of ions. Tafel plots predicted for taking 

into account the double layer effect show a large effect only on the cathodic 

branch. By contrast the anodic branch is largely unaffected because §2 is small. It 

therefore seems unlikely that double layer effects are responsables for the observed 

values of a

The hexacyanoferrate system is often considered as a ‘model’ redox system. 

However this study has revealed that the system is extremely complex.
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Comparisons of experimental rate constant with values predicted by Marcus theory 

[72] are clearly not justified because the reacting species are ion pairs and the 

apparent rate constant is sensitive to the total potassium ion concentration.

In conclusion, this study has shown that it appears impossible to determine 

the rate constants for the hexacyanoferrate couple for the free (unpaired) anionic 

species. Even at the lower concentrations and after correction for double layer 

effects, the reaction is still dominated by ion pair effects.
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Appendix 4.1

Calculations o f the concentrations o f ion-pair using association 
constants

<------
K+ + Fe(CN)s' - K| >KFe(CN)2~ (4.29)

C’i C2 0 (before equilibrium)

C’i - x  C2 -X x (after equilibrium)

where C’i = Ci + 7 C2 (being Ci the concentration of cations from supporting 
electrolyte) and x is the concentration of the ion- pair formed. According to 
equation (4.31):

l o g K ^ l o g K ? - ^ ^  (4.31)

where N is a constant equal to 4.08 and I is the ionic strength which is represented 
by the follow equation:

(4.33)

Zi is the ionic charge and C* is the concentration of each ionic species present in the 
solution

Ki was determined to different concentrations of supporting electrolyte consi
dering logK0 equal to 2.35 according Eaton [64] and the concentration of ion-pair 
formed (x) was calculated from:

K, = 7—-----^---------  (4.34)
(C, -x )(C 2 -x )

which give:

K,x2 -(c ,K , +C2K, +l)x + K,c;C2 -C',K, = 0 (4.35)
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The same procedure was used for determining the ion-pair concentration from the 
ferricyanide potassium considering N=3.06 and logK°= 1.46.

Appendix 4.2

Calculation o f  <|>2 vs. qM fo r  a solution containing equal concentrations 
o f  K4Fe(CN)6 and K3Fe(CN)6> without considering specific adsorption and 
association o f  the electroactive species with K+ cations.

The charge q on the electrode per unit area was determined by equation (4.32):

q M =±[2 RTE8 oS c f (e -ZiFfe/RT- l ) ] 1' 2

assuming different values of <J>2 - 

Parameter:
Ml=(2RTeeo)1/2, where RT=2.48*103 J mol1; 8=78.49 at 25 °C; 
e„=8.85*10'14 F cm'1; Ml=l.8566x1c4 C cm'“  mol' 1/2

M2=ferrocyanide concentration/mol cm 
M2=l*10'4; 1*10'5; 1*10^, 1 *1 0 ' 7

M3=4f, where f=38.92V1; M3=155.68V1

M4=ferricyanide concentration/mol cm' 3 

M4=l*10'4 ,l*10'5, 1 *1 0 ^, 1*10'7

M5=3f=l 16.76V1

M6 =total concentration of K+/mol cm' 3 

M6=7*10'4, 7*10'5, 7*10'®, 7*1 O'7

M7=f=38.92V

Variables:
y = theta=<|)2=( potential at outer Helthmonz layer in V)

Equations:
qM=M 1 * (M2 * (exp(M3 *y)-1 )+M4 * (exp(M5 *y)-1 )+M6  * (exp(-M7 *y)-l)) 1/2
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Appendix 4.3

Calculation o f ((>2 vs. qM fo r a solution containing equal concentrations 
o f  K4Fe(CN)6 and KsFe(CN)6, without considering specific adsorption and 
taking into account association o f the electroactive species with K+ cations.

The charge on the metal was determined using equation (4.32):

Parameter:
Ml=(2RTsso)1/2, where RT=2.48*103 J mol'1; £=78.49 at 25 °C; 
s„=8.85*10'14 F cm'1; Ml=1.8566xl0’4 C cm' 1/2 mol' 1/2

M2=ferrocyanide concentration/mol cm'3 = 9.13x10'®, 8x10'®, 5x10'®, 2.63x10'®

M3=4f, where £=38.92V'1; M3=155.68V1

M4 =KFe(CN)<53' concentration/mol cm'3 

M4=8.75*10'9, 2*10'®, 5*10'®, 7.375*10'®

M5=3f;M5=l 16.76V1

M 6 =ferricyanide concentration/mol cm'3= 9.88*10'®, 9.5x10'®, 8.63x10'®, 6 x 1 0 '®

M7=KFe(CN)62‘ concentration/mol cm'3 

M7=1.25*10'9, 5*10'9, 1.375*10'®, 4*10-®

M8 =2 f; M8=77.84V1

M9=total concentration of K+
M9=7*10'7, 1.7*10'*, 1.07*1 O'5, 1.007*10'4

M10=f; M10=38.92VI

M l 1 concentration of F"
Ml 1=0, 1*10'6, 1*10'5, 1 * 1 O'4

Variables:
y=theta=(|)2= ( potential at outer Helthmonz layer in V)

Equations:
qM=Ml *(M2*(exp(M3*y)-l)+M4*(exp(M5*y)-l)+M6*(exp(M5*y)-l) +
M7* (exp(M8  *y)-1 )+M9 * (exp(-M 10 *y)-1 )+M 11 *(exp(M 10 *y)-1 ))A0.5
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Appendix 4.4

The ratio between current density and the true exchange current density was 
determined by equation (4.2). The programme used for calculate this ratio is:

Parameter:
alfha=a=a; number electrons=nl; z=charge; 
fl=38.92V‘; a=0.5; nl=l; z=-3

Variables:
y=theta= ( |)2  in V
n2 = (E-Eformai)= overpotential

[Equations]
i/itrue=(exp(((aS|e n 1 )-z) * f l *y))*((exp((l-a)*nl *fl *n2))-exp(-a*nl *fl *n2))
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CHAPTER 5

MICROELECTRODE STUDIES OF ELECTROCA TAL YSIS



CHAPTER 5

MICROELECTRODE STUDIES OF ELECTROCATALYSIS

5.1. Electrocatalysis

Materials which provide an alternative route for an electrode reaction that 

has a lower energy of activation than that of the same process in their absence are 

considered as a electrocatalysts. For practical applications, these materials need to 

be stable in the electrolysis medium where the electrode reaction is carried out. 

Moreover, it is often fundamental in industrial processes that the catalyst acts 

specifically only on one reaction, e.g. it is a prerequisite for an anode for a chlorine 

cell to oxidize chloride ion at a low overpotential but it must also inhibit oxygen 

evolution, since this is the thermodynamically preferred reaction. Electrocatalysts 

are frequently expensive, and they are usually coated or dispersed on cheaper, inert 

substrates, using techniques such as electroplating, spraying, and vacuum 

sputtering. These procedures allow high surface areas to be obtained and the 

crystallite size to be controlled in order to enhance the catalytic activity. 

Characterisation of these small particles and their distribution on the inert substrate 

used for constructing the electrodes has been carried out using X- ray diffraction 

[1 ], scanning electron microscopy (SEM) [2], and transmission electron 

microscopy (TEM) [3].

Some electrode reactions, such Cb, O2 and H2 evolution involving adsorbed 

species play an important role in electrochemical technology. These industrial 

processes are summarised in table I.
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Table I

Process Importance Applications

Water electrolysis

Production of very pure 

hydrogen and oxygen

- In processes where high 

purity is essential (e.g. for 

foodstuffs or where cata

lyst poisoning is problem)

Chlor-alkali industry

Production of Cb, sodium 

hydroxide and hydrogen

Synthesis of many orga

nic and inorganic com

pounds; pulp and paper 

manufacture.

Fuel cells

High efficiency in conver

sion of chemical energy 

into electrical energy

Large-scale power gene

ration; vehicle traction; 

energy recovery in the 

chemical industry.

5.2. Fuel cell

In a fuel cell, chemical energy is converted directly to electrical energy. One 

of the main features of such systems is that a higher fuel to electricity conversion 

efficiency can be obtained in comparison to thermal combustion processes. 

Moreover fuel cells offer a method of energy conversion free from the problem of 

pollution (i.e. thermal power stations and car engines).

An intense research effort has been directed at improving the anodic 

oxidation of certain hydrocarbons, as well as the cathodic reduction of oxygen in 

conditions where cost can be reduced and lifetime of the anodes and cathodes 

extended [4-6].

Different kinds of fuel cell have been developed for terrestrial and space 

applications. They have been classified according to the type of electrolyte used. 

Table II shows a summary of these fuel cells.
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Table D

Type of fuel cell

electrolyte, oxidant, fuel 

and working temperature

electro de matrix 

and 

catalyst

(PAFC)(7) 

phosphoric acid fuel cell

electrolyte: conc. H3PO4  oxidant: air 

(without C02) fuel: pure H2; 150 to 2 2 0 °C

Pt on carbon black 

substrate

(AFC)(7) 

alkaline fuel cell

electrolyte: KOH conc.oxidant: pure 0 2  + 

H20  (without C02); fuel: pure H2; 200 to 

240 °C

anode: Ni 

electrodes 

cathode: Ni oxide

(MCFC)(7) 

molten carbonate fuel cell

electrolyte: it is usually combination of 

alkali carbonates retained in a ceramic 

matrix of LiA102; oxidant: air + C0 2 ;fuel: 

hydrocarbons; 600-700°C

Ni-Cr anode; NiO 

cathode

(SOFC)(7) 

solid oxide fuel cell

oxidant:air; fuel: hydrocarbons; 

900 to 1000°C

ceramic oxide 

electrodes

(PEFC)(7) 

polymer electrolyte fuel 

cell

oxidant:pure 0 2; fuel: pure H2; <120°C Pt on carbon 

black substrate

In PAFC and PEFC, the oxygen reduction reaction is enhanced using highly 

dispersed Pt on a substrate that is chemically inert in the electrolyte medium 

utilised. Carbon has been found to be an ideal substrate for obtaining highly 

dispersed platinum catalysts [8 ]. Chemically it is reasonably inert in most 

electrolytes, even at high temperatures, it exhibits good electrical conductivity and 

it is cheap. Many aspects of metal/carbon electrocatalysts have been studied, such 

as the effects of metal particle size [9] and the effects of the treatment of the 

carbon support before deposition of the metal [8 ], However, there is still a poor 

understanding of the electronic properties of the dispersed small particles on the 

substrate.
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5.3. Electrocatalytic oxygen reduction reaction

The oxygen reduction reaction is a complicated electrode reaction from the 

point of view of mechanistic investigation. The reaction is very irreversible in 

aqueous media at room temperatures. Even with platinum, which is considered the 

best electrocatalyst for this reaction, the theoretical reversible oxygen-electrode 

potential has rarely been established. In spite of many years of experimental and 

theoretical research, it is still not possible to predict a priori the properties of 

potential electrocatalysts. The key to overall reversibility on good catalytic surfaces 

is the breaking of the 0 - 0  bond in one of the intermediate steps in the overall 

process.

A point of controversy in the literature concerning oxygen electroreduction 

is whether oxygen is reduced to water without the formation of hydrogen peroxide 

as a stable intermediate [1 1 , 1 2 ], or whether it reduces first to hydrogen peroxide 

[13], which then, partially at least, either reduces electrochemically to water, 

decomposes or escapes to the bulk solution. The following mechanisms may be 

used to describe this behaviour:

o3
2H* + 2e‘

1

4H* + 4e'

h 2o + 2H20
2H+ + 2e"

bulk solution

The 4-electron reduction to H20, step (1), is generally observed on clean platinum 

and silver [12-14] in acid media. On electrode materials like carbon, graphite and 

gold [15-17], the 2 -electron reduction of oxygen predominates in acid and alkaline
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solutions. In alkaline solutions, steps (1,2,3) can occur in parallel on Pt electrodes 

[18].

The formation of hydrogen peroxide has been detected using the rotating 

ring-disk electrode in alkaline solution [18]. When Pt ultramicroelectrodes were 

used in alkaline and neutral solutions, it was found that the final product from 

oxygen reduction depended on the the mass transport conditions. When the radius 

of the ultramicroelectrode is decreased hydrogen peroxide becomes the major 

product of the reduction of oxygen [19], since diffusion of H2O2 away from the 

electrode (step 5) competes effectively with reduction to water (step 3).

During the last decade, electrodes covered with a thin layer of a proton- 

exchange membrane (PEM) have been found suitable for improving the kinetics of 

oxygen reduction [2,20,21]. It was found that the use of a very thin layer of a 

proton exchange membrane (Nafion®) considerably enhanced the energy efficiency 

and power density of the fuel cell at lower temperatures. This polymer has 

negligible anion adsorption effects due to the sulfonate sites within the polymer 

structure are fixed and they do not cause anion adsortion problems as with the 

liquid electrolytes. The use of relatively thin membranes of Nafion® permits to 

minimize ohmic drops in the PEM fuel cells. Different techniques have been 

developed to increase the three dimensional electrochemically active surface area 

[22-25] of platinum in the proton exchange membrane fuel cells. High surface area 

Pt deposits on Nafion® have been achieved via chemical [26] or electrochemical 

reduction of Pt salts [25].

It has been reported that the oxidation of small molecules like methanol and 

formic acid as well as hydroquinone, is enhanced on an electrode/conducting 

polymer substrate compared with bulk electrodes [27,28]. This was attributed to a 

drastic decrease in the poisoning effect of the adsorption of subproducts formed 

during the reaction process. Electromodulated Infra-Red Reflectance Spectros

copy (EMIRS) studies showed no significant CO(ads) signal, which is attributed in 

most cases to the formation of a subproduct which poisons the electrode surface 

during the oxidation of methanol [27].
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Deposition of small metal particles into the conducting polymer, has been 

shown to increase the catalytic effect for certain reactions [29-32], Different 

methods have been used for incorporating small metal particles into these 

polymers, either dispersed or chemically bound to the polymeric matrices. One 

method for the generation of catalytically active sites is via covalent bonding of 

molecules containing the catalytic sites to the monomer before polymerisation [33],

Other methods are occlusion of colloidal suspensions or electrostatic 

incorporation of the active component during polymer synthesis [34], and 

electrodeposition of catalyst onto the polymer matrix [35], Controversies have 

appeared in the literature regarding the catalytic properties of polymer-dispersed 

metal particle systems [36-38], Jacobs et.al [36] have found that oxygen easily 

permeates through the polymer and that reduction occurs at the polymer/electrode 

interface. However, Holdcroft et.al [37] have found that with Pt particles dispersed 

in polypyrrole films of various thicknesses, the catalytic current density for oxygen 

reduction was strongly limited by oxygen permeation through the polymer matrix. 

Studies carried out by Vork et.al [38] on the oxygen reduction reaction on Pt 

particles electrodeposited onto polypyrrole, have shown that when the 

electrodeposition is made at high current density, the Pt particles exhibit a larger 

accessible area, and higher oxygen reduction rates to water are observed. When the 

electrodeposition is performed at lower current densities, reduction is slower, and 

hydrogen peroxide is obtained. This behaviour shows that the characteristics of the 

electrodeposition play an important role in determining the catalytic properties of 

the electrode.

Polyaniline might allow use of thicker coatings of polymer and higher 

catalyst loading, owing to its higher conductivity. This polymer has been used as a 

support for catalysts for the reduction of CO2 [39], O2 [29] as well as the oxidation 

of small organic molecules such as methanol [30].

The electrodeposition of small particles of catalyst on ultramicroelectrodes 

allows the particle size effect to be studied and accurate data to be obtained in the 

absence of resistive effects, which can hinder the real behaviour of these small 

particles as catalysts. In the present work, electrodeposition of platinum on carbon
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ultramicroelectrodes and on platinum ultramicroelectrodes modified with Nafion®, 

and polyaniline was carried out, and the electrocatalytic effect on the oxygen 

reduction reaction was investigated.

5.4. Experimental

The H2S04, Aristar grade from BDH, H2PtCl6, K^PtCU, Nafion® from 

Johnson-Matthey, and aniline from Fluka, were used as received. The platinum salt 

solutions and H2 SO4 solutions were prepared using ultrapure water (18 MH). The 

electrochemical cell, as described in chapter 2, was cleaned with H2 SO4/H2O2 1/1, 

and rinsed with plenty of ultrapure water. The platinum disk ultramicroelectrodes 

with a nominal diameter of 10 p,m, and carbon ultramicroelectrodes of 8 |im 

diameter, were characterised according to the method described in chapter 2. The 

purity of the solutions as well as the cleanness of the ultramicroelectrodes were 

investigated as described in chapter 2. In the present work, a reversible hydrogen 

electrode (RHE) was prepared according to the method given in chapter 2.

5.4.1. Pt and carbon ultramicroelectrodes modified with Nafion.

A drop of Nafion® solution was placing on the surface of carbon ultra

microelectrodes with a micropipette. The 2% Nafion solution was prepared by 

dilution of a 5% Nafion® solution in ethanol. The solution spread over the flat 

glass surface surrounding the microdisk up to the edge of the electrode. The 

ultramicroelectrode was positioned inverted on a rotator. The solvent was 

evaporated at room temperature with rotation at 100 r.p.m. for 15 min, and was 

then air dried overnight. The modified ultramicroelectrodes were rinsed with plenty 

of ultrapure water and then introduced into the electrochemical cell. The 

ultramicroelectrode was left in contact with the solution for 15 minutes before the 

experiment was carried out.
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5.4.2. Electrodeposition o f  Pt on platinum substrates modified with Nafion® or 

polyaniline.

The electrodeposition of Pt on carbon ultramicroelectrodes and Pt 

ultramicroelectrodes modified with Nafion® or polyaniline, was carried out from 

dilute solutions of 5x1 O'5 mol. dm'3 K2PtC1 0 4  using a thermostated cell (connected 

to a water bath thermostat at 30 °C). The electrodeposition was carried out by 

cyclic voltammetry and chronoamperometry.

5.4.3. Pt ultramicroelectrodes modified with polyaniline.

Pt ultramicroelectrodes were modified with polyaniline by electro

polymerisation of 0.1 mol dm'3 aniline in 1 mol dm'3 H2SO4. The ultramicro

electrode was cycled from -0.2 to 0.8 V vs. SCE. The thickness of the deposited 

film was calculated by determining the charge passed, corresponding to the 

oxidation of the polymer at 20 mV s'1 from 0.05 to 0.75 V vs RHE and related with 

the value of 1 mC cm'2, which corresponds to a film thickness of 318A [40],
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5.5. Results and Discussion.

5. 5.1 Experiments on platinum as substrate.

Cyclic voltammetric experiments were carried out in the absence and 

presence of oxygen in 1 mol.dm'3 H2SO4 at 25 °C. Figure 5.1 illustrates the 

diffusion current from the oxygen reduction reaction when a naked Pt 

ultramicroelectrode was utilised. In the voltammogram recorded in the presence of 

oxygen the current on the anodic scan is larger than the current on the cathodic 

scan, in the potential range of 0.4V to 0.7V vs RHE. This behaviour can be 

attributed to the oxide-free state of the Pt surface up to 0.7V during the anodic 

scan, while the Pt surface is partly covered with oxide during the cathodic scan 

down to 0.4V. This behaviour was taken into account for checking the purity of 

the electrolyte solution used. When the solution was contaminated, the current in 

the anodic scan was lower than the cathodic current.

The reduction of 0 2 at a Pt ultramicroelectrode was also investigated with a 

slow potential scan (10 mV/s), starting from 1.3 V in the cathodic direction and

reversing the scan at 0.3 V. Figure 5.2 shows the sigmoidal-shaped current-

voltage curve obtained under these conditions. The same characteristic feature 

obtained in figure 5.1 is observed, i.e. the current in the anodic (reverse) scan is 

larger than the current in the cathodic scan, over the potential range of 0.65 to 

0.9V vs. RHE.

The concentration of oxygen present in a air saturated solution was 

determined by using Henry’s law:

Po2 = xo2(solutlon)K„ (5.1)

where P° is the partial pressure of oxygen, X0 2  is the mole fraction and KH is 

Henry’s constant for oxygen in water at 25°C (3.3xl07 Torr). The partial pressure 

of oxygen was determined from:

Pq2 “  X02(air)Pt (5-2)
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where Pt was taken equal to 1 atm (760 torr) and the oxygen mole fraction in air is 

0.2094 [41]. From equations (5.3) and (5.4):

no2 no2 Po2 ,
X02(solution) -  7  ~ -  ~  (5.3)

no2 + nH2o nH2o K h

where nn2o is 55.55 mol if 1 kg of solution is considered. According to this 

equation the molality of O2 in an aqueous solution saturated with air is 2.6765x1 O'4 

mol kg*1 and the molar concentration is 2.6765xl0*7 mol cm*3.

The number of electrons which appear to be involved in the reduction of 

oxygen was determined from the steady state current, using the equation:

naDD = — - — (5.4)
pp 4FDCr

where iss is the steady state current, F is the Faraday constant, C is the 

concentration of oxygen dissolved in the solution, r is the radius of the 

ultramicrodisk and D is the diffusion coefficient. An average value of 2.32xl0*5 cm2 

s*1 for D was calculated from the values reported by other authors [19,42] in 

aqueous solutions at 25 °C. From a set of experiments, a value of n=1.8± 0.2 was 

found for the apparent number of electrons transferred during the oxygen reduction 

reaction These experiments were repeated several times to test this result. This 

behaviour can be explained if it is assumed that the final product of the oxygen 

reduction is H20 2, which diffuses away from the ultramicroelectrode surface before 

further reduction occurs.

Potential step experiments were carried out to study the oxygen reduction 

reaction in acid media at 25 °C. The potential scheme employed consisted of a 

cyclic potential sweep from 0V to 1.4V to 0V, followed by a potential step from 

Ei=l.lV  vs. RHE to E2> where E2 ranged from 0.3V to 0.95V. Under these 

conditions the electrode surface is considered to be free of contamination following
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the anodic sweep, While the amount of platinum oxide formed is considered to be 

small.

Diffusion is enhanced at an ultramicrodisc, which can mean that the surface 

will be poisoned easily. This could change the mechanism of the oxygen reduction 

reaction. When an ultramicrodisc is used in potential step experiments, and the final 

potential applied is in the mass transfer limited region, a steady state plateau 

current at long times must be obtained. This current represents the steady state 

current due to radial diffusion to the electrode surface. When the experiments were 

carried out in conditions where the solution was contaminated, a rapid decrease of 

the current with time was observed at long times. This behaviour is attributed to a 

process which is kinetically controlled. Contamination of the electrode surface is 

hindering the charge transfer process. Figure 5.3 shows the response obtained for 

the oxygen reduction when a high purity solution was employed. The constant 

current value observed at long times was used to determine the number of 

electrons transfered during the electrochemical process using equation (5.6). For a 

set of experiments a value of 2.2± 0.1 was found for the apparent number of 

electrons transferred during the oxygen reduction reaction. This result confirms 

that the final product of the oxygen reduction is H2O2 in acid solutions. The H2O2 

produced during the oxygen reduction reaction escapes easily from the electrode 

surface due to the rapid mass transport present on the Pt ultramicroelectrode. 

Formation of H2O2 as product of the reduction of oxygen has been reported on 

rotating disk electrode [18], and on ultramicroelectrodes [19] using alkaline and 

neutral solutions. The present work shows clearly that H 20 2 ia also formed in 

H2SO4 solutions.

176



j/m
A 

cm

0.5

0.0

-0.5

<N

-1.5
in the absence of oxygen 
in air saturated solution

- 2.0

-2.5
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

E vs. RHE/V

Figure 5.1. Cyclic voltammograms of a platinum microelectrode of 

5 pm in radius in lmol dm  ̂H2 SO4  solution at 25°C in the absence 

of oxygen and in air saturated solution. Roughness factor= 1.57; 

sweep rate= 100 mV s *.

177



1

0

1

2

3
1.20.8 1.00.4 0.6

E vs. RHE/V

Figure 5.2. Steady state voltammogram recorded on a platinum microelectrode (5 (im radius) in
an air saturated solution 1 mol.dm"3  H2 SO4  at 25 °C; Roughness factor = 1.67; sweep rate = 10 mV s’1'
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25 °C. Roughness factor =1.57; Inset: potential program used during the experi
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5.5.2 Experiments on platinum ultramicroelectrodes modified with 

Nafion®

Platinum ultramicroelectrodes (5 p,m radius) were modified with Nafion® 

using the method described earlier. In previous experiments [3] on conventional 

electrodes, profilometric measurements have been used to determine the thickness 

of the dry polymer. In this work, the thickness of the film was difficult to determine 

because the electrode is so small. However, it is thought that under the 

experimental conditions employed, a 4-5 jam thick film is formed [3]. After 

modification, the ultramicroelectrodes were soaked in a nitrogen-purged solution 

of 1 mol dm'3 H2 SO4 and then cycled between 0 and 1.5V vs. RHE in the same 

solution.

The initial cyclic voltammogram did not show well defined adsorption and 

desorption hydrogen peaks. After 4-5 cycles, the electrochemical features 

characteristic of platinum were established and the shape of the voltammogram 

remained constant. During the first few cycles, the film is cleaned, and the interface 

is maintained in an activated state. However some differences were found with 

respect to the voltammogram recorded using a naked Pt ultramicroelectrode. 

Figure 5.4 shows these features. This behaviour can be explained if it is assumed 

that hydrophobic domains of the polymer are blocking active sites present on the 

metal surface, or that some organic impurities formed from the recast ionomer can 

be electrooxidised during cycling as indicated by the larger anodic current in the 

case of the modified ultramicroelectrode between IV and 1.5 V vs. RHE.

When the solution was saturated with air a noticeable difference was 

observed between the cathodic current response for the oxygen reduction on the 

naked ultramicroelectrode and on the modified ultramicroelectrode. Figure 5.5 

shows this behaviour when the experiment was carried out at 1 0 0  mV s'1. It is 

observed that the oxygen reduction kinetics are affected by the Nafion® film. 

Experiments carried out at low scan rate showed that the limiting current decreased 

when the Pt ultramicroelectrode was modified with the polymer. Although the 

modified ultramicroelectrode was cycled several times between 1.3 V and 0.1V at a 

scan rate of 10 mV s'1, the current observed in the anodic scan was always lower
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than the current in the cathodic scan. However when the experiments are carried 

out at a sweep rate >50 mV s'1 the current in the anodic scan was larger than the 

current in the cathodic scan in the potentials range between 0.55V to 0.7V (figure 

5.5).

The effect of Pt particle size was investigated by electrodeposition of Pt 

onto the polymer film. A K2PtC104 solution was used and the potential stepped 

from IV to 0.5V vs RHE according to the method described in section 5.5.2. A 

very dilute solution of K2PtC1 0 4  (5xlO'5 mol.dm'3) was used to attempt to deposit 

Pt particles only inside or near the top of the Nafion® film. Figure 5.6a shows the 

electrochemical behaviour observed during electrodeposition and figure 5.6b 

shows the cyclic voltammogram obtained following platinum deposition.

Attempts to characterise the film with electrodeposited Pt particles using 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

were unsuccessful. The amount of metal deposited per square centimeter (W), was 

determined by the charge passed during the electrodeposition (Ql), assuming 

100% current efficiency, subtracting the charging current determined under the 

same experimental conditions using a blank solution, and employed the following 

equation:

= QlxAr 
2FAgeometric

where Ar is the relative atomic mass of platinum (195); F is the Faraday constant 

and Ageometdc is the geometric surface area the Pt ultramicroelectrode (7.85x1 O'7 

cm2).

The real surface area (A«ai) of the exposed Pt was determined from the 

anodic charge for the desorption of hydrogen in 1 mol dm-3 H2S04 at 25 °C, 

assuming 210 jxC cm"2 and a roughness factor was calculated using the equation:

R = real (5.6)
■^geometric
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Figure 5.7a shows the behaviour observed for the steady state current for 

the oxygen reduction process at the naked and modified ultramicroelectrodes. The 

steady state current at the Pt/Nafion/Pt ultramicroelectrode (R=15.8) is larger than 

the steady state current observed on the naked Pt ultramicroelectrode (R=1.57). If 

it is considered that the product of diffusion coefficient and concentration of the 

oxygen at the Pt/nafion/Pt microelectrode is equal to the product of these terms 

when a naked Pt ultramicroelectrode is used, the number of electrons transferred 

was calculated to be aproximately 3, according to equation (5.4).

Figure 5.7b shows the Tafel plots obtained using the naked and modified 

ultramicroelectrodes. Similar slopes were observed, but the current density was 

lower on the Pt/Nafion/PT than on the naked Pt ultramicroelectrode. This 

behaviour may be explained if it is considered that the Pt surface is not totally 

available for the oxygen reduction reaction, i.e. the real active surface of Pt for this 

reaction is lower than for adsortion or desorption of hydrogen. The schematic 

representation (figure 5.8) shows the structure of Pt/nafion/Pt ultramicroelectrode 

proposed to explain this behaviour:

Pt ions

Pt

zone 1, zone 2 and 
zone 3 (real surface 
are for adsorption 
and desorption H+

partial zone 2 and 
zone 3 ( active surface 
area for oxygen 
reduction

nafion film
1 2 3

Pt/nafion ultra- 
microelectrode 
in contact with

growth inside and outside 
of polymer during the elec
trodeposition of Pt

a diluted solution 
ofK 2PtCL,

Figure 5.8. Schematic representation of the proposed structure 
of Pt/Nafion/Pt ultramicroelectrode
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Table III presents a summary of the results obtained with Pt, Pt/Nafion and 

Pt/Nafion/Pt ultramicroelectrodes:

Table HI

ultramicro

electrode
Qi

(C)

W 

(Pg cm'2)

Qh

(C)

R Uapp

(i)pt - - 2.6X10*4 1.57 ~2

(2)Pt - - 3.1X10*4 1.88 ~2

Pt/Nafion - - 3.0X10*4 1.85 *

Pt/Nafion/Pt 2x1 O'9 2.6 2.6x10*3 15.8 ~3

Qi= Total charge passed in Pt electrodeposition 

W= Amount of Pt deposited per unit area (geometric area)

QH=Charge measured for the oxidation of adsorbed hydrogen in 1 mol dm*3 

H2SO4

R= Roughness factor: Real surface area of Pt/geometric area of ultramicro

electrode

* A well defined steady state current was not observed, and the current was lower 

than the current obtained on the naked Pt ultramicroelectrode.

From these results, it seems likely that Pt is deposited inside and outside the 

Nafion film. Pt particles probably grow three-dimensionally from the electrode 

surface throughout the polymer and outside of the film The behaviour of this 

system for the oxygen reduction reaction will be different to the behaviour 

observed in a fuel cell where the catalyst particles are embeded into the polymeric 

matrix and carbon substrate. The adsorption sites on the Pt particles outside the 

film may possess different activity compared to the Pt particles embeded in the 

polymeric matrix.
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Figure 5.4. Cyclic voltammograms obtained with: A) naked Pt microelectrode
_3

(5pm radius), R= 1 .8 8 ; B) Pt microelectrode modified with Nafion in 1 mol dm 
H2 SO4  at 25°C in the absence oxygen; sweep rate: 100 mV s~*.
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(R= 1.57); B) Pt m icroelectrode m odified with Nafion; Solution 1 mol dm 3  H 2 S 0 4  
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Figure 5.6b. Cyclic voltammograms obtained with: —  Pt/Nafion 
ultramicroelectrode; Pt/Nafion ultramicroelectrode modified

_3
with Pt using potential step shown in figure 5.6a; 1 mol dm 

H2 SO4  in the absence of oxygen;v =100 mV s *.
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Figure 5.7b. Steady state voltammograms and Tafel plots.
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5.5.3. Experiments on platinum modified carbon substrates

Dilute Pt(II) solutions were used to obtain mass transfer controlled 

deposition and hence well defined low coverages. Figure 5.9 shows consecutive 

cyclic voltammograms recorded on a carbon ultramicroelectrode in 0.01 mol dm'3 

H2 SO4 + 5x1 O'5 mol dm'3 K^PtCU solution from 0.8V to 0V vs. RHE. It is 

observed that the reduction of PtCl42' occurs at 0.52 V in the first negative scan. 

After the first cycle cathodic, current is observed at 0.8V and increases at each 

cycle. The overpotential observed in the first scan for the reduction of PtCU2' may 

be attributed to the formation of Pt nuclei on the carbon surface. After the 

formation of these nuclei, the electrodeposition of Pt occurs on the Pt nuclei. Two 

well defined shoulders between 0.05V and 0.2V in both cathodic and anodic scans 

were observed after three cycles. These shoulders may be attributed to hydrogen 

adsorption and desorption respectively on the electrodeposited Pt.

After ultramicroelectrode modification, cyclic voltammograms were 

recorded in 1 mol dm'3 H2 SO4 between 0.8 and 0 V. A decrease of the cathodic and 

anodic currents was observed during the first three scans. When the ultramicro

electrode was cycled from 1.4V to 0V the voltammogram was improved, and after 

several cycles a reproducible voltammogram was obtained. This behaviour may be 

attributed to formation of a stable configuration of the deposited particles on the 

electrode surface. Figure 5.10 shows the behaviour observed after obtaining the 

stable voltammogram, using an ultramicroelectrode which had been pretrated by 

cycling between 0 ans 1.4V vs. RHE. The ultramicro-electrode was left for 1 min 

at 1.4V prior to the experiment. For the first cycle from 1.4V to 0V, the reduction 

of oxide formed during the anodic polarisation at 1.4V, as well as the reduction of 

oxygen are clearly observed. On the second cycle the reduction of oxygen was 

improved in the kinetically controlled region. Under these conditions a small 

amount of oxide had been formed. A steady state plateau was observed on this 

second voltammogram in the potential range 0.6V to 0.4V vs. RHE.

The surface area of deposited platinum was determined from the anodic 

charge for the desorption of hydrogen. The current from the steady state plateau in 

the voltammogram was used to determine the apparent number of electrons
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transferred during oxygen reduction reaction using equation (5.4). A value of n = 

3.6 electrons was found.

Carbon ultramicroelectrodes were also modified with Pt by using a 

potential step deposition in a dilute solution of K^PtCU. The experiments were 

carried out applying an initial potential of 0.85V (Ei) and a final potential of 0.5V 

(E2) v s . RHE. Figure 5.11 shows the cyclic voltammograms obtained after 

modification of carbon ultramicroelectrodes by deposition of different amounts of 

Pt.

The amount of metal deposited, the real surface area of platinum deposited, 

and the resulting surface roughness surface factor were determined as explained in 

section 5.5.2. The geometric surface area of the carbon ultramicroelectrode was 

5.03xl0'7 cm2. Table TV is a summary of the results obtained according to the 

method described above.

Table IV

ultramicro-

electrode

deposition

method

charge

(QD
(pC)

charge

(Q2)
(pC)

Pt loading 

W

(pg cm'2)

surface area of 

electrodeposited 

Pt 

(cm2)

R

1 cv 0.179 4.32xl0'3 359 2.1xl0'5 41

2 ps 6xl0‘3 2.93xl0‘3 12.1 1.39xl0'5 27.7

3 ps 1.25xl0'2 4xl0'3 25.1 1.91xl0'5 37.9

Q1 = deposition charge determined by cyclic voltammetry or potential step 

Q2 = charge measured for formation of adsorbed hydrogen in cyclic voltammetry 

W = QlxAr/2FxAgeometric ; where Ar is the relative atomic mass of platinum; F is 

Faraday’s constant.

surface area of electrodeposited Pt = Q2/210 pC cm'2 

R = Roughness fact0 r= Areal/Ageometric 

cv = cyclic voltammetric; ps= potential step
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Figures 5.12 and 5.13 show the steady state voltammograms and Tafel 

plots obtained with carbon/Pt ultramicroelectrodes for platinum loadings of 12.1 

and 25.1pg cm*2. From the steady state currents observed on the voltammograms it 

was found that the apparent number of electrons transferred during oxygen 

reduction reaction using equation (5.4) is n = 3.6 and 4 respectively. These values 

are in agreement with the value found on carbon/Pt ultramicroelectrodes modified 

by cyclic voltammetry in dilute Pt(II) solutions where also a high roughness factor 

was found. However, these values are in disagreement with the apparent number of 

electrons about ~2 found on Pt polycrystalline ultramicroelectrodes, with a 

roughness factor 1.57.

The catalytic effect of small particles was investigated. For evaluating this 

effect the current density was determined taking a reference point of potential 

0.85V where it is considered that oxide is not present. Table V shows the 

parameters determined and a comparison is made with a polycrystalline Pt 

ultramicroelectrode:

Table V

Comparison of current densities for oxygen reduction measured at 0.85V vs. 

RHE for polycrystalline Pt and electrodeposited Pt on C ultramicroelectrodes

Pt

(R= 1.57)

Tafel

slope

(mV)

C/Pt

(R=27.7)

Tafel

slope

(mV)

C/Pt

(R=37.9)

Tafel

slope

(mV)

forward 

current density 

(A  cm2)

3 .9 x l0 '5 111 4 .6 x l0 ‘5 121 3 .9 x l0 '5 111

back current 

density 

(A  cm2)

l.OxlO"4

Si =74 

s2=118 1.5xl0"4

s,=75

s2=125 1.19x l0 '4 II 
II

M 
*
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The results obtained from Tafel plots at potentials less than 0.85V show 

that the slope is about 120 mV. This behaviour indicates that the rate determining 

step for the oxygen reduction is the addition of the first electron:

Two well-defined linear regions are observed on the Tafel plots derived from the 

reverse scan between 0.3V to 1.3V vs. RHE. It was observed that when the 

potential is > 0.85V vs. RHE, the slope changes from -120 mV to -60 mV. This 

behaviour has also been reported for oxygen reduction in other acid solutions [47], 

It has been attributed to different adsorption isotherms due to changes in the 

coverage of oxide on the electrode surface. It seems that at potentials higher than

0.85V the oxide coverage increases. From table V it is observed that the current 

density determined at 0.85V when the ultramicroelectrode is scanned from 0.3V to

1.3 V is three times larger than the value obtained when the ultramicroelectrode 

was scanned from 1.3 V to 0.3 V. In the second case there is a high oxide coverage 

of the electrode surface. This behaviour shows that the oxide on the electrode 

surface hinders the oxygen reduction reaction. It can be explained if it is considered 

that the first electron transfer reaction, equation (5.7), is the rate determining step 

both at high and at low oxide coverage, and the current density at a determined 

overpotential is governed by the following relationship:

where (1-0(E)) is an additional isotherm term, which depends on the coverage 

grade with the potential.

The effect of particle size on the electrocatalysis of oxygen reduction is 

generally investigated determining the specific activity (SA) and/or mass activity 

(MA) which are given by the following equations:

0 2 + e ----- > 0 2 (5.7)

lo( l - 0 ( E ) ) e x p [ - ^ ( E - E ° ) ) (5.8)
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SA = —— = i 
Ara,

(jiA cm'2) (5.9)

where i is the current measured at a determined potential and Â ai is the surface 

area of platinum electrodeposited

MA = i  (A g 1) (5.10)

where j is the current density and W is the platinum loading

Equation (5.9) provides a measure of the electrocatalytic activity of Pt 

atoms in the particle surface. Equation (5.10) is frequently used in fuel cells 

because the cost of the electrodes depends on the amount of electrocatalysts. SA 

and MA were calculated measuring the activity at 0.85V (cf. Table V).

Table VI shows the values of MA and SA calculated:

Table VI
ultramicro

-electrode

current

(A)

surface area o f platinum  

electrodeposited 

(cm2)

Pt loading 

(pg cm*2)

M A  

(A  gr*1)

SA  

(pA  cm*2)

1 a 6.45xlO"10 

b 1 .95xl0 '9

1.39xl0*5 12.1 a 3.83 

b 11.6

a 46.4  

b 140

2 a 8.14x10*'0 

b 2 .4 6 x l0 '9

1 .91xl0'5 25.1 a 1.7 

b 5.13

a 42.6  

b 128

1 and 2: carbon ultramicroelectrode (4 p,m radius) modified with different amount

ofPt.

a forward reaction

b back reaction

From table VI, it is seen that both platinum modified carbon ultramicro

electrodes exhibit similar values of SA. However the MA decrease considerably

when the Pt loading is increased.
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According to the experimental data obtained with polycrystalline Pt, 

Pt/Nafion/Pt and carbon/Pt ultramicroelectrodes using steady state voltammetry it 

is seen that when the roughness of the electrode surface is high (R>15), the 

apparent number of electrons transferred is close to 4 but when the roughness is 

<2, the apparent number of electrons transferred is 2. This behaviour may be 

explained if the following mechanisms are considered:

mechanism I:

Roughness factor <2

1) 0 2 + H+ + e~ »H 02(ads) (rate determining step) (5.11)

2) H 0 2(lds) + e  + H * ------>H20 2(ld5) (5.12)

3) (5.13)

mechanism II:

Roughness factor >15

1) 0 2 + H + + e~ >H 0 2(ads) (rate determining step) (5.14)

2) H 0 2(ads) + e + H+->H20 2(sds) (5.15)

3) — * • >H 20 2(„,uto) (5.16)

4) H 20 2 + 2H+ + 2e~---- >2H20  (5.17)

5 )2H20 2 ^  >0 2 + 2H20  (5.18)
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These mechanisms can be explained using the following simplified description of 

the high surface area Pt deposit:

Pt particles

r e-  + H + + 0 2

diffuse TT _ „TT+ _ -  TT _ ------------- >H2 0 2 + 2 H + 2e  >H2 0

carbon
ultramicroelectrode

Figure 5.14. Schematic representation of the oxygen reduction on a carbon 
ultramicroelectrode modified with Pt particles where the roughness factor is 
high and further reduction or decomposition of H20 2 can compete favourably 
with diffusion
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only supporting  
electrolyte 

1st cycle

2nd cycle
3ro cycle
<th

5th cycle

0.2 0.4

E vs. RHE/H

0.6 0.8

Figure 5.9. Cyclic voltammograms obtained at a carbon microlelectrode (8pm 
diameter) during the process of electrodeposition of platinum from 0.01 mol dm 3 
H2S04 + 5x10 5 mol dm 3 KjPtCI,; v=10 mV s'1.
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First cycle after leaving the 
microelectrode at 1.4V for lm in  

2nd cycle

8

-10

-12
0.00 0.25 0.50 0.75 1.00 1.25 1.50

E vs. RHE/V

Figure 5.10. Cyclic voltammogram obtained at a carbon microelectrode modified 
with Pt after several cycles between 0.8V to 0.05V at 10 mV s’1; Solution 
1 mol dm 3 H2S04 saturated with air at 25 °C; v=100 mV s 1
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i/n
A

-10

  polycrystalline Pt (5pm radius)
—  carbon ( 4 pm radius) modified  

w ith Pt (loading: 12 pg cm'1) 
carbon(4 pm radius) modified  
with Pt (loading: 25 pg cm'2)

-15

-20
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

E vs. RHE/V

Figure 5.11. Cyclic voltammograms of a platinum microelectrode 
(5 pm in radius) and two carbon microelectrodes (4 pm in radius) 
modified with platinum. Solution 1 mol dm H2S04 saturated with

air at 25°C; v=100 mV s’1
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Figure 5.12. Steady state voltammogram and Tafel plots : A) forward 
scan; B) back scan; C/Pt microelectrode (4 pm radius); Pt loading : 12.1 
pg cm'2; R=27.3 in an air saturated solution 1 mol dm 3 H2SO4;v=10 mV s'1
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Figure 5.13. Steady state voltammogram and Tafel plots : A) forward 
scan; B) back scan; C/Pt microelectrode (4 pm radius); loading=25 pg cm 2 
R=37.9 in an air saturated solution 1 mol dm 3 H2SO4;v=10 mV s'1



Although it is known that the diffusion process on the ultramicroelectrode 

is fast and the diffusion rate is inversely proportional to its size, the mechanism of 

the electrode reaction at the Pt surface seems to be dependent on the surface 

roughness. In this work, very dilute solutions of K2PtCl4 and an overpotential of 

about 0.25 V were used during the process of electrodeposition. The high surface 

roughness values indicate that the deposit is highly porous. Dendritic or porous 

deposits are commonly found in electroplating in dilute solutions under mass 

transfer control [44]. Numerical simulation using diffusion-limited aggregation 

(DLA) models has been used for describing the different growth patterns observed 

during electrodeposition [45]. When metal deposits are grown far from equilibrium, 

the DLA model indicates that radial branching patterns or well-ordered anisotropic 

dendritic structures are formed. Moreover changes in the structure of the deposit 

have also been found when the electrolyte concentration and applied potential are 

varied [46,47].

From table IV it is seen that the Pt loading values (W) found for the 

modified carbon ultramicroelectrodes with roughness factors (R) of about 27.7 and 

37.9, are 12.1 and 25.1 pg  cm'2 respectively. Knowing that the Pt density (p ) is 

21.45 g cm'3, and assuming that the Pt deposit is a random ensemble of identical 

spheres, the ratio between the total volume occupied by the spheres ( V t )  and the 

real surface area of Pt can be related with those parameters (R, W, and p). The 

total volume ( V t )  occupied by the spheres is given by:

VT = N j7 tr3 (5.19)

where N is the total number of spheres and r is the radius of each one. The total 

surface area of the spheres (AT) is given by:

AT =N47ir2 (5.20)

Combination of (5.19) and (5.20) gives:
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V.
(5.21)

From this relationship the radius can be determined if it is considered that:

V W
T -  (5.22)

At Rp

The radius obtained from this relationship is about 0.6 nm when the Pt loading is 

12.1 pg cm'2 and 0.9 nm when the Pt loading is 25 pg cm'2. These values indicate 

that Pt particle sizes in the matrix are about 1.2 and 1.8 nm respectively. 

Theoretical analyses of the ideal geometric structures of small Pt particles have 

been carried out [48]. These analyses have shown that the crystallographic sites on 

the particle vary with the size of the particle. Figure (5.15) shows a model of the 

cubo-octahedral structure for a platinum particle consisting of (111) and (100) 

crystal faces. The model represents a Pt particle of about 1.5 nm diameter. For 

these small particles the changes in surface concentration of the various 

crystallographic sites must vary dramatically with the particle size. From table VI 

it can be seen that the specific activities on both carbon ultramicroelectrodes 

modified are similar, which indicates that SA is independent of particle size. The 

MA is seen to increase as particle size decreases.

If a comparison of the specific activity is to be made between the Pt 

polycrystalline ultramicroelectrode and carbon ultramicroelectrodes modified with 

Pt, a correction of the current values must be made. At Pt ultramicroelectrodes it 

was demonstrated that the number of electrons transferred is 2, whereas on carbon 

ultramicro-electrodes modified with Pt the number of electrons transferred is 4. For 

a reliable comparison of the specific activities, the values of current on the Pt 

ultramicroelectrode must be multiplied by 2 or the values of current on the carbon 

ultramicroelectrode modified with Pt divided by 2. When this is done, it is observed 

that the specific acitivity of the electrodeposited Pt is lower by around a factor of 2 

than the SA for the Pt ultramicroelectrode.
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(100)

Corner site

(100)
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Figure 5.15. Model of a cubo-octahedral structure 
for platinum particles of about 1.5 nm diameter 
consisting of (111) and (100) crystal faces, after [8].
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5.5.4 Experiments on platinum ultramicroelectrodes modified with 

polyaniline

A polyaniline film was formed on Pt ultramicroelectrodes (5 pm radius) 

provided that the electropolymerisation process was carried out using a solution 

which already contained oligomers of aniline. This solution was prepared by 

immersing a large Pt electrode in freshly prepared monomer solution together with 

a Pt wire electrode (counter electrode), and then cycling between -0.2V and 0.8V 

vs. SCE for 1 hour. When the electropolymerisation is carried out on Pt ultramicro

electrodes with this solution, the first stage of the process could be the aggregation 

of dissolved oligomers and precipitation on the ultramicroelectrode surface, and 

secondly the polymerisation of these oligomers. Figure 5.16 shows the initial 

results of electropolymerisation under the conditions described. The film formed is 

stable under conditions where the potential applied is does not exceed 0.8V vs 

RHE.

Pt ultramicroelectrodes modified with polyaniline films (120-130 nm 

thickness) were used for studying the oxygen reduction reaction. Figures 5.17a 

and 5.17b show the cyclic voltammograms obtained when a modified 

Pt/Polyaniline and a Pt/polyaniline/Pt ultramicroelectrode were used in the presence 

and absence of oxygen. It is known that polyaniline is in the conducting emeraldine 

form over the potential range from 0.2V to 0.9V vs. NHE. Figures 5.17a and 

5.17b show that there is a residual cathodic current after -0.2V vs. RHE. This 

suggests that the film is porous or some defects are present in the polymer film. 

When Pt was deposited on the film, the cathodic current increased in presence of 

oxygen and the cathodic current is constant at potentials where the polymer film is 

not conducting. This behaviour may be explained if nucleation of Pt occurs on the 

electrode surface through defects in the film and then growth continues through to 

the surface of the polymer film. This behaviour is represented in figure 5.18. A 

comparison with the voltammogram obtained on the naked Pt ultramicroelectrode 

can be made. Similar current densities are observed which indicates that the film 

surface becomes coated with platinum under the experimental conditions used.
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To determine the current density, it is necessary to know the real surface 

area of the Pt deposited. However, no adsorption or desorption hydrogen peaks 

were observed since they were masked by the currents associated with redox 

processes in the PANi film. For this reason it was not possible to evaluate the 

specific activity of the Pt particles dispersed into/and on the polyaniline film. In 

figures 5.17a and 5.17b, the current density was calculated using the geometric 

area o f the Pt ultramicroelectrode.

Pt nuclei growing
on PANi surface

Polyaniline
film

Pt grown in 
porous

Pt ultramicroelectrode

defects in the film

Figure 5.18. Schematic representation of electrodeposition 
of Pt into and on a polyaniline film

The properties of the electrode are therefore similar to those of an 

electrodeposited film on a conducting substrate since each platinum centre is 

connected by a platinum ‘wire’ to the ultramicroelectrode.
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Figure 5.16. (A,B): Cyclic voltammograms of the initial stages of 
polymerisation of aniline 0.1 mol dm 3 in 1 mol dm 3 H2S04 using 

a Pt ultramicroelectrode (5 pm radius), R= 1.98, v = 50 mV s \*

C) Cyclic voltammogram of the polyaniline film (130 nm thickness) 

in air saturated solution 1 mol dm 3 H2S04; v=20 mV s \
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Figure 5.17. Cyclic voltammograms recorded at a: A) Pt/polyaniline 
ultramicroelectrode; B) Pt/polyaniline/Pt ultramicroelectrode; In
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5.6. Conclusions

On Pt ultramicroelectrodes (5 |im radius), the apparent number of electrons 

transferred during the oxygen reduction reaction in acid solution is 2. This suggests 

that hydrogen peroxide formed as an intermediate diffuses rapidly from the surface 

before decomposition or electrochemical reaction to H20  can occur. On conven

tional electrodes, where mass transfer is slower than on ultramicroelectrodes, the 

hydrogen peroxide can be more easily reduced to water, either via the 

decomposition or electron transfer routes.

Although simplifying assumptions about the shape of the Pt particles 

deposited on carbon ultramicroelectrodes were made and 100% current efficiency 

assumed during the process of electrodeposition, the experimental evidence 

suggests strongly that very small Pt particles about 1.2 to 1.8 nm in diameter are 

formed when very dilute solutions of K2PtCl4 are used. This process of 

electrodeposition is completely controlled by mass transfer. The structure of the Pt 

deposit is highly porous, which means that it has a high roughness factor and the 

conversion of hydrogen peroxide to water is enhanced.

If specific sites on the surface of Pt particles size are considered to be active 

sites, it is expected that in Pt particles smaller than about 10 nm, changes in the 

surface concentration of crystallographic sites such as edges sites could affect 

considerably the electrocatalytic activity of these particles. However in the present 

work, this behaviour was not observed. The values of specific activity found for 

particles with 1.2 and 1.8 nm in diameter did not differ substantially from the value 

for bulk platinum. In conclusion, it can be said that there is no catalytic effect of the 

particle size on the oxygen reduction even when the Pt particles are very small. In 

fact the comparison shows that the smaller particles exhibit a slightly lower activity 

than the bulk. This decrease in activity has also been noted in other work using 

dispersed platinum catalysts[8].

The results indicate that H20 2 is produced as a solution intermediate. 

Whereas it can escape efficiently by diffusion from a smooth ultramicroelectrode, it 

reacts to form water at the highly porous platinum deposits formed on carbon 

ultramicroelectrodes. A similar process may occurr in fuel cells where the hydrogen
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peroxide reacts at the adjacent Pt particles present in the polymer-carbon matrix to 

produce water.

The kinetics of oxygen reduction on Pt/Nafion/Pt ultramicroelectrodes 

cannot be compared with the behaviour observed in a fuel cell. In a fuell cell the Pt 

particles are embedded in the polymer and carbon substrate, while on ultramicro

electrodes modified in the present work, Pt is deposited inside and outside the film. 

The activity of the Pt particles outside the film may be different to the activity of 

these particles embeded in the polymer-carbon substrate.

Electropolymerisation of aniline film on ultramicroelectrodes is hindered by 

the high mass transfer that occurs on the ultramicroelectrode. In the present work, 

a stable film was obtained after oligomers were adsorbed on the electrode surface 

before carrying out the electropolymerisation. However, small defects in the film or 

the formation of a porous film are enough to produce a platinum coating on the 

film during the electrodeposition process even when low concentrations of K2PtCl4 

are used. In conclusion, this behaviour does not permit small catalyst particles to be 

deposited inside a polyaniline film which has been grown on an ultramicro

electrode, so the catalytic effect of these small particles in the polymer film on the 

oxygen reduction reaction, cannot be evaluated reliably.
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