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ABSTRACT

This thesis describes a study of the bubble evolution mechanisms of four systems; 
H2/HCIO4/AU, H2/HC104/Pt, Ck/NaCl/RTO and CVNaCl/Ti as a function of current 
density, surface composition (RTO) and morphology. Three experimental techniques have 
been used, fast frame video (FFV), electrochemical quartz crystal microbalance (EQCM) 
and the pressure release bubble nucleation technique (PRBN). The three complementary 
techniques were utilised to provide a comprehensive study of bubble behaviour. The FFV 
was used to study individual bubbles, the EQCM to measure the detachment rate integrated 
over the nucleating surface area, and the PRBN technique was used to measure the bubble 
nucleation rate integrated over space and time.

In the current density range 3-44 mA cm'2 nucleation of individual hydrogen bubbles was 
found to be rapid at vertical gold and platinum electrodes. For both electrode materials, the 
detachment radius decreased as a function of current density, but the average bubble size on 
detachment was approximately 50% smaller on the platinum electrode. The detachment rate 
and number of active nucleation sites both increased as a function of current density, and the 
dominant detachment mechanism was coalescence between closely paired neighbouring 
bubbles. EQCM analysis of the overall detachment rates at the electrodes confirmed the 
visual observations; novel Fast Fourier Transform analysis of the frequency response from 
the gold electrode showed that the detachment frequency increased with current density, but 
there was little change in the volume of gas resident on the electrode. On the platinum 
electrode small bubbles detached rapidly and were characterised by small fluctuations in the 
EQCM resonant frequency response.

Using the FFV technique, nucleation was found to be the rate-limiting step for chlorine 
bubble evolution at an RTO electrode in the current density range 18-56 mA cm'2. The large 
number of active nucleation sites at the surface site were characterised by a high surface 
coverage of bubbles, which detached mainly due to buoyancy and collision with rising 
bubbles. Using the PRBN technique, these nucleation sites were found to have a distribution 
of activities. Comparable results for titanium surfaces showed that the roughness of the 
substrate contributed significantly to the nucleation activity of RTO electrodes. EQCM 
analysis of RTO showed that the coupled mass of the electrode increased during bubble 
evolution, possibly caused by the porous surface being flooded.

An important result that emerged as a common theme from each experimental technique was 
the distribution of site energetics observed at all of the surfaces. Different nucleation site 
characteristics were found to be active under different conditions. This feature of 
heterogeneous bubble evolution establishes that any mechanistic study must be carried out 
under different operating conditions to establish the relevant bubble activity at the surface.
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CHAPTER 1 INTRODUCTION

1.1 Introduction

In any system where gas is dispersed in a liquid, phase separation will occur by the 

formation of bubbles: boiling occurs due to the temperature-induced elevation of liquid 

vapour pressure. Cavitation is a phenomenon that occurs when the liquid structure is 

deformed due to hydrodynamic forces [1]. A gas-liquid dispersion may be formed because 

of a chemical reaction or by the physical process of gas-liberation from a solution that is 

supersaturated with dissolved gas. Supersaturation can be caused by liquid depressurisation, 

a process employed in carbonated beverages. Electrochemical gas evolution causes the 

electrolyte to become supersaturated with respect to the dissolved gas. This chapter covers 

the fundamental processes governing bubble formation and behaviour within the context of 

modem chlor-alkali technology. Chlor-alkali is the name given to the electrochemical 

process of simultaneous production of hydrogen and chlorine gases from aqueous solutions 

of caustic soda and sodium chloride.

1.1.1 Bubble evolution

Bubbles form in a liquid via two different processes (defined respectively as causing a 

decrease or increase in free energy of the system) [2,3]. Firstly, spontaneous bubble 

evolution occurs by desupersaturation of a solution of the gas, or by decomposition of a 

component of the liquid (analogous to a boiling process). Secondly, non-spontaneous bubble 

evolution occurs by direct introduction of gas into the liquid by a bubbler (sparger) or by 

mechanical entrainment (or break up of large bubbles).

The introduction of gas into the liquid described by the latter case is used in processes such

as particle flotation [4] and fluidised beds [5]. Bubbles cause mixing and enable separation

of the product from other impurities. However, complete phase separation is not a

requirement of these processes. The former case of bubble formation is more complex. In

any system, it is vital to predict the conditions giving rise to spontaneous bubbles and

especially to establish where in the system bubbles will appear. The mechanism of

formation of gas bubbles, their size and distribution, and their subsequent behaviour are

functions of the physical and chemical properties of the system such as temperature,
1 1-Introduction



pressure, the dispersion composition and the nature of any solid/liquid interface where 

reactions occur. These parameters are used to define the system under study and hence 

predict expected bubble behaviour. Jackson [6] showed the size and number of bubbles 

produced by a rapid pressure drop of a flowing supersaturated solution depends on the 

degree of supersaturation and the energy available for formation (most of which is required 

for the formation of the bubble/liquid interface). Nucleation in clean water requires high 

energy and results in a small number of large bubbles, whereas the presence of impurities, 

such as surface-active agents, induces bubble formation at a lower energy, where smaller 

bubbles are produced in larger numbers. Using a higher pressure to produce the flow, 

compared to the pressure used for saturation can facilitate control of bubble size and number.

1.1.2 Gas-liquid dispersions

A two-phase gas-liquid dispersion can exist in different states depending on the population 

density of gas bubbles (or volume of gas) per unit volume of liquid, a property known as the 

void fraction [2].

Low void fraction

A bubble is a small volume of gas surrounded by a continuous mass (or thin film) of liquid. 

Bubbles dispersed in low concentration in a liquid form an unstable dispersion. Those 

formed by mechanical (rather than chemical) methods tend to contain larger bubbles. 

Complete phase separation occurs by gravitational means: the buoyancy of bubbles causes 

them to rise and coalesce with other rising bubbles or the bulk liquid/air interface.

High void fraction

Foam consists of a number of bubbles separated by a thin film. Foams have a finite static 

life, but if dynamically maintained can be very stable. Froth is a highly concentrated 

dispersion of bubbles in a liquid. Foams or froths form stable dispersions where complete 

phase separation is very difficult. Pure two-component systems cannot form a stable 

dispersion: foam formation requires the presence of a third surface-active species adsorbed at 

the interface.
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1.1.3 Area o f research

The rate of gas liberation in the form of bubbles is dependent on the rate of gas evolution. In 

an electrochemical cell, this is enhanced by the use of electrocatalysts. The activity and 

properties of these have been covered extensively in the literature, and are summarised in 

section 1.6. The behaviour of high void fraction systems, such as two-phase flow, is a 

suitable model for the behaviour of bubbles swarms during electrochemical gas evolution on 

an industrial scale. A major economic concern is the detrimental effect on the efficiency of 

industrial electrochemical cells of the presence of large numbers of bubbles; these decrease 

efficiency and hence increase energy consumption. Consequently, the effect of the two- 

phase flow on electrochemical parameters has also received much attention.

An important area of research that lies between these two areas in terms of the bubble 

evolution process, and which is less widely studied, is the kinetics of the bubble evolution at 

the electrocatalytic surface, from the nucleation of microscopic bubbles to their departure 

from the electrode. The focus of this literature review concerning gas evolution concentrates 

mostly on research carried out on individual bubble formation in an unstable gas-liquid 

dispersion where foam formation (and therefore phase separation) is not considered a 

significant problem.

1.2 Chlor-alkali industry

The combined manufacturing output of the chlor-alkali industry makes it the world’s largest 

electrolytic process. Although the technology used varies, the principal chemical reactions 

do not differ. Chlorine is produced by the electrochemical oxidation of chloride at the anode 

using brine produced from natural salt deposits [7,8]. A simultaneous cathodic reduction 

reaction produces caustic soda and hydrogen. The overall reaction is typically

2NaCl +2H20  -> Cl2 + H2 + 2NaOH (1.1)

Both chlorine and caustic soda are considered main products and are used primarily within 

the chemical industry e.g. synthesis of organic compounds, pulp and paper manufacture, 

manufacture of PVC (Cl2) and detergent production (NaOH). The size and operation of
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plants varies significantly depending on the specifications required from the products. The 

physical conditions under which the products are formed vary according to the type of cell 

technology used; these differences are discussed in the next section. Common features in 

cell operation are the low pH of the anolyte, which prevents the hydrolysis of chlorine to 

hypochlorite and minimizes the competing oxygen evolution reaction. All the cells are run 

at elevated temperatures (60-90°C) to improve the kinetics of the electrode reactions [9,10].

1.2.1 Cell design

Chemical methods of chlorine production were superseded by electrolytic methods in the 

1930s. Two dominant production methods used either mercury or diaphragm cells. 

Although technological developments enabled lower energy consumption, the use of carbon 

anodes was a major inefficiency. The advent of titanium based electrode materials was a 

breakthrough, due to their enhanced durability; they were named dimensionally stable 

anodes (DSA®). Invented in 1967 by Beer [10], DSA® are electrocatalytic compounds 

containing a mixture of ruthenium and titanium oxides, coated onto titanium substrates. By 

the 1970s, all new cells used metal anodes, and carbon anodes were gradually replaced in 

existing cells. Although the mercury and diaphragm cells comprise very different designs, 

the most significant distinction is that the diaphragm cell sacrifices the high purity product of 

the mercury cells in favour of higher power efficiency [11].

A significant development that has occurred over the last twenty years is in the product 

separation technology. The use of Nafion® membranes improves product quality over the 

diaphragm cell and avoids the operational and environmental concerns of the mercury cell. 

Economic pressures such as rising electricity prices drive continued research to improve 

production efficiency [12]. Three common cell designs are described below; their operation 

and output are compared in Table 1.1.

1.2.1.1 Mercury cell

The mercury cell uses a flowing mercury cathode and a DSA® coating on a Ti mesh substrate 

anode (see Fig 1.1). The two electrode reactions are given below [9].
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Anode 2C1‘ -► Cl2 + 2e EC = +1.31V (1.2)

Cathode Na+ + Hg + em Na(Hg) Ee = -1.85V (1.3)

where Ee is the equilibrium potential for the electrode reactions vs. NHE at pH 4 and 298 K.

The sodium amalgam is hydrolysed in a separate reactor vessel called a denuder.

2NaHg + 2H20  -» H2 + 2Na+ + 20H' + 2Hg (1.4)

The reversible cell potential is -3.16V, but the cell operates at approximately -4.50V. The 

difference arises because an additional driving force is required to pass current through the 

mercury-DSA® gap, the electrodes and the external circuit. However, because the anode and 

cathode products are in different phases, no physical barrier is required to separate them.

Chlorine

RTO anode

Spent brineBrine feed

♦  Na/Hg amalgam

Mercury cathode

Figure 1.1 Schematic diagram o f  mercury cell 

1.2.1.2 Diaphragm cell

The same anode materials are used in a diaphragm cell, but the mercury cathode is replaced 

by a hydrogen evolving steel cathode, often coated with a catalyst such as nickel, to produce 

a high surface area and reduce the overpotential for the hydrogen evolution reaction.

Anode 2C1' -> Cl2 + 2e Ee = +1.31V (1.5)

Cathode 2H20  + 2e H2 + 2QH“ Ee = -0.84 V (1.6)
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where Ee is the equilibrium potential for the electrode reactions vs. NHE at pH 4 (anode), pH 

14 (cathode) and 298 K.

As chlorine, caustic soda and hydrogen are produced simultaneously, a separator is required 

to prevent cross-contamination of the products (see figure 1.2). The separator, fabricated 

from asbestos, merely forms a physical barrier; the transport of ions is possible. This limits 

the concentration of caustic soda that can be produced, as diffusion of hydroxide ions from 

the catholyte to the anolyte causes hypochlorite formation. There is also some chloride 

contamination of the caustic soda. The pH of the catholyte is approximately 14 due to OH' 

formation. The reversible cell potential is -2.15V. However, the operating potential is 

approximately -3.50V, due mainly to the separator.

Chlorine Hydrogen

Brine feed ♦NaOH and NaCl

RTO anode -J - —  Steel cathode

i i

Asbestos diaphragm

Figure 1.2 Schematic diagram o f diaphragm cell

1.2.1.3 Membrane cell

The membrane cell uses the same design and electrodes as the diaphragm cell (see figure 

1.3); the only difference is the separator material. A cation-permeable membrane, 

commonly a PTFE copolymer, Nafion®, replaces the asbestos (see figure 1.4). The 

advantage of this material is its selectivity to ion diffusion. Chloride contamination is 

minimised, and a higher concentration of caustic soda can be produced without 

contaminating the anolyte. The separator is also more lightweight and less resistive than 

asbestos, which enables the cell to be run at higher current densities. The ion-selectivity of
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the membrane also allows the use of electrocatalysts on the cathode, which reduces the 

overpotential for hydrogen evolution (the electrocatalysts would be poisoned by trace 

impurities in the diaphragm cell).

Chlorine Hydrogen

>  Concentrated 
caustic

RTO anode - | - Coated steel 
cathode

Dilute caustic

nation membrane

Figure 1.3 Schematic diagram o f membrane cell

— ( C F - C F ,)  — CF— CF

O
CF,
C F -C F ,

0
CF,

*—  S 0 3‘ Na+ — ly

Sulfonate layer

CF— CF2 ) ---- CF— CF-

CF,

CF- CF3/m

O
CF,

—  COO' Na+ — Iy

Carboxylate layer 

(A)

Anode side Cathode side

(B )

Sulfonate

layer

Coating

PTFE

Carboxylate

layer

Figure 1.4 Polymeric structure (A) and cross-section o f  the membrane (B) o f Nafion®
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The table below summarises the characteristics of the three cell technologies [9]

Mercury cell Diaphragm cell Membrane cell

cell voltage /V -4.4 -3.45 -2.95

current density / A cm'2 1.0 0.2 0.4

0 2 in Cl2 / % 0.1 1-2 0.3

Cl' in 50% NaOH / % 0.003 1-1.2 0.005

NaOH conc. before evaporation / % 50 12 35

requirement for brine purification Some More stringent Very extensive

Table 1.1 Table showing operating properties o f industrial chlor-alkali cells

1.2.2 Electrolytic bubble formation

The kinetics and thermodynamics of the chlorine-producing electrode reactions have been 

optimised using electrocatalysts, hence minimising the operating voltage of the cell. 

However, there still remains scope for significant energy reduction within the chlor-alkali 

industry; there are other areas in the cell where efficiency can be improved. In addition, the 

activity of electrocatalysts can be diminished under certain operating conditions by the 

behaviour of the gaseous products (see section 1.6).

Bubbles form spontaneously because the electrolyte is supersaturated with the gas produced 

at the electrode [13]; supersaturation occurs when the rate of gas production exceeds the rate 

at which the gas can diffuse through the solution away from the electrode, producing a high 

concentration of dissolved gas in the interfacial region. Not all of the gas generated in 

dissolved form is transformed into bubbles at the electrode, the fraction that does increases 

as current density is increased. The exact fraction expressed as the efficiency of gas 

evolution can be calculated based on the mass transfer properties of the dissolved gas [14]. 

The degree of supersaturation in the interfacial region can be found from measuring the 

diffusion overpotential as a function of the current, and calculating the supersaturation ratio 

of the dissolved gas from the Nemst equation. For hydrogen evolution from 0.5M sulphuric 

acid, supersaturation is approximately 100 at high current density, the value for chlorine 

evolved from concentrated NaCl is much lower, approximately 30 [15].
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The presence of bubbles in the electrolyser increases the ohmic drop. Bubbles adhered to the 

electrode not only block the surface, preventing further product formation, but also disturb 

the potential and current distribution at the surface, thereby increasing the overpotential for 

chlorine evolution (see section 1.5) [16]. A comprehensive review by Sides [17] covers all 

aspects of electrolytic bubble evolution. The mechanism of bubble formation at the 

electrode surface is described below. The rate of bubble formation is dependent on the 

current density and electrode morphology and pre-treatment. Because bubble evolution is a 

surface process, small amount of impurities can have a large affect on the interaction of the 

electrode and electrolyte and the electrode potential dependence of both. This in turn effects 

the rate of bubble formation and the rate at which bubbles detach from the surface. The 

presence of bubbles in the electrochemical cell obstructs the current, decreasing the effective 

conductivity of the electrolyte; however bubbles stir the electrolyte and increase mass 

transfer to the electrode. All of these issues are covered in the following sections.

1.3 Mechanism of spontaneous bubble formation

The theory of individual bubble evolution can be separated into different functionally 

independent processes of nucleation, growth and detachment (for a bubble formed at a solid 

interface). If bubbles are formed in bulk liquid, they rise under buoyancy and burst at the 

surface. Each process in the mechanism of bubble formation is treated separately below. 

The relevant literature in each area is reviewed. Theoretical treatments are described briefly, 

and indications given where the theory is described in further detail in Chapter 2. A 

summary of the methods applied to bubble evolution is given in section 1.4.

1.3.1 Classical nucleation theory

Nucleation is a process by which a new phase is formed from an existing one, a change that 

requires a thermodynamic driving force. Hence, at ambient pressure, water bubbles nucleate 

spontaneously in boiling water, but not in water at room temperature. In an electrochemical 

cell the electrolyte becomes supersaturated with the product gas; a new gaseous phase is 

thermodynamically more stable than the supersaturated electrolyte, thus providing the 

driving force for nucleation.
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The formation of bubbles in a supersaturated liquid is analogous to the condensation of 

liquid droplets from a supersaturated vapour. The droplet model is used as the basis for a 

description of homogeneous nucleation theory [6,18,19], which can be modified to account 

for the presence of a nucleating surface [20], or the nucleation of bubbles [21]. A 

supersaturated medium exists in a metastable state; thermodynamic fluctuations can cause 

the formation of molecular clusters, and these grow by accretion to form macroscopic nuclei. 

The nuclei themselves are unstable, with equal tendency to grow further or re-dissolve. They 

can only grow into macroscopic sized droplets (or bubbles) once they have achieved a 

specific size. Once this threshold is surpassed, the nuclei grow rapidly. Nuclei attaining this 

threshold are termed critical sized nuclei. As described below, the rate of formation of 

critical sized nuclei is the basis of nucleation theory.

Classical nucleation theory was developed early in the twentieth century [22] and is based on 

the kinetic treatment of nucleation rate in terms of the rate of impingement of molecules on 

the equilibrium concentration of critical sized nuclei.

J  -  Avm* (1.7)

where A* is the surface area of the critical sized nucleus, © is the frequency of molecular 

impingement per unit area per unit time, n is the equilibrium number of critical nuclei. 

Becker and Doring [23], and Zeldovich [24] added another term into equation 1.7 which 

accounted for the loss of nuclei by dissolution into the supersaturated phase and so provided 

a steady-state concentration of critical nuclei. Jean  be expressed in a general form as

J  = C exp(- AG’/ kT) (1.8)

A detailed derivation of equation 1.8 is given in section 2.1.3; however, a brief explanation 

of the terms is given here. AG* is the change in Gibbs energy for nucleation, and can be 

described as the activation energy for formation of a critical sized nucleus. The Gibbs 

function can be expressed as

AG* = 16tty 3Q 2/3&2 T 2 In2 a  (1.9)
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where y is interfacial tension and a  is the saturation ratio. The pre-exponential term C is not 

a constant, but slowly dependent on variables found in the exponential term such as 

interfacial tension and supersaturation. The dimension of a critical sized nucleus can be 

calculated from the nucleation work with respect to the supersaturation [25] and is 

approximately 8 A (containing 90 molecules) for a water nucleus forming in supersaturated 

water [26]. A criticism of classical nucleation theory is that the activation energy given in 

equation 1.9 is defined by macroscopic properties such as surface tension, vapour pressure 

and liquid density, whereas in fact critical sized nuclei are composed of only a few 

molecules. This inconsistency is discussed in section 1.3.3.

1.3.2 Bubble nucleation

Classical nucleation theory was expanded to the theory of bubble formation in boiling 

liquids [27,28], and supersaturated solutions [29,30]. A mechanism for electrolytic bubble 

evolution was proposed by Nevedov for the formation of hydrogen bubbles at an electrode 

during the electrolysis of water where non-polar gas molecules arrange themselves between 

the water molecules, increasing the distance between water molecules, so weakening 

hydrogen bonds and allowing formation of the new phase. The value of supersaturation 

required for this mechanism is 30 for oxygen evolution and 50 for hydrogen evolution [31]. 

The current state of understanding and experiments was reviewed by Lubetkin [3].

1.3.2.1 Heterogeneous nucleation

One of the most important considerations in the application of nucleation theory to an 

experimental system is whether nucleation is homogeneous or heterogeneous. 

Heterogeneous nucleation, where the bubble forms at a solid/liquid interface, is 

thermodynamically favourable, because the energy barrier to nucleation, AG* is decreased. 

Therefore, in almost every application, heterogeneous nucleation will be the dominant 

mechanism [32]. The two cases are depicted in Figure 1.5.
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Figure 1.5 A) homogenous nucleation near a planar surface B) heterogeneous nucleation at

a planar surface

The size of the critical nucleus, as defined by the critical radius r*, is a function of the 

supersaturation of the solution, and the chemical composition of the surface (which affects 

the contact angle). The contact angle is determined by the balance of forces at the interface. 

The relationship between the surface tension at the point of contact and the three phase 

contact angle is shown in figure 1.6 and given by Young’s equation [26].

y  sl ~ y  sg + y  lgcos® = o O-10)

liquid
gas

solid

Figure 1.6 Schematic diagram showing the balance o f  forces resulting in contact angle 0

Fewer molecules are required to form the same critical sized bubble heterogeneously 

compared to homogeneously, as defined by the same critical bubble radius r*. The fraction 

of the volume of the spherical critical nucleus required is a function of the contact angle,0 

and is denoted f(Q). Equation 1.9 can be modified to include this term. The nucleation rate J  

for heterogeneous nucleation can be expressed as

J  = C 'e x p f -^ 0 )AG) / J  (1.11)
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For small values of Q,f(Q) AG* tends to zero, therefore the barrier to nucleation is decreased. 

However, as 0 increases to a maximum of 180°,/(0) tends to unity, i.e. the energy barrier is 

the same as for homogeneous nucleation. The expression for f(Q) is given in section 2.1.6.2. 

Experimental verification of the theory depicted by equationl.il is discussed in section 

1.4.1.

Surface effects complicate this model especially since any real surface is not “flat” or 

chemically homogeneous when considered on the (submicron) scale of nuclei of the new 

phase [20]. Heterogeneous nucleation is favoured in most systems where a nucleating 

surface is present and consequently is a function of the properties of that surface. This is 

demonstrated in Figure 1.7, which introduces the idea of catalytic surface features for 

nucleation. Figure 1.7(A) shows a bubble where the contact angle is small and therefore the 

volume of gas required for a given radius of bubble to form is large. Figure 1.7(B) shows 

the converse case where the contact angle is large. Figure 1.7(C) shows the same chemical 

conditions as A), however, the formation of the bubble in the cavity means the volume of gas 

required is smaller than for case A). The conditions under which a bubble will form in a 

conical cavity are given by Ward [33]; these ideas are explored in greater depth in Chapter 2.

A B C

Figure 1.7 Schematic diagram demonstrating the effect o f  a nucleating surface structure on 

the volume o f gas molecules required to form a critical sized nucleus o f  radius r*

A summary of bubble nucleation theory and a description of the kinetics of the initial stage 

of isothermal bubble formation including the rate of bubble growth is given by Kashiev [34]. 

Recent developments in nucleation theory have sought to quantify the terms in the general
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nucleation rate equation 1.11. Increased use of computational power [35] and the 

development of new experimental techniques has enabled the definition of variables such as 

surface tension and contact angle not as macroscopic properties, but as displaying a 

functional variation on droplet (bubble) size [36]. The statistical mechanical or “non- 

classical” approach to the definition of the thermodynamic variables in the rate equation is 

outlined in the following section.

1.3.3 Non-classical nucleation theory

A significant departure from the classical theory has been caused by disagreement over the 

use of standard thermodynamic variables in the original theory. It is assumed bubbles form 

from pre-bubble clusters of molecules, which grow by stepwise addition of further molecules 

to the cluster. The point at which bubble nucleation occurs is defined by the formation of the 

gas-liquid interface. The energy required to form the interface is defined using the surface 

tension of the liquid (a macroscopic property of the system). It has been argued that this 

value cannot be attributed to microscopic bubbles containing tens or hundreds of molecules. 

A study of the dependence of surface tension on droplet size shows that curvature corrections 

to the surface tension may be important in the quantitative determination of the Gibbs 

function for surface formation. However, qualitatively the classical theory is valid [37].

Two factors can account for the difference between theoretical contact angles for 

homogeneous macroscopic planar surfaces and the actual contact angles relevant to the 

formation of a bubble nucleus. It has been shown using experimental, [38] and theoretical 

[39] techniques, that contact angle is affected by surface roughness. Drelich used sessile- 

drop and captive-bubble techniques to measure the three-phase contact angles between 

water, air and thiol monolayers at three different surfaces (gold, methylated quartz and 

roughened polymer). As the roughness is increased, the difference is more pronounced for 

the receding rather than advancing contact angles. Another factor that effects contact angles 

is the dimensions of the solid surface. A systematic difference occurs between the contact 

angle of a small spherical particle and a planar surface, (a decrease of 10° is seen for a 

hydrophobic particle compared to a planar surface) [36,40].

Non-classical theory utilises a statistical thermodynamic approach to define the metastable 

solution of clusters of dissolved gas and so does not require the inclusion of macroscopic
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thermodynamic values. Experiments have shown classical nucleation theory to be in error in 

predicting nucleation rates in cases of extreme superheating where the liquid is close to the 

critical point. However, a comparison the theories [41] has shown the errors in using the 

classical model to be small in most systems. A review of recent developments in the theory 

is given by Oxtoby [42]. An alternative mechanism of nucleation proposed by Martinez, the 

conventional thermodynamic approach where molecules overcome the energy barrier to 

nucleation (see figure 2.1), is replaced with a tunnelling mechanism [43].

1.3.4 Pre-existing nuclei

It is possible for the nuclei from which bubbles grow to be permanently present at the 

surface. The presence of these nuclei was first described by Harvey; hence, they are often 

termed “Harvey nuclei” [44]. The fact that the reported nucleation threshold is lower than 

expected for homogeneous nucleation theory, can be explained by the presence of the pre

existing Harvey nuclei stabilized in the liquid. Stabilisation could also be the result of 

impurities such as solid particles and Ward and Tikuisis proved that stability could also arise 

from the presence of microbubbles in the bulk liquid [45].

1.3.5 Bubble growth

The rate of growth of a critical sized bubble is zero, because it is in a chemical and 

mechanical equilibrium with the surrounding liquid. A small increase in the radius initiates 

growth by allowing the internal pressure to overcome the opposing forces of curvature and 

background pressure. The initial stage of growth is by expansion of the bubble due to high 

internal pressure and by mass transport to the gas liquid interface, determined by a number of 

factors such as the pressure inside the bubbles, the ambient pressure, liquid inertia, liquid 

viscosity, surface tension and the transport properties of the gas through the liquid. The 

mechanism for the development of a bubble is outlined by Sides [17]. Expansion due to 

high internal pressure will continue until the supply of new molecules limits the growth rate 

and mass transfer determines the final stage. Frank provided a solution of diffusion for 

spherical symmetry [46]. Based on this work, again assuming the growing bubble to be a 

spherical cavity, Scriven provided an equation for the diffusion-controlled growth of a
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bubble from critical size until the point where it detaches or coalesces with another bubble 

[47]. The growth rate is

r(l) =  ps (Z )?f5 (1.12)

where pg is the growth coefficient characterised by the level of supersaturation, r is the 

radius, D is the diffusion coefficient.

Sides later stated that the error in assuming the entire process is governed by mass transfer is 

small. This assumption is validated by the experiments of Westwater et al [48,49,50] for the 

growth rates of oxygen, chlorine, carbon dioxide and hydrogen from various materials. The 

diameters of bubbles evolved on a microelectrode were measured using high-speed 

photography. Plots of Inr  vs. In/ yield a straight line of slope 0.5, consistent with equation 

1.12 for individual bubbles but the behaviour of multiple bubble formation was found to be 

more complex.

More recently, this technique has been developed to identify another mode of growth of 

bubbles from microelectrodes. Brandon and Kelsall proposed a direct injection method of 

growth for bubbles larger than the electrode diameter where bubble radius, r, is proportional 

to t1/3 and showed the growth coefficient was strongly dependent on current density but 

independent of pH, type of gas, and electrode material [51]. Further developments in the 

high speed photography technique, again using a single nucleation site, have proved the 

importance of monitoring repetitive growth from a single nucleation site in order to 

determine its activity [52].

1.3.6 Bubble coalescence

Coalescence is a fundamental factor in determining the size distribution of bubbles dispersed 

in a liquid. Coalescence occurs when two bubbles collide, and the liquid film between them 

drains, becoming thinner and unstable until it ruptures at around 100 nm thickness producing 

one large bubble. The rate of coalescence depends on the rate at which the liquid drains 

from the film. Addition of a surface-active species can prevent coalescence, enabling the
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formation of a stable foam [21,53]. Surfactants inhibit coalescence by providing resistance 

to film thinning or increasing the elasticity of the thin film, which prevents rupture [54]. An 

increase in the film elasticity means that when the film is stretched, regions of low surfactant 

concentration and high surface tension are generated, so providing an opposing force to film 

thinning [26]. Accounting for these factors, the rate of coalescence can be modelled and is in 

good agreement with experiment [55].

The effect of addition of electrolytes on the mechanism of coalescence is complex. 

Electrolytes negatively adsorb at the liquid/ vapour interface so increasing the surface 

tension. They would also be expected to reduce any electrostatic repulsion produced by 

charge build up on the bubble surface. Based on these properties, the presence of 

electrolytes should facilitate bubble coalescence. However, it has been found that many 

electrolytes inhibit bubble coalescence if present at a sufficient concentration (>20mM). 

This mechanism has been explained in terms of a reduction in hydrophobic attraction 

between bubbles [53]. Further insight has suggested that the cause of the attractive forces 

between bubbles operating over short distances arises from a perturbation of the structure of 

water. The attraction between bubbles operates via bridging microscopic bubbles. The 

effect of electrolyte is to decrease dissolved gas concentration. That in turn decreases the 

concentration of the bridging microbubbles and hence decreases the strength of attraction 

between bubbles so inhibiting coalescence [56].

Several modes of bubble coalescence have been identified. A characteristic behaviour of 

oxygen in alkaline electrolyte is “specific radial coalescence” [57], where a large bubble 

attracts and consumes smaller ones surrounding it. This effect was later explained as a 

thermocapillary phenomenon [58], where the motion of neighbouring bubbles is controlled 

by thermocapillary migration (arising from the temperature dependent surface tension) in the 

temperature gradient created by the collector bubble.

1.3.7 Bubble detachment

Bubbles detach from a surface once they have grown to a specific volume that is determined 

by the dynamics of the surrounding solution, the buoyancy, pressure and adhesion forces. 

Detachment occurs when the surface adhesion related to contact angle can no longer
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overcome the buoyancy. This force balance is given by Karri [59] and covered in detail in 

section 2.1.8. For hydrogen bubbles evolved by the oxidation of formaldehyde at a small 

vertical copper electrode (diameter 0.4 mm), it was found that the contact angle decreases 

sharply with increasing bubble diameter for small bubbles (20 to 60 pm) and remains 

relatively constant for larger bubbles. This effect was attributed to the slow growth of the 

contact region compared to the growth of the bubble. As the bubbles grow, the difference 

between the upper and lower contact angles, 0„ and 0/ changes with time (see figure 1.8). As 

the concentration of surfactant (sodium dodecyl benzene sulfate) increases, the bubbles grow 

more uniformly with a larger population density and smaller detachment diameter. 

However, the contact angle for an individual bubble was not significantly affected by the 

presence of the surfactant [60].

Figure 1.8 Schematic diagram showing side view o f  bubble attached to a vertical surface

The electrostatic interaction between a bubble and an electrode strongly influences the size 

of the bubble detaching. Interfacial electrical properties of hydrogen, oxygen and chlorine 

bubbles, as measured by electrophoresis, has shown the bubble charge is a function of the pH 

of the electrolyte [61]. All bubbles displayed a point of zero charge at pH 2-3. They were 

negatively charged at a higher pH and positively charged at a lower pH.
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1.4 Measurement of bubble evolution rate

Bubble evolution at an electrode is commonly measured by recording the fluctuation of 

electrochemical parameters such as current, potential or electrolyte conductivity that occur as 

a result of the continuous movement of bubbles at the interface [62]. Although methods of 

fluctuation analysis differ, the common theme is to establish the time dependence of the 

fluctuations in order to obtain kinetic information. A statistical approach was used by 

Gabrielli to extract characteristic bubble parameters such as nucleation rate and bubble 

lifetime for hydrogen bubbles forming in sulphuric acid at a corroding iron electrode [63, 64] 

and the evolution of hydrogen and oxygen at a platinum electrode [65]. A linear-growth 

model of voltage fluctuations was used, shown in figure 1.9.

>

o>

s+us
time

Figure 1.9 Model o f  elementary linear voltage transient

where s is the nucleation time, u is the bubble lifetime, and k is the rate of voltage increase. 

The recorded voltage fluctuation is considered the sum of elementary transients; s and u are 

random quantities, whose probability is given by a homogeneous Poisson law of intensity. 

Their values are determined from the asymptotic values of the power spectral density (PSD.; 

an FFT spectrum of the autocorrelated voltage signal). This analysis is useful for obtaining 

characteristic bubble evolution parameters. However, the model used is phenomenological 

and does not take into account other events such as coalescence.

Hodgson used Fourier analysis as a qualitative treatment of current noise fluctuations due to

bubble evolution. It was noted that the most prominent features occur at less than 2 Hz [66].

The distribution of bubble sizes can be established from photography, although this

technique only provides the distribution at a specific cross-section. Acoustic detection of

bubbles is well established; a comprehensive review of various acoustic techniques

highlights the complex analysis involved [67]. A simpler, alternative technique based on the
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same principles as sedimentation size analysis has been developed by Sasaki [68]. Bubbles 

rising in a column cause the volume of the liquid to change. If the drop in meniscus height is 

measured as a function of time after bubble evolution has ceased, the bubble size distribution 

can be calculated from the variation in the rising bubble velocity.

1.4.1 Applied bubble nucleation kinetics

Lubetkin provides the conditions for which the Wilt equation (equations 1.11 and 2.34) is 

valid [69], specifically where Harvey nuclei may be present. The conclusion drawn from 

this study is that nucleation may not be the rate-limiting step in the evolution process at 

hydrophobic surfaces. Further departure from the validity of equation 1.11 for the 

measurement of the bubble nucleation rate at a physically inhomogeneous surface has been 

identified [70]. The nucleation of carbon dioxide at a Pyrex surface was measured using the 

pressure release bubble nucleation (PRBN) technique [71]. The deviation from theory was 

accounted for by the concept of nucleation rate dispersion, when plotting the natural log of 

the nucleation rate (J) as a function of supersaturation (a); the measured nucleation rate is in 

fact a composite of the rate of nucleation of each type of site at the surface. If the activity of 

these sites varies significantly, the distribution of rates gives rise to curve when InJ is plotted 

vs. (gP)'2, not the straight line predicted by the theory.

1.4.2 Nucleating geometry

The geometry of active sites for nucleate boiling of ether and pentane on zinc and nickel has 

been determined by high-speed photography [72]. It was found that pits with diameters of 5 

pm were very active nucleation sites. However, there was no difference in activity for 

different crystal faces of zinc, and no bubbles formed at grain boundaries. The degree of gas 

entrapment that occurs as a liquid wets a rough surface depends on the steepness and the 

height of the cavities, as more gas entrapment occurs in a steeper walled cavity. These gas 

filled cavities initiate bubble formation by providing a Harvey nucleus [73].

Judd and Chopra review the theory and experiment relating to the interaction of nucleation 

processes occurring at adjacent nucleation sites. Using a system where dichloromethane 

bubbles are nucleated at a heated glass surface in a sealed vessel (bubble departure diameter
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being controlled by the pressure in the vessel), they concluded that site 

activation/deactivation is the mechanism responsible for nucleation site interaction. If the 

geometry of a cavity is such that it does not retain a nucleus of gas upon the detachment of a 

bubble from it, bubble formation can only occur if a bubble growing at an adjacent site 

covers it and so deposits a nucleus in it. Hence, its activity will be enhanced by its proximity 

to the adjacent active site [74].

1.4.2.1 Nucleation at a single site

Single nucleation sites have been manufactured, with one proposed application being a 

surface tension sensor [75]. The artificial site is created in the working electrode (a silicon 

wafer; (100) crystal orientation, coated with a Ti/Au/Ti sandwich) by isotropic etching of the 

silicon. Mouth diameters between 2 and 10 pm have been fabricated. Hydrogen was 

evolved at the exposed silicon and on the bulk electrode. The gas produced at the working 

electrode does not give rise to nucleation but rather diffuses to the nucleation site containing 

a Harvey nucleus. As successive bubbles evolved at the microcavity, simultaneous 

measurement of the overpotential and impedance fluctuations gave rise to a periodic signal 

[76]. This phenomenon is discussed in section 2.3.1.

1.4.3 Surface modifications

It has been found that chemical modification of porous silica microspheres dramatically 

changes the number of bubbles evolved from water supersaturated with N2 at 5, 15 and 50 

atmospheres [77]. The pores (described as deep channels) had diameters ranging from 80- 

300 A. At low supersaturations, the particles with the smallest pore size produce the greatest 

number of bubbles. Coating the particles with a hydrophobic layer causes a significant 

increase in the number of bubbles. Hydrostatic pressurization prior to the experiment, to 

remove any gas trapped in the pores, suppresses bubble activity. This work confirms that the 

presence of Harvey nuclei enhances bubble evolution activity by removing the energy barrier 

to bubble formation.

Modification of porous graphite electrodes with Pt decreases the overpotential required to 

achieve a specific current density for hydrogen evolution from flowing KOH electrolyte. 

This effect is consistent up to a threshold of 200 mA cm'2; after this value the polarization 

required is significantly higher than predicted. At higher current densities, it is believed
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hydrogen gas bubbles become trapped in the porous graphite, increasing gas void fraction 

(and hence resistivity) and decreasing effective electrode area [78].

1.4.3.1 Effect o f electrolyte composition

The effect of electrolyte composition has been shown to have a significant effect on the 

dynamics of hydrogen bubble evolution at a copper microelectrode. In unmodified acid 

electrolyte, the energy barrier to nucleation was sufficiently high that only one nucleation 

site was active. The addition of an inorganic salt to the electrolyte facilitated nucleation and 

inhibited coalescence, causing a larger number of smaller bubbles to be evolved [79].

1.5 Cell voltage

It was shown in Table 1.1 that all three chlor-alkali cells run at a higher potential (Ece//) than 

the thermodynamic cell potential Erev. This increased power consumption can be explained 

by looking at the factors contributing to Ecell.

E ceii = E e ~  Ee — fr| A | — |r| c | — iRceu — iRcircuit (1-13)

Originally, the mercury cell operated at 5V, whereas the modem membrane cell operates at 

only 3.1V. A large overvoltage is needed to operate a chlor-alkali cell. The overall effect of 

increasing the operating potential is to increase running costs. This problem arises due to 

ohmic losses (electrical energy is dissipated as heat) in the electrodes, and the electrolyte that 

contains bubbles and in the cell separator. There is also a contribution from anodic and 

cathodic overpotentials needed to achieve the required current densities at the electrodes. 

The minimisation of the cell voltage is achieved by operating the cell at a high temperature, 

pressure and electrolyte conductivity, decreasing the inter-electrode gap and the use of 

highly active electrode materials. Bubbles dispersed in the bulk electrolyte increase the 

ohmic losses in the cell, and affect the macroscopic current distribution. Bubbles attached to 

the electrode (or located very near to it) alter the microscopic current distribution, effectively 

physically blocking the catalytic surface by covering active sites. The supersaturation is also 

affected which influences the concentration overpotential of the electrode.
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1.5.1 Ohmic losses

In vertical cells, the bubble resistance is determined by the bubble void fraction in the inter

electrode region. Because of the high dispersion of bubbles in the cell, the average void 

fraction can be obtained by measuring the change in height of electrolyte, before and during 

electrolysis. However, this method is impractical for cells with horizontal electrodes. It has 

been shown that for oxygen bubbles evolved at the underside of a horizontal electrode, 

bubble resistivity for a given inter-electrode gap for both carbon and graphite anodes is 

linearly proportional to the bubble coverage (a parameter calculated from visual observation 

of the electrode) [80,81].

1.5.2 Overpotential

The various components of the overpotential due to an attached bubble on the surface can be 

separated [82]. The overpotential r\ is the sum of activation (kinetic) and concentration 

overpotentials. The concentration of product gas dissolved in the electrolyte in immediate 

contact with electrode determines the average concentration overpotential that can be 

calculated using equations for the chemical potential of the gas [17]. Ignoring activity 

coefficients, the concentration overpotential (r|c) may be estimated as shown in equation 

1.14.

r R T \
ln(a) (1.14)

where a  is the supersaturation ratio.

1.5.3 Mass transfer at electrodes

Although the presence of bubbles in the electrolyte increases the effective current density on 

the electrode, resulting in an increase in the ohmic drop, bubbles also enhance mass transport 

at the electrode, by causing mixing between the electrolyte at the surface and in the bulk. 

Dissolved gas in the boundary layer undergoes two superimposed methods of mass transfer, 

which increase the mass transfer coefficient for dissolved gas. One controls the flux of
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dissolved gas from the electrode to the bulk electrolyte; the other controls the flux from the 

supersaturated electrolyte to the bubble surface [83]. As bubbles grow, their surfaces 

expand, and upon detachment, fresh electrolyte flows to fill the vacancy. Measurement of 

interfacial re-equilibration during hydrogen bubble evolution shows large numbers of 

bubbles coalescing at the surface improves mass transport properties [84]. Although the 

contribution of individual bubbles is unknown [85], two parallel hydrogen streams create 

greater mass transport enhancement than the equivalent-volume single stream [86]. 

Increases in the mass transfer coefficient of more than 100% can be obtained by modifying 

the macroscopic geometry of the electrode. For example, performance is enhanced 

significantly by the use of an electrode fabricated from an expanded metallic mesh rather 

than a planar sheet [87].

1.6 Electrocatalysis of gas evolving reactions

Many electrode reactions only occur at a significant rate by the application of a high 

potential, hence the need for catalytic electrode materials as described in Section 1.2. 

Electrocatalysts enable the electrode reaction, and hence the formation of products to occur 

at a lower overpotential. The reaction is often catalysed by desorption of a species from the 

electrode, hence, the activity of an electrocatalyst is affected by its structure and 

morphology. The material must possess a high surface area, and good mechanical strength 

and durability to resist corrosion. As well as catalysing the required reaction, the material 

must inhibit any competing reactions, e.g. in a chlor-alkali cell, the oxygen evolution 

reaction is thermodynamically more feasible than chlorine evolution, so the anode material 

must kinetically favour chlorine evolution. Prediction of the reaction mechanism arises from 

the measurement of the kinetics of the electrode reactions using Tafel analysis. An 

important parameter is the surface area determined by voltammetric charge.

If the efficiency of the reaction at the electrodes is promoted by using electrocatalysts, there 

is a possibility of shifting the kinetic bottleneck away from the chlorine evolution step 

towards bubble evolution. The rate-limiting step would become the phase change that 

occurs in the cell, i.e. from dissolved gas molecules in solution to the formation of gas 

bubbles at the electrode, this issue is discussed in section 1.6.3.
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1.6.1.1 Hydrogen evolution reaction

The hydrogen evolution reaction (HER) is very well characterised in the literature. 

Hydrogen is a significant product formed in the chlor-alkali process and water electrolysis. 

Studies of the hydrogen evolution reaction (HER) at single crystal gold surfaces in perchloric 

acid have shown that the reaction mechanism is independent of the surface structure. 

However, the rate of the elementary steps is influenced and there is a large dependence of the 

kinetics of the HER with the crystallographic orientation of the electrode. The catalytic 

activity increases with the atomic density of the surface [88].

In alkaline solution, the HER may proceed by three possible reactions given below

The Volmer reaction H20  + M + e~ <-» MH + OH” (1.15A)

The Heyrovsky reaction MH + H 20  + e~ —>M + H 2 + OH" (1.15B)

The Tafel reaction 2MH —» 2M + H 2 (1.15C)

Equations 1.15B and 1.15C show the different rate limiting steps for the Heyrovsky and 

Tafel mechanisms [89]. A comprehensive study of the HER on a variety of electrode 

materials has shown the mechanism to proceed according to Volmer-Heyrovsky, with 

electrodes containing noble metals being the most electrocatalytic [90].

1.6.1.2 Chlorine evolution mechanism

Analogous to hydrogen evolution, the chlorine evolution reaction is generally thought to 

proceed via either of the two mechanisms given above. The electrode reactions are given 

below

The Volmer reaction Cl" + M <-» M -  Cf + e" (1.16A)

The Heyrovsky reaction M - Cl + Cl" —» M + Cl2 + e~ (1.16B)
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The Tafel reaction 2M - C1‘ —» 2M + Cl2 (1.16C)

It is known that electrocatalytic activity of the electrode is enhanced by changing the surface 

composition i.e. making the surface rich in Ru02. An alternative recombination reaction at a 

Ru02 electrode was proposed by Krishtalik

For chlorine evolved at a mixed R u02/Ti02 electrode, the Volmer-Heyrovsky mechanism 

was found to be dominant [91]. A study of various mechanisms has been proposed for 

chlorine evolution on the RTO surface and the subject is under debate [92].

1.6.2 Structure of electrode coating

One of the electrocatalysts used for the evolution of oxygen in the electrogalvanizing of steel 

is an iridium-based anode IrO j-T a^ . Prepared by thermal decomposition, the coating has a 

heterogeneous “mud-cracked” morphology. Ir02 particles form on the flat areas and in the 

cracks. The surface morphology is strongly dependent on the pre-treatment of the substrate 

and the painting method of the coating solution. It has been found that presence of fine 

particles formed on the flat areas are important in the electrocatalysis of oxygen evolution, 

whereas clusters of the particles, the flat areas, or particles formed in the cracks have little 

effect on catalytic activity [93]. Porous Raney-nickel coatings, prepared from NiZnx, NiAl^, 

or NiS2 precursors are the latest technological innovation for hydrogen evolving cathodes 

used in chlor-alkali electrolysers. Typical pore diameter is 20 A and evolving hydrogen 

from KOH it has been found that the effective catalytic activity of porous electrodes is 

dependent on the morphology of catalytic particles. The activity is limited by the penetration 

of the current into the nanoporous matrix [94,95]. This problem can be overcome by using 

Teflon bonded electrodes [96], which facilitates the removal of gas bubbles from the pores, 

so increasing the area of electrocatalyst exposed to the electrolyte.

M - c r + c r  - > M - c r + e " (1.17A)

M-cr+cr - > m + c i 2 (1.17B)
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1.6.3 Surface and system modifications

The properties of Ru02 + T i02 (RTO)-based DSA® used for industrial applications can be 

modified by the addition of a third component to optimise activity, selectivity and stability. 

A study on the effect of substituting Ce for Ti highlights the subtle balance required between 

activity and durability that is required by an electrocatalytic compound [97]. Substitution by 

Ce increases the activity for chlorine evolution, shown by the increased current density at a 

fixed potential. However, the current depends on both electronic and geometric factors. By 

measuring the true surface area from the charge, the current can be normalised. It transpires 

that in fact Ce02 is less active than T i02 as its surface area is higher. The smaller particle 

size of Ce02 + Ru02 also means the surface is less stable to mechanical erosion from Cl2 

evolution.

The kinetics of gas evolution at electrocatalysts can be further enhanced by the use of 

ultrasound [98]. For the evolution of hydrogen and chlorine at platinized platinum, the rate- 

limiting step of these reversible processes is the removal of the gaseous product from the 

electrode surface. Irradiation with ultrasound significantly enhances this process, but its 

effect is less significant for oxygen evolution, an irreversible process where surface oxidised 

species are involved in the electron transfer. A similar effect is seen when the surface 

roughness and temperature are increased [99]. Increasing the porosity of the electrode and 

the temperature can increase the rate of an irreversible gas evolution process. For a 

reversible process, the small pores are not effective if the overvoltage is determined by the 

supersaturation.

1.6.3.1 E ffe c t o f  bubb les

Chirkov identified the distribution of gas and electrolyte within a porous electrode to be 

fundamental in the determination of the mechanism of bubble evolution [100]. The kinetics 

of hydrogen evolution on platinum from HC1, are found to be subject to a passivation 

mechanism due to the inhibition the electron transfer reaction caused by the formation of 

hydrogen bubbles. The ohmic resistance increases with increases in bubble population and 

reaches a constant value associated with the size and number of bubbles leaving the electrode 

[101]. The overpotential for H2, 0 2 and Cl2 evolution at platinized platinum was shown to 

decrease by the addition of PTFE sites (of 0.5mm diameter) to the electrode surface [102].
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The overpotential of the H2 and Cl2 evolution is essentially a concentration overpotential, its 

value being determined by the supersaturation as shown in equation 1.14. The PTFE sites 

act as collectors of gas bubbles, so removing them from the electrochemically active part of 

the electrode. The bubbles form at the PTFE/Pt interface and adhere to the PTFE sites. This 

increases mass transport of the gas to the bubble, hence reducing supersaturation, 

simultaneously increasing the electrocatalytic area of the electrode compared to an 

unmodified sample. The behaviour of bubbles, in terms of their tendency to either adhere to 

the electrode or detach, has been investigated for both an unmodified Ru02 electrode and one 

modified with PTFE [103]. By comparing the charge for oxygen evolution to the charge for 

oxygen reduction, measured by cyclic voltammetry, parameters such as bubble collection, 

escape and dissolution efficiency were used to characterise the electrode. The increased 

hydrophibicity of the modified electrode resulted in large bubbles adhering to the electrode 

and therefore blocking active Ru02 sites to further oxygen evolution. This effect is 

demonstrated in figure 1.10.

A B C

Figure 1.10 Schematic diagram o f a chemically modified electrode 

A) The active nucleation site produces that dissolved gas (DG) in the electrolyte.

B) The bubble grows at the site by diffusion C) The bubble detaches or collects at a 

hydrophobic site (PTFE) where it can grow to a larger size.

The presence of surfactants in the electrolyte can modify the overpotential by affecting 

bubble evolution characteristics such as detachment diameter and population density of 

bubbles. The influence of various surfactants on the kinetics of hydrogen evolution from 

sulphuric acid at a gold electrode has been investigated [104]. The formation of hydrogen 

bubbles increases the electrolyte resistance due to a screening effect; the extent of screening
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that occurs in the presence of a surfactant depends on its molecular structure. Maximum 

screening occurs for cationic surfactants, minimum screening for non-ionic surfactants.

1.6.4 Surface characterisation

The surface morphology and microstructure of DSA® are not homogeneous and are greatly 

influenced by the preparation conditions. The properties of the coatings can be defined by 

the surface composition, as measured by techniques such as x-ray photoelectron 

spectroscopy (XPS), x-ray diffraction analysis (XRD), electrochemical techniques and 

thermal desorption spectrometry (TDS). It has been found that TDS and electrochemical 

techniques are particularly useful for analysis of the upper surface and the inner surface 

(including pores) whereas XPS cannot give information on the hidden part of a concave 

surface [105]. The sol-gel process is a method that has been utilised as an alternative to the 

thermal decomposition method in order to prepare a more homogeneous surface [106]. The 

ultra fine mixed oxide particles are prepared by the hydrolysis and condensation of the metal 

alkoxides in ethanol. The method yields particles with well-defined stoichiometry, whose 

size can be controlled by the concentration of metal precursors.

1.7 Project objectives

The primary objective of this project is to measure the rate of bubble evolution at the 

interface between a solid electrode and an aqueous solution. The concern is only with 

bubble evolution dynamics whilst the bubbles are attached to the electrode. Three 

techniques are used to monitor bubble behaviour in order to characterise the system from 

which they are evolved. Using this information, the fundamental processes of bubble 

evolution can be related to the physical and chemical properties of the system. These 

properties are essentially microscopic, e.g. the microscopic electrode surface geometry is 

relevant to bubble behaviour at the electrode. However, the effect of the macroscopic 

electrode geometry, in terms of its shape or dimension, on two-phase flow in the 

electrochemical cell is beyond the scope of this project.
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1.7.l  Experimental techniques

Gas bubbles were evolved using two different methods of solution supersaturation. The 

EQCM and FFV techniques monitored gas bubbles produced electrochemically. Gas 

molecules generated by electrolysis saturate the solution in the immediate vicinity of the 

electrode. A large current density is applied to supersaturate the electrolyte. The major 

advantage of the electrolytic method is that it allows effective control over the kinetics and 

thermodynamics of nucleation and growth by manipulation of the current and overvoltage. 

The PRBN technique causes the solution to become supersaturated by a mechanical process. 

The solution is saturated with the gas at an elevated pressure in a sealed vessel, by diffusion 

across the gas/liquid interface. When the gas pressure inside the vessel is reduced, bubbles 

form spontaneously in the now supersaturated solution.

Using these electrochemical techniques, bubble nucleation, growth and detachment 

processes are studied under varied conditions of temperature and pressure, and as a function 

of the electrode surface characteristics, such as chemical composition and morphology and 

physical orientation, different electrode material and electrolyte used to evolve the gas. A 

complete picture of bubble evolution at the surface is achieved by the use a complementary 

technique (PRBN) where bubbles are evolved in a purely chemical environment

1.7.2 The use of video to monitor bubbles

This technique of direct visual observation is well established. The use of computer software 

to capture images greatly enhances the scope of the technique in terms of the number of 

images that can be analysed. Fast frame video (FFV) analysis has been used to monitor 

bubble evolution at a macroelectrode. Also all previous work has been carried out on 

microelectrodes, where the number of active nucleation sites, and hence the interaction 

between neighbouring bubbles, is limited.

1.7.3 The use of EQCM to monitor bubble formation

The use of the EQCM for bubble detection is a relatively novel application; all previous 

studies have been empirical in nature, using two different approaches. Firstly, the feasibility
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of the EQCM for detecting the nucleation of bubbles in the vicinity of the electrode was 

established [107]. Hydrogen bubbles were evolved at a gold electrode from 0.1M HC104. 

The onset of bubble nucleation causes the frequency of the quartz crystal to increase, 

indicating a mass decrease at the electrode interface. It was proposed that the magnitude of 

this increase was dependent on the three phase contact angle. For a 300pm bubble, the 

expected frequency change was 0.08Hz when the contact angle was 0°, compared to 80Hz 

when the contact angle was 90° (see section 2.3.1). This work was extended to the study of 

hydrogen and chlorine bubble evolution on platinum electrodes [108]. It was demonstrated 

that hydrogen bubbles detached at a smaller size than chlorine bubbles and it was suggested 

that bubble phenomena would be best studied under potentiostatic control. This was later 

confirmed by a simultaneous gravimetric and chronoamperometric study of chlorine on 

platinum where individual bubbles produced frequency changes of 2-10Hz [109].

An alternative approach was the use of spectral analysis of the “mass” fluctuations arising 

from successive bubble detachment events [110]. This technique had been used previously 

to extract statistical data about bubble nucleation from the analysis of potential fluctuations 

as described in section 1.4.1. While this work validated the use of Fourier analysis, no 

attempt was made to resolve individual components of the frequency spectrum or 

characterise the shape of the mass transient produced. The dependence of the size of mass 

fluctuation on current density was not resolved.

The aim of the EQCM study is to utilise both techniques to establish the dependence of 

bubble behaviour on surface properties. A fast Fourier transform (FFT) [111] of the 

frequency data obtained from a quartz crystal surface should yield trends in the frequency 

signal which can be attributed to bubbles nucleating and detaching from specific sites on the 

electrode. In principle, the technique could be used to obtain the rate constant for the rate- 

limiting step and to determine the distribution of bubble sizes (size of bubbles on detachment 

as affected by surface properties). Bubble evolution can be categorised in terms of the shape 

of the EQCM frequency response as a function of overpotential, under different modes of 

evolution, e.g. cyclic voltammetry and chronoamperometry, surface roughness and 

electrocatalytic properties. The behaviour of two different gases, hydrogen and chlorine will 

be compared, as will the position of the electrode, in either an upward-facing horizontal, or 

vertical position.
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1.7.4 P R B N  as a bubb le m o n ito rin g  device

This technique monitors bubble nucleation by detecting the elevation of pressure in the 

headspace above the solution in the pressure vessel arising from bubble nucleation. The 

PRBN system is a technique that can provide evidence for whether nucleation or growth is 

rate limiting [30]. Where nucleation is the rate limiting step, i.e. on hydrophilic surfaces, the 

nucleation rate can be determined directly form the slope of the rising pressure transient.

The PRBN method comprises a pressure vessel that is used to saturate a liquid (here, brine) 

with a gas (here, chlorine) at an elevated pressure. After equilibration, the vessel is 

decompressed, so that the solution is supersaturated to an extent determined by the initial and 

final pressures. Once the final target pressure is established, the vessel is resealed. The 

subsequent evolution of gas from the supersaturated solution can then be measured via the 

associated pressure rise in the headspace above the solution (after application of a correction 

for the effects of adiabatic cooling).

1.7.5 T hesis o u tlin e

The theory required to extract quantitative information from each technique is given in 

Chapter 2. The experimental procedures used are described in Chapter 3. The results are 

separated into three chapters, 4-6, one for each of the experimental techniques. Chapters 4-6 

are each written as self-contained studies, including a brief introduction and discussion of the 

results. Conclusions and ideas for future work are given in Chapter 7.
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CHAPTER 2 THEORY

This chapter provides a summary of nucleation, growth and detachment rate equations for 

bubbles forming spontaneously in a liquid supersaturated with gas. Also outlined is a 

description of the theory governing quantitative analysis of experimental PRBN, EQCM and 

video data. A more detailed description is given to the novel analysis of FFT treatment of 

EQCM mass transients.

2.1 Bubble Formation

The theory described below is relevant to bubble formation from supersaturated solutions 

where the value of supersaturation is a similar order of magnitude to that found during 

electrolytic gas evolution.

2.1.1 Supersaturation

Supersaturation is a measure of a system’s deviation from equilibrium. Equilibrium is defined 

as the saturation of the medium with a second dissolved component at a given temperature 

and pressure. The absence or removal of a suitable pathway to release energy can achieve 

supersaturation. The converse of this argument, i.e. the ability to supply the system with a

suitable low energy pathway to achieve new phase formation (e.g. bubbles) at low

supersaturation is the general problem addressed by this research. Supersaturation (ct) is 

defined as

a  = 1 - a  (2.1)

where for a supersaturated gas solution the saturation ratio (a) is expressed as

C%— c2j c 2e (2-2)

where c2 is the concentration of gas in solution and c2e is the equilibrium concentration of gas 

over a flat surface [1].
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2.1.2 Nucleation

Nucleation is a process by which a new phase is formed in an existing one. The process 

requires a thermodynamic driving force. In a unary liquid the driving force will exist if  the 

chemical potential of the liquid phase exceeds that of the vapour. The appearance of vapour 

bubbles will reduce the free energy of the system and is therefore a spontaneous process. 

Generally there are two causes of this phenomenon (the stabilisation of the vapour phase 

compared to the liquid), either the elevation of temperature or reduction of pressure.

In a two-component system (e.g. Cl2/brine solution) bubbles can form spontaneously at room 

temperature. The supersaturated Cl2 solution is thermodynamically less stable than the Cl2 

gaseous phase and therefore has a higher chemical potential. Production of the new phase by 

bubble nucleation causes the free energy of the system to decrease due to the increased 

stability of the supersaturated phase. Obviously under the conditions of temperature elevation 

behaviour will be similar to that of a unary liquid.

2.1.3 Homogeneous nucleation

A system where a new phase is nucleated can be described using standard thermodynamic 

variables. A supersaturated medium is in a metastable state, thermodynamic fluctuations can 

cause the formation of molecular clusters, and these grow by accretion to form macroscopic 

nuclei. Consider an analogous system; the formation of spherical liquid droplets from a 

supersaturated vapour. In the absence of surface tension the free energy difference (AGV) per 

unit volume of new (liquid) phase is given by the free energy required to transfer molecules 

from the vapour to the liquid phase [1,2,3].

A Gv = - f R T 1 In
r \  

PI v lP e )

where v is the molar volume of the new phase, p  is the supersaturated vapour pressure and p e 

the equilibrium vapour pressure of the liquid. The free energy contribution from the creation 

of a spherical droplet (AGbulk) is given by
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However, a significant degree of supersaturation is required before new phase is formed, once 

that threshold is reached, the new phase is formed rapidly. However, there is impedance to 

the formation of new phase due to the high surface energy requirement of small clusters. The 

free energy (AGS) required to form the new surface is given by

A Gs = 4nr2y (2.5)

where r is the droplet radius, y is interfacial tension. The overall change in free energy 

(AGtotal) is expressed in equation 2.6 and shown schematically in Figure 2.1.

A Glotal = 4nr 2y + 4nr3 A Gv /3 (2.6)

The maximum free energy value (AG*) is equivalent to the activation energy for the 

formation of nuclei. The droplet radius at AG* is termed the critical radius (For water at 0°C 

and saturation ratio 4, r* « 8A and the critical clusters contain approximately 90 molecules).

TBZ
3

radius of nucleus

Figure 2.1 Schematic plot o f  free energy vs. droplet radius. Slope “a ” shows AGtotal is 

proportional to r2 (the surface term dominates) and slope “b ” shows AGtoial is 

proportional to -r3 (bulk term dominates)
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d&G
At the critical radius r* , —  = 0, so setting equation 2.6 to zero, an expression for AGV is

dr

obtained

AGV= %  (2.7)

Equation 2.7 is the Kelvin equation, which relates the vapour pressure of a droplet (relative to 

the vapour pressure over a flat surface) to its radius of curvature Mr*. A critical size droplet 

exists in a metastable state; loss of a molecule will cause it to evaporate, because its radius of 

curvature will be greater than 1/r* so increasing its vapour pressure. Conversely, the addition 

of a single gas molecule to a droplet of this radius will cause its vapour pressure to be reduced 

below the ambient supersaturated vapour, so the droplet will grow freely. The Kelvin 

equation can be expressed in terms of r* and substituting AGV in equation 2.3 gives

r* = 2Qy /&7Tna (2.8)

where Q is the molecular volume and a  denotes (p/pe), the saturation ratio. Substituting this 

expression for r into equation 2.6 gives an expression for the activation energy AG*

_4ro-2y _ 167ty3 
A°  -  —  (Z9>

Equation 2.9 shows that AG* is equal to a third of the surface free energy of the critical 

nucleus. Further substitution of AGv into equation 2.3 gives

AG* = 167iy 3Q 2 /3 k 2 T 2 In2 a  (2.10)

Classical nucleation theory developed by Volmer and Weber [4] is based on the kinetic 

treatment of nucleation rate as described by the rate of impingement of molecules on the 

equilibrium concentration of critical sized nuclei.

Nucleation rate (J) is given by

J  = cow, 

41

(2 .11) 
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where co is the rate of impingement from the Hertz-Knudsen equation, given by

<*cPA ' 
(inmkT f

where a c is the condensation coefficient, A* is the surface area of the critical nucleus, n* is the 

equilibrium number of nuclei containing i molecules (where i is the number of molecules in a 

critical nucleus), n* is given by

n* = exp(- AG*/kT) (2.13)

where is the equilibrium concentration of molecules and AG* is the activation energy for the 

formation of a critical nucleus given in equation 2.11.

This term was modified by Becker and Doring [5] and Zeldovich [6] giving the steady-state 

concentration of nuclei, by accounting for the loss of critical sized nuclei. The so-called 

Zeldovich factor (Z) is given below

Z  = (&G’/ M T i '2Y  =
a g .2q

\y kT ;

1/2

(2.14)
87cy

The modified rate equation becomes

J  = Z(oni (2.15)

Substituting in equations 2.10 and 2.13 gives

J  = Bd exp(-16ny 3Q 2/3 k 3 T 3 In2a )  (2.16)

where Bd is given by

Z ac47ir*2p 
(2nmkT )1(B d = T T £~ \ „ \ i/2 (2- 17)
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2.1.4 Bubble nucleation in a unary liquid

Equation 2.16 requires modification to account for the nucleation of bubbles from a liquid. In 

a boiling liquid, the hydrostatic pressure of the liquid, as well as the size of the nucleus 

determine the number of molecules in the nucleus. Blander and Katz [7] defined the critical 

bubble radius as the point at which the bubble is in chemical and mechanical equilibrium with 

the surrounding liquid. This is expressed using the Laplace equation given in equation 2.18.

r =
2y

GRJ
(2.18)

where p b is the vapour pressure inside the nucleus, P is the applied (hydrostatic) pressure. 

The net reversible work of formation (AGb) of a gas nucleus under applied pressure P is given 

by

AGb = 4 w 2y - - n r 3(pt - P ) (2.19)

The last term accounts for the work required to create a nucleus against the ambient pressure 

P  and the work gained by filling the nucleus with gas at pressure pb. At the critical radius, 

equation 2.18 is substituted into equation 2.19 to give the net reversible work of formation of 

a critical bubble (AG/)

a g ;  =
167iy

i p i  -  p f
(2 .20)

Analogous to droplet nucleation, the rate of bubble nucleation (J) in a boiling unary liquid is 

given as [7]

J  =
_ 2 y _  

\jimB j
nx exp

167iy

3 k r ip i - p )
(2.21)

where m is the molecular mass, and B is given by
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B ! i ' - P /P l ) (2 .22)

2.1.5 Bubble nucleation in dissolved gas solutions

Further modifications are required for a multi-component system. The surface tension varies 

as a function of the dissolved gas concentration, and the vapour pressure inside the bubble is 

the sum of the partial pressures of the solvent vapour (ps) and the dissolved gas (pv), shown 

below.

Pb = P s + P v (2.23)

For dilute solutions of gases, it can be shown that [8]

and

P c2e

P v  = <RPvap

(2.24)

(2.25)

where <p is given by

<p = exp n j p - p ^ )
kT - c 2 /cj

(2.26)

where Q is the molecular volume of the solvent and cy is the solvent concentration in moles 

per unit volume. Substituting these values into equation 2.21 gives an expression for the 

nucleation rate (J)

J  -  B b exp -16717
3 kT((Pc2/c 2e +cpp vap) - P j

(2.27)
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where Bb is the pre-exponential term given in equation 2.21. It has been shown [9] that 

equation can be simplified by assuming p v is small compared to p s, therefore the dominator in

2.1.6 Heterogeneous nucleation

Distinction between homogeneous nucleation where the new phase is formed within the bulk 

of the existing phase and heterogeneous nucleation where the new phase is formed at a surface 

is important. Less work is required if the new phase forms at an existing interface 

(heterogeneously), such as the surface of a vessel or a dust particle.

If the bubbles are formed at a solid interface, the volume of gas required to form a critical 

nucleus is smaller than that required for homogeneous nucleation. This difference appears in 

the rate equation as a difference in the free energy of formation [10].

where 0 is the three-phase contact angle.

2.1.6.1 Nucleation at a planar surface

As explained in section 1.3.2.1, the fractional reduction of the volume (f(B))is given by

the exponential term becomes 3kT((c2/c 2e - \)P )2. Substituting in equations 2.1 and 2.2 

gives a simplified expression for the nucleation rate (J)

(2.28)

hetero (2.29)

/(0  ) = (l -  cos0 )2 (2 + cos0 )/ 4 (2.30)

for droplets,/(0)=1, when 0 = 18O°,/(0)=O, when 0 = 0°. For bubbles

/(0  ) = (l + cos0 )2 (2 -  cos0 )/ 4 (2.31)

45 2-Theory



and/jB;=0, when 0 = 18O°,/(0)=1, when 6 = 0°.

The modified rate equation for bubbles forming at a planar surface is

7i m5 /(6 ),
.S'exp 16iry 3/ ( 9 )  

UT(oP)2
(2.32)

where the term S accounts for the fact that each solution molecule in contact with the solid 

planar surface is considered a to be a potential nucleation site [11]. S  is given by

S =  h,V3(1 + co s0 )/2 (2.33)

2.1.6.2 Nucleation at a non-planar surface

If bubbles nucleation at a non-planar surface, the term f(Q) is a function of the geometry of the 

nucleation site. The function for a conical cavity (thought the most suitable model for a 

nucleation site) is given below [11]

41 sm P
(2.34)

where p is the half angle subtended at the base of the cavity, as shown in figure 2.2. An 

additional function appears in the pre-exponential term

z : ( e ) = ' ' sllf  ~ P) (2.35)

Figure 2.2. Schematic diagram o f a gas nucleus in a conical cavity o f half angle p with three-

phase contact angle 0.
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The rate equation for the nucleation of a bubble at a conical cavity (J) is given as

r  o V/2 2y

TimB f(e \
S exp iftty 3/ cc(e) 

3kT (cP f
(2.36)

Plotting In / vs. (aP)'2 should give a straight line of gradient

d\nJ/d(pP)~2 = — lbrry 3/ cc(0 )/3kT (2.37)

However, it has been found experimentally [12] that plotting InJ vs. (<xP)'2 for the nucleation 

of C 02 from H20 , gives a curve. This has been attributed to a distribution in nucleation site 

energetics, each nucleation site with a particular rate equation. The overall measured 

nucleation rate is a combination of several different rates, so a curve is obtained. This concept 

will be explored further in Chapter 6.

2.1.7 Bubble Growth

Once a bubble has reached a supercritical size it is expected to become free growing (provided 

the solution is sufficiently supersaturated to supply the new phase). The rate of growth is 

determined by a number of factors but the most important is the supersaturation. In the very 

early stages of bubble growth (typically the first 10 ms) inertial and surface tension forces are 

dominant and the limiting factor is the rate of supply of new phase across the interface. The 

time-dependence of the bubble radius, r, is given by

r(l) = At (2.38)

where A is a constant. Growth is controlled by surface tension, viscosity and pressure [9]. In 

later stages growth is diffusion controlled, the further growth of a bubble is determined by the 

rate of mass transport of dissolved gas to the expanding liquid/gas interface. The growth rate 

is given by Scriven [13], based on earlier work on spherically symmetrical phase growth 

calculated by Frank [14]. Solution of the diffusion equations, with appropriate boundary 

conditions provide the Scriven equation below
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r(l) = 2 f i(D tf (2.39)

where p is the growth coefficient (dependent on the supersaturation) and D  is the diffusion 

coefficient. Equation 2.39 shows the radius grows, with tm dependence, where the surface 

area increases linearly with time.

A third growth regime has been identified for the growth of bubbles at microelectrodes [15], 

where the bubbles grow by “direct injection” of gas into the bubble.

/(,) = Cf* (2.40)

where C is a constant and the bubble volume increases linearly with time.

2.1.8 Bubble detachment

The detachment of a bubble resident at a surface is governed by a balance of buoyancy forces 

(Fb) caused by the density difference between the gas and liquid, and surface tension (Fs) 

causing the bubble to remain attached to the surface (see figure 2.3). The force balance at the 

bubble detachment radius as stated by Karri [16] is given below. It is calculated from the

relationship between the bubble radius, the bubble base radius and the rate of bubble growth

and the contact angle.

Fd +Fs =Fi+ Fp +Fb (2.41)

where Fd is the drag force, Ft is the liquid inertia and Fp is the pressure force (arising from the 

dynamic excess vapour pressure inside the bubble). The condition for bubble departure is 

assumed to be the point at which the net force goes from negative to positive. The bubble 

shape is governed by the three phase contact angle and the detachment radius is governed by 

the growth rate. F# F, and Fp are dynamic forces; Fs and Fb are static forces.

A similar model proposed by Lubetkin [17] provides an estimate of the detachment time xd. 

The volume of the detaching bubble (V) is given below
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v  =
nr3\\f (e) (2.41)

where \\f(B) =4f(d) (see equation 2.31). The buoyancy fo rc e d )  is given by

Fb = V ( p , - p g)g (2.42)

f .f . ss

Figure 2.3. Schematic diagram o f  the forces acting on a growing bubble at a planar surface

(Lubetkin model)

The downward force is given by the vertical component of the surface tension (Fs).

Fs = 2nry sin2(0) (2.43)

Balancing these forces gives the radius on detachment (rd)

2 6y sin2 (0)
v (e )Apg

(2.44)

Assuming that growth of the bubble to the detachment size is diffusion controlled (see 

equation 2.39), the detachment time (rd) is given below
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T _ v f r h
d 2A,(l + cos0 )

(2.45)

where X is the linear growth rate. Substituting equation 2.44 into equation 2.45 gives

2.2 EQCM Theory

2.2.1 Introduction

The quartz crystal microbalance (QCM) is a very sensitive mass sensor capable of monitoring 

nanogram mass changes. QCM is a generic term covering many mass-sensing acoustic wave 

devices each comprising an oscillating piezoelectric quartz crystal. The electrochemical 

quartz crystal microbalance (EQCM) utilises one face of the coated crystal as a working 

electrode in a standard three-electrode cell and hence allows simultaneous analysis via 

conventional electrochemical methods coupled with a microbalance or viscosity monitor. The 

equations governing the quantitative analysis of in-situ EQCM data are derived below.

2.2.2 Piezoelectric effect

The word "piezo" is derived from the Greek word meaning " pressure." Therefore a material 

may be described as possessing piezoelectric properties by the creation of polarisation of the 

crystal faces through the application of mechanical pressure, conversely an electric field 

imposed on a piezoelectric crystal should result in a strain being induced in the material.

2.2.3 The EQCM as a mass sensing device

Piezoelectricity is a property of non-symmetrical ionic crystalline solids whose structures 

have no centre of inversion. Application of electrical potential to the crystal provides an 

electrostatic force that displaces ions in the unit cell, causing reorientation of the dipoles and

T* 2 k {  gAp ,
(2.46)
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so induces strain in the lattice structure of the crystal. If the applied electric field is made to 

alternate, the strain induced in the crystal will also alternate (oscillate) at the frequency of the 

applied field, changing sign with the change in electrical polarity. Oscillator resonance occurs 

when the crystal thickness is an odd multiple of half the acoustic wavelength. The EQCM 

utilises this effect by placing the crystal in the feedback network of a closed loop system 

containing an amplifier [18, 19].

The QCM comprises a quartz wafer sandwiched between two electrodes across which the 

alternating potential is applied. A quartz crystal may have different modes of oscillation 

depending upon the axes from which it was cut. The QCM comprises an AT-cut crystal 

(figure 2.4A), which resonates in the high frequency, thickness shear mode (figure 2.4B), a 

simple one-dimensional oscillation that is very sensitive to mass deposition.

x Y

A B

Figure 2.4 Schematic diagram showing A) the angle o f the AT-cut quartz crystal, B) the

thickness-shear mode o f  oscillation

Quartz crystal resonators are ideal for determining very small mass changes, due to several 

properties. Their resonance bandwidth is narrow, allowing resonant frequency to be 

determined very accurately. Using an AT-cut quartz crystal minimises the influence of 

environmental factors such as electric or magnetic field and temperature changes.
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2.2.4 Mass to frequency relationship

Addition of a rigid coupled mass Am to one of the crystal faces causes a decrease in the 

resonant frequency of the crystal Af. The linear relationship between Am and A / derived by 

Sauerbrey [20] is given below. We will consider only the fundamental frequency of 

oscillation. At resonance, a standing wave is set up within the crystal.

A wave equation can be written for this.

Vq =  f o K  (2.48)

where vq is the wave velocity, f 0 is the wave frequency and Xq is the wavelength where the 

thickness of the crystal (t ) is given by

■ (2-49)
2

From this it can be deduced that an increase in thickness (tq) causes a decrease in fundamental 

resonance frequency (Q.

Thickness can also be expressed in terms of mass

U = - ^ 7  (2.50)

where M  is the mass of quartz in the oscillating region (the piezoactive area A) between the 

two electrodes. pq is the density of quartz. Substituting equations 5.50 and 2.51 into equation 

2.49 gives

f ° =Vj^ r  (2-51)2 M

Areal density (m) =^~
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Equation 2.53 shows that the frequency of oscillation f 0, is dependent on the mass per unit 

area of the quartz between the two electrodes. A rigid film is considered to be one that is 

completely adhered to the entire surface of one of the electrodes. It moves synchronously 

with the crystal as it oscillates, therefore it has the effect of increasing the mass of the crystal 

by an amount 8m. Equation 2.53 can be rewritten to account for the increased mass.

(/. +5/) P vr a iR R

2 (m + 8m)
(2.53)

This is rearranged to

5 /  = - 2 f ° }
r  8m ^

^  P r V R J ^l+Sm/m,
(2.54)

In most cases m »8m . Simplification of equation 2.55 gives the Sauerbrey equation [20]

A / = ( Am) (2.55)

For AT cut quartz crystals, p =2.65 g cm'3, v = 334000 cm s'1, giving the following 

relationship

A/= -2.26 x lOVo Am (2.56)

The QCM is very sensitive. For a 10MHz crystal, with an electrode area of 0.25 cm2 

increasing the mass by 1.1 ng produces a frequency decrease of 1Hz. The Sauerbrey equation 

is valid for rigidly coupled solids of small mass (up to 20 pg cm'2).
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2.2.5 Application: effect o f  a liquid on oscillation

It was originally thought that immersing the crystal in a liquid would cause excessive energy 

loss to the solution and therefore prevent oscillation. This theory was disproved by Nomura 

[21] leading to a new application, the electrochemical quartz crystal microbalance (EQCM). 

If one face of the crystal is exposed to a liquid, the thickness-shear mode oscillation couples to 

the solution by a hydrodynamic effect [22], as shown in figure 2.5. As a result of the 

coupling, a liquid layer (ca. 300 nm for a 10 MHz AT cut crystal in an aqueous solution) 

oscillates at the same frequency as the crystal but the amplitude of modulation decreases with 

distance from the surface [23]. This modulation layer causes a decrease in the resonant 

frequency of the crystal (ca. 2 kHz for a 10 MHz crystal in an aqueous solution at room 

temperature) the magnitude of which is a function of the liquid’s viscosity and density [24, 

25]. Hence any chemical process, which perturbs the viscosity or density of the liquid within 

the modulation layer, will cause a change in the resonant frequency of the crystal. The 

presence of a bubble within the modulation layer decreases the density of the coupled liquid 

layer and therefore causes an increase in the resonant frequency.

L
modulation layer

oscillating crystal

Figure 2.5 Diagram showing propagation o f the acoustic standing wave into a liquid 

2 .3  Measurement of bubble evolution

As discussed in section 1.7.3, the use of the EQCM for bubble detection is a relatively novel 

application. In this section the fundamental properties of Fourier analysis [26] are applied to 

an accepted model of an EQCM mass transient arising from bubble evolution [27, 28]. The 

time dependence of these frequency signals can provide kinetic information on bubble 

evolution. The principles of this analysis are explained in section 2.3.2. The comparison of
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the ideal mass transient model with real data is entirely novel and so requires greater 

discussion than is possible in the context of this chapter and is covered in chapter 5 where the 

method of data analysis that has been developed for experimental EQCM data in order to 

utilise the properties of Fourier analysis is described fully.

2.3.1 Detecting bubbles

Bubbles forming in the modulation layer adjacent to the electrode cause changes in the 

resonant frequency of the crystal. Discontinuities in the frequency arise from bubble 

nucleation or detachment; steady frequency increases signal bubble growth. This can be 

explained using a model in which frequency changes are accounted for by displacement of 

liquid by gas bubbles in the modulation layer, as shown in the figure below. The volume of 

liquid displaced by the gas is determined by the three phase contact angle (see figure 2.7).

modulation layer 
electrode Q

nucleation growth detachment
frequency 
transient (Hz)

Figure 2.6 Model of an EQCMfrequency transient for bubble evolution

It is convenient to visualise the changes that occur in the resonant frequency as “mass” 

changes, although as the liquid film is not rigidly coupled to the crystal, the Sauerbrey 

equation cannot be applied. However, for clarity the term “coupled mass” is used in some 

contexts in chapter 5. The volume of liquid displaced by a bubble depends on the three phase 

contact angle (0).
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A B
Figure 2.7 Schematic diagram o f the removal o f  liquidfrom the oscillating boundary layer (L)

by a bubble A) Q = 0° and B) 0 = 90°.

The volume of liquid displaced by the bubble (Vdisp) for the two limiting cases shown above 

can be calculated.

When 0 = 0° Vdisp = 7iZ2(r-^3) (2.57)

When 0 = 90° (2.58)

where r is the bubble radius.

2.3.2 Fourier analysis

The basic theory of the Fast Fourier Transform (FFT) theory and its general application within 

the context of this project are described in this section [26]. Any waveform that is 

mathematically describable can be transformed into the frequency domain using Fourier 

analysis. This allows a time-domain waveform to be described in terms of frequency domain 

magnitude and phase. For many common waveforms, the Fourier transforms can be obtained 

from engineering textbooks. However, real data are rarely an ideal waveform. If the data to 

be analysed cannot be expressed by a mathematical formula, classical Fourier techniques 

cannot be used. The waveform must be sampled and digitised in order to use a discrete 

Fourier transform (DFT) which can be used to perform the transform. The fast Fourier 

transform (FFT) is the commonly used algorithm for evaluating the DFT. The FFT 

effectively converts a time-based spectrum to a frequency-based one. The DFT is derived 

from the Fourier integral. An example of a Fourier transform is given below

A sinusoidal wave x(t) can be expressed mathematically
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x(/) = aQ + b0 (sin co 0t) (2.59)

where b0 is the amplitude, (o0 = 2nf0, where f 0 is the frequency and a0 is the mean y value of 

the waveform and so corresponds to the shift of the waveform along the y-axis. The 

waveform can also be displayed graphically as shown below.

1 4 -

12 -

1 0 -

J 8 -

Q.
6 -

4 -

2 -

time/s

Figure 2.8 Plot o f a sinusoidal waveform where a0 = 10, b0 = 4, f Q — 0.5 Hz 

This waveform can be transformed into the frequency domain, using the Fourier integral

* { f ) =  £ %  { t y j2iad t (2.60)

The frequency spectrum obtained from operating a Fast Fourier Transform on the sinusoid 

shown in figure 2.8 is given below.

1 2  3

frequency/Hz

Figure 2.9 Frequency spectrum o f  a sinusoid waveform
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The peak at OHz corresponds to a0, the offset or D.C. value. Due to the presence of this peak 

experimental data are corrected so its mean value is zero before performing the FFT. The 

peak at 0.5Hz corresponds to the frequency of the sine wave, its magnitude being equal to the 

waveform’s amplitude. In principle, any waveform can be constructed from a combination of 

sine waves, once transformed into the frequency domain, each separate element will be 

identified by its corresponding peak on the frequency axis see figures 2.10 and 2.11 below.

A

 A+B

1
-2 -

time/s

Figure 2.10 a) Waveform createdfrom combining two sine waves b) Frequency spectrum 

obtainedfrom the FFT o f  the composite waveform

As shown in figure 2.6, the mass transient produced by a detaching bubble, can be modelled 

using a sawtooth waveform. The following figure shows a sawtooth wave; V = 7i/2, f  =

0.5Hz.

3
2
1

4>T3
3 0Q.
i -1

-2

-3

time/s frequency/Hz

a b

Figure 2.11 A) Sawtooth waveform B) corresponding frequency spectrum
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This waveform can be constructed from the following Fourier series

X\(t) = 2Z. [sinco Qt -  \  (sin 2® 0t) + j  (sin 3® Qt) -  { (sin 4® 0t) + .... ] (2.61)

where V is the amplitude of the sawtooth waveform.

The peaks on the frequency spectrum correspond to the fundamental frequency f 0 and the 

harmonics as defined in equation 2.34. The important feature of this spectrum is that the 

magnitude of the harmonics decays according to the equation y  = 1/x. If bubble evolution 

occurs at one isolated nucleation site, increasing the kinetics of bubble evolution causes the 

mass transient to be modified. The type of modification is dependent on the rate-limiting step 

of the mechanism, and is shown in figure 5.3 in chapter 5.

2.4 Rate of electrochemical reactions

This section covers the established theory of the electrochemical techniques used to generate 

dissolved gas in the electrolyte, the subsequent current generated is the parameter that is 

measured simultaneously with the frequency in EQCM analysis. A more in-depth account of 

general electrochemistry can be found on the literature [29,30].

2.4.1 C ell p o ten tia l

The cell potential of an electrochemical cell is calculated from the electrode potentials of the 

respective half reactions and is given by

(2.62)

where Erighl and Ekfi are the half-cell potentials for reduction and oxidation, obtained from the 

Nemst equation. For the electrode reaction

kf
O + ne'

kb
(2.63)
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The Nemst equation is defined as

E = EC+ — In 
nF

M
14

(2.64)

where [0]s and [R]s are the surface concentrations of the species O and R. £° is the standard 

electrode potential of the cell defined with respect to a standard hydrogen electrode and n is 

the number of electrons transferred. E-E? is defined as the overpotential.

2.4.2 R e la tio n sh ip  betw een cu rren t a n d  rate

2.4.2.1 K in e tica lly  con tro lled  cu rren t

As a small overpotential is applied, the current is limited by the rate of electron transfer and 

the reaction rate is dependent on the reaction kinetics and the overpotential. Using equation 

2.63 as an example, the net reaction flux, j net can be represented in terms of the forward and 

back reaction fluxes (/}and j b)

Jnet J  /  J  b (2.65)

The current, i, is given by

i = nFA(jf  - j b) = nFA(k’f  [o], -£„[/?],) (2.66)

where A is the electrode area. The current is a function of the rate constants, kf  and kb and the 

concentration of reactants. There is an exponential relationship between current and 

overpotential, given by the Butler-Volmer equation:

/ = nFAL
f f
[ 4  exp

- a n F { E - E ° )  
RT

f  f
- [4 exp

)> k v

(1 ~ a  )nF(E -  E°) x ' 
RT J)

(2.67)

where a  is the transfer coefficient for the reaction and k0' is the standard rate constant. If a

high overpotential is applied and the vessel is stirred, one of the terms in equation 2.67
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becomes negligible and the equation is simplified to the Tafel equation. At large negative 

overpotentials the Tafel equation is expressed by

Ini = In{nFA^[o\)-anF^ T E ) (2.68)

2.4.2.2 D iffu s io n  lim ited  cu rren t

Diffusion is the movement of charged or neutral species down a concentration gradient and 

occurs whenever there is a chemical change at the electrode. It will be the dominant 

mechanism of mass transport at high overpotentials. As the electron transfer rates increase, 

the concentration of species O depletes to zero. This species must diffuse from the bulk 

solution to the electrode surface in order for the electron transfer to occur; therefore diffusion 

is the rate-limiting step. At this point the current is proportional to the concentration gradient 

at the surface and is given by Fick’s First Law.

i = nFAD f dc^

\d x  )  x_q
(2.69)

where D is the diffusion coefficient and x is the distance form the electrode surface. The 

limiting diffusion current can be expressed as a function of time by the Cottrell equation

i = nFAcbulk (
it j

Vi
(2.70)

the diffusion coefficient can be obtained from the slope of a plot of i vs. f m.

2.4.3 C yclic  vo ltam m etry

The cyclic voltammetry technique involves the application of an electrode potential to the 

working electrode that varies continuously with time. This causes oxidation and reduction 

reactions of the electroactive species in the solution (faradaic reactions), possible adsorption
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and a capacitive current due to charging of the double layer immediately adjacent to the 

electrode. The shape of the recorded current response can be explained as follows. As the 

potential reaches a point where the electrode reaction begins, a current will flow. As the 

electroactive species is consumed, a concentration gradient is created and just before the 

maximum value of the current (the peak current), the supply of electroactive species begins to 

diminish. Due to this depletion, the current begins to decay, proportionally to f 1/2.

The use of cyclic voltammetry for the evolution of bubbles produces a unique curve whose 

shape is determined by the activity of the bubbles, rather than the diffusion of the 

electroactive species. There is a high concentration of the electroactive species, and the 

formation of bubbles effectively mixes the solution, therefore the current does not decay 

according to diffusion. Spikes are seen in the current response upon bubble detachment, 

which are due to the removal of what is effectively an insulating sphere and its replacement 

with bulk electrolyte.

2.4.4 Chronoamperometry

Potential Step Chronoamperometry causes a diffusion-limited current by changing the 

potential applied to the electrode cation from a value where there is no electrode reaction to a 

value where all the electroactive species that reach the electrode react. This gives rise to a 

diffusion limited current that decreases with t*/2. However, at short timescales (less than 0.1 

seconds) there is a capacitive component in the current due to double layer charging. At 

longer timescales a steady state current is achieved, although there is a contribution from 

natural convection (after several seconds).

The use of chronoamperometry for bubble evolution produces unique features in the current 

response. Superimposed on the steady-state current are discontinuities that arise from 

detaching bubbles. As the bubble detaches there is a sharp increase in the current due to the 

replacement of the insulating sphere with bulk electrolyte. Also the current fluctuates with the 

growth of new bubbles, the area of the electrode in contact with the electrolyte decreases as it 

is effectively blocked by bubbles.
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2.5 PRBN Theory

The theoretical basis of the pressure release technique is the measurement of bubbles numbers 

that allows an indirect measurement of the number of nuclei formed in a system [9]. The rate 

of pressure rise observed during bubble nucleation is directly related to the rate of nucleation, 

as described in section 2.1.6, and given in equation 2.36. Two different methods can be used 

to measure the rate of bubble evolution [31]; the first uses a microphone to record the acoustic 

event caused by a bubble bursting at the liquid surface, the second measures the pressure rise 

caused by bubbles evolving in the sealed vessel. The following sections cover the theoretical 

aspects of the latter method.

2. 5. 1 M ea su rem en t o f  B u b b le  E vo lu tio n  by P ressure  R ise

The nucleation rate is measured from the pressure rise occurring following the 

depressurisation of the vessel. The full experimental procedure is given in section 3.3.1. The 

sealed vessel contains a supersaturated solution and a nucleating surface; bubbles form 

spontaneously at the nucleating surface, thus causing the pressure inside the vessel to rise. 

The measurements taken relate to nucleation events integrated over time and space, the 

method does not allow for the measurement of individual nucleation events; however, the rate 

of nucleation occurring at the surface can be obtained. The following sections explain the 

theoretical aspects of the PRBN technique.

2.5.1.1 S u p ersa tu ra tio n

The supersaturation is controlled by changing the initial and target pressures the solution is 

exposed to according to equations, 2.1 and 2.2, where c2 a  Pinitia, and c2e a  Plarget. The 

equilibrium concentration of chlorine in brine at a given pressure is calculated from the 

solubility. Chlorine dissolves in brine to form a solution of hypochlorous acid, molecular 

chlorine and Cl3" ions according to equation 2.71 below.

J = [ c / 2(J +  [ci;  ] +  [h c i o ] (2.71)
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where [C\2(aclive)] is the total quantity of dissolved chlorine. This relationship was used by 

Yokata to measure the concentration of Cl2, Cl3‘ and HCIO as a function of pH, temperature, 

NaCl concentration and Cl2 partial pressure [32]. It was found that [HCIO] was negligible 

compared to [C12]+[C13]. An expression for the concentration of these two components is 

given below

[c / 2(„J+ [c /3~] = ^(2.21 - 0.00389iV)x 1 O'5 xlo'°°% (2.72)

where P  is the partial pressure of chlorine in atm, T  is the temperature in Kelvin, N  is the 

concentration of NaCl in g I 1.

2.5.1.2 Adiabatic expansion

In a thermally isolated system, a release of pressure against a lower external pressure requires 

work to be done by the system (unless the external pressure is zero). This effect is manifested 

in the headspace of the pressure vessel after decompression. The work required by the system 

causes the temperature of the expanding (escaping) gas to decrease. Upon resealing the 

vessel, the temperature of the residual gas in the headspace rapidly re-equilibrates with the 

ambient temperature of the pressure vessel. This reheating causes a pressure rise in the 

headspace that occurs simultaneously with bubble nucleation, it affects the initial gradient of 

the pressure vs. time curve and therefore must be accounted for. It has been proved that the 

reheating process is Newtonian; defined by the exponential rise in temperature and common 

time constant of the temperature vs. time curve regardless of the degree of cooling. Due to the 

reproducibility of the measured pressure rise arising from the reheating of the headspace gas, 

it has been found that this component can be directly subtracted from the experimentally 

measured pressure [33]. The reheating component is removed from the measured pressure vs. 

time curve prior to the calculation of nucleation rate enabling the bubble evolution kinetics to 

separated from adiabatic effects. This procedure is described in section 3.3.2.

2.5.2 Nucleation rate measurement

The rate of the pressure rise (corrected for adiabatic reheating) is linearly related to the rate of 

bubble nucleation [9]. Assuming the bubbles reaching the surface are of equal radius, 

containing n moles of gas, then
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dP RT
* - r  < 2 7 ! )

where V is the volume of the vessel headspace. The number of moles of gas released into the 

headspace during a given time interval is given by the number of bubbles generated per unit 

time. It has been shown that the pressure rise is related to the nucleation rate by the following 

equation

dP RT T/.—  =  nJ(t) (2.74)
dt V '

where J  is the bubble nucleation rate defined in equation 2.36.

2.6 Direct visual observation

Bubbles can be observed visually using a variety of photographic methods. A fast frame 

video (FFV) coupled to an optical microscope, as used for this study, allows the images to be 

captured digitally; the bubble diameter is recorded as a function of time. These data can be 

correlated with electrochemical data such as potential noise measurements [34]. The method 

allows direct visual observation of individual bubble events such as coalescence and 

detachment, by recording the bubble radius at regular time intervals; equations 2.38-2.40 can 

be used to identify the growth mechanism. It is possible to measure a bubble’s detachment 

size and the induction time between detachment and subsequent nucleation. By recording the 

coordinates of a nucleation site on an electrode surface, nucleation activity can be determined 

as a function of current density. Although direct visual observation does not provide an 

integrated measurement of bubble behaviour at a surface, by repeating measurements for a 

number of nucleation sites on an electrode surface, it is a powerful technique for identifying 

the various patterns of behaviour that are unique to a given surface.
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CHAPTER 3 EXPERIMENTAL

3.1 Introduction

This chapter provides a description of the EQCM, PRBN and FFV instrumentation, and the 

experimental procedures and methods of data analysis, including the novel data analysis of 

EQCM mass and current transients by the use of fast Fourier transform (FFT) analysis.

3.2 Electrochemical Quartz Crystal Microbalance (EQCM)

The use of the EQCM as an in situ mass balance has been described elsewhere [1]. An 

EQCM was assembled based on a Bruckenstien circuit design [2]. Simultaneous mass and 

current measurements are made possible by using one face of the oscillating crystal as the 

working electrode in a standard three electrode cell [3] as shown in figure 3.2.

3.2.1 Crystal specification

10 MHz AT-cut quartz crystals were supplied by the International Crystal Manufacturing 

(ICM) Company, Oklahoma City, USA. Crystals cut along the axis 35° 15' to the crystal 

face (so called AT-cut) oscillate in a mode which is particularly sensitive to addition of 

mass. The crystals comprise a thin quartz slice of diameter 13mm and approximate 

thickness 0.2 mm and are supplied with a 5pm finish. Each face is coated with a 900A 

keyhole shaped layer of gold or platinum as shown in figure 3.1. Additionally, crystals 

polished to a 1pm finish and coated with an underlayer of titanium and top layer of gold 

were used.

c

Figure 3.1 Standard mounting for quartz crystals
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3.2.2 Three electrode cell

A three-electrode cell was used under potentiostatic control to generate gas at the working 

electrode. The working electrode was one crystal face, the reference electrode was a 

saturated calomel electrode (SCE) prepared using calomel and saturated NaCl, and the 

counter electrode was a high surface area platinum gauze. All experiments were carried out 

at room temperature using 50ml of aqueous electrolyte.

Two cell designs were used to incorporate the crystals into an electrochemical cell. Initially, 

the crystals were retained on the mounting shown above, using a glass cell with an 8mm hole 

at the base. The crystals were glued to this hole forming a seal using a silicone rubber 

sealant (Dow-Coming 3145 RTV). Figure 3.2 shows the cell for a horizontally mounted 

upward facing working electrode.

CE 
platinum 

gauze i

RE
saturated
calomel

WE
quartz
crystal

Figure 3.2 Schematic diagram o f the electrochemical cell with a horizontal working

electrode

In later experiments the standard mounting was modified. The crystal was removed from the 

mounting and glued to a thin walled glass tube outer diameter 0.52cm2 (see figure 3.3). This 

glass tube was sealed into the side of the glass cell utilising quick-fit glassware. This 

enabled the same working electrode to be incorporated into the electrochemical cell in a 

number of orientations.
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connection to
glass tube working 

electrode

Figure 3.3 Quartz crystal mounted on a glass tube

A glass cell of the same dimensions shown in figure 3.2 was used for experiments where the 

working electrode was placed vertically, horizontally facing upwards. Figure 3.4 shows a 

vertically mounted crystal.

CE
platinum

gauze

RE
saturated
calomel

WE
quartz
crystal

Figure 3.4 Schematic diagram o f an electrochemical cell with a vertical working electrode

aqueous electrolyte

working electrode |_____________

quartz 
[ metal flag

air

Figure 3.5 Schematic diagram o f the crystal as a working electrode
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In all electrode orientations, one face of the crystal was exposed to the solution, so becoming 

the working electrode. The piezoelectric area is defined by the overlapping conducting layer

i.e. a 0.21cm2 circle of diameter d = 0.52 cm, as shown in figure 3.5. The electroactive area 

of the working electrode is 0.23cm2.

3.2.3 Metal oxide coating

A thin film of mixed ruthenium and titanium oxides was deposited onto platinum coated 

crystals using a spray-bake technique where ruthenium and titanium were thermally oxidised 

[4]. A dilute solution of the metal salts in pentanol was brushed onto the platinum, then fired 

at 500°C, this procedure was repeated until the required thickness was achieved (typically 

lpm). This coating technique produces a characteristic mud-cracked structure.

Figure 3.6 SEM o f an RTO surface at 1.1 x l 0s magnification.

Figure 3.6 shows a SEM image, typical of an RTO coated electrode. EXP data reveals that 

the surface composition of the surface metals is the same as for the bulk composition of the 

coating solution.

3.2.4 Data Acquisition

The EQCM instrumentation is shown schematically in figure 3.7. The EQCM comprises an 

oscillator circuit, where the variation in resonant frequency of the working crystal is
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compared to the resonant frequency of a reference crystal whose value is fixed throughout 

the experiment. The output of this circuit is a value equivalent to the difference in frequency 

between the two crystals. Once the frequency is converted to a voltage its value can be 

monitored simultaneously with the current as a “second signal” input to the potentiostat. 

The potentiostat is controlled using a PC, allowing the data to be recorded digitally.

Electrochemical
cell AUTOLAB 

WE POTENTIOSTAT
CE
RE i , E OUf

ADC V IN V OUT

OSCILLATOR
CIRCUIT

F working \ AF

F  /reference------'

PC

FREQUENCY
TO

VOLTAGE

Figure 3.8 Schematic diagram o f the EQCM instrumentation

Cyclic voltammetry, chronoamperometry and chronopotentiometry data were recorded. In 

most experiments current and frequency were measured simultaneously. Gas was evolved 

by either stepping or sweeping the potential (at a rate of 20 mV s'1) from an electrode 

potential region where no gas evolution occurred to a region where gas evolution occurred at 

a significant rate forming gas bubbles. During the chronopotentiometry experiments, 

electrode potential and frequency were measured simultaneously as the current was increased 

to a value at which a significant rate of gas evolution was observed.

Experimental parameters were varied systematically to establish the functional behaviour of 

bubbles in different nucleating environments. Hydrogen bubbles were evolved at gold and 

platinum electrodes from an aqueous solution of 0.1M HC104. Chlorine bubbles were 

evolved at RTO electrodes from 5M NaCl containing 0.01M HC1. The electrode was placed 

in three different orientations as described above.
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3.2.5 Data Analysis

The frequency was monitored as a voltage, which was converted back to a frequency value 

using conversion constants obtained from the calibration of the circuit using a waveform 

generator. All data were recorded as a function of time, either directly in the potentiometry 

and amperometry experiments or indirectly in the voltammetry experiments where the 

potential was scanned at a fixed rate. The data were analysed by interpreting the frequency 

changes arising due to gas bubbles forming in the modulation layer adjacent to the electrode 

as described in section 2.3.1.

3.2.5.1 Novel Analysis o f EQCM data using FFT

As described in section 2.3.2, Fourier analysis is a useful tool for establishing the 

distribution of rate constants associated with bubble evolution from an electrode. However, 

before frequency spectra can be analysed it is important to characterise the bubble events that 

will give rise to different types of mass fluctuations. Considering bubbles evolving from an 

aqueous solution at a single site on an electrode, events such as nucleation, growth, 

detachment and coalescence with bubbles at neighbouring sites determine the shape of the 

mass transient. Different regimes of bubble evolution display a different functional 

dependence on factors such as supersaturation and electrode orientation.

Elementary characterisation was achieved by the assessment of raw data in terms of the 

shape of the frequency transient and the overall mass change. This information correlated 

with visual observation, and provided reasonable estimates of the number of active 

nucleation sites on the surface. The number and distribution of activity of nucleation sites on 

the electrode complicates the appearance of real data, because growth and detachment events 

associated with different sites occur on a different timescale. However, if there is a fixed 

detachment rate associated with an individual nucleation site this will appear as a peak on the 

frequency spectrum, regardless of any “overlap” that occurs in the raw data. In order for the 

FFT spectra to be unambiguous, the data were truncated to obtain a representative sample 

and obtain a number of data points equal to 2n. The data were then normalised to equate the 

mean value to zero. This procedure enabled high peak resolution in the frequency domain, 

and will be explained in greater depth in Chapter 5.
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3.3 Pressure Release Bubble Nucleation (PRBN) Technique

The use of this technique for the measurement of bubble nucleation rates has been described 

elsewhere [4, 5]. The apparatus was constructed based on an existing design [6]. 

Modifications to this design were the inclusion of materials required to withstand the wet 

chlorine environment, the automation of the method of pressure control, and the shape of the 

nucleation surface.

Due to the corrosive properties of wet chlorine and the risk associated with its toxicity in the 

event of a leak, care was taken to minimise the potential hazard. Only two commercially 

available materials, PTFE (polytetrafluoroethylene) and tantalum metal show long-term 

resistance to attack from wet chlorine. One other material that shows moderate resistance to 

corrosion is Monel, an alloy of stainless steel. Taking these factors into account, the 

pressure vessel was constructed from stainless steel lined with PTFE. The pipe work was 

PFA (perfluoroalkoxy: a co-polymer of PTFE) and the pipe work connections were made 

from either PFA or Monel. The vessel was able to withstand pressures up to 10 

atmospheres. The pressure inside the vessel was monitored using a pressure transducer 

(Huba pressure sensor 691.1700100). The pressure transducer used in the apparatus was 

protected from chlorine gas using a tantalum diaphragm and a silicone oil-filled reservoir. 

The transducer measured pressure relative to atmosphere and so was calibrated periodically 

to calculate the voltage vs. pressure relationship.

pressure
transducer

silicone oil filled 
reservior

tantalum diaphragm

PC

*  NaOH scrubber

manual air-actuated 
inlet valve solenoid valve

Figure 3.9 A schematic diagram o f the PRBN apparatus
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A manually operated inlet valve and an air actuated solenoid outlet value allowed accurate 

pressurisation and depressurisation of the vessel to the initial and target pressures required 

for supersaturation of the solution. In order to prevent significant amounts of chlorine being 

released into the atmosphere the exhaust chlorine gas from the pressure vessel was passed 

into a concentrated solution of aqueous NaOH. A diagram of the apparatus is given in figure 

3.9 and the standard operating procedure is given in the following section.

3.3.1 Standard Experimental procedure

The apparatus was leak tested prior to every experiment. The apparatus was then purged, 

first with an inert gas to remove any residual air and moisture, then with chlorine. The 

chlorine was passed directly from the cylinder into the pressure vessel containing the 

nucleating liquid and surface, contained in a glass beaker (annealed to remove potential 

nucleation sites ensuring bubbles are evolved on the designated nucleating surface only). 

The solution was allowed to equilibrate overnight in the presence of chlorine at a pressure 

controlled by the regulator on the cylinder and measured using the transducer, the output of 

which was recorded digitally on a PC. After approximately 24 hours the vessel was 

decompressed to allow the chlorine in the headspace of the vessel above the solution to 

escape. This procedure was controlled electronically using a solenoid valve. The solenoid 

valve was switched open, and the pressure inside the vessel dropped until it reached a 

specified target value (as recorded by the transducer); at this value the solenoid valve was 

closed. This depressurisation caused the solution to become supersaturated hence releasing 

the excess gas from the solution into the headspace. The pressure increase caused by bubble 

evolution was monitored using a PC via the pressure transducer. LabTech notebook 

software was used to record the pressure transient as an ASCII file.

Analysis of the pressure vs. time data can yield information about the bubble evolution 

process and from this the nucleation rate can be determined. However, the actual pressure 

rise measured contains components which do not arise from bubble formation so must be 

subtracted before the data can be analysed. A novel method of data analysis that has been 

developed to determine the nucleation rate as a function of the change in supersaturation 

over the course of a single experiment is also described in the following section.
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3.3.2 Gradient Measurement

As described in section 2.5.1.2 adiabatic expansion causes reheating of the headspace gas 

that results in a contribution to the measured pressure rise. This effect can be accounted for 

by carrying out a series of “dummy” experiments. The procedure was the same as described 

in section 3.3.1, except the pressure vessel was empty so that the subsequent pressure rise 

was due to the reheating effect only. The reheating was Newtonian (confirmed by the 

correlation of a series of these experiments), therefore the reheating component was directly 

subtracted from experimental data [6]. The data are corrected to remove the “adiabatic” 

component. The nucleation rate is related to the slope of this pressure rise and the 

supersaturation is calculated from the ratio of final and initial pressures. The details of the 

novel data analysis technique used to obtain the gradient of the pressure rise as a function of 

supersaturation is given in section 6.3 of chapter 6.

3 .4  Fast Frame video

The method of gas generation used during the fast frame video experiments was the same as 

that described for the EQCM technique. The electrochemical cell (shown in figure 3.10) was 

modified to incorporate a planar glass window through which the bubbles forming on the 

vertical quartz crystal electrode were observed. The video captured 200 images per second, 

the exposure for each frame being equivalent to 10,000 frames per second shutter speed.

CE RE

platinum saturated

calomelgauze

WE

quartz crystal

Figure 3.10 Schematic diagram o f the electrochemical cell
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Both cyclic voltammetry and chronoamperometry were used to evolve bubbles. The current 

was recorded simultaneously using an X-Y chart recorder. The bubbles recorded using a fast 

frame video system were measured using a microscope attached to the camera providing 

x2.6 magnification, which was the maximum permissible with the available light sources (2 

halogen lamps). Standard 180-minute duration VHS tapes were used. The tapes were 

played back on a video interfaced to a PC using Win TV software, allowing individual 

frames to be saved as black and white bitmap images. The playback feature of the video 

enabled frames to be captured at 5 ms intervals. Bubble radii were measured from a bitmap 

image using a pixel-counting method. The absolute values were calculated by comparison 

with a recorded image of a graticule, or to the known dimensions of the electrode where its 

outline was visible.

3.5 Chemicals

The electrolytes used to generate gas during EQCM and fast frame video experiments were

0.1M HC104 for cathodic hydrogen evolution and 5M NaCl containing 0.01M HC1 for 

anodic chlorine evolution, prepared using Millipore Milli-Q water. 5M NaCl was used in the 

PRBN experiments. The chlorine used in The PRBN experiments was supplied by MG 

gases high purity grade. Prior to use, all glassware was first soaked in a concentrated 

solution of KOH overnight then soaked overnight in 5M HC1 followed by thorough rinsing 

in Milli-Q water. The platinum counter electrode was cleaned using chromic acid and rinsed 

in Milli-Q water. The quartz crystals were cleaned by a brief immersion in chromic acid 

followed by cycling in 1M H2S04.
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CHAPTER 4 FAST FRAME VIDEO ANALYSIS

4.1 Introduction

This chapter provides a description of a fast frame video (FFV) technique used to monitor the 

electrochemical evolution of individual bubbles from three different electrode materials: gold, 

platinum and a mixed ruthenium and titanium oxide (RTO). The methodology is described in 

detail, including an explanation of the experimental parameters that can be obtained from this 

technique and how they are applied to the study of bubble evolution. Each surface comprises 

an electrode of area 0.23 cm2 coated onto a quartz wafer substrate as used for EQCM analysis. 

The results are discussed as they are presented throughout the chapter with overall 

conclusions drawn at the end.

The use of direct observation of bubbles by high-speed photographic or video methods is an 

established technique that provides immediate and accurate access to the bubble radius during 

bubble growth from a supersaturated solution [1-9]. Experimental conditions for electrolytic 

bubble growth used by other researchers vary, a common approach used is the verification of 

the theoretical growth mechanism by the monitoring of individual bubbles. Individual 

bubbles are produced either by manufacturing individual nucleation sites by chemical etching 

of a silicon wafer [1], using highly polished microelectrodes [2,3,4] or mechanically 

scratching a highly polished surface [5]. Where multiple sites are present on a larger 

electrode, more complex growth mechanisms have been identified; an example is the 

coalescence of both oxygen and hydrogen bubbles on transparent nickel and tin oxide 

electrodes [6]. A comprehensive study of hydrogen, oxygen, chlorine and carbon dioxide 

bubbles grown on platinum, nickel, copper and iron microelectrodes of different dimensions 

under a range of current densities identified that the surface material can effect parameters 

such as coalescence behaviour and the number of nucleation sites [7]. However, this work 

was restricted to the behaviour of one or two nucleation sites. In most cases, there is 

agreement between the observed growth kinetics and the theoretical diffusion-controlled 

spherical phase growth as determined by Scriven [8]. An exception is a more efficient 

mechanism for bubble growth where the bubble diameter exceeds the diameter of the 

microelectrode such that all subsequent gas generated is injected directly into the growing 

bubble, a so-called “direct injection” growth mechanism [9].
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It has been found by studying the mass transfer of dissolved gas during electrolytic evolution 

of various gases that only a fraction of the dissolved gas is transformed into bubbles adhered 

to the electrode, meaning that the efficiency of gas evolution is significantly less than 100% 

[10]. The “direct injection” mechanism occurs where the bubble masks the electrode, 

inhibiting further generation of gas and so retarding the supply of daughter phase to the 

growing bubble [3,9]. The concentration of gas in the solution is depleted as the bubble 

interface advances, consuming the gas dissolved in the electrolyte, hence reducing the level of 

supersaturation. The large concentration gradient for dissolved gas produced between the 

electrode and the base of the bubble causes the gas evolved at the electrode to be injected into 

the bubble directly. This is an efficient growth mechanism in terms of the volume of gas 

produced compared to the increasing bubble diameter, as there is little loss of gas due to 

diffusion into the bulk electrolyte.

It is plausible that the same mechanism could proceed on a macro electrode where the 

presence of a large number of tightly-packed, close neighbouring bubbles surrounding a 

growing bubble effectively obscures it, and the electrode, from the surrounding electrolyte, 

thereby depleting the local concentration of dissolved gas and inhibiting diffusion of gas from 

regions of higher supersaturation. For a bubble at the centre of such a cluster, conditions may 

approximate the “direct injection” growth mechanism, leading to areas of low supersaturation 

on the electrode surface. This concept of localised supersaturation, which differs compared to 

the bulk value at the electrode interface, could greatly affect the mass transport of gas to 

specific areas of the electrode and hence the growth mechanism of certain bubbles.

4.1.1 Objectives

The aim of this study is to determine the behaviour of individual bubbles growing 

simultaneously at various sites on three different macro electrodes: gold, platinum and RTO, 

at different current densities. Where different growth mechanisms are viable, these are 

identified, for example the “direct injection” growth mechanism [9] and very rapid emission 

of small bubbles previously seen at microelectrodes [7]. Comparison is made between the 

surfaces, concentrating on the physical properties of the bubbles forming at the naturally 

occurring nucleation sites, and the interaction between bubbles at adjacent sites to determine 

the surface properties that give rise to different modes of behaviour, and how this differs from 

the ideal behaviour predicted from theory. It is established that coalescence determines the

detachment parameters, however it is not known to what extent coalescence can be controlled.
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In this study, bubbles have been evolved at a similar range of current densities on the different 

surfaces in order to address this issue.

The focus of the study is on the influence of the nucleation site in terms of its dimension and 

level of activity on the subsequent development of the bubbles. The dimension of the macro 

electrodes enables simultaneous measurement of several nucleation sites to determine the 

level of interaction between bubbles formed at them. The concept of a distribution of 

nucleation site energetics is introduced to elucidate the frequently observed, but unexplained, 

random behaviour of nucleation sites. Two model surfaces have been chosen. Gold and 

platinum differ in their electrocatalytic activity for hydrogen evolution, but both are 

homogeneous in terms of electrode composition. The behaviour of bubbles forming at an 

electrocatalytic platinum electrode and non-electrocatalytic gold electrode are compared. The 

properties of these electrodes as “model surfaces” for different gas evolution regimes are 

characterised by defining the types of nucleation site that are active, and the variation of 

activity as a function of current density.

A surface whose electrocatalytic behaviour has been refined over several decades is RTO. 

Evolution of chlorine at RTO is an industrially relevant system and the development of the 

RTO electrode has been aimed at reducing running costs associated with chlor-alkali 

manufacture, but the behaviour of chlorine bubbles at the electrode is surprisingly a relatively 

unexplored area. The RTO surface is inhomogeneous in terms of distribution of 

electrocatalytic activity and due to its high surface area has potentially a larger variety and 

number of available nucleation sites. The features defining chlorine bubble formation at RTO 

can be compared with gas evolution on the two different model surfaces to determine which 

aspects of the RTO electrode are dominant in defining its performance as a catalytic surface 

for bubble evolution.

The results presented in this chapter are a representative sample of a large number of 

experiments carried out on a variety of different electrode materials. The electrodes were all 

coated onto a quartz substrate suitable for EQCM analysis in order to allow comparison of 

behaviour as monitored by the two techniques. In order to clarify the processes occurring 

during bubble evolution and allow meaningful comparison of results, specific systems were 

selected that allowed continuity of the operating conditions and apparent surface area, but a 

diversity of electrocatalytic activities and surface morphology. By definition, the FFV
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technique requires analysis of data collected in a pictorial format. A large number of the 

figures presented in this chapter are “freeze-frame” video images of the electrode. Each is a 

static image of the complex process occurring at the electrode and is included in the text to 

clarify the description of the conditions at the electrode surface, therefore it is not intended 

that the reader attempts to interpret these figures in isolation. The information contained in 

each bitmap figure is quantified by the use of column diagrams to show the frequency, 

magnitude and growth mechanism of bubbles. These data are used as a basis for discussion 

and comparison of bubble evolution from the different systems being studied.

4.2 Theoretical aspects of bubble evolution

4.2.1 Bubble growth

For hydrogen forming at a platinum microelectrode, three different growth mechanisms for 

individual bubbles have been identified during the lifetime of a single bubble. The 

functionality of radius with time was seen to differ depending on the time (t) elapsed from 

nucleation [9]. Growth occurs initially by the expansion of the bubble; the pressure inside a 

small bubble is high compared to the background pressure, due to the high surface curvature. 

WhenO t/ms 10, the increase in radius is linearly proportional to time (/a t). During this 

stage of growth, the bubble grows by desorption of the previously generated gas present in the 

supersaturated solution. Initially expansion is slow, but it quickly accelerates until the 

solution becomes depleted and the supply of new molecules to the bubble surface by diffusion 

becomes the rate limiting process between 10 t/ms 500. In this regime, the surface area 

increases linearly with time (r a  t) as shown in equation 4.2. The initial expansion stage is 

very short compared to that of mass transfer control; therefore, it can be assumed that the 

entire process is governed by mass transfer [6]. At a microelectrode, as the bubble continues 

to grow, its radius can exceed the radius of the electrode. Now growth occurs by “direct 

injection” of the gas into the bubble and the volume increases linearly with time (r3 a  /).

These different modes can be identified easily by the relationship between radius and time. 

Plotting the log of radius vs. log of time gives a straight line with a slope of 1, 0.5 and 0.33, 

respectively, for the cases outlined above. The relationship between radius and time can be 

expressed in the general form

r = at" (4.1)
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n is referred to as the “time exponent”. In a supersaturated electrolyte, following the very 

early stages of growth, typically after 10 ms, bubble growth is determined by the rate of 

diffusion of dissolved gas to the expanding liquid/gas interface, as outlined above. The 

specific form of equation 4.1 in this case is known as the Scriven equation [8] and is given 

below

r(/)=  2(5 (£>/)* (4.2)

P is a constant for given conditions of supersaturation, and D is the diffusion coefficient. By 

taking logs, equation 4.2 becomes

lnr = 0.51n/ + C (4.3)

where C is a constant, t is the time elapsed since nucleation. The bubble is assumed to have a 

finite (non-zero) radius at nucleation, and the real time values are adjusted accordingly, i.e. 

the time at which nucleation occurs is reset to zero for each consecutive bubble event. For a 

hydrogen bubble growing at a nucleation site on a polished gold electrode, plotting lnr vs. Inf 

gives a straight line as shown in figure 4.1.

6 .5

slope = 0.4946

5 .5

5

4 .5

4
1.50 .5 21 2 .5 3 3 .5 4 .54

ln(t/s)

Figure 4.1 lnr vs. Int for a hydrogen bubble growing on a gold electrode. The error bars 

correspond to the resolution o f  the bitmap picture from which the radius was measured, ±

5.4\x.m, the trend line is a least squares f i t  linear regression.

This plot can be used to determine the growth mechanism described in the previous section: 

diffusion limited growth will give a slope (the time exponent, n, in equation 4.1) of 1/2, and 

direct injection gives a slope of 1/3. The growth mechanisms of individual bubbles forming a

83 4-FFV



number of sites on the different electrodes surfaces are presented in sections 4.4 to 4.6.

4.2.2 B u b b le  n u clea tion

It has been established from studies on microelectrodes that bubbles form at specific 

nucleation sites on the electrode surface [3,4] and the nucleation site geometry affects the 

growth rate, with the activity variations between different sites being greater than the 

temporal variations occurring at one site [7]. As described in sections 1.3.2 and 2.1.6, bubble 

formation is favoured at nucleation sites on a solid surface where the activation energy 

required for nucleation is low. Nucleation sites can be easily identified on a surface by the 

bubbles produced at them; the most active ones are where bubbles form at the lowest 

supersaturation (smallest current density). Other nucleation sites on the surface may be 

dormant, or temporarily de-activated. As the current density (supersaturation) increases, the 

activity of an existing nucleation site may increase, increasing the rate of nucleation, or the 

less favourable, dormant nucleation sites may become activated. Both processes increase the 

rate of gas evolution at the electrode and both types of behaviour are feasible. It is expected 

that the number of nucleation sites will increase as the current density increases. The relative 

number of sites available at low supersaturation compared to high supersaturation can be 

thought of as the distribution of nucleation site energetics, as determined by the nucleation 

site geometry or chemical composition (such as the presence of an adsorbed impurity on the 

surface). A narrow range of nucleation site energetics means a very small number of sites are 

active at low supersaturation, but as soon as the supersaturation level threshold required for 

nucleation is reached, the majority of sites become active. A wider range of nucleation site 

energetics results in a gradual increase in the number of active nucleation sites as the 

supersaturation increases.

4.2.3 D e fin itio n  o f  exp erim en ta l param eters

The growth cycles of consecutive bubbles forming at each site were recorded as a radius vs. 

time sequence, an example of which is given in figure 4.2. The maximum bubble radius, i.e. 

the departure radius, is the radius at point III. The detachment frequency is the reciprocal of 

the time a bubble is resident on the electrode given as the time elapsed between points III and

I. The induction time is the time elapsed between the initial generation of current at the start 

of the experiment at t=0 and point I, or the time elapsed between detachment at point III and
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subsequent nucleation at point IV. These parameters, along with the time exponent (n) for the 

growth mechanism will be used throughout the chapter to described bubble behaviour at the 

electrode.
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Figure 4.2 Bubble radii vs. time for three consecutive bubbles detaching from a polished gold 

electrode. Point (I) corresponds to nucleation, the region (II) denotes growth, (III) shows the 

point o f detachment and (IV) the subsequent nucleation o f  the second bubble growing at the 

same site. The circled point corresponds to the radius o f  the bubble highlighted in figure 4.3.

Although the behaviour of bubbles at each nucleation site may be complex, the activity of the 

nucleation site is a simple concept: prior to the onset of nucleation, it can be assumed that the 

electrolyte supersaturation adjacent to the electrode has a constant value over the electrode 

surface. Therefore, the most active sites are the ones at which the first bubbles appear after 

the generation of a current, i.e. the sites with the shortest induction time. As nucleation site 

activity decreases, the induction time increases and, theoretically, sites that facilitate 

nucleation should inhibit detachment, i.e. the residence time of a bubble at an active 

nucleation site should be longer than that for a bubble at an inactive site.

Another process that can occur at high bubble populations is coalescence, facilitated on 

surfaces where detachment is slow and bubbles grow to a size where collision with 

neighbouring bubbles occurs. An anomaly in the normal observed bubble evolution 

mechanism is the formation of a “bubble pump” seen at some nucleation sites, where a bubble
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detaches shortly after nucleation. Together with a very short induction time this produces a 

vertical “train” of small bubbles leaving the nucleation site. Bitmap images showing 

examples of these “bubbles trains” are presented in the results section. This type of 

mechanism has been observed by other researchers [6] but no explanation has been offered 

for the cause of the rapid detachment.

4.3 Methodology of data analysis from visual observation

In this section, the parameters defined in section 4.2.3 are used to describe bubble behaviour 

at individual nucleation sites, using an example of hydrogen evolution from 0.1M HCIO4 at a 

gold electrode (area 0.25 cm ), at a current density of 2.8 mA cm' . A highly polished gold 

electrode was chosen so that only a small number of nucleation sites would be active at all 

levels of current density. By magnifying the electrode and observing where bubbles appear, 

the coordinates of the nucleation sites can be determined.

js»: - *~
01=30:00S

A ' \^  . ♦» |T | r

1000pm

Figure 4.3 Bitmap image o f the distinctive keyhole-shaped polished gold electrode (area 

=0.23cm2) in a vertical orientation, captured from a videotape frame at t=90.005 seconds. 

The circled bubble is the third consecutive bubble shown in figure 4.2.

The image in figure 4.3, obtained using the method described in section 3.4 of chapter 3, 

shows the position of a nucleation site on a gold electrode, which is identified by a bubble 

growing at the site. The electrode is in a vertical orientation; this configuration was used for 

each of the electrodes to facilitate a variety of detachment modes. The time display on the 

picture is a “bumt-in” time recorded onto the videotape simultaneously with the image from 

the camera.
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4.3.1 Induction time

At the lowest current density, 32 nucleation sites were active; the initial induction time for 

each nucleation site is given in figure 4.4, in which it can be seen that there is a distribution of 

site activities. The most active sites are those with an initial induction time below 5 seconds 

and the less active sites have an induction time above 5 seconds.

nucleation sites
sites chosen for further study35-

30-

15-

10-

A B

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
nucleation site

Figure 4.4 Initial induction time, shown in ascending order, for each nucleation site on the 

gold electrode. The electrolyte was 0. IMHCIO4 and hydrogen was evolved at 2.8 mA cm'2. 

The seven sites labelled (A-G) are studied in further detail in section 4.3.3.

The trend in initial induction time is unrelated to the position of the nucleation sites on the 

electrode. The issue of a non-uniform distribution of nucleation site activity has been 

attributed to the non-linear relationship between nucleation rate and supersaturation [11] and 

is raised again in Chapter 6.

4.3.2 Detachment rate

Assuming that the simple relationship between nucleation activity and detachment rate as 

outlined in section 4.2.3 is valid, bubble detachment rate is expected to follow the opposite 

trend as nucleation site activity, increasing as the nucleation activity decreases. In figure 4.5, 

both parameters are plotted for each nucleation site.
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Figure 4.5 Initial induction time (as shown in figure 4.4) and corresponding detachment 

frequency for each nucleation site active on the gold electrode during hydrogen evolution. 

The electrolyte was 0 . IMHCIO 4 and gas was evolved at 2.8 mA cm'2. The detachment 

frequency is the reciprocal o f the residence time o f  bubbles at the surface site.

By comparing the two parameters in figure 4.5, it can be seen that the overall trend in 

detachment frequency is similar to that for the nucleation activity. However, the trends in 

activity and detachment do not correlate to the same nucleation sites and it can be concluded 

that the two processes are independent. The relationship between the induction time and 

detachment rate has become complex due to the detachment mechanism, specifically the role 

of bubble coalescence; this topic is covered in section 4.2.3.

4.3.3 Specific sites for further study

Of the 32 active sites on the gold electrode, seven were chosen as a representative sample and 

labelled A-G. The seven sites chosen display a range of activities due to the specific nature of 

the nucleation site, and a range of detachment frequencies and detachment sizes, depending 

on their proximity to other bubbles on the electrode. Figure 4.6 shows the position of sites A- 

G, identified by the bubbles growing at each site. In the frame chosen there is no bubble 

growing at site F, therefore its position is indicated by a black circle. Table 4.1 below
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contains an example of the data collected for five consecutive bubbles at each individual 

nucleation site (A-G). The activity decreases from A-G, but the distribution of detachment 

size and detachment frequency is random as shown in figure 4.4.

Figure 4. 6  Bitmap image o f the vertical gold electrode showing seven nucleation sites, 

labelled A-G. Consecutive bubbles growing at these sites were monitored at different current

densities; the results are given in section 4.3.

Nucleation
site

Initial induction 
time/s ± 0.005

Average detachment 
radius/pm ±5.4

Average detachment 
frequency/Hz

A 0.305 208.5 0.005

B 0.385 216 0.039

C 7.625 469.8 0.012

D 10.825 392.4 0.011

E 11.635 433.8 0.008

F 35.735 293.4 0.030

G 38.095 110.7 0.160

Table 4.1 Statistical data for hydrogen bubbles evolved at nucleation sites A-G on the gold 

electrode. The electrolyte was 0. IMHCIO4 and gas was evolved at 2. 8  mA cm 2

There is much smaller variation in activity of consecutive bubbles evolving at individual sites 

compared to the variation between sites, as shown in figure 4.7. Each column shown in figure

4.7 represents the data for an individual bubble; the groupings identify consecutive growth of 

individual bubbles at the same nucleation site. The format of this figure is useful for 

emphasising the behaviour of bubbles at the same site vs. the behaviour of bubbles at different 

sites and will be used in most subsequent figures.
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Figure 4.7 shows the residence time of bubbles at the electrode compared to the induction 

times. Although the initial induction time gives an indication of site activity, subsequent 

induction times (time elapsed between detachment and nucleation) are very sensitive to the 

surrounding conditions and the value of the local supersaturation, which fluctuates as bubbles 

detach. This causes inconsistencies in consecutive nucleation times at the same site. 

However, the activity of the site is assumed constant due to the consistency of bubble 

formation at the site, and other parameters such as detachment size. Generally, the induction 

time is much shorter than the residence time. This is consistent with a model of bubbles 

nucleating quickly, and remaining attached to the electrode for a significant time before 

detaching.

bubble residence time 
inital induction time

C D E

nucleation site

Figure 4.7 Comparison o f induction and residence times o f bubbles evolved at nucleation 

sites A-G (as indicated in figure 4.6) on the gold electrode during hydrogen evolution. The 

electrolyte was 0. IMHCIO4 and gas was evolved at 2.8 mA cm' 2

4.3.3.1 Detachment mechanism

It is apparent from figure 4.5 that the detachment rates are not dependent solely on the surface 

conditions at the nucleation site. Detachment occurs primarily by coalescence, as shown in 

the sequence below for nucleation site G. Frame 1 in figure 4.8 shows two bubbles at 

nucleation sites 30 and 32 (where site 32 corresponds to site G). Frames 2-6 show the 

increasing radius of each bubble as it grows at its nucleation site. Between frames 6 and 7,
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the two bubble surfaces come into contact.

32 (G)

30*

t=51.005 t=51.505 t=52.005 t=53.005

t=54.005

970pm

t=55.505 t=55.685 t=57.005

Figure 4.8 Sequence o f frames showing detachment by coalescence, and subsequent 

nucleation o f hydrogen bubbles formed at nucleation sites 30 and 32 on the gold electrode 

(indicated in figure 4.4). The electrolyte was O.IMHCIO4 . Gas was evolved at 2.8 mA cm' 2

Frame 7 shows the point of coalescence, where the two bubbles combine to form one larger 

bubble, which immediately detaches. Further nucleation of bubbles at the sites occurs 

between frames 7 and 8, repeating the growth cycle. This type of detachment mechanism is 

responsible for the high frequency of detachment of bubbles growing at sites 10 and 11, and 

sites 30 and 32 (see figure 4.5). These sites have very close neighbouring bubbles, therefore 

coalescence occurs quickly, when the bubble radius is small. Other types of detachment 

mechanism are singular detachment due to buoyancy and forced detachment due to the 

collision with a bubble rising up the face of the electrode.

4.3.3. 2  Growth mechanism

The results presented in this section allow for the verification of the growth mechanism for 

hydrogen bubbles at a gold electrode and establish the conditions where the growth mimics 

the direct injection model found at microelectrodes. Different growth environments are 

characterised by the population of active nucleation sites in a given area, i.e. bubble clusters 

or isolated bubbles as described in section 4.1. As the number of close neighbouring bubbles
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in a cluster increases, the local supersaturation in the region of the bubble cluster will 

decrease.

4.3.3.3 Bubble growth fo r  non-adjacent bubbles

Figure 4.9 shows two bubbles labelled 4 (circled) and 19 growing under different conditions 

in terms of number of close neighbours.

■
* / •  * :

Figure 4.9 Bitmap image o f the vertical gold electrode showing hydrogen bubbles growing at 

nucleation sites 4 and 19. The electrolyte was 0.1M HCIO4 Gas was evolved at 2.8 mA cm 2. 

The two nucleation sites differ in terms o f the number o f close neighbours.

Figure 4.10 shows the raw data for the growth of the two bubbles at nucleation sites 4 and 19, 

the bubble at site 19 grows to a larger radius before detaching, due to the coalescence of the 

bubble at site 4 with one of its close neighbours. Figure 4.11 is a plot of In/* vs. Int for the 

bubbles growing at sites 4 and 19. The data for both bubbles show a good fit to the linear 

trend line, therefore the growth mechanism is constant throughout the bubble lifetime. The 

time exponent (n) is given by the slope of each line, according to equation 4.3
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Figure 4.10 Radius vs. time fo r  hydrogen bubbles growing at nucleation sites 4 and 19 on the 

gold electrode (as shown in figure 4.9). The electrolyte was 0.1M HCIO4. Gas was evolved

at 2.8 mA cm .

nucleation site 19, slope = 0.462 ± 0.007 
nucleation site 4, slope = 0.438 ± 0.007
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Figure 4.11 Plot oflnr vs. Int fo r  two hydrogen bubbles growing at nucleation sites 4 and 19 

on the gold electrode, the values correspond to the raw data shown in figure 4.10, the straight

line is a least squares fit  linear regression.

The two values of the time exponent, n, are similar and fall between 0.33 and 0.5, therefore, 

the growth mechanism is definitively neither diffusion or direct injection. However, the value 

of n for growth of bubbles at site 19 is closer to that expected for diffusion-limited growth
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than the value of n measured at site 4. The conditions, in terms of the number of 

neighbouring bubbles, of the bubbles growing at site 4 approach those where it is reasonable 

to expect the “direct injection” model found typically at a microelectrode, which could 

account for the lower value of n measured at this site.

4.33.4 Growth at adjacent nucleation sites

In figure 4.10, the detachment radius of the isolated bubble at nucleation site 19 was greater 

than the bubble growing at the encircled nucleation site 4. Where detachment occurs by 

coalescence with a neighbouring bubble, it can be assumed that the distance between two 

nucleation sites will govern the detachment radius and hence the detachment frequency of 

each bubble growing at the two adjacent sites (assuming a constant growth rate).

Figure 4.12 Bitmap image o f the vertical gold electrode showing hydrogen bubbles growing 

at two adjacent nucleation sites, 13 and 29. The electrolyte was 0. IMHCIO4. Gas was 

evolved at 2. 8  mA cm'2. The growth data for each bubble are given in figure 4.13.

Figure 4.12 shows the position of two adjacent nucleation sites (29 and 13) on the gold 

electrode. The bubble shown at nucleation site 13 is larger because the site was activated 

first. The shape of the growth curves for the two bubbles in figure 4.13 differs. The initial 

rapid growth of the bubble at site 29 is not sustained, whereas the growth of the bubble at site 

13 is slower but constant over its lifetime, and unchanged by the appearance of its neighbour. 

The shape of each curve is consistent with the value of the time exponent, n, for each bubble 

given by the slope of the lnr vs. In/ plot in figure 4.14.
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Figure 4.13 Radius vs. time for hydrogen bubbles growing at two adjacent sites 13 and 29 on 

the gold electrode (as shown in figure 4.11) under the same conditions given above.
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Figure 4.14 Plot oflnr vs. Int for two hydrogen bubbles growing at adjacent nucleation sites 

13 and 29 on the gold electrode. The points correspond to the raw data shown in figure 4.12. 

The straight lines are a least squares fit  linear regressions.

The two adjacent bubbles at sites 13 and 29 coalesce on contact and the resulting large bubble 

detaches immediately. The bubble at the more active site (13) has a time exponent of 0.52 

therefore its growth is diffusion limited. The growth of the second bubble at the less active 

site has a time exponent of 0.33, and therefore its growth is not determined by the supply of
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dissolved gas to its surface. This behaviour mimics the direct injection mechanism, which is 

possibly a consequence of depletion of the local concentration of dissolved gas caused by the 

presence of the first bubble.

4.3.4 Summary of methodology

The results presented in the preceding sections have illustrated the methodology used to study 

the evolution cycle of electrolytically generated bubbles using captured images from the FFV. 

At the magnification chosen, the position of nucleation sites on the gold electrode surface can 

be identified by the presence of bubbles growing at them, the radii of which are easily 

resolved with small error. The time resolution of the frame capture is also sufficient to 

produce a growth curve (bubble radius vs. time) and hence determine the detachment 

frequency.

4.3.4.1 Nucleation

Although the induction time varies, the detachment size and frequency are good indications of 

the behaviour of bubbles at a given nucleation site and therefore these parameters can be used 

for comparing the effect of different current densities upon the nucleation site activity.

Nucleation sites are located randomly across the surface of a gold electrode, as shown by 

various bitmap images. There is a distribution of site energetics, demonstrated by a range of 

nucleation induction times, with some sites only activated at the highest current density. 

Once formed bubbles tend to be “anchored” to that site during growth up to the point of 

detachment. Detachment is rate limiting, i.e. residence time of bubbles on the electrode 

before detachment is much longer than induction time (causing a low detachment frequency).

4.3.4.2 Growth mechanism

The time exponents measured consistently fell within the two limits expected; 0.5 and 0.33. 

Two growth mechanisms were observed, diffusion limited and “direct injection”, and each are 

dominant at different nucleation sites, but often growth is intermediate between the two 

regions. There is no direct correlation between population of nucleation sites and the growth 

mechanism. However, the presence of one or more neighbouring bubbles was seen to be an 

influence, possibly due to the local depletion of supersaturation levels. Detachment arising 

from coalescence with a neighbouring bubble is the dominant mechanism. The inability of
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the bubbles to detach prior to coalescence leads to large bubble sizes and is consistent with a 

high three-phase contact angle, indicating a high surface tension: the force that opposes 

buoyancy and thereby inhibits detachment.

4.4 Hydrogen evolution on gold

The results shown in this section were recorded at the electrode shown in figure 4.6.
2l ,Hydrogen gas was evolved at three different current densities: 2.8, 16, 44 mA cm* . These 

represent a small section of a range of current densities at which bubble events were 

measured. The higher limit (44 mA cm'2) is the threshold for measuring individual bubble 

events under the conditions defined by the recording equipment. At current densities below

2.8 mA cm'2 there was virtually no activity at any of the nucleation sites. Bubble behaviour at 

each of the three current densities is treated separately in the following sections. Assuming a 

resolution of ± one pixel, the smallest determined radius of a hydrogen bubble evolved at a 

gold electrode was 5.4pm, a magnification of 92.59 pixels/mm.

4.4.1 Results fo r  low current density

At a current density of 2.8 mA cm'2, the typical nucleation site distribution is shown in figure 

4.15. There is a large region on the surface where there are no active sites. The data acquired 

for successive hydrogen evolution under the conditions given above are displayed in table 4.2. 

For clarity, the results are also shown in figures 4.16 and 4.17.

Figure 4.15 Bitmap image o f the vertical gold electrode showing distribution o f nucleation 

sites over the surface. The electrolyte was 0. IMHCIO4 . Gas was evolved at 2.8 mAcm' 2

Figures 4.16 and 4.17 summarise the data collected for nucleation sites A-G. The behaviour
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at these sites was consistent and reproducible, activity in terms of frequency and bubble radius 

was constant, and all the sites remained active during the course of the experiment. The 

majority of bubbles remained anchored to their nucleation site throughout growth. The 

exceptions occurred at 2 different sites where, during one growth cycle, the absence of any 

close neighbours allowed the bubbles to grow to a very large size before detaching. During 

the later stages of growth, bubbles that were nucleated at these sites rolled slowly up the 

electrode before detaching. The dotted lines in figure 4.16 show the expected value of the 

time exponent for diffusion (0.5) and direct injection (0.33) limited growth. It is shown that 

for sites A-G the time exponent is predominantly 0.5, indicating diffusion-controlled growth 

was dominant. Figure 4.17 shows that bubble radii fall between 200 and 550 pm the variation 

in radius between each site is much greater than the variation in subsequent detachment sizes 

at the same site.

Site Bubble
number

Residence
time/sec
±0.005s

Detachment 
radius/pm ± 5.4pm

Time
exponent

Time exponent 
error/± la

A
1 189.8 410.4 0.400 0.003
2 49.76 183.6 0.404 0.014
3 102.68 318.6 0.432 0.007

B
1 33.69 205.2 0.465 0.026
2 21.47 216 0.432 0.027
3 21.36 221.4 0.478 0.007
4 22.21 221.4 0.478 0.007

C
1 82.19 448.2 0.500 0.009
2 84.22 475.2 0.494 0.010
3 89.97 486 0.484 0.011

D 1 82.11 329.4 0.456 0.007
2 100.08 329.4 0.434 0.017

E
1 29.74 237.6 0.468 0.009
2 132.56 513 0.462 0.009
3 131.2 550.8 0.470 0.012

F
1 48.33 302.4 0.480 0.003
2 32.89 286.2 0.495 0.007
3 27.47 291.6 0.504 0.027

G
1 5.64 124.2 0.474 0.022
2 4.56 118.8 0.505 0.009
3 5.2 118.8 0.459 0.030

Table 4.2 Parameters obtained for individual hydrogen bubbles evolved at nucleation sites A-G on 

the gold electrode. The electrolyte was 0.1MHC104, and the gas evolved at 2.8 mA cm'2.
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The bubble detachment mechanism was primarily coalescence followed by immediate 

detachment. This mechanism produces stable and reproducible site activity (see site B), it 

also directly affects the detachment size because, for very close neighbours coalescence 

occurs swiftly after nucleation, when the two bubbles are small, termed a “coalescence pair” 

(as observed at site G).

nucleation site

Figure 4.16 Time exponent (shown in table 4.2) for individual hydrogen bubbles at sites A-G 

on the gold electrode. The electrolyte was 0.1MHCIO4 . Gas was evolved at 2.8 mAcm' 2

nucleation site

Figure 4.17 Detachment radius for individual hydrogen bubbles growing at sites A-G on the gold 
electrode. The electrolyte was 0. IMHCIO4. Gas was evolved at 2.8 mA cm'2.

Less common events were “scavenger” type coalescence during which a large bubble 

remained attached to the electrode upon coalescence with a smaller neighbour. Unless the
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larger bubble detached, it continued to scavenge subsequent bubbles forming at the same 

neighbouring site. Once the scavenging bubble had detached, both sites resumed their 

original growth regimes. The factor that determined whether “scavenging” or “detachment” 

coalescence occurred, appeared to be the ratio of the two bubble radii, although no data were 

collected for these type of events. Other detachment mechanisms that were observed were the 

isolated detachment of individual bubbles, and forced detachment arising from the collision of 

a rising bubble and a stationary bubble.

4.4.2 Results fo r  moderate current density

Figure 4.18 shows the distribution of nucleation sites at 16 mA cm'2. Approximately 100 

sites were initially activated. The new sites were mostly clustered around existing sites, 

although only approximately 75 sites remained active. The others were obscured by resident 

bubbles. By comparing the two images of the gold (figures 4.15 and 4.18) the effect of 

increasing the current density appears to have increased the population of nucleation sites, but 

not the characteristics of the bubbles formed at them, i.e. the size distribution is similar to that 

seen at the lower current density.

Figure 4.18 Bitmap image o f the vertical gold electrode showing distribution o f nucleation 

sites over the surface. The electrolyte was 0. IMHCIO4 . Gas was evolved at 16 mA cm 2

The results in this section, presented in figures 4.19 and 4.20, are for bubbles evolved at the 

nucleation sites A-G and are presented in the same format as that shown in section 4.3.1.1. At 

this intermediate value of current density, most bubbles remained attached to the electrode at 

the point of nucleation during growth, and coalescence remained the primary method of 

detachment, although due to the increase in the number of nucleation sites, collision between 

rising and stationary bubbles was more frequent. In some instances of this dynamic collision

100 4-FFV



followed by coalescence, the behaviour of subsequent bubbles at the disrupted site was seen 

to change. A “bubble pump” type mechanism was observed where the bubble detached 

shortly after nucleation. However these “pumps” were unstable and had short periods of 

activity at 16 mA cm'2. The activity of site D was seen to change from the formation of 

“adhere and grow ” type bubbles to a “bubble pump” during the course of an experiment, 

although this switch in mechanism could not be attributed to the type of detachment event.

A B C  D E F G

nucleation site

Figure 4.19 Time exponent for individual hydrogen bubbles at sites A-G on the gold 

electrode. The electrolyte was 0. IMHCIO4 . Gas was evolved at 16 mA cm 2

400

350

nucleation site

Figure 4.20 Detachment radius for individual hydrogen bubbles growing at sites A-G on the 

gold electrode. The electrolyte was 0.1M HCIO 4. Gas was evolved at 16 mA cm 2
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The activity at individual sites was less consistent than for the lower current density. Figure 

4.19 shows that the time exponent varies not only between different sites but also for different 

bubbles growing at the same site, with the trend being towards “direct injection” controlled 

growth for subsequent bubble events at most sites. This change in mechanism occurred over 

the course of one experiment. A possible explanation is that the level of supersaturation 

decreases over time, limiting the supply of dissolved gas diffusing to the bubble interface. 

Detachment size as shown in figure 4.20 is unaffected and remains constant with subsequent 

detachment events.

4.4.3 Results fo r  high current density

Figure 4.21 shows the distribution of nucleation sites on the gold electrode at 44 mA cm' . The 

number of active nucleation sites was very similar to that measured at 16 mA c m ' , however, 

more of the sites were “bubble pumps”. Due to their high detachment frequency, the growth 

mechanism of these types of sites could not be resolved at the rate of video-frame capture. For 

this reason, there are no values of time exponent for the growth mechanism (see figure 4.22) for 

the bubbles growing at site D.

Figure 4.21 Bitmap image o f the vertical gold electrode showing distribution o f nucleation 

sites over the surface. The electrolyte was 0. IMHCIO4. Gas was evolved at 44 mA cm 2

The activity at most sites varied during the course of one experiment. The complex behaviour

made it difficult to compare consecutive bubbles evolving at the same site. Some sites were

deactivated, possibly due to the influence of highly active neighbours reducing the local

supersaturation below the threshold required for nucleation. Other sites were physically

blocked by the growth of neighbouring bubbles; this inconsistent behaviour is reflected in the

data shown in figures 4.22 and 4.23, where only a small number of consecutive bubble events

have been recorded at each site. The data shown for sites E and F are average values for the
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most common type of bubbles formed at those sites and the data for sites D are average values 

representing the consistent behaviour of the “bubble pump” type site.

nucleation site

Figure 4.22 Time exponent for individual hydrogen bubbles at sites A-G on the gold 

electrode. The electrolyte was 0.1M HCIO4  Gas was evolved at 44 mAcm' 2  (there are no data 

for site D due to the rapid bubble detachment rate).

nucleation site

Figure 4.23 Detachment radius for individual hydrogen bubbles growing at sites A-G on the 

gold electrode. The electrolyte was 0.1M HCIO4. Gas was evolved at 44 mAcm2

Figure 4.22 shows the time exponent for consecutive bubbles to be close to 0.33 at some sites, 

where the growth mechanism is predominantly “direct injection”, consistent with a surface 

where high nucleation activity produces a large number of bubbles that rapidly deplete the 

concentration of dissolved gas during growth. However, at other sites the growth mechanism
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remains diffusion controlled, which is consistent with changes in local supersaturation across 

the surface. Figure 4.23 shows there is little variation in the detachment radius at each 

nucleation site. Detachment was predominantly due to coalescence with a neighbouring 

bubble. In cases where coalescence involved a small bubble being scavenged by a larger one, 

coalescence was followed by further growth and subsequent detachment due to buoyancy, or 

from a second coalescence event.

4.4.4 Bubble behaviour as a function o f current density

In this section, comparison is made between bubble events occurring at nucleation sites A-G 

on the gold electrode over a range of current densities, summarising the results shown in 

sections 4.3.1 to 4.3.3. General observations of the bubble activity as the current density 

increases were that the average number of bubbles detaching from the electrode per unit area 

per unit time increases. The average bubble radius, residence time (reciprocal of detachment 

frequency) and time exponent for growth of bubbles at nucleation sites are shown in figures 

4.24 to 4.26.

M  2.8 mAcm' 
f ~ l  16 mAcm'2

44 mAcm"

nucleation site

Figure 4.24 Comparison o f the average detachment radii for bubbles detaching at sites A-G 

on the gold electrode at different current densities

Figure 4.24 shows little change in detachment size for sites A, B and G and a trend towards a 

decreasing detachment size at sites C, D, E and F. The detachment radius of the bubbles 

growing at sites A, B and G remains virtually unchanged, due to bubbles growing at these 

sites coalescing with the same neighbouring bubbles. The significant drop in detachment 

sizes of bubbles at sites D and E deviates from the general trend, and two different processes
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were responsible. The average bubble detachment radius at the two sites fell sharply from 

329pm to 48pm at site D and 433pm to 48pm at site E. The regime at site E was affected at 

the highest current density by the activation of a new nucleation site in close proximity to it, 

the two bubbles forming a coalescence pair significantly reducing the detachment size of the 

bubbles from site E. The change in behaviour of bubbles forming at site D was due to a 

change in the mechanism from the dominant evolution mechanism described above to a 

“bubble pump” mechanism, where the detachment radius is very small because virtually no 

growth occurs at the nucleation site prior to detachment.

In figure 4.25 the same trend can be seen for the residence time of bubbles at all of the sites, 

i.e. residence time decreases as current density is increased. However, there is a more 

significant decrease in the average residence times for bubbles at all nucleation sites during 

the first current increase from 2.8 mA cm'2 to 16 mA cm'2 which can be attributed to the large 

increase in the number of active nucleation sites increasing the incidences of collisions and 

coalescence. A further increase in the current density from 16 mA cm* to 44 mA cm' 

changes the activity at the existing nucleation sites, but does not activate a significant number 

of new sites. A significant result is the observation that as the current density increases, the 

change in the average detachment radius is less significant than the change in average 

residence time.

C D E 

nucleation site

2.8 mAcm'2 
I I 16 mAcm'2

44 mAcm-2

i i
G

Figure 4.25 Comparison o f the average residence time o f bubbles during growth at sites A-G 

on the gold electrode at different current densities

105 4-FFV



Assuming a uniform growth rate across the electrode, for a given current density, the smaller 

bubbles will have, by necessity, shorter residence times. Therefore direct comparison cannot 

be made between the residence times at different nucleation sites. Normalising each 

detachment radius to unity and correcting the residence time accordingly allows direct 

comparison of the effect of current density on average residence times in figure 4.26 below.

0.4
♦— 2.8 mAcm 

■o— 16 mAcm2 

■«— 44 mAcm'2
0.3-

P•8 0 2 -  

1 .

§  0.1- 
&

- o

0.0
cA B D F GE

nucleation site

Figure 4.26 Peerage residence time o f  bubbles at nucleation sites A-G. The data has been 

corrected for the variation in detachment size by normalising the detachment size to unity

Figure 4.26 shows there is a general trend towards a shorter residence time (greater 

detachment frequency) as the current density is increased. The extent to which the average 

residence time decreases is non-uniform and differs for each site. However, for all sites, a 

greater increase in detachment frequency is seen during the first increase in current density.

Figure 4.27 shows the average time exponent («) measured at different current densities for 

bubbles growing at nucleation sites A-G. As was shown for the bubble detachment size, the 

effect on the time exponent of increasing the current density differs between each site. The 

data in this figure must be treated with some caution as a decrease in time exponent from 0.5 

to 0.33 signifies a change in the growth mechanism. However, it can be concluded that the 

averaged values indicate that the growth mechanism at sites A and E is predominantly 

diffusion controlled. The shift in mechanism at site C from predominantly diffusion 

controlled to predominantly “direct injection” type of growth mechanism, which is then 

reversed, is due to variations in the conditions on the electrode in terms of the number of
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bubbles adjacent to the site. Generally the other sites progress from a predominantly diffusion 

controlled mechanism to one of “direct injection” as current density is increased.

2.8 mAcm 

I I 16 mAcm'2

0.7-

cT 0 .6-
44 mAcm

0.3- 

&  0.2 -

nucleation site

Figure 4.27 Comparison o f the average time exponent (n) for bubble growth at nucleation 

sites A-G on the gold electrode at different current densities. The dotted lines show the values 

expected for diffusion controlled growth (0.5) and direct injection (0.33)

4.4.5 Conclusions

Both the number of nucleation sites and the bubble detachment frequency at existing sites 

increase as the average detachment size decreases. For example, at sites A-G, the average 

residence times were 65s, 11s and 4s and the average detachment radius was 309pm, 230pm 

and 165pm at current densities of 2.8, 16 and 44 mA cm’2 respectively, although at any given 

time the area of the electrode masked by resident bubbles is greater at higher current density. 

The bubble growth mechanism is mainly diffusion controlled at low current densities, and 

non-diffusion controlled (approximating the direct injection mechanism) at higher current 

densities. However, the value of the time exponent is often intermediate between the two 

values expected for the different mechanisms, making it difficult to determine whether one is 

dominant.
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4.4.5.1 Nucleation

The dominant evolution mechanism for bubble formation on a polished gold electrode is one 

where the induction time, prior to nucleation, was found to be rapid compared to the residence 

time. The position of nucleation sites was random across the electrode surface and the 

number of active sites increased with current density. Therefore, it can be concluded that 

there is a distribution of nucleation site energetics. Once a nucleation site had become active 

it continued to produce bubbles at higher current densities, the majority of which displayed 

the same bubble evolution mechanism; only a small percent were deactivated. In summary, 

the number and type (and hence activity) of nucleation sites is a function of the overall 

supersaturation, as determined by the current density.

4.4.5.2 Growth and detachment

The majority of bubble growth occurs whilst the bubble remains attached to the electrode at 

the nucleation site. The growth mechanism is independent of the bubble’s growth 

environment in terms of its number of close neighbouring bubbles, but can be influenced by 

the presence of one or more large pre-existing bubbles. The growth mechanism is sensitive to 

fluctuations in local supersaturation, although not in the way predicted by the approximation 

to the “direct injection” mechanism caused by the formation of bubble clusters. 

Consequently, the time exponent is a useful parameter for highlighting the inhomogeneity of 

the concentration of dissolved gas across the surface. However, the growth mechanism 

cannot be predicted simply from the control of macroscopic properties, such as the current 

density or the position of a bubble on the surface.

The detachment mechanism is independent of the current density, with the exception of 

“bubble pumps”, and is primarily due to the coalescence of two neighbouring bubbles, the 

distance between them governing the detachment radius. Although the average detachment 

radius decreases as a function of increasing current density, the trend at individual sites is a 

function of the proximity of neighbouring bubbles. The detachment frequency is more 

notably affected by the increase in current density; it increases significantly between the 

lowest and the moderate values of current density, with a less significant increase beyond that. 

This shows the frequency of detachment to be more sensitive to current density than the 

detachment size. In conclusion, it can be assumed that the overall growth rate increases with 

current density.
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The exception to the moderate trend in current density arises from two sources, the formation 

of "bubble pumps" and coalescence pairs. The formation of a "coalescence pair" is caused by 

the activation of a very close neighbouring nucleation site that is explained by the concept of 

variations in localised supersaturation, producing "pockets" of high or low activity on the 

surface. The reason for the switch in mechanism to a “bubble pump” is unclear, although for 

some sites it is seen to occur after collision with a rising bubble. This would suggest that a 

Harvey nucleus is left behind at or near the nucleation site facilitating growth and detachment 

by removing the nucleation step. Alternatively it could arise form the formation of an 

extremely close “coalescence pair”, the individual components of which cannot be resolved. 

A third process that was seen to cause a sudden change in the average detachment radius, was 

the deactivation of some nucleation sites at high current densities. This could be caused by a 

critical decrease in the local supersaturation. This process altered relative positions of 

neighbouring bubbles, new coalescence pairs were formed and the behaviour of the bubble 

nucleation sites involved modified.

4.5 Hydrogen evolution on platinum

As described in section 4.1.1, platinum was chosen as a "model" electrocatalytic surface. 

Hydrogen bubbles were evolved over a similar range of current densities as was used to 

generate hydrogen on the polished gold electrodes. The same three values (2.8,16 and 44 mA 

c m ' ) were chosen to highlight the behaviour of individual bubbles, but due to the 

electrocatalytic activity, a lower value of electrode potential was applied to the electrode. 

During hydrogen evolution the chemical composition of the platinum surface differs greatly 

from the gold, as hydrogen adsorption at the surface is more extensive. The electrolyte was 

0.1 M HC1C>45 the potential (vs. SCE) was held at a steady value to maintain a constant current 

density. The number of surface features is greater due to the coarser surface polishing (5 pm) 

applied to the quartz substrate used for the platinum electrode. Assuming a resolution of ± 

one pixel, the smallest determined radius of a hydrogen bubble evolved at the platinum 

electrode was 5.8pm, a magnification of 86.28 pixels/mm. The results presented below are a 

representative sample of a number of different experiments; however, the same electrode has 

been used at different current densities, to allow direct comparison of bubble formation at 

specific nucleation sites. The sites chosen for further study at the platinum electrode are 

labelled A-H. However, it is not indented that direct comparison be made between similarly
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labelled nucleation sites on the gold and platinum electrodes.

4.5.1 Specific nucleation sites fo r  further study

The methodology described in section 4.3 was applied wherever possible to the analysis of 

hydrogen bubble evolution at the platinum electrode, to allow meaningful comparison of 

bubble behaviour at the gold and platinum surfaces. Figure 4.28 shows the platinum electrode 

during hydrogen evolution at the highest current density; the nucleation sites chosen for 

further study are circled. The dark lines shown on the left hand side of the electrode in figure

4.28 (indicated by the white arrows) are small scratches made by contact of the electrode with 

a glass pipette. Although caused unintentionally, the scratches are “artificial” nucleation sites, 

and the activity of bubbles formed on the scratches provides information about the nature of 

nucleation sites on the rest of the surface (see section 4.5.6.1).

Figure 4.28 Bitmap image o f the vertical platinum electrode showing the position on the 

electrode o f sites A-H. The image shows hydrogen bubbles evolved using 0. IM H CIO 4, at

44 mA cm2.

Comparison of figures 4.28 and 4.37, both of the same electrode surface, highlights the 

dominance of bubble pump type nucleation sites, in preference to bubbles that adhere to the 

electrode during growth. Most of the bubbles pictured in figure 4.28 do not indicate 

nucleation sites, because the bubbles are rising up the face of the electrode. This complicates 

the process of identifying individual nucleation sites. It was observed that for the platinum 

electrode the behaviour of bubbles at individual sites was a more complex function of current 

density than for the gold electrode.

110 4-FFV



Due to these difficulties, it was unfeasible to comprehensively monitor the activity of a fixed 

number of nucleation sites at all current densities, as shown for sites A-G on the gold 

electrode. A solution to this problem was to study specific nucleation sites that were 

representative of the activity at the surface for each current density. Some of the sites chosen 

were not active at all current densities. These factors are indicative of the different evolution 

mechanism dominating the formation of hydrogen bubbles at the platinum electrode, 

compared to the less electrocatalytic gold electrode.

4.5.2 Results fo r  a low current density

Figure 4.29 shows the typical distribution of nucleation sites on a platinum electrode at a 

current density of 2.8 mA cm' . The bubbles seen vertically above the circled sites in figure

4.29 indicate bubbles rising up the face of the electrode, not nucleation sites. There are 

approximately 10 active sites, a smaller number than observed for the gold electrode (figure 

4.15) and large regions of the surface are inactive.

302. 01 •; .3 2 :.S00
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Figure 4.29 Bitmap image o f the vertical platinum electrode showing the distribution of 

nucleation sites over the surface. The circled sites are “bubble pumps ”. The electrolyte was 

0. IMHCIO4 ; hydrogen gas was evolved at 2.8 mA cm'2.

The data acquired for successive hydrogen bubbles evolved at nucleation sites A-D on the 

platinum electrode at 2.8 mA cm'2 are displayed in figures 4.30,4.31 and 4.32. The format of 

these figures is the same as that described in section 4.3. Figure 4.30 gives the detachment 

radius of successive bubbles, which falls between 100 and 225 pm, the variation in 

detachment radius at individual nucleation sites is small compared with the variation between 

sites.
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nueleation site

Figure 4.30 Detachment radius for individual hydrogen bubbles growing at sites A-D on the 

platinum electrode. The electrolyte was 0. IM H CIO4. Gas was evolved at 2.8 mA cm' 2

20

nueleation site

Figure 4.31 Bubble residence time for individual hydrogen bubbles growing at sites A-D on 

the platinum electrode. The electrolyte was 0.1M HCIO4. Gas was evolved at 2.8 mA cm'2.

The dominant mechanism for all of the nueleation sites is one where the bubbles remain at the

nueleation site during growth, and the growth is diffusion limited as shown in figure 4.32. The

bubble residence time prior to detachment (see figure 4.31) is included for each current

density, as the time exponent value (see figure 4.32) was unattainable for the “bubble pump”

sites where virtually no bubble growth occurs at the nueleation site. Bubbles at sites A and B

grow in close proximity forming a “coalescence pair”: hence the short residence times. The

dominant detachment mechanism of bubbles forming at site B is forced collision with bubbles
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rising from below, whereas the bubbles at site D detach under buoyancy as an individual 

bubbles without coalescence or collision.

nueleation site

Figure 4.32 Time exponent for individual hydrogen bubbles growing at sites A-D on the 

platinum electrode. The electrolyte was 0.1M HC104. Gas was evolved at 2.8 mA cm 2

At a low current density the behaviour of hydrogen bubbles forming at the active nueleation 

sites is very similar on both the platinum and gold electrodes. The detachment radius, bubble 

residence times and time exponent values are constant for consecutive bubble events. The 

average detachment radius of a hydrogen bubble is approximately 50% smaller on a platinum 

electrode compared to a gold electrode. The residence times for bubbles on the platinum 

surface are approximately 10% of those at the gold electrode and there are only 10 active 

sites. Significantly, bubbles do not remain at the electrode sufficiently long to coalesce with 

neighbouring bubbles and three different types of detachment mechanism were observed; 

detachment due to buoyancy, collision and the "bubble pump" mechanism.

4.5.3 Results fo r  a moderate current density

Figure 4.33 shows the typical nueleation site distribution on a platinum electrode for hydrogen

evolution at 16 mA cm'2. The number of sites has increased to approximately 35. However,

there remain large regions on the surface where there are no active sites. The circled areas

consist of “bubble pump” sites: in some areas these are clustered together, in other areas the sites

are isolated. As described in section 4.5.1 the bubbles seen vertically above the circled sites are

rising up the face of the electrode. The data acquired for successive hydrogen bubbles evolved

at nueleation sites A-H (see figure 4.28) are given in figures 4.34-4.36.
113 4-FFV



Sites E-H were inactive at the lower current densities. The activity at site D was inconsistent 

at 16 mA cm'2 and no representative data could be collected. Figures 4.34 and 4.35 show the 

average detachment radii fall between 40 and 100 pm, and the average residence time has 

decreased to between 0.2 and 1.6 seconds. This represents a much greater increase in 

detachment rate than was seen at the gold electrode for the same change in current density.

Figure 4.33 Bitmap image o f hydrogen bubbles evolved on the vertical platinum electrode 

using 0.1M HCIO4, at a current density o f 16 mA cm'2.

nueleation site

Figure 4.34 Detachment radius for individual hydrogen bubbles growing at sites A-H on the 

platinum electrode. The electrolyte was 0.1M HCIO4. Gas was evolved at 16 mA cm'2.
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The behaviour at sites A, B and C remains consistent, despite a significant change in their 

growth environments. Two new nueleation sites are activated at “satellite” positions around 

sites A and B forming a cluster. Bubbles in the new cluster coalesce to form two medium 

sized bubbles that detach from sites A and B at regular intervals. Site C retains its activity 

where bubbles maintain the “adhere and grow” type mechanism. However, the detachment 

mechanism becomes one of forced detachment due to collision with a rising bubble. Of the 

new sites, E and F are a coalescence pair and similar in behaviour to A and B, whereas 

bubbles at site G display an “adhere and grow” type mechanism, similar to site C. Site H is a 

“bubble pump” and the very regular bubble evolution cycle of bubbles formed at it (in terms 

of detachment size and rate) is characteristic behaviour of this type of site.

nueleation site

Figure 4.35 Bubble residence time for individual hydrogen bubbles growing at sites A-H on the 

platinum electrode. The electrolyte was 0.1M HCIO4. Gas was evolved at 16 mA cm'2.

Figure 4.36 gives the time exponent for growth of bubbles at each site. There are no data for 

sites A and B, because the observable growth at these sites occurred by coalescence and 

scavenging of surrounding bubbles rather than diffusion of gas across the bubble interface, 

resulting in very short residence times. At the remaining sites, the growth mechanism is 

diffusion limited for the more isolated sites (C and G) and approaching direct injection for the 

coalescence pair (E and F). It is apparent that the detachment radius and residence time 

cannot be used in isolation to predict the growth mechanism. However, figures 4.34 and 4.35 

clearly show the parameters grouped into two sets; bubbles growing at sites A, B and H, have 

different characteristics to bubbles growing at sites C, E, F and G.
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nueleation site

Figure 4.36 Time exponent for individual hydrogen bubbles growing at sites A-G on the 

platinum electrode. The electrolyte was 0.1M HCIO4. Gas was evolved at 16 mAcm 2

As seen for the gold electrode, as the current density is increased, the variation in behaviour 

for consecutive bubbles detaching from the same site is less pronounced than the variation 

between different sites. As well as a change in activity at sites A-C, there is a four-fold 

increase in the number of active sites, and many of the new sites are “bubble pumps” or 

clusters of sites producing very small bubbles. The average residence time and average 

detachment size both decrease as the current density increases. Some bubbles are formed at 

the scratches on the surface. The behaviour of the bubbles growing and detaching from this 

area has no marked difference, in terms of detachment size and frequency from any other area 

on the electrode despite the difference in magnitude of the nueleation site. Due to the rapid 

evolution cycle of bubbles formed at all the sites it is difficult to establish whether there is 

consistent activity of an individual site or whether some intermittent deactivation occurs.

4.5.4 Results fo r  a high current density

The activity of hydrogen bubbles at the highest current density (44 mA cm'2) is more complex 

than was seen for lower current densities and significantly different from the behaviour of 

hydrogen bubbles on the gold electrode. Figure 4.37 shows the initial distribution of 

nueleation sites very soon after the application of current to clearly indicate the most active 

sites on the platinum electrode.
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Figure 4.37 Bitmap image o f the vertical platinum electrode showing the position of 

nueleation sites on the surface. The image shows hydrogen bubbles evolved using 0.1M 

HCIO4, at the highest current density used, 44 mA cm 2

The circled areas indicate clusters of “bubble pumps” with high detachment frequencies. The 

figure shows a line of small bubbles at nueleation sites that lie diagonally across the two 

parallel scratches. This line highlights an array of highly active sites, with very short 

induction times. Bubbles have nucleated at these sites in preference to the visible scratches. 

As nueleation sites were distributed randomly across the electrode at the lower current 

densities, the appearance of a line of nueleation sites is an anomaly. Therefore, it is feasible 

that the nueleation sites have been formed by a very fine scratch on the electrode, with a few 

microns diameter not visible at this magnification. The lower activation energy required to 

form bubbles at the smaller scratch indicates that the larger surface feature is not a preferential 

nueleation site and therefore effectively inactive at higher current densities.

Comparison of figure 4.37 with figure 4.28 (showing detached bubbles) highlights the 

difficulty in obtaining data for individual bubbles. Typically, the bubbles stream off the 

electrode in single lines as seen at site H, or in wide bands, shown on the left side of figure 

4.28. The method of detachment is primarily by collision with rising bubbles on the left side 

of the electrode. However, the behaviour at site H remains very consistent, the detachment 

size is very small, and growth of the bubbles occurs after they have detached as they rise up 

the face of the electrode.

There is a cluster of sites around sites A and B, where a complex mechanism of coalescence 

causes the irregular detachment of small bubbles.
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Figure 4.38 Detachment radius for individual hydrogen bubbles growing at sites A-H on the 

platinum electrode. The electrolyte was 0.1M HCIO4. Gas was evolved at 44 mAcm2

1
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Figure 4.39 Bubble residence time for individual hydrogen bubbles growing at sites A-H on the 

platinum electrode. The electrolyte was 0.1M HCIO4 . Gas was evolved at 44 mAcm'2.

The bubbles forming at site G retain the “adhere and grow” type mechanism. The detachment 

mechanism of bubbles at sites C, E and F is due to collision with moving bubbles. The 

activity of bubbles forming at sites A, B and H remains unchanged from that seen at 16 mA 

cm'2: “bubble pump” type activity and other complex growth patterns such as scavenging and 

coalescence of bubble clusters means there are no data for the time exponent for bubbles
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growing at these sites. The data shown are for the sites where growth occurs whilst the 

bubble is attached to the electrode at the nueleation site; it is inconclusive in determining the 

dominant growth mechanism at those sites.

The detachment radii were between 20 and lOOjim, similar values to those recorded at 16 mA 

cm’2. However, the residence times fall between 100 and 700 ms, a sharp decrease from the 

values recorded at the lower current density. The volume of gas leaving the electrode per unit 

time increased significantly, caused by an increased detachment rate for the same size 

distribution. The number of active sites also increased to approximately 65, with the new 

sites forming clusters around existing sites, making it difficult to resolve individual bubbles. 

The new sites (or clusters) were highly active and rapidly produced small bubbles, which 

coalesced several times before detaching, often scavenging surrounding bubbles, and so 

modifying the behaviour of the existing sites significantly. The “bubble pump” sites were 

very stable and any deactivation was temporary, with the normal activity resumed very 

quickly. The number of collisions between stationary and rising bubbles increased, obviously 

a factor in the shorter residence times. In summary, the behaviour of bubbles at the surface 

was separated into two distinct types. Firstly the reproducible and continuous behaviour of 

the bubble pumps at some sites. Secondly, the non-continuous bubble evolution cycle at other 

sites caused by the disruptive effect of collision events on the detachment mechanism.

4.5.5 B u b b le  b ehaviour as a fu n c tio n  o f  cu rren t density

The activity of hydrogen bubble evolution on the platinum electrode is significantly different 

to hydrogen evolution at the gold electrode. The number of nueleation sites differs, as does 

their response to current density. Approximately 16% of the total available sites (defined as 

number activated at the highest current density) were active at the lowest current density, and 

approximately 50% active at the moderate current density. Due to the faster bubble 

detachment rates, the platinum electrode is a more dynamic surface compared to gold in terms 

of the rate of fluctuation of the surface conditions. Bubbles detach at a smaller size, meaning 

at any given time there is a smaller volume of gas bubbles attached to the platinum electrode. 

This is an important indicator of the efficiency of the electrode in terms of bubble evolution 

and will be addressed again in Chapter 5.

Figures 4.40-4.42 show the average detachment radii and residence times of nueleation sites

A-H (as shown in figure 4.28) at the platinum electrode at the three different current densities.
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Comparison can be made between the activity of bubbles at nueleation sites A, B and C at 3 

different current densities. Both parameters show a trend of decreasing magnitude as the 

current density is increased.

1  2.8 mAcm' 
I j 16 mAcm"2 

I  44 mAcm'2

nueleation site

Figure 4.40 Average bubble radius for individual hydrogen bubbles detaching at sites A-H on 

the platinum electrode shown in figure 4.2.8 at different current densities.
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Figure 4.41 Average bubble residence time for individual hydrogen bubbles detaching at sites 

A-H on the platinum electrode shown in figure 4.2.8 at different current densities.

The logarithmic scale used for the residence time in figure 4.41 emphasises that the decrease

in magnitude of this parameter is more significant than the decrease in magnitude of the

average detachment radius. For example, increasing the current density from 2.8 mA cm'2 to
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16 mA cm'2 causes a 2-fold decrease in detachment radius at site C, and a corresponding 20 

fold decrease in residence time.

There are no data for site D at the higher current densities because the site was deactivated.

Sites E-H were inactive at the lowest current density, but the trend in detachment rate
-2described above is evident at these sites as the current is increased from 16 mA cm' to 44 mA 

cm*2. As the current density was increased from 2.8, 16 and 44 mA cm’2, the average bubble 

detachment radii decreased from 143 to 72 to 62 pm and the average residence time decreased 

significantly from 9.6 to 1.0 to 0.3 s.
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Figure 4.42 Average residence time o f bubbles at nueleation sites A-H. The data has been 

corrected for the variation in detachment size by normalising the detachment size to unity.

As described in section 4.3.4, direct comparison cannot be made between residence times at 

different nueleation sites because, assuming a uniform growth rate across the electrode, the 

residence time is dependent on bubble detachment radius. Figure 4.42, showing residence 

times for normalised detachment radii, is equivalent to figure 4.20 for the gold electrode. The 

average residence time is seen to decrease as current density is increased; the extent to which 

this occurs differs between each nueleation site. However, at sites A, B and C, the initial 

decrease from 2.8 mA cm' and 16 mA cm' is much greater than the subsequent decrease 

from 16 mA cm'2 and 44 mA cm'2.
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4.5.6 Conclusions

Several mechanisms for bubble evolution were observed on the platinum electrode, each 

strongly correlated to the nueleation site characteristics from which bubbles were formed. 

The dominance of a particular evolution mechanism, and hence type of nueleation site, shifted 

with the change in current density. This observation highlights the complex relationship 

between nueleation activity and supersaturation at the platinum electrode. The behaviour of 

consecutive bubbles nucleating at individual sites was not always consistent for a given 

current density. An exception was the “bubble pump” sites, whose bubble evolution regimes 

were very stable. The dominant growth mechanism and method of detachment varied both 

between sites and as a function of current density at individual sites. The mechanism at the 

most active sites observed at the lowest current density (A-D) was one in which the bubbles 

nucleated quickly, and in which growth was diffusion limited and occurred whilst the bubble 

was attached to the electrode at the nueleation site; this is termed an “adhere and grow” type 

mechanism.

4.5.6.1 N u e lea tio n

Nueleation at all sites was rapid compared to the residence time. The number of nueleation 

sites on the surface increased gradually as a function of current density, which would suggest 

a wide range of nueleation activities. However, many of the high activity sites that produced 

bubbles at low supersaturation were inactive at the higher current densities. The sites active 

at the higher current densities were predominantly bubble pumps and coalescence pairs, very 

efficient sites, in terms of the higher bubble detachment rates, producing large numbers of 

small bubbles. The position of nueleation sites changed from random isolated sites to clusters 

as the current density increased, leaving significant regions of the surface inactive. The 

visible scratches on the surface were effective nueleation sites at the lowest supersaturation 

but deactivated at higher current densities. The behaviour of the smaller scratches was 

reversed, as they were preferential nueleation sites at higher supersaturation, which suggests 

that the dimensions of a nueleation site are a factor in its activity. Because of the small 

average detachment size, bubbles covered only a small percentage of the surface. This 

phenomenon of small bubbles detaching from bubble clusters was a defining feature of the 

platinum electrode. In contrast, the gold electrode produced larger bubbles from nueleation 

sites distributed randomly across the electrode surface.
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4.S.6.2 Growth and detachment

The growth environment of bubbles in terms of the number of close neighbours changed 

markedly due to the formation of clusters. This modification to existing sites, as the energy 

input increased, increased the efficiency of the detachment mechanism at some sites and 

caused others to be deactivated. There was some evidence of a “switching” mechanism on 

the surface, where a certain type of nueleation sites was activated or “switched on” once a 

threshold in the supersaturation had been surpassed. The behaviour at nueleation site H is 

typical of this mechanism. The area of the electrode where site H is situated was inactive at 

the lowest current density. The site “switched on”, evolving bubbles in a rapid bubble pump 

type mechanism, as the current density increased and its activity then remained constant, 

independent of further increases in current density.

Due to the high number of “bubble pump” sites on the surface whose detachment rate and size 

were beyond the resolution of the recording equipment in terms of the frame capture rate and 

magnification, it was difficult to collect data for the time exponent variable and analyse the 

growth mechanism. Typically nueleation sites displayed the “adhere and grow” type 

mechanism at the lowest current density (for example sites A-D) where the growth was 

diffusion-controlled. Sites E and F, that were only activated at higher current densities, grew 

in very close proximity to each other as a “coalescence pair”, where the growth mechanism 

was observed as approximating the direct injection mechanism. Generally, the time exponent 

was not useful as a diagnostic variable under the experimental conditions used to measure the 

formation of hydrogen bubbles at the platinum surface.

Several detachment mechanisms were observed and the dependence of each on the current 

density varied. The number of collision events resulting in the forced detachment of a 

stationary bubble increased as the number of rising bubbles increased, so the dominance of 

this detachment mechanism increased with current density. Detachment occurred by either the 

coalescence of two close neighbouring bubbles (as for sites A and B), buoyancy forces 

overcoming surface tension (seen at site C), or by collision between stationary and rising 

bubbles (as seen for site D). The decrease in detachment size is less significant for bubbles 

growing at nueleation sites where the detachment mechanism is by coalescence with a close 

neighbour (as seen for sites E and F) or from a “bubble pump” (as seen for site H).

Summarising these factors, a “two-site” model may be appropriate for describing the activity 

at the surface. In this model the active nueleation sites, dominant at lower current densities,
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are predominantly of the “adhere and grow” type, with the activity switching to 

predominantly “bubble pump” type sites with faster evolution kinetics at higher current 

densities. This effect, produced by two broadly different types of nueleation site, can be 

observed using other techniques and will be discussed in more depth in chapter 6.

4.6 Chlorine evolution on RTO

The electrode comprised a polished quartz electrode substrate coated with gold and further 

coated with a thin layer of RTO, according to the method described in section 3.2.3 (which 

approximates the manufacturing process used industrially). During the preparation of the 

RTO surface, the electrode is fired at a high temperature, causing the surface to crack, 

forming deep narrow fissures. This causes the number of surface features on the RTO 

electrode to be greatly enhanced compared to the platinum or gold electrodes, as shown in 

figure 3.6. Analogous to the platinum/hydrogen system, the RTO surface is highly 

electrocatalytic for chlorine evolution, and there is extensive adsorption of chlorine at the 

surface although this is not discussed at a molecular level here.

4.6.1 D istrib u tio n  o f  n u e le a tio n  site s

The electrode was placed in a vertical orientation and chlorine bubbles were evolved from 

acidified 5M NaCl, which is a comparable composition to the electrolyte used in chlor-alkali 

cells. Figure 4.44 shows four frames of an RTO electrode captured during a cyclic 

voltammetry experiment. Chlorine bubbles were generated by cycling the electrode potential 

between 0 and 1.6 V vs. SCE, at 20 mV s'1. The measured current density was 57 mA cm'2, 

60 mA cm'2, 88 5 mA cm'2 and 179 mA cm'2 (frames 1 to 4). The magnification was 121.4 

pixels/mm; assuming a resolution of ± one pixel, the smallest determined radius of a chlorine 

bubble evolved at the electrode was 4.1 pm. Bubble radii on the surface were in the range of

4.1 pm to 270 pm, although the majority were less than 60 pm. There is very high surface 

area coverage by bubbles, masking a large percentage of the electrode. There is a marked 

absence of “bubble pump” type evolution, as the majority of bubbles shown in figure 4.44 

adhered to the electrode.
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Figure 4.44 Chlorine bubbles evolved from acidified 5MNaCl on a RTO electrode. Each 

frame shows bubbles evolved at different current densities, increasing from 57 mA cm 2 to 179

mA cm'2 in frames 1 to 4.

Figure 4.44 shows that the nueleation sites on the RTO electrode are relatively evenly 

distributed, which contrasts with the gold and especially platinum electrodes at which the 

nueleation sites formed in clusters. The conditions of supersaturation are different during 

cyclic voltammetry. Therefore, in order to correlate the behaviour of chlorine bubbles with 

the behaviour of hydrogen bubbles on the gold and platinum surfaces, individual chlorine 

bubbles were studied under conditions of constant current. Hence the effect of the electrode 

composition on the bubble evolution process was compared for equivalent operating 

conditions.

4.6.2 Chlorine evolution as a function o f current density

Due to the high level of bubble activity at the surface and the poor resolution of individual 

bubble radii in figure 4.44, chlorine bubbles were evolved at lower current densities to allow 

resolution of individual events. The magnification was increased to 171.2 pixels/mm, 

enabling approximately 40% of the electrode surface to be studied during one experiment.
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Assuming a resolution of ± one pixel, the smallest determined radius of a chlorine bubble 

evolved at the electrode was 2.9 pm.

Data were collected for a 9.8 mm2 section of the RTO electrode. This was assumed a 

representative sample of the surface due to the even distribution of nueleation sites. Figure 

4.45 shows the distribution of bubbles growing on one section of the electrode at different 

current densities. All the bubbles shown are stationary, with the exception of the blurred 

bubbles in frame 4 indicating rising bubbles. Not all of the stationary bubbles indicate 

nueleation sites as would be expected, this phenomenon is explained in section 4.5.3.

1000 pm

Figure 4.45 Chlorine bubbles growing on the RTO electrode at the four different current 

densities, 18, 22.4, 32 and 56 mA cm'2 in frames 1 to 4 respectively. The electrolyte was

acidified 5MNaCl

The studies for hydrogen evolution at both the gold and platinum electrodes focused on the 

behaviour of bubbles evolving at individual sites as a function of current density. Wherever 

possible the same methodology was applied to the study of chlorine bubbles evolving at RTO. 

However, at the lowest threshold required for bubble nueleation, approximately 18 mA cm*2, 

there was very limited activity on the electrode, with eight bubble growth sites active in the 

selected area, only one of which (shown circled in figure 4.45) was consistently active as the 

current density was increased. This behaviour was typical of other sites across the surface 

and consequently it was not possible to monitor the same individual nueleation sites as a
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function of current density. The results presented in these sections provide a qualitative 

description of events at the electrode, summarising the data collected for all the active sites. 

Individual bubble events are used to provide examples but are not the focus of the study, as 

was the case for the hydrogen/gold and hydrogen/platinum systems.

Bubble behaviour was monitored over a range of current density values, four of which (18, 

22.4, 32 and 56 mA cm'2) were chosen to highlight the different modes of behaviour of 

individual bubbles. A current density of 56 mA cm'2 was chosen as the upper limit because as 

it was increased above this value, the coverage of the electrode with bubbles increased to such 

an extent as to make the identification of individual nueleation sites difficult.

4.6.3 N u elea tio n

The evolution of chlorine bubbles on the RTO surface is a very dynamic phenomenon caused 

by the random activity of nueleation sites. At the lowest current density required to produce 

bubbles, very few sites are active but this number increases gradually with current density as 

shown in table 4.3. However, due to the random behaviour of these sites, they are not all 

simultaneously active and this suggests there is a large distribution of nueleation site 

activities. The same regions of the electrode remain active and produce bubbles, but not 

necessarily consecutively from the same point on the surface. For example, as the current 

density is changed, the point of nueleation can move up to 100 pm from the original site. As 

the current density is increased beyond the range quoted above, the number of nueleation sites 

continues to increase, and the activity becomes increasingly random, with individual sites 

being deactivated and reactivated throughout the course of one experiment. The four frames 

in figure 4.44 show how the number of bubbles on the electrode increases rapidly with 

increasing supersaturation. At the lower values of current density, the even distribution of the 

sites meant many are isolated and bubble pairs only form at the higher values of current 

density, upwards from 32 mA cm' . There are no “bubble pump” type of nueleation sites 

observed at any value of current density.

The very large number of active nueleation sites with a range of activities, is feasible due to 

the irregular surface morphology of the RTO electrode. Preferential nueleation occurs on a 

small number of sites at very low current densities, but the behaviour changes at higher 

current densities, upon which active nueleation sites cover the entire electrode and nueleation 

can occur at any point on the surface, making the concept of specific nueleation sites
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meaningless. This is very different to the two-site model proposed for a platinum electrode, 

where a fixed number of active sites were present at lower current densities and the lower 

activity sites were switched on as the current density reached the required value. The RTO 

surface produces a multi-site model where the nueleation sites are more sensitive to changes 

in current density and individual sites are gradually activated as the current density increases. 

A much higher current density is required to activate all the sites. This is possibly due to long 

induction times and suggests nueleation is the rate-limiting step. The nueleation rate of the 

low activity sites was higher than for the high activity sites.

4.6.4 Growth and Detachment

The time exponent was measured for individual bubbles at sites distributed across the 

electrode, and the values varied between values of 0.5 and 0.33, the thresholds expected for 

diffusion limited and direct injection growth mechanisms. These were the only mechanisms 

available for bubble growth as there were no occurrences of growth by a scavenging 

mechanism. The average values of the time exponent for two nueleation sites at which 

consecutive bubbles formed regularly at all values of current density are shown in figure 4.46 

below. The figure shows there is no significant trend at either site A or B as the current 

density is increased, and neither the direct injection mechanism or diffusion limited growth is 

the dominant mechanism as the value of the time exponent is intermediate between the two 

threshold values of 0.33 and 0.5.
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Figure 4.46 Average values o f the growth time exponent for chlorine bubbles evolved from 

two consistently active nueleation sites on the RTO electrode at different current densities
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Due to the absence of “bubble pump” type nueleation sites, the majority of growth occurred 

whilst bubbles were attached to the electrode. However, for many bubbles the growth site 

was in a different location to the point where nueleation occurred. This occurred by a process 

where bubbles detached and started to rise up the face of the electrode before re-adhering to 

the surface to continue growth. The extent to which this occurred at different current 

densities on the selected 9 mm2 area of the RTO electrode, including the number of nueleation 

sites is given in table 4.3 and figure 4.47.

Current density 
mA cm'2

Number of 
active 

nueleation 
sites

Number of rising bubbles per minute
Passing across the 
face of the electrode

Adhering to 
the electrode

Colliding with 
stationary bubbles

18.0 8 7 2 3
22.4 10 37 6 12
32.0 18 130 4 32
56.0 25 450 12 138

Table 4.3 Data for nueleation site activity for chlorine bubble evolution with varying current 

density for the 9 mm2 section o f  the RTO electrode shown in figure 4.45.

In figure 4.47 it can be seen that the number of bubbles generated at the electrode, i.e. the 

overall bubble detachment rate, increases as the current density increases. Assuming the 

increase in the number of nueleation sites is reflected over the whole of the electrode surface, 

it is evident that the nueleation rate of the lower activity sites is greater than that of the high 

activity sites, active at the lower current densities. A three-fold increase in the number of 

nueleation sites on the surface causes a 64-fold increase in the number of bubbles rising up 

the face of the electrode. This is evident in figure 4.47 from the use of a log scale, where each 

column represents the total number of bubble events (rather than individual events as used in 

earlier figures).

The average detachment size and residence time are given in figure 4.48. The sample 

includes all bubbles nucleating on the selected sample of the RTO electrode and the passing 

bubbles that re-adhered to the electrode before detaching. The range of these values was 

small compared to the corresponding values measured at the gold and platinum electrodes. 

The figure shows a trend towards an increase in detachment rate due to the shorter average 

residence time and smaller average detachment radius. The exception is the larger average
0  ' O  ' '

detachment radius at 32 mA c m ' , compared to the value at 22.4 mA cm' . As shown in frame
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3 in figure 4.45 this can be attributed to the presence on the electrode of a small number of 

sites producing large bubbles.
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Figure 4.47 Data for nueleation site activity for chlorine bubble evolution with varying 

current density for the 9 mm2 section o f the RTO electrode shown in figure 4.45.
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Figure 4.48 Data for the average detachment radius and residence time for chlorine bubbles 

with varying current density for the 9 mm2  section o f the RTO electrode shown in figure 4.45. 

Three different bubble detachment mechanisms were observed on the electrode: detachment
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by the domination of buoyancy forces over surface tension, detachment due to collision of 

passing bubbles with stationary ones, and coalescence of two neighbouring bubbles. In terms 

of significance, the latter mechanism was the most infrequent. As shown in figure 4.47, the 

probability of the collision mechanism increased rapidly with increasing current density. 

This, together will the ability of a bubble to detach under its own buoyancy meant the 

conditions for coalescence were rarely met, i.e. bubbles detached before growing to a size 

where they encroached upon neighbouring sites.

Figure 4.49 shows the processes occurring during a collision event. Frame 1 shows the 

detachment of the circled bubble, which rises to collide with the bubble above it in frame 2, 

they remain in contact as the first bubble moves round in the direction given by the arrow in 

frame 3. Detachment occurs in frame 4 followed by coalescence in frame 5. The whole 

process from initial contact to coalescence takes 90 ps. Frame 6 shows the formation of 

another bubble at the circled nueleation site. Commonly, collisions caused a “billiard ball” 

type event, where a rising bubble displaced a stationary bubble from its growth site. Both 

bubbles continued to rise separately without coalescing.

Figure 4.49 Coalescence o f two chlorine bubbles on the RTO electrode at a current density o f

18 mA cm'2.

1000 pm
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4.6.5 Chlorine evolution on RTO; conclusions

The most significant observation of the behaviour of chlorine bubbles on the RTO electrode is 

in the nueleation activity and detachment mechanism. At the lowest current density, there 

was a significant resistance to nueleation with only a small number of sites possessing the 

required energy to overcome the barrier to nueleation. This is significant in light of the large 

number of sites that subsequently became active at higher current densities. There was very 

little continuity of nueleation sites, and bubbles showed little preference for specific sites at 

the higher current densities, suggesting that the levels of supersaturation were high enough for 

nueleation to occur at any point on the electrode. This is consistent with the fact that that the 

RTO surface has been developed to optimise the electrocatalytic activity across the surface.

At high levels of supersaturation, a high percentage of the electrode was masked from the 

electrolyte by bubbles resident on the electrode, as the number of nueleation sites increased. 

The new sites were more highly active and detachment was further facilitated. These factors 

suggest that there was a low three phase contact angle and low surface tension. The 

mechanism of rising bubbles becoming re-adhered to the electrode suggests an electrostatic 

interaction between the bubble and the electrode. This is a plausible explanation for the 

resistance to coalescence due to the rigid surface of the charged bubbles.

4.7 Conclusions: Bubble evolution at different electrode surfaces

The object of the study was to characterise the behaviour of hydrogen evolution at gold and 

platinum electrodes deemed to have different electrocatalytic properties, and apply the 

observations to the interpretation of bubble formation at an RTO electrode in order to 

characterise the RTO electrode in terms of its ability to evolve bubbles.

4.7.1 Nueleation

The study of individual bubbles at the gold electrode was successful. Consecutive events 

could be monitored and showed that nueleation was preferential at specific sites. The 

population density of nueleation sites differed between electrodes. The number of sites active 

at the lowest threshold of supersaturation required to form bubbles provides an insight into the 

distribution of nueleation site energetics on the surface. It has been shown, using the platinum
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electrode as an example, that a suitable nueleation site can be of any dimension over at least 

one order of magnitude, from sub-micron to several microns diameter.

The surface roughness increased for the samples used here, from gold to platinum to RTO, 

therefore it is plausible that the gold electrode would provide the highest barrier to nueleation 

with only a small number of sites attaining the suitable energetics to evolve bubbles at very 

low supersaturation. In fact it was impossible to activate an individual nueleation site on the 

gold electrode. As soon as the supersaturation threshold had been attained for one site, 

several others were activated, and subsequent nueleation was rapid. This behaviour was less 

evident on the platinum and RTO electrodes, where the surface roughness and therefore 

number of potential nueleation sites was greater. It can be concluded that all the surfaces 

displayed a range of nueleation activities, with the widest range on the RTO electrode and the 

narrowest range on the platinum electrode. It should be noted that porous electrodes are only 

effective if all the pores are flooded. This may also have been a factor in the wider 

distribution of nueleation sites on the RTO electrode as the current density was increased. 

The relative distribution of gas and electrolyte in the surface features of the RTO electrode is 

explored in chapter 5.

There were two distinct types of nueleation sites on the platinum electrode and nueleation was 

rapid at both; at lower supersaturations the behaviour was similar to that on the gold 

electrode, and at higher supersaturations the mechanism switched to predominantly “bubble 

pump” type evolution. Nueleation was rapid under all conditions, and the continuity of site 

activity meant that larger areas of the electrode were free from bubbles. As only a small 

percentage of the surface was covered by bubbles, it is possible there were large variations in 

the local supersaturation across the surface, although it is inconclusive whether these 

variations cause the formations of clusters or vice versa.

The nueleation activity at the RTO electrode was different from that observed at the gold and 

platinum electrodes. The presence of specific nueleation sites (where preferential bubble 

evolution occurred over a range of activities) was less evident. Nueleation was slow 

compared to detachment at most sites, and it was observed that individual sites were not 

sufficient to overcome the barrier to nueleation for consecutive bubbles, making their 

behaviour unstable. Assuming nueleation is the rate-limiting step, the fluctuation in local 

supersaturation has a more significant effect, causing the instability in individual site activity. 

Bubbles formed at many different sites distributed evenly across the surface, which led to a
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high coverage of bubbles and enhanced the mixing of the electrolyte in the region of the 

electrode.

4.7.2 Growth

The growth mechanism of individual bubbles can be measured by evaluating the time 

exponent of growth. Conditions on the electrode were investigated where a direct injection 

growth mechanism would be feasible. This occurs where the concentration of dissolved gas 

in the electrolyte is depleted, preventing diffusion-controlled growth. The time exponent was 

measured for hydrogen bubbles growing on the gold electrode. However problems were 

encountered in the application of this method to the other electrodes. The rapid detachment 

frequencies of the bubble pump sites and scavenging growth mechanisms on the platinum 

electrode meant that virtually no growth occurred whilst the bubble was attached to the 

electrode and therefore the time exponent could not be measured. On the RTO electrode there 

was no consistent behaviour of bubbles at individual sites, therefore the surface properties 

were in constant change, and a value of time exponent measured for a single bubble could not 

be correlated to a specific growth environment.

The growth mechanism for hydrogen bubbles on the gold electrode was found to be 

independent of the bubble’s growth environment in terms of its number of close neighbouring 

bubbles, which made it difficult to identify circumstances where the "direct injection" could 

occur. The variation in growth mechanism highlighted the variation in local supersaturation 

levels across the electrode surface and it can be concluded that the growth mechanism cannot 

be predicted simply from the control of macroscopic properties such as the current density or 

the position of a bubble on the surface.

4.7.3 Detachment

For the gold and platinum electrodes a large range of detachment sizes and detachment rates 

were observed for individual nueleation sites. A much smaller range was observed on the 

RTO electrode, where a larger number of nueleation sites were active. The detachment 

mechanism differed greatly. It was predominantly due to coalescence on the gold and 

platinum electrodes, where the distance of closest neighbour determines detachment size. On 

RTO electrodes, detachment was due to either collision or buoyancy. Detachment of 

individual bubbles from RTO was facilitated compared to the gold and platinum electrodes.
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This, combined with the inhibition of nueleation, suggests that the three phase contact angle 

was much smaller for the chlorine/RTO system.

The gold and platinum electrodes displayed different characteristics in terms of nueleation, 

growth and detachment behaviour, caused by a combination of differences in electrocatalytic 

activity and surface morphology. The defining features of bubble evolution on the RTO 

surface can be summarised by a large number of single detachment events, replenishing the 

solution quickly and therefore enhancing mass transport. Despite the inhibition of nueleation, 

the volume of the gas masking the electrode at any given time was high. The population of 

nueleation sites per unit area was much higher than observed for platinum and gold, and the 

wide range of nueleation site activities meant that there were no areas of the electrode devoid 

of nueleation sites. The degree of surface coverage of bubbles is an important parameter in 

the performance of an industrial RTO electrode during chlorine manufacture. A large number 

of bubbles resident on the surface inhibit further oxidation of chloride ions. It is interesting to 

note that the electrocatalytic optimisation of the RTO electrode promotes nueleation but not 

detachment.

4.8 Future work

This chapter has described a preliminary study to test the FFV methodology for a 

macroscopic electrode. Studying individual bubbles provides a useful insight into the effect 

of different surface properties, such as surface roughness and chemical composition, on the 

overall bubble evolution mechanism. The nueleation activity, number, and position of 

nueleation sites on the surface determined the overall mechanism. Future work in this area 

would need to address the random behaviour of nueleation sites. Specifically, it would be 

interesting to establish the physical characteristics and dimensions of a “bubble pump” 

nueleation site, and the conditions that cause the formation of a ’’coalescence pair’’, as these 

type of sites are very efficient at removing bubbles from the electrode.

A possible, but ambitious technique to achieve, is the preparation of a single crystal gold 

electrode on which a single nueleation site or array of sites could be etched. This technique 

could be used to identify the geometry or conditions required to produce a bubble pump, or to 

measure the effect of current density on an isolated site. The effect of nearest neighbours 

could be determined by systematically changing the distance between neighbouring sites in
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the array. It is impossible to create optically flat RTO, but the size of the ”mud flats” 

comprising the surface structure could be modified to determine if they directly influence the 

number of active nueleation sites. The electrostatic interaction between chlorine bubbles and 

the RTO electrode was an important process in the overall evolution mechanism. Its 

significance could be determined thorough the evolution of different gases at an RTO 

electrode.
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CHAPTER 5 EOCM AND FFT ANALYSIS

5.1 Introduction

This Chapter describes the development of the experimental and theoretical aspects of 

electrochemical quartz crystal microbalance (EQCM) analysis of bubble evolution. The use 

of Fourier analysis of EQCM data is a novel approach to the measurement of bubble 

evolution kinetics. Previous work in the area has been on a preliminary basis. The first 

report of the use of the EQCM technique for the detection of gas bubble evolution was for H2 

evolution from aqueous acid at a gold electrode [1]. This was extended to the process of 

chlorine evolution at platinum [2]. In both studies the focus was not the effect of individual 

bubble events, but the overall trends in the EQCM frequency response as gas was evolved at 

the electrode. The technique was further developed by the use of Fourier analysis of the 

EQCM frequency response for hydrogen evolution at a nickel electrode [3]. This was a 

preliminary study based on a method that had previously been used for the analysis of 

fluctuations in electrode potential caused by hydrogen evolution at a corroding iron electrode 

[4]. It established the validity of the Fourier analysis for the interpretation of the complex 

fluctuations in mass caused by bubble evolution.

The results presented in this chapter are a representative sample of the extensive 

development work carried out in order to refine the FFT analysis technique. For clarity and 

comprehensiveness, some of the preliminary work will be included as examples to illustrate 

the methodology. Subsequently the application of the technique to bubble evolution kinetics 

for gas evolved at three different electrode surfaces is described. The systems of interest are 

hydrogen evolution from perchloric acid at gold and platinum electrodes, and chlorine 

evolution from aqueous sodium chloride at a platinum electrode coated with an electroactive 

layer of mixed ruthenium and titanium oxides. The platinum and so-called unpolished gold 

electrodes have a 5 pm finish and the polished gold electrodes have a 1 pm finish. The RTO 

electrode is fabricated from a crystal with a 5 pm finish; however, the surface is covered 

with deep cracks. The experimental design is as described in chapter 3, section 3.2.

Bubbles were evolved from two aqueous electrolytes in a standard three-electrode cell

configuration; the counter electrode was platinum gauze and the reference electrode was a

saturated calomel electrode (SCE). All values of electrode potential, E, quoted in this
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chapter are referenced to an SCE. ln-situ EQCM frequency measurements were recorded for 

bubbles evolved at each electrode with the quartz crystal mounted in various orientations. 

The frequency measurements were correlated with visual observations of the surface, in 

which bubble numbers and sizes were estimated.

5.1.1 Principle o f EQCMfrequency response analysis

The EQCM enables the simultaneous measurement of two parameters, resonant frequency 

and current. As described in section 2.2, changes in density or viscosity occurring within a 

300 nm thick modulation layer adjacent to the electrode cause a change, denoted (A/), in the 

resonant oscillation frequency (/o) of the 10 MHz quartz crystal, onto which the electrode 

was coated. The formation of a gas bubble causes a displacement of the denser electrolyte, 

effectively reducing the mass of the electrolyte coupled to the quartz crystal electrode as 

explained in section 2.3. The oscillation frequency increases, producing a positive value of 

A f i.e. the less heavily loaded crystal oscillates at a higher frequency. Upon the detachment 

of a bubble, the denser electrolyte immediately displaces the gas bubble causing an 

immediate decrease in the resonant frequency.

The parameter referred to as coupled mass is actually the areal density of the electrolyte in 

the immediate vicinity of the electrode. For density changes that occur uniformly across the 

surface, changes in frequency on a scale of several Hz can be expressed as a “mass” change 

in nanograms according to equation 2.56. The parameter A f  cannot be transformed into an 

absolute value of coupled mass although it is convenient to visualise the changes in density 

occurring extensively over the electrode during bubble evolution as mass changes (Am). By 

convention, changes in the oscillation frequency of the quartz crystal occurring due to bubble 

formation are commonly expressed in Hz and this nomenclature has been adopted. The two 

terms, frequency and coupled mass, are used interchangeably throughout this chapter (on the 

understanding of the relationship described above). The coupled mass changes that occur at 

the electrode because of bubble formation in the modulation layer are analogous to the 

fluctuations in voltage or current that one would expect from the presence of an insulating 

sphere placed on the electrode [5,6].

139 5-EQCM



5.2 Objectives

As described above, previous analysis of the EQCM response produced during bubble 

evolution was preliminary and qualitative, this is especially true of the use of Fourier 

transformation. Although FFT spectra have been presented for hydrogen bubble evolution, 

no attempt was made to identify the bubble evolution mechanism. By applying the methods 

of data analysis described in chapters 2 and 3, the EQCM is now used to show that the 

orientation of the electrode and surface characteristics (such as roughness) determine the 

behaviour of bubbles formed at the electrode surface during electrochemical gas evolution. 

Bubble behaviour changes as a function of the supersaturation. Therefore the aim is to 

identify and categorize features of an EQCM frequency response measured during bubble 

evolution at different current densities.

As described in chapter 2, section 2.3.2, Fourier analysis provides the frequency at which 

features in the EQCM coupled mass response occur, by converting the data from the time 

domain to the frequency domain, ultimately leading to a mechanism for bubble evolution. 

The aim is to apply the FFT technique to systems in which the bubble behaviour is far too 

complex to be analysed using direct visual observation. Also, Fourier transformation is used 

as a diagnostic tool to identify the bubble evolution mechanism as a function of both current 

density and electrode surface properties. Under no experimental conditions could the number 

of active nucleation sites on the electrode be controlled or limited; the results presented in 

this chapter represent a wide range of activities recorded using the EQCM. However, the 

visual observations made during ECQM experiments were consistent with observations 

recorded using the FFV technique presented in Chapter 4.

Electrocatalysts provide a low energy pathway for the gas evolution reaction, and their

electrocatalytic activity is determined by both their morphology and their electrochemical

properties. For example, both the chlorine evolution reaction and the hydrogen evolution

reaction occur via the formation of an adsorbed intermediate. Although this leads to bubble

nucleation, little is known about the correlation between the two processes. A major

economic concern is that bubbles adhered to an electrode block that site to further

electrochemical reaction. The degree to which this problem occurs is dependent on the local

composition of the electrode i.e. the surface tension that affects the contact angle between the

bubble and the electrode. If the surface tension is high, due to adsorbed impurities, then
140 5-EQCM



bubble detachment is inhibited. The microscopic structure of the electrode determines the 

nucleation activity. Some surface structures provide sites where nucleation is facilitated or at 

which the nucleation step is even by-passed. The distribution of nucleation sites across the 

surface is closely related to the level of local supersaturation, i.e. small clusters of isolated 

bubbles may give rise to large fluctuations in current density across the surface. In 

summary, a catalytic surface (in terms of bubble evolution) is one where bubbles are 

nucleated at a large number of distributed evenly sites across the electrode. Growth is rapid 

and bubbles detach at a small uniform size without significant coalescence occurring whilst 

the bubbles are attached to the surface.

It is an issue of major industrial relevance to identify surface properties that catalyse bubble 

activity. The global aim is the development of electrocatalytic materials that simultaneously 

improve the efficiency of the bubble evolution mechanism. It is the intention to demonstrate 

that the EQCM is a technique capable of providing detailed information relating to specific 

bubble activity at an electrode. Also, it will be shown that the surface of a quartz crystal 

electrode can be modified sufficiently to replicate the surface properties of an industrially 

relevant electrode surface such as RTO. Finally, it will be demonstrated that FFT analysis of 

EQCM data enables the technique to be applied to complex bubble behaviour and may be 

extended to the analysis of bubbles generated under conditions comparable to those of an 

industrial chlor-alkali cell.

5.3 EQCM Data Analysis

Each of the parameters (current, potential and frequency) is recorded as a voltage in the form 

of an ASCII file. The EQCM signal is recorded as a voltage and converted back to a 

frequency value, using calibration constants. The resonant frequency of the crystal (f0) is not 

measured directly, but relative to a reference crystal whose resonant frequency (frej) is 

constant throughout the experiment. For convenience, the reference crystal is chosen so that 

its frequency is a few kHz higher than the working crystal. f exp is the measured frequency 

difference expressed as

fe x p  =  f r e f  ~  f o  ( 5 - 1 )
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This method allows for greater sensitivity in recording the changes in resonant frequency 

that occur in the working crystal, because changes in f 0 in the region of a few Hz are 

measured at a frequency value (fexp) of several kHz magnitude, instead of 10 MHz. 

According to equation 5.1, an increase in f 0, (caused by a decrease in coupled mass) 

decreases the value of f exp causing a negative value of Afexp (and vice versa). During 

experiments t h e ^  output is offset to zero, prior to gas evolution, therefore values of Afexp = - 

A/0.

5.3.1 S u rface  S tructure

The macroscopic structure of the electrode, as defined by the surface roughness and the 

morphology of the surface features, influences the bubbles nucleating on the surface. SEM 

analysis can provide an image of the geometric features but, as an ex-situ technique, it is 

unsuitable for determining the surface tension (or wetting properties) of the electrode, 

specifically the extent to which any pores or cracks in the surface are flooded by the 

electrolyte. Exposing one face of a quartz crystal to a liquid decreases its resonant frequency 

and dampens the oscillation as explained in section 2.2.5. The extent to which this occurs 

depends on the real surface area exposed to the liquid, a property that can be determined by 

comparing the resonant frequency of the crystal when exposed to air, with the frequency 

when one side is immersed in an aqueous electrolyte. This is the basis of a very simple 

technique to establish the real surface area of an electrode by measuring the effect on the 

resonant frequency of exposing one side of the electrode to a solution [7]. For optically flat 

10 MHz quartz crystal electrodes of 13 mm diameter and 0.2 mm thickness, the difference 

between the resonant frequency in air and in water (Afliqlayer) is 7 kHz at 25°C and is given by

4 / 5* layer fexp^Iiq) fexp(air) *^)

f eXp(iiq) and fexp(air) are the two corresponding values of f exp measured whilst the crystal is 

exposed to a solution and air. Comparing the value Afliq layer for electrodes of the same 

diameter provides insight into the real surface area of each surface. Therefore, Af,iq layer is a 

measure of the surface roughness.
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5.3.2 Model o f coupled mass response due to bubble evolution

As described in section 2.3 of chapter 2, a simple model of the feature produced in the 

EQCM coupled mass response by the formation of a single bubble on the electrode surface, 

is a sawtooth wave. In this section, that simple model is expanded upon to show the 

expected shape of the coupled mass response for more complex bubble behaviour, where 

individual and multiple nucleation sites are active, producing a variety of bubble evolution 

regimes. Bubbles will form at a site where there is the lowest energy barrier to nucleation. 

This is expected to be in a cavity. However, the presence of impurities adsorbed at a site on 

the electrode could be preferential for nucleation. Figure 5.1 shows three different models of 

the EQCM frequency response for individual bubbles at a single nucleation site at which 

nucleation, detachment and growth, respectively, are the rate limiting processes.

Considering the cycle of bubble evolution from a single nucleation site on the electrode, the 

expected coupled mass signal can be modelled using a periodic waveform. Assuming the 

size of the mass jump due to nucleation to be small compared to that caused by detachment, 

then the mass changes can be predicted with a simple sawtooth wave. Where the energy 

barrier to nucleation is high, due to either the structure of the site (see section 1.4.3) or a low 

contact angle due to high wetting by the solution, it is unlikely that this type of site will show 

constant activity, i.e. there is a significant induction period between the detachment of one 

bubble and the nucleation of the next, and nucleation is expected to be the rate-limiting step 

in the overall bubble evolution mechanism. However, detachment is expected to be rapid 

therefore the bubble residence time is short, as shown in model A. Model B of figure 5.1 

relates to bubbles evolving at a site where nucleation kinetics are rapid, therefore the 

induction time is very short. The frequency of detachment is a function of the ease of which 

a bubble detaches from the surface, a process that is inhibited at hydrophobic surfaces. 

Where nucleation or detachment is facilitated, a third factor, the growth rate determines the 

detachment rate of bubbles, i.e. a slow growth rate decreases the detachment rate as shown 

by model C. From previous accounts, the expected magnitude of the coupled mass increase 

for the detachment of a single bubble is between 2 and 10 Hz [8].
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I III IV

time

Figure 5.1 Models o f  EQCM coupled mass response where the rate-limiting process is either 

nucleation (A), detachment (B), or nucleation and detachment are rapid but growth is slow 

(C). Point I  indicates nucleation, the region shown by 11 shows growth, detachment occurs 

at point III and the region between III and IV  shown in model (A) is the induction time,

which is negligible in models (B) and (C).

It was shown in chapter 4 that the simple model of the bubble evolution regime was not valid 

at vertical electrodes, where there is concurrent nucleation site activity causing interaction 

and coalescence between bubbles at neighbouring nucleation sites.

IV

time

Figure 5.2 Model o f  EQCM coupled mass response for coalescence o f two bubbles where

detachment is rate limiting. Points I  and III indicate individual nucleation events for two

bubbles, the region II shows growth The two bubbles coalesce at point IV, and

detachment o f  the new larger bubble occurs at point V.
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Figure 5.2 depicts the coupled mass transient expected for a coalescence event. For 

horizontal electrodes, detachment does not always immediately follow coalescence; this 

complicates the expected coupled mass response. The model in figure 5.2 is no longer a 

simple sawtooth wave and the detachment rate as identified by the discontinuity in the saw 

tooth wave is ambiguous because the point of nucleation is not easily identified.

5.3.3 D a ta  ana lysis in  th e  tim e  dom ain

Three electrochemical methods were used were used to generate hydrogen gas bubbles at 

gold and platinum electrodes and chlorine at RTO electrodes; cyclic voltammetry, 

chronoamperometry and chronopotentiometry. The region of electrode potential where gas 

evolution occurs can be identified using cyclic voltammetry. Bubbles are evolved under 

conditions of steadily increasing current, therefore, the bubble activity changes over the 

course of one scan. Thus little information can be gained by studying the individual 

detachment events. However, by measuring the overall coupled mass changes and 

comparing the electrode prior to nucleation and once gas bubbles have been evolved, it is 

possible to establish the degree to which bubbles remain resident on each electrode. This is 

an important parameter through which the overall detachment kinetics for different surfaces 

can be compared.

The chronoamperometric and chronopotentiometric techniques allow an in-depth analysis of 

individual bubble events, by measuring the magnitude and frequency of bubble activity as a 

function of supersaturation. Several features of the coupled mass response can be identified. 

Firstly, the slope of the coupled mass response at short times provides information on the 

number of bubbles formed and hence the number of active nucleation sites. If there is a long 

induction time, caused by slow nucleation or very few active nucleation sites, there will be a 

small number of bubbles on the electrode. This is represented by a shallow coupled mass 

gradient (dA/7d/). At longer times, the slope of the coupled mass response provides 

information on the growth and detachment rate of bubbles at the surface. If detachment is 

the rate-limiting step then the gradient will be steep, as bubbles that are resident on the 

electrode continue to grow. However, if detachment is rapid then the gradient is shallow, as 

bubbles detach before significant growth takes place.
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Secondly, the size and frequency of the discontinuities in the coupled mass response provide 

information on the activity of the surface in terms of a bubble’s ability to detach from it. An 

active surface is one from which bubbles detach rapidly at a small size. Contrastingly, at an 

inactive surface, bubbles grow to a larger size and detach infrequently. Coalescence not 

followed immediately by detachment is the limiting case of this type of behaviour. 

Nucleation is favoured over detachment, neighbouring bubbles coalesce, and continue to 

grow therefore increasing the volume of gas resident on the electrode. The size distribution 

of the discontinuities in the EQCM frequency response that occur upon detachment indicate 

the degree of uniformity of activity across the surface. These parameters can be compared 

for different electrode surfaces and correlated with the physical and chemical properties, so 

defining the mechanism of bubble evolution at any given surface.

5.3.4 Fast Fourier Transform (FFT)

As described in chapter 2, Fourier transformation is a method of EQCM data analysis that 

allows immediate characterisation of the electrode by providing a comparison of the 

magnitude and frequency of detachment events on the electrode surface. The transform is 

calculated for coupled mass response data collected in the time domain. A representative 

sample of the data is chosen and truncated, so the number of data points is equal to 2". The 

first peak on the spectrum arises from the mean value of all the data points. Therefore, the 

mean value of the data is adjusted to zero, in order to simplify the frequency spectrum. The 

truncated data can be summed to increase the resolution of the peaks on the frequency 

spectrum. Different regions of the spectrum can be identified as relating to distinct physical 

processes occurring at the surface. The peaks appearing in the frequency range between 0 

and 1 Hz arise from the majority of the discontinuities in the coupled mass response due to 

detachment and coalescence events. The rates of the bubble evolution cycles are taken to be 

the fundamental frequencies of the peaks appearing in this part of the frequency spectrum. 

The peaks in the higher frequency regions arise from the harmonics of the low frequency 

events; small changes in this region can be disregarded as they only change the “cosmetic 

appearance” of the raw data and provide little additional mechanistic insight.

Figure 5.3 shows the FFT spectra produced from the models of the coupled mass response 

given in section 5.3.2. The peaks on the frequency spectrum correspond to the fundamental

frequency f  and the harmonics that comprise the sawtooth wave as defined in equation 2.61.
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The important feature of the spectra is that the magnitude of the harmonics decays according 

to the equation y  = l/x.

time/s frequency/Hz

time/s

B

frequency/Hz

Q . 0-

time/s

1.>

frequency/Hz

Figure 5.3 Sawtooth wave models o f  the EQCMfrequency signal, showing arbitrary units 

and corresponding frequency spectra for rapid bubble evolution; A) V— n/2, f 0 = 1Hz. B)

V= n/4, f 0 = 1Hz C) V= n ,f0 = 0.5Hz

The spectra in figure 5.4 demonstrate the effect of increasing the kinetics of bubble 

evolution. If the detachment rate increases at a constant detachment size the peaks on the 

frequency spectra are shifted to a higher frequency (A). If the detachment size decreases at a 

constant detachment rate, the peaks remain at the same frequency but decrease in magnitude 

(B). If the detachment rate increases at a constant growth rate bubbles detach at a smaller 

size and the peaks on the frequency spectrum decrease in magnitude, whilst increasing in 

frequency (C). These changes are summarised in figure 5.4 below.
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Figure 5.4 Trends in FFT spectra showing the effect of; A) increasing the growth rate at 

constant detachment size I-V; B) increasing growth rate at constant detachment rate I-IV; C) 

increasing the detachment rate at constant growth rate I-V.
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Figures 5.3 and 5.4 demonstrate the characteristic changes occurring in the coupled mass 

response resulting from a change in the kinetics of bubble evolution. It is this aspect of the 

FFT that, in principle, enables the rate constant to be determined: peak size is related to the 

size of the bubble on detachment, and the frequency value at which the peaks occur provides 

a rate constant for the activity of that particular site. A shift along the frequency axis 

represents an increase in the rate of detachment, whereas a shift in peak height represents a 

change in detachment size. The change in activity as a function of physical and chemical 

parameters provides mechanistic insight. The extension of this theory to experimental data 

is complicated by the behaviour of bubbles at a real surface. If a number of sites are active at 

the surface, a distribution of site activities and bubble evolution mechanisms could arise. 

The deconvolution of these types of spectra and extraction of kinetic information is 

presented with the experimental EQCM data. Instead of picking individual peaks, the 

relative sizes of the distribution of peaks provides insight into the mechanism of bubble 

activity on the electrode. The theory behind this technique is given in section 2.3.2 and 

examples are used to illustrate this idea in the next section.

5.5.5 Summary

The novel methods of data analysis described in the previous sections promise a means to 

identify the characteristics of bubble behaviour observed in an EQCM frequency response 

during gas evolution and the properties of the electrode that influence it. It is expected that 

the behaviour of bubbles at a real surface will be convoluted and therefore produce complex 

coupled mass responses. However, characteristics of the coupled mass response, such as the 

magnitude and frequency of the sawtooth wave, can be identified for simple experimental 

systems where a small number of bubbles are generated. Further experimental data collected 

for different systems can then be correlated to the more complex behaviour of bubbles 

observed at a variety of surfaces.

5.4 Bubble evolution using cyclic voltammetry

5.4.1 Single voltammetry scan

Figure 5.5 is an example of the EQCM frequency response recorded for the evolution of

hydrogen bubbles at an unpolished gold electrode. The measured parameter, f exp(liq) (shown as

A f  in all figures) is given in equation 5.2 and is equivalent to -A f0. The onset of nucleation
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as A f  in all figures) is given in equation 5.2 and is equivalent to -Af0. The onset of 

nucleation is indicted by point I. This is followed by a steady, rapid decrease in the value of 

the coupled mass as bubbles grow at the surface (region II), starting at approximately -  

0.55V. Detachment events occur in the electrode potential region between -0.7 and -0.8 V 

(vs. SCE). A major detachment event occurs at point III, highlighted by the matching 

discontinuities in both i and Af. The maximum current is 1.14 mA, corresponding to a 

current density of 4.56 mA cm'2, a relatively low value, similar to the level of activity 

presented in section 4.3.1 of the video analysis chapter.

frequency j  
current0.0 -

- -500
-2.0x104-
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-4.0x104-

- -1500
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- -3000

-1.4x10s -3500
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0

EN

Figure 5.5 Hydrogen bubble evolution from 0.1 M  HC104, on a horizontal upward facing 

gold electrode, ( area =0.25 cm2). The scan rate = 20 mV s'1 in the direction o f the arrows. 

The two lines relate to the simultaneously measured responses o f  current (in black) and 

coupled mass (in red). Point I  corresponds to the onset o f nucleation, region II denotes 

multiple bubble growth and III indicates a detachment event.

There is significant hysteresis displayed in both the current and A f  responses, due to the

majority of the bubbles that are generated remaining attached to the electrode. The current

on the reverse section of the scan is significantly smaller, due to the effective smaller

electrode surface area, in turn resulting from the presence of insulating gas bubbles at the

electrode. The sudden increase in the current observed at point III arises from the

instantaneous increase in electroactive surface area that corresponds to bubble detachment
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A/'has decreased by 3 kHz, indicating a large volume of gas resident on the electrode surface, 

effectively decoupling approximately 40% of the previously coupled liquid from the crystal.

5.4.2 Electrode surface properties

The overall coupled mass change is a useful parameter in determining the amount of bubbles 

resident on an electrode. Table 5.1 provides a comparison of the coupled mass (Afbubble Jayej ,  

of different electrodes at the end of the first scan in each cyclic voltammetry experiment and 

indicates the amount of gas resident on the electrode. The more efficient electrodes are ones 

where bubbles detach easily, and therefore the value of Afbubble layer is small. The values for 

Afnq iayer in table 5.1 are in the region of 7 kHz, as expected for an unpolished gold electrode, 

and are a function of the real surface area (as determined by the surface roughness) or surface 

wetting properties. The exceptionally high values for RTO may be attributed to the higher 

viscosity of the electrolyte and larger surface area. The values quoted for the different gold 

and platinum electrodes are typical. However, the values given for RTO are representative, 

but values of Afliq layer differed greatly for different electrodes prepared using the same 

method. imax is the maximum current recorded during each experiment.

Pure gold is hydrophilic [9], but impurities on the surface increase the surface tension, 

thereby reducing the wettability of the surface. Therefore, the hydrophobicity of the surface 

is expected to increase with electrode “age”, as contaminants introduced onto the surface 

during bubble evolution throughout the electrode’s lifetime cause a decrease in the surface 

area exposed to the electrolyte and the value of AfUq ,ayer to decrease. This effect can be used 

as an indicator of the presence of surface contamination, which has a significant effect on 

bubble behaviour, shown in the following section. Taking account of the three parameters in 

table 5.1, an image of the conditions of the electrode surface that influence the coupled mass 

response can be constructed. For example, a small value of Af„q layen coupled with a small 

value of /max and a large value of Afhuhb]e layer, suggest that the real surface area is small (or the 

surface tension is high) and there is significant bubble residence on the surface.
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Electrode Frequency difference due to 

coupling of the liquid layer 

4/liq,ayer/kHz

Decrease in frequency 

due to bubble layer

A/bubble layer /kHz)

Maximum

current/mA

Au (A) 4.221 0.556 -13.2

Au (B) 4.040 0.667 -11.2

Au (C) 4.427 0.089 -14.1

Au (D) 4.330 0.402 -8.8

Au (E) 6.813 0.644 -2.5

Au (F) 5.108 2.946 -1.1

Platinum 8.102 +0.040 -12.0

RTO (G) 13.151 +0.193 +8.7

RTO (H) 22.403 -0.182 +25.3

Table 5.1 Statistics for different electrodes. The positive value o f  Afbubble ]iyafor the RTO and 

platinum electrode indicates an increase in the coupled mass.

5.4.3 Multiple voltammetry scans

Figure 5.5 is an example of the information that can be obtained from qualitative analysis of 

the EQCM frequency response. In this section, comparison is made between cyclic 

voltammetry experiments at different electrode surfaces, accounting for properties such as 

the surface roughness and the electrode wettability. The orientation of the electrode is 

indicated on the figure legend The hydrogen was evolved at platinum and gold electrodes 

using 0.1M HC104. Chlorine was generated at the RTO electrodes using acidified 5 M NaCl. 

The potential was scanned in the direction indicated by the short arrows. Figures 5.6 to 5.10 

show several consecutive scans, and the dashed arrow shows the overall trend in the coupled 

mass. Region (1) indicates the resonant frequency of the electrode prior to nucleation, region 

(2) indicates the onset of nucleation as the coupled mass decreases due to the decrease in the 

density of the liquid coupled to the electrode as the electrolyte is displaced by gas bubbles. 

Region (3) indicates the onset of bubble detachment, where the discontinuities in the EQCM 

frequency response of all the scans are caused by the detachment of bubbles. Typically, 

bubbles are nucleated during the first scan, and the new bubbles displace a volume of liquid,
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detachment of bubbles. Typically, bubbles are nucleated during the first scan, and the new 

bubbles displace a volume of liquid, thereby decreasing Af ^ .  Fluctuations in Afexp arise as 

bubbles detach; this generally only occurs at high overpotentials (region 3).

5.4.3.1 Hydrogen evolution at gold

Figure 5.6 shows the EQCM frequency response as hydrogen gas is evolved during cyclic 

voltammetry at two horizontal polished gold electrodes (labelled A and B). The 

International Crystal Manufacturing (ICM) Company manufactured all of the gold 

electrodes to the same specifications and therefore any differences in the macro surface 

roughness of each electrode are expected to be minimal. The only difference between them 

is the extent of impurity accumulation on the surface, possibly introduced by the electrolyte. 

Electrode B is “aged” in terms of the amount of gas evolved at the surface as compared to 

the recently cleaned surface, A. The same data are shown for hydrogen evolved under the 

same conditions at two vertical polished gold electrodes, figure 5.7C and D where electrode 

D is “aged” compared to electrode C. Due to the complex nature of the figures, colours are 

used to identify each scan in the sequence, as described in figure 5.6.
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Figure 5.6 EQCM frequency responses for hydrogen bubbles evolved from 0.1 M HC104 

scan rate 20 mV s'1at a clean horizontal polished gold electrode (A) and a horizontal 

polished gold electrode with surface impurities (B). Colours represent cycle numbers;

I-black, 2=red, 3=green, 4=blue, 5=cyan, 6=magenta.
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Figure 5.7 EQCM frequency responses for hydrogen bubbles evolved from 0.1 MHC104

scan rate 20 mV s'1 at a clean vertical polished gold electrode (C) and vertical polished

gold electrode with surface impurities (D). Colour sequence as for figure 5.6.

Figures 5.6 and 5.7 clearly show discontinuities in the coupled mass response in the form of 

a sawtooth wave. The characteristics of the frequency response and the overall mass change 

for electrodes A and C (indicated by the dashed arrows) are very similar, although the 

absolute mass changes are smaller at the vertical electrode. Similarly there is a close 

correlation between the frequency responses for electrodes B and D. The extent and 

magnitude of the discontinuities in region 3 of the frequency response differs for these 

electrodes compared to A and C. Figure 5.8 shows the EQCM frequency response for 

hydrogen bubble evolution at two unpolished gold electrodes, labelled E and F. The 

magnitude of the overall frequency change at electrode E is similar to that seen for the 

polished gold electrodes above. However the shape of the frequency response differs. The 

initial drop in coupled mass caused by residence of bubbles at the electrode during the first 

scan is recovered during subsequent scans as detachment of resident bubbles becomes more 

dominant. Electrode F shows a much larger drop in coupled mass during the first scan. The 

ratio between the changes in frequency on the first scan compared to subsequent scans is 

high, meaning that nucleation is facilitated at the electrode and it is quickly “saturated” with 

bubbles and further detachment is inhibited. This effect was commonly seen at “aged” 

unpolished gold electrodes, where the difference between the behaviour of electrodes with 

different surface composition was more marked than differences seen when electrodes with 

the same surface composition were placed in a different orientation.
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Figure 5.8 EQCMfrequency responses for hydrogen bubbles evolved from 0.1 MHC104 

scan rate 20 mV s' 1 at a clean horizontal unpolished gold electrodes (E) and a horizontal 

unpolished gold electrode with surface impurities (F). Colour sequence as for figure 5.6.

In conclusion, the overall mechanism of bubble evolution is one where hydrogen bubbles 

nucleate easily at all the surfaces studied, as there is significant coverage of all electrodes 

with bubbles after the first scan. However, the detachment rate is dependent on the 

conditions at the surface, even though detachment events occur in the same region of 

electrode potential. The level of activity is higher at clean electrodes, indicated by the 

increase in the number of fluctuations in the EQCM frequency response. The magnitude of 

the fluctuations is generally smaller, suggesting a larger number of smaller bubbles are 

generated at the cleaned electrodes. As the electrode “ages”, the detachment rate decreases 

and bubbles grow to a larger size. This behaviour is typical of gold electrodes and suggests 

that the chemical composition of the surface is modified during the evolution of hydrogen 

bubbles. The bubble evolution mechanism is very similar for the electrodes in both a 

horizontal and vertical orientation, with deviations in the mechanism being more apparent at 

surfaces with higher surface tension, i.e. “aged” electrodes. The major factor in the 

behaviour of bubbles during cyclic voltammetry of gold electrodes appears to be the surface 

conditions.

At polished electrodes, individual detachment events give rise to frequency changes that are

large compared to the overall frequency change. This is caused by fewer detachment events

of a larger magnitude. As the surface tension increases at “aged “ electrodes bubble

detachment is inhibited further and the detachment rate decreases. This is consistent with
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visual observations of bubbles at the surface made during similar experiments. It was also 

observed that the three phase contact angle for hydrogen bubbles was smaller at the cleaned 

electrodes.

Comparing the behaviour of bubbles at polished and unpolished gold electrodes (A and E) it 

can be concluded that increasing the surface roughness of a cleaned electrode changes the 

overall shape of the frequency response. The initial drop in the coupled mass is similar, 

suggesting that there are a similar number of bubbles formed on the electrode. However, 

subsequent detachment events at electrode E are smaller and there is little bubble residence. 

It is possible that a larger number of smaller bubbles are evolved, and more nucleation sites 

are available because they are not masked by large bubbles adhered to the electrode. At the 

“aged” unpolished electrode, F, there is a significant decrease in the coupled mass that is 

sustained throughout the experiment, meaning that a larger number of bubbles are formed at 

the electrode. The observations for both of the unpolished gold electrodes are in agreement 

with the hypothesis that increasing the surface roughness of a gold electrode increases the 

number of nucleation sites.

5.4.3.2 Hydrogen evolution at platinum
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Figure 5.9 EQCM frequency responses for hydrogen bubbles evolved from 0.1 M HC104, 

scan rate 20 mV s'1, at a clean horizontal platinum electrode.
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Figure 5.9 shows the EQCM frequency response for hydrogen evolution at a horizontal 

platinum electrode. The characteristics differ markedly from those seen for the gold 

electrodes. The overall magnitude of the coupled mass change is very small, and dominated 

by the size of the bubble detachment events which, although themselves are small, cause 

fluctuations which account for the majority of the change in coupled mass response observed 

during the scan. Bubble detachment events are rapid, and the value of the coupled mass 

response returns to approximately zero Hz during bubble evolution. This indicates that there 

is no significant growth at the electrode, also accounting for the very high detachment rate. 

This surface is very efficient in terms of bubble evolution, as there is virtually no gas 

resident on the electrode: as bubbles are evolved, they detach immediately. This is 

consistent with observations of “bubble pump” type nucleation sites on different vertical 

platinum electrodes made using a fast frame video, where the majority of growth occurred 

after the bubbles had detached from the electrode, undetected in the modulation layer and 

therefore inaccessible to measurement by EQCM. This behaviour is typical of hydrogen 

evolution at platinum and, unlike the gold electrodes, the behaviour of bubbles did not differ 

markedly as a function of either electrode age or orientation.

S.4.3.3 Chlorine evolution at RTO

ao 02 04 06 08 1.0 12 1.4 1.6
m

G H

Figure 5.10 E Q C M  frequency response fo r  chlorine bubbles evolvedfrom  5 M  NaC l + 0.01 

M H C l, scan rate 20 m V s '1, a t two clean horizontal RTO  electrodes (G) and  (H).
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Figure 5.10 shows the EQCM frequency response as chlorine gas is evolved at two RTO 

electrodes during cyclic voltammetry. The frequency response observed at electrode G 

differs from gold and platinum. There is a moderate change in the coupled mass, but it 

increases steadily during consecutive scans. The detachment events are small and do not 

produce a saw tooth wave formation in the frequency response. They are also less frequent 

than seen at the platinum electrode. Because of the overall rise in coupled mass it can be 

assumed that there is virtually no residual gas on the electrode at the end of the experiment. 

This is consistent with visual observations, and it was confirmed that a deposition process 

did not cause the increase. The structure of the RTO is also very different, characterised by 

deep pores and channels. It is possible that these pores are not flooded immediately upon 

contact with the electrolyte, but the solution gradually floods the pores during bubble 

evolution, which would cause the coupled mass to increase as the gas trapped in the pores is 

replaced by solution. The detachment events observed for electrode (H) are similar in 

frequency and magnitude to those seen for electrode (G). However, the overall mass change 

is in the opposite direction. The surface properties are similar for the two electrodes and 

they were fabricated using the same methods. However, electrode (H) is slightly “aged” 

compared to electrode (G). It is possible that the pores in electrode H have become flooded 

and therefore the overall coupled mass decreases as bubbles form at the surface.

5.4.4 Conclusions

Characteristically different behaviour was seen at the different electrode surfaces. The 

sawtooth structure was observed for hydrogen evolution at gold electrodes, indicating 

bubbles were adhered to these electrodes during growth. However, cyclic voltammetry 

cannot provide information on individual bubble events or the kinetics of bubble evolution. 

Cyclic voltammetry coupled with the EQCM is a useful tool to determine the general levels 

of bubble activity, providing an indication of the relative dominance of nucleation and 

detachment based on the overall mass changes occurring during an individual scan. An 

indication of the number of active nucleation sites on the surface is given by the initial 

decrease in coupled mass observed during the first scan. The amount of subsequent 

fluctuation in the frequency response defines the detachment activity. Comparisons are 

easily drawn between the behaviour of bubbles at different surfaces and these can be 

correlated to the different properties of the surface that influence bubble activity as measured

158 5-EQCM



by the parameters Afbubble layeT, and Afliqlayer. For example, the values of Afliqlayer are consistently 

smaller, and the average size of the jumps in the frequency response on detachment and 

value of Afbubble /ayer larger, for the “aged” electrodes. All the observations are consistent with 

a non-wetting surface with high surface tension.

Visual observation of bubble evolution was difficult in-situ, but was used for bubbles 

evolved under the same experimental conditions. It was noted that where there was a high 

coverage of the electrode with bubbles (often seen at the “aged” electrodes), coalescence 

events were not necessarily followed immediately by detachment. The large resulting 

bubbles would remain attached at the electrode and continue to grow until a further 

coalescence event occurred that would result in the majority of the bubbles on the electrode 

being removed in one very large detachment event. It is possible that this mechanism was 

responsible for some of the very large detachment events recorded at electrodes B and D.

5.5 Time domain and Fourier analysis of EQCM data

As detailed in chapter 4 and demonstrated in figure 5.2, the nucleation, growth and 

detachment model may oversimplify the real mechanism of bubble evolution at some 

electrodes where coalescence is possible. If the resonant frequency changes shown in figure

5.2 are consistent with a mechanism where there is little detachment, the sawtooth structure 

must be attributed to coalescence as well as detachment. In order to elucidate the behaviour 

depicted at all the electrodes the structure of the EQCM frequency transients must be studied 

in detail, characterising the exact shape and magnitude of the peaks. This is done by 

measuring the resonant frequency response as a function of time at different potentials within 

the region of bubble evolution. Fourier analysis is used to acquire the frequency at which 

these features appear.

5.5.1 Acquisition rate

It was shown in the previous section that the rate of bubble evolution varies according to the 

dominant mechanism. Detachment of larger bubbles is slow, whereas smaller bubbles 

detach at a faster rate. It is a logical step to increase the data acquisition rate in order to
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increase the resolution of the sawtooth waves produced in the EQCM frequency response 

and therefore identify the frequency and magnitude of bubble events more clearly

0.0000

-0.0002
-0.0004

-0.0006

-0.0008

-0.0010
-0.0012

-0.0014

-0.0016

-0.0018

-0.0020

-1050

70
-1100

6 0
-1150

50
-1200

•a  4 0
-1250 I 1

§ 30
-1300

20

-1350
10

-1400
0

-1450
39 40 41timers

0.0000   -700

-0.0002
- -750

-0.0004
-800

-0.0006

-850-0.0008

-0.0010 -900

°  -00012
-950

-0.0014 -1000
-0.0016

-1050-0.0018

-0.0020 -1100
35 36 37 38 39 40 41 42 43 44 45

60-

5 0 -

4 0 -
I

3 0 -

20-
10-

0.0 0.5 1.0 1.5 20 2 5

frequency/Hz

B
0.0000 -150

-200
-0.0004

-250
-0.0006

-300-0.0008

a -0.0010 -350

-0.0012
-400

-0.0014
-450

-0.0016

-500-0.0018

-0.0020 -550
30 31 32 33 34 35 36 37 38 39 40

70

60

50

40

30

20
10
0
0.0 0.5 1.0 1.5

fiequencyHz

20 2 5

Figure 5.11 Left-hand panels: EQCM frequency response (in red) and simultaneous current 

response (in black) for hydrogen evolution at different acquisition rates (A) 100 Hz, (B) 50 Hz 

and (C) 5 Hz at an unpolished gold electrode from 0.1 MHC104. Right-hand panels: The 

corresponding FFT spectra of the raw data from the left-hand panels.

160 5-EQCM



Figure 5.11A-C shows the evolution of hydrogen bubbles at a horizontal upward facing 

platinum electrode, where the gas is evolved at similar current densities and the data 

collected at different acquisition rates. The bubble behaviour is similar, as reflected by the 

corresponding magnitudes and shapes of the discontinuities in the frequency mass responses.

The raw data in figure 5.11 A clearly show that the resolution is greater at the higher 

acquisition rate. However the opposite is true for the resolution of the peaks in the 

corresponding Fourier spectra. Although the overall shape of the three FFT spectra is 

consistent, the individual peaks are poorly resolved at the highest acquisition rate (A). 

Therefore, it can be concluded that for unambiguous analysis of FFT spectra using a fixed 

number of data points, a lower acquisition rate should be used, in conjunction with a large 

number of data points to allow for good resolution of data in the frequency domain. 

Wherever possible the spectra shown in the following sections have been calculated using 

8192 data points.

5.5.2 Conversion of time domain to frequency domain

Figure 5.12 and 5.13 show the raw data and corresponding FFT spectra for hydrogen evolved 

at a polished and an unpolished gold electrode. Two different current densities are shown to 

highlight the difference in bubble evolution mechanism at the two surfaces. The 

discontinuities in the frequency response shown in figures 5.11 and 5.12 are clearly defined 

and consistent with the sawtooth wave. The magnitude of each jump is far in excess of 2- 

10Hz expected for a single bubble [8] and therefore, they do not relate to single bubble 

events. There is a regular repetition of the peaks, especially at the higher current density in 

figure 5.13; therefore the events being monitored are not random, but form a repeating cycle. 

Several features can be identified in the raw data; firstly the initial gradual decrease in the 

frequency response seen in both figures 5.12 and 5.13 prior to a detachment event indicates 

the overall rate of bubble formation at the surface. Secondly, the size and number of jumps 

in the resonant frequency value as bubbles detach, indicate the average detachment size. The 

initial gradient of the decrease in coupled mass is shallow for the polished electrode at the 

lowest current density (figure 5.12a) and increases at the higher current density (figure 

5.12b).

161 5-EQCM



-200-
400-

-600-

-800-

-1000
-1200
-1400-

-1600 100 200 300 4000
time/s

50-
b

40-

30-

20-

10-

0.0 0.4

Figure5.12 EQCM frequency response for hydrogen bubble evolution at horizontal polished 

gold electrode 0.1 M  HC104. The potential was stepped from 0 to - 0. 7 V (a) and - 1 V (b) vs. 

SCE. Current density was approx. 0.8 mA cm'2 (a) and 6 mA cm'2 (b) respectively.
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Figure 5.13 EQCMfrequency response for hydrogen bubble evolution at horizontal unpolished 

gold electrode 0.1 M HC104. The potential was stepped from 0 to -0 .7 V (a) and - 1 V (b) vs.

SCE. Current density was approx. 4.4 mA cm'2 (a) and 12.2 mA cm'2 (b) respectively.

The shallow gradient indicates that there is a longer induction time for bubble nucleation or 

that a smaller number of nucleation sites are active. The larger jumps in resonant frequency 

at the higher current density are consistent with a larger number of bubbles on the electrode 

and therefore it can be concluded that the number of active nucleation sites increases with 

current density at the polished electrode. There is little difference in the initial gradient for 

the decrease in coupled mass at the unpolished electrode at different current densities. This 

suggests that all available nucleation sites are activated quickly, and the increase in current 

simply increases the activity at those sites. This is confirmed by the fact that the sizes of the 

jumps in resonant frequency are similar at both current densities, but the “steady state”
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pattern, where there is very little general decrease in the coupled mass, is achieved more 

quickly at the higher current density.

The acquisition rate and timescale chosen for the data in figures 5.12 and 5.13 clearly 

resolves the sawtooth wave in the resonant frequency response, allowing the observation 

given above to be made. However data recorded for longer timescales at the same 

acquisition rate would be difficult to compare in the time domain because, in order to view 

all the data, the resolution would decrease. Fourier analysis will be shown to quantify the 

fluctuations in the EQCM frequency response and thereby enable unambiguous 

characterisation and comparison of these fluctuations for the different electrodes. The FFT 

spectrum (b) in figure 5.12 shows an increase in magnitude at all frequencies compared to 

the spectrum for (a). This behaviour is consistent with model B in figure 5.4, showing a 

constant detachment rate but an increase in bubble detachment size. In this case, the 

behaviour is caused by an increase in the number of bubbles on the electrode, thereby 

increasing the number of bubbles involved in each detachment event in the existing 

coalescence/detachment mechanism.

The peaks in the FFT spectrum (b) in figure 5.13 show a different decay in magnitude 

compared to the spectrum for the lower current density (a). This effectively shifts the 

spectrum to a higher frequency, consistent with model A in figure 5.4, although the average 

magnitude has increased. The smaller magnitude of the low frequency detachment events is 

due to a smaller volume of gas resident on the electrode. In summary the rate of detachment 

at the existing nucleation sites is increased but no new nucleation sites are activated.

5.5.5 Appearance of EQCMfrequency response features in FFT spectra

It was shown in section 5.4.3 that discontinues in the resonant frequency response for 

hydrogen evolution at gold electrodes were characterised by a sawtooth wave. However, this 

behaviour was not seen at the platinum and RTO electrodes, due to the detachment of 

bubbles prior to significant growth at the electrode. It has also been suggested that not all of 

the discontinuities arise from detachment events; coalescence of bubbles that remain 

attached to the electrode may be a significant contributing factor. This sawtooth behaviour 

was further characterised by using visual observation of the electrode during the EQCM 

experiment.
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5.5.3.1 Change in mechanism

It was found that two very distinct characteristics were produced in the EQCM frequency 

response by different modes of bubble behaviour; each is shown in figure 5.14.

-2600-

-2800

-2400 vertical 

 horizontal

-300 40

35-
 :---- r60

vertical

horizontal .5 0

--400 30-

-3400

-3000

-3200

-3800

-3600

100 110 120 130 140 150 160 170 180 190 200 
time/s

0.0 0.2 0.4 0.6 0.8 1.0
frequency/Hz

Figure 5.14 EQCM frequency response and corresponding FFT spectra for hydrogen evolution 

from 0.1 M HC104 at different unpolished gold electrodes with a high surface tension, 

horizontal (shown in black) and vertical (shown in red).

The data in figure 5.14 for hydrogen bubble evolution at the vertical unpolished gold 

electrode depicts a simple nucleation, growth, coalescence and detachment cycle. 

Contrastingly, the data for hydrogen bubble evolution at the horizontal unpolished gold 

electrode depicts a more complex bubble evolution cycle of nucleation, growth, coalescence, 

further growth and nucleation followed by a combined coalescence/detachment event. This 

was confirmed by visual observation. The major characteristic of this cycle is the very steep 

decrease in coupled mass following each large discontinuity, arising as large areas of the 

electrode are “swept clean” by the detachment of large bubbles. Following this is the rapid 

nucleation and growth of new bubbles. The smaller magnitude of the jumps and the 

shallower decrease in coupled mass following each jump seen at the vertical electrode 

indicates that the average detachment size is smaller and there is not significant growth 

following each detachment event. This suggests that the detachment events were isolated 

and involved a smaller number of bubbles, and therefore the distribution of bubbles on the 

electrode was not altered significantly during a single detachment event.

Small samples of the raw coupled mass data are shown in figure 5.14 in order to resolve 

individual discontinuities. The corresponding FFT spectra were calculated from a much

The current density was 8  mA cm 2 and 6  mA cm 2 respectively.
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larger range of data. The two spectra are shown on separate scales in order to directly 

compare their overall shapes. By matching the magnitude of the peaks at approximately 

0.03 Hz (as shown for the raw data), it can be seen that the magnitude of the peaks in the 

FFT spectrum recorded at the vertical electrode decays sharply, whereas the decay in peak 

magnitude for the horizontal electrode is more gradual. Comparing the two spectra shows 

that the horizontal electrode produces more high frequency components, arising due to both 

the difference in the shape of the discontinuities, and the larger distribution in bubble 

detachment size. Both factors highlight the difference in bubble evolution mechanism 

between the two electrodes, and demonstrate how the Fourier analysis allows the complexity 

of the analysis of “real” data, in comparison to the behaviour of a single nucleation site, to be 

resolved. It is this feature that makes the technique applicable to the investigation of 

industrially relevant systems because industrially, gas is evolved at very high current 

densities where the electrodes are designed to produce large number of nucleation sites, 

giving rise to complex patterns of behaviour.

Figure 5.15 also shows characteristically different bubble behaviour, but this time for the 

same electrode in different ordinations for which the change in mechanism is due to the 

difference in the force balance governing detachment, and is not a function of the chemical 

composition of the surface. There are similarities between figures 5.14 and 5.15 and both 

show that there is a larger distribution in detachment size at the horizontal electrode. 

However the mechanism at the cleaned unpolished horizontal electrode (shown in figure 

5.15) is one where there are a large number of detachment events, and significantly less 

coalescence than observed for the electrode with high surface tension (shown in figure 5.14). 

This is reflected in the smaller peak magnitude on the FFT spectra. The mechanism at the 

vertical electrode is virtually identical for both electrodes; the simple nucleation, growth, 

coalescence and detachment cycle is retained. The magnitudes of the low frequency peaks 

on the two spectra have been matched as before, and comparing them it can be seen that, 

whilst the spectra for the horizontal electrode again show larger peaks at higher frequencies 

the difference is less significant, especially at frequencies, in excess of 0.5 Hz. This is due to 

a similar shape of both the coupled mass responses and the absence of the major coalescence 

events.
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Figure 5.15 EQCM frequency response and corresponding FFT spectra for hydrogen 

evolution from 0.1 M HC104 at a clean unpolished gold electrode in a horizontal (shown in 

black) and vertical (shown in red) orientation. The current density is 9.92 mA cm' 2 and 9.6

mA cm 2 respectively.

5.5.3.2 Change in activity

Figure 5.16, shows the coupled mass response and corresponding FFT spectra for hydrogen 

evolution where the mechanism is independent of the orientation of the electrode, possibly 

due the lower surface tension, which facilitates bubble detachment from the horizontal 

electrode. However there is a change in activity, reflected by a much closer correlation 

between the two FFT spectra.
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Figure 5.16 EQCM frequency response and corresponding FFT spectra for hydrogen 

evolution at 12 mA cm 2 from 0.1 M HC104 at a clean polished gold electrode in a horizontal 

(shown in black) and vertical (shown in red) orientation
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The increased activity at the vertical electrode means that bubble detachment events cause a 

larger jump in the coupled mass response. There is wider range of detachment sizes at the 

horizontal electrode, the magnitude of which are generally smaller than those observed at the 

vertical electrode. In summary the mechanism at the horizontal electrode is more efficient in 

terms of a lower resident population of bubbles at the electrode.

5.6 FFT as a function of surface properties and current density

In this section, the FFT analysis of bubble evolution at gold, platinum and RTO electrodes is 

presented and the functionality of bubble behaviour with two parameters, current density and 

electrode orientation, is examined. Increasing the supersaturation of the electrolyte may 

cause more nucleation sites to be activated or an increase the growth rate of existing bubbles. 

By changing the orientation of the electrode between horizontal (upward-facing) and 

vertical, the force balance between buoyancy and surface tension that governs bubble 

detachment is altered. Also bubbles rising up the vertical face of the electrode may disrupt 

the growth of resident bubbles, a process that cannot occur at a horizontal electrode.

5.6.1 Low surface activity: Hydrogen evolution at polished gold

A polished gold electrode with high surface tension was chosen in order to minimise the 

number of potential nucleation sites. The highly polished surface has only a small number of 

pits and scratches, and the high surface tension means that bubbles grow to larger sizes 

before detachment, masking other potential nucleation sites.

The data shown in figure 5.17 show the effect on the coupled mass and current responses by 

increasing the electrode overpotential, from a value where no bubbles are evolved, at E = -

0.35 V (figure 5.17a) to a level where the coverage of the bubbles on the surface approaches 

100% and coalescence events occur, at E — -0.45 V (figure 5.17g). Figure 5.17A, shows the 

coupled mass decreasing steadily at each potential, as bubbles nucleate at the surface but do 

not detach. The gradient (dA/7d/) increases with current density and there is also an increase 

in the value of A/(equivalent to Afbubble layet)  at the end of each experiment. This indicates that 

the number of active nucleation sites, and therefore the overall rate of nucleation, increases 

with current density.
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Figure 5.17 EQCM frequency response (A), and corresponding current (B) for hydrogen 

evolution from 0.1 M HC104 at a polished vertical electrode (area =0.25 cm'2) with a high 

surface tension where the electrode potential for each curve is given by a = -0.35 V, b = -0.40 V, 

c= -0.41 V ,d = -0.42 V, e = -0.43 V, f =  -0.44 Vt g = -0.45 V.

Visual observations of the surface confirmed that the number of active nucleation sites 

increased rapidly with electrode overpotential. For example: no nucleation sites were active 

when E = -0.35 V, 5 nucleation sites were active at E = -0.4 V, 6 sites are active at E = -0.41 

V, 10 sites are active by E = -0.43 V and 100% of the surface was covered at E = -0.45. The 

rate of detachment was not seen to increase significantly, and bubble detachment did not 

occur until a current density of 6 mA cm'2 (during the later stages of experiment g). 

However, the rate of coalescence increased steadily, causing the small discontinuities in the 

resonant frequency seen in figure 5.17A.

The change in gradient (dA/7d/), i.e. the nucleation activity, is not reflected in the FFT 

spectra (figure 5.18). The coupled mass data are adjusted so that the mean value is zero 

before the FFT is calculated, and therefore only the frequency of the discontinuities is shown 

in the spectra. As expected from the raw data shown in figure 5.17, all of the corresponding 

FFT spectra have the same shape as there is no increase in the frequency of the coalescence 

events. However, the size of the jumps in the resonant frequency response caused by a 

coalescence event does increase at higher current densities, and this is shown by a general 

increase in magnitude of the FFT spectra in figure 5.18.
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As the electrode overpotential at the polished electrode (shown in figure 5.17) was 

increased, a switch in mechanism was seen from E = -0.46 V, as shown in figures 5.19 and 

5.20.
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Figure 5.18 FFT spectra o f the EQCMfrequency responses shown in figure 5.17. Where a- 

g are the corresponding electrode potentials defined in figure 5.17.
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Figure 5.19 EQCM coupled mass response for hydrogen evolution from 0.1 M HC104 at a 

polished vertical electrode with a high surface tension where the electrode potential for each 

curve is given by a = -0.46 V, b= -0.47 V, c = -0.48 V, d= -0.49 V.
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Figure 5.19 shows the EQCM frequency response recorded at the higher overpotentials, the 

measured current density was between 0.5 and 2 mA cm"2. The initial gradient (dA/7d/) and 

overall trend in coupled mass is the same for experiments a-d, because a similar number of 

nucleation sites were active and the same coalescence and detachment mechanism was 

dominant. In each experiment the resonant frequency response is characterised by very 

large jumps, each caused by a large coalescence and detachment event involving several 

bubbles. As the current density increases, the initial “ induction time” varies before the first 

large jump in resonant frequency occurs, but the magnitude and range of jump sizes are 

similar.

The corresponding FFT spectra show very little change in shape or magnitude, which 

confirms the activity of bubble evolution at the electrode does not change during this range 

of electrode potential. The energy input is not sufficient to activate any more nucleation 

sites, and the electrode has reached a “steady state” behaviour.
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Figure 5.20 FFT spectra o f the EQCMfrequency responses shown in figure 5.19, where a-g are th 

corresponding electrode potentials defined in figure 5.18.

The trend in the FFT spectra correlates to model B in figure 5.4, for which detachment size

increases at a constant detachment rate, i.e. the peaks remain at the same frequency but

increase in magnitude. The high surface tension of the electrode inhibits bubble detachment

and due to the presence of adhered bubbles masking potential nucleation sites on the surface,

further nucleation can only occur following a large coalescence and detachment event. The
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steep gradient of the coupled mass response that follows each discontinuity means that 

subsequent nucleation and growth are rapid and therefore bubble detachment is the rate- 

limiting step in the bubble evolution mechanism at this surface, a generally inefficient 

mechanism for bubble evolution.

5.6.2 High surface activity

It was shown in section 5.4.3 that the mechanism of bubble evolution at platinum and RTO 

electrodes differs from the mechanism of hydrogen evolution at gold. Specifically, the 

growth regime and the number of bubbles involved in coalescence events differ, which 

consequently affects the average detachment size of bubbles.

5.6.2.1 Hydrogen evolution at platinum

Figure 5.21 shows the EQCM frequency response for hydrogen bubble evolution as a 

function of current density at a horizontal platinum electrode. The surface has a low surface 

tension, and is unpolished, which increases the number of potential nucleation sites from pits 

and scratches. The data shown in figure 5.21 show the EQCM frequency response at 

various electrode potentials from a region where there is little bubble nucleation at E =-0.35 

V (figure 5.21a) to a level at E =-0.85 V (figure 5.21f) when a large number of bubbles were 

detaching from the electrode, forming swarms of bubbles in the electrolyte.
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Figure 5.21 EQCM frequency response (A), and corresponding current (B) for hydrogen 

evolution from 0.1 MHClOA at a horizontal platinum electrode (area =0.25 cm'2). Where 

electrode potential for each curve is given by a = -0.35 V, b= -0.45 V, c = -0.55 V, d= -0.65

V, e = -0.75 Vyf =  -0.85 V.
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The sawtooth wave is less evident in the raw data, and the individual discontinuities in the 

resonant frequency response cannot be resolved. This is because bubbles detach from the 

electrode before significant growth has occurred, allowing for a larger number of 

detachment events, and so increasing the detachment rate. There is not significant 

coalescence between neighbouring bubbles and therefore the population of bubbles on the 

electrode does not change significantly due to individual detachment events. The low level 

of bubble residence means there is no gradual decrease in the coupled mass, and the jumps 

lie on a linear baseline.

The corresponding FFT spectra in figure 5.22 reflect the changes seen in the resonant 

frequency response. There is an increase in the magnitude as a function of current density, 

which is mostly consistent with model B in figure 5.4. This is caused by an increase in the 

number of bubbles at the electrode whilst the detachment mechanism is unchanged.
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Figure 5.22 FFT spectra o f the EQCMfrequency response shown in figure 5.21, the spectra

are grouped for clarity.
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5.6.2.2 Chlorine evolution at RTO

Figure 5.23 shows the EQCM frequency response for chlorine bubble evolution as a 

function of current density at a horizontal RTO electrode, which has a low surface tension 

and a large number of deep cracks at the surface, providing potential nucleation sites.
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Figure 5.23 EQCMfrequency response for chlorine evolution from acidified 5 MNaCl at a 

horizontal RTO electrode for which a= 8 mA cm2, b=20 mA cm2, c— 40 mA cm2, d=60 mA

cm'2, e=80 mA cm2, f= 100 mA cm'2

The data shown in figure 5.23 show the frequency response at various current densities. The 

discontinuities form a low frequency sawtooth wave with smaller individual discontinuities 

superimposed onto it. This highlights the dynamic activity on the surface, where there is 

very high coverage of bubbles at high current densities and range of bubble detachment sizes 

arising from two detachment mechanisms, either the detachment of individual bubbles or 

small coalescence events involving a small number of neighbouring bubbles. Due to the 

large number of bubbles adhered to the surface the population of bubbles on the electrode 

does not change significantly due to individual detachment events. The gradual decrease in 

coupled mass associated with bubble residence on the electrode is not observed; this has 

been attributed to the gradual flooding of the porous surface with electrolyte [10].
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Figure 5.24 FFT spectra o f the frequency response shown in figure 5.23.

The corresponding FFT spectra in figure 5.24 show that, as the current density increases 

there is an increase in the average magnitude and a change in the distribution of peaks along 

the frequency axis. At higher current densities, whilst the magnitude of the peaks in the 

region 0 to 0.25 Hz on the frequency spectra increases, the relative magnitude of the peaks 

in the region 0.25 to 1.5 Hz decreases. This is because the detachment size of individual 

bubbles does not increase with current density. Although there is an initial increase in the 

average bubble detachment size, this arises from the increase in magnitude of the low 

frequency detachment events, caused by coalescence. This can be attributed to the 

increasing influence of coalescence on the detachment mechanism, arising due to the 

increasing numbers of bubbles resident on the electrode. Although it was not possible to 

confirm this visually, it is most likely that increase in the number of bubbles was caused by 

an increase in the number of active nucleation sites.

5.6.3 Electrode orientation

Different surface properties have been shown to cause different trends in bubble evolution as 

a function of current density. The results below show the trends in bubble evolution for two 

similar electrode surfaces where the electrode is placed in a different orientation to facilitate
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or inhibit various bubble detachment mechanisms, for example to the role of coalescence as 

discussed in section 5.5.3. Figures 5.25 and 5.26 show the EQCM frequency responses for 

bubble evolution at two polished gold electrodes, with low surface tension, placed in vertical 

and horizontal orientations, respectively. In both figures, the raw data have been separated 

into two plots to allow for clearer resolution of individual detachment events. A similar 

range of electrode potential was chosen and these are given in the figure legends. The 

measured current density was between 3 and 50 mA cm'2 at both electrodes. A sawtooth 

pattern can be seen clearly in both figures and the overall decrease in coupled mass at the 

higher current densities is very similar. The actual amount of gas resident at the electrode is 

approximately 50% of the value seen for hydrogen evolution at low current densities on a 

polished electrode with high surface tension shown in figures 5.17 to 5.19. This highlights 

the facilitation of bubble detachment at a cleaned electrode. There is a variation in activity 

at the lower current densities between the horizontal and vertical electrodes with a sudden 

change in activity seen after 0.70 V at the horizontal electrode. The change in activity as a 

function of current density is much more gradual at the vertical electrode and the level of 

activity in terms of the number of detachment events is generally higher.
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Figure 5.25 EQCM frequency response for hydrogen evolution from 0.1 M  HC104 at a 

vertical polished gold electrode for which a = -0.50 V, b = -0.55 V, c -  -0.60 V, d  = -65 V, 

e = -0.70 V, f =  -0.75 V,g = -0. 80 V, h = -0.85 V, I  = -0.90 V, j  = -0.95 V.
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Figure 5.26 EQCM frequency response for hydrogen evolution from 0.1 M HC104 at a 

horizontal polished gold electrode for which, a = 0.50 V, b = 0.55 V, c— 0.60 V, d  = 65 V, e 

= 0.70 V, f =  0.75 V, g =0. 80 V, h = 0.85 V, I  = 0.90 V, j  = 0.95 V.

The variation in the activity at the two electrodes and the trends in activity with current density 

are more apparent in the corresponding FFT spectra shown in figures 5.27 and 5.28.
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Figure 5.27 FFT spectra o f the EQCM frequency responses shown in figure 5.25

176 5-EQCM



 a
 c
 d

20 -----b

1.5

aoo o.o5 a io  a is a »  025 a »  aoo 005 010 015 020 025 030
14

010 015 020
frequencyHz

010 015 020
frequency/Hz

Figure 5.28 FFT spectra o f the EQCM frequency responses shown in figure 5.26.

The behaviour at the vertical electrode shown in figure 5.27 shows the predominance of 

peaks in the frequency spectrum shift along the frequency axis as the current density 

increases. In addition, the decay in magnitude is shallow, effectively broadening the 

distribution of detachment frequencies on the FFT spectrum, and gradually increasing the 

overall magnitude. This trend is consistent with model A in figure 5.4 and is produced by a 

simple coalescence/detachment mechanism, in which detachment is facilitated at all values 

of current density and immediately follows coalescence. Increasing the energy input to the 

electrode causes the activation of more nucleation sites (shown by the increased gradient of 

the initial decrease in coupled mass). There are two simultaneous processes: more 

coalescence events and an increase in the rate of coalescence events. It is plausible that 

either the presence of the new bubbles increases the number of coalescence events, whilst 

the rate of the existing coalescence events increases, or the new bubbles coalesce at a higher 

rate and the existing events are unchanged. The FFT spectra cannot differentiate between 

these two possibilities.

The behaviour at the horizontal electrode, and therefore the analysis of the FFT spectra, is 

more complex. The distribution of peak sizes i.e. the shape of the spectrum does not change 

significantly with current density. The absolute value of the magnitude does change with 

current density, although not according to a simple trend. There is an initial increase

177 5-EQCM



suggesting the number of bubbles involved in the coalescence events increases. However, 

this trend is reversed at the highest current densities. Also as the magnitude decreases again, 

the gradient of the decay in magnitude becomes even shallower. This is due to a more 

uniform bubble detachment diameter at all frequencies. It is plausible that the population of 

nucleation sites on the surface has increased to the extent that the detachment mechanism 

switches to coalescence between nearest neighbours only, during which only a small number 

of bubbles are involved.

5.7 Conclusions

The results presented in this chapter have successfully fulfilled two general aims of the 

study: firstly, the application of the EQCM technique to the study of bubble evolution as a 

function of various electrode properties, and secondly, the development of the novel analysis 

technique of Fourier transformation of EQCM data. It has been shown that EQCM analysis 

provides an insight into the activities of bubbles at an electrode. The technique does not rely 

on the interpretation of individual bubbles, and therefore lengthy data analysis is not 

required. This feature enables the EQCM analysis of bubble evolution systems that are too 

complex to be studied using a direct observation technique, such as fast frame video. It has 

been proved that the EQCM is a flexible technique enabling the surface features of an 

electrode to be modified, by coating it with different materials. Further modification of the 

experimental design allowed the same electrode surface to be positioned in a variety of 

orientations. RTO was successfully coated onto a quartz crystal, using the spray-bake 

method providing an industrially relevant sample characterised by a “mud flat” 

microstructure containing deep cracks.

The effect of parameters such as surface roughness and morphology, chemical composition 

and electrode orientation were established. Data analysis methods were developed for 

EQCM analysis in both the time domain and the frequency domain, and the results from both 

were compared to models of the EQCM coupled mass response expected for bubble 

behaviour based on the activity of an individual nucleation site. This chapter has 

demonstrated the validity of the novel use of FFT analysis of the EQCM coupled mass 

response as a tool for providing mechanistic insight into the evolution of bubbles at a variety 

of surfaces. Using this technique it has proved possible to distinguish between different
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bubble evolution mechanisms. This allows the characteristics of bubble behaviour to be 

defined and correlated to the surface properties, an important fundamental step in the 

application of this technique to complex systems. Several parameters were identified. The 

initial gradient in the EQCM coupled mass response is related to the overall nucleation rate. 

The shape of the discontinuities determines the dominant detachment mechanism. Finally, 

the general level of activity (number of discontinuities) in the coupled mass response 

provides an insight into the ability of bubbles to detach from the surface.

5.7.1 S u r fa c e  properties

The bubble evolution mechanism was found to be similar on both polished and unpolished 

gold, nucleation was facilitated at both surfaces, and detachment was primarily through 

coalescence of neighbouring bubbles. Increasing the surface roughness increased the 

number of active nucleation sites on the surface. The sawtooth wave structure, upon which 

the theoretical model was based, arises in the measured resonant frequency response. 

However, it is not caused by the detachment of individual bubbles, but by the simultaneous 

action of multiple bubbles and is mainly attributed to a combined coalescence and 

detachment mechanism. The shape of the sawtooth wave differed, specifically its amplitude 

and the slope of the decay, depending on the dominant mechanism. Where a large number of 

bubbles were involved in a multiple coalescence event, rapid nucleation and growth followed 

a larger sized detachment event, causing a steep decay on the sawtooth wave. This 

mechanism was prevalent at horizontal electrodes where there was a high population of 

bubbles on the surface.

The bubble evolution mechanism was characteristically different at the platinum and RTO 

electrodes. Although coalescence events occurred, they were less significant in the 

detachment mechanism, as there was only limited bubble growth at the electrode. 

Consequently the average bubble detachment size was much smaller at these electrodes, and 

the EQCM frequency response was not characterised by a sawtooth wave. The surface finish 

for the platinum and unpolished electrodes is very similar, and therefore this change in 

mechanism cannot be attributed simply to the surface morphology (although this property 

cannot be ruled out for RTO electrodes). It is possible that the electrocatalytic properties of 

the electrode influence the detachment size. For example, the fast kinetics of both the
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chlorine evolution reaction and the hydrogen evolution reaction may increase the local 

supersaturation levels at the electrode, enhancing the growth rate of bubbles and activating 

more nucleation sites. Another factor is the surface tension at the electrode interface, which 

increases due to adsorbed impurities, inhibiting bubble detachment and thereby lowering 

activity. A high surface tension was observed at “aged” gold electrodes, possibly caused by 

the introduction of impurities by the electrolyte. Interestingly, this effect was not observed 

at the platinum and RTO electrodes. In conclusion the efficiency of the surface in terms of 

bubble detachment is similar for both platinum and RTO electrodes, and both are more 

efficient than the gold electrode.

5.7.2 F F T  as a d iagnostic  to o l

Fourier analysis of EQCM frequency responses data provides a method of directly 

comparing spectra, regardless of the underlying processes and timescale of the experiment. 

The FFT spectrum was shown to be useful in highlighting trends in activity as a function of 

current density, and in quantifying the distribution of bubble detachment sizes. For example, 

it is difficult to determine the distribution in detachment sizes by studying the data in the 

time domain for simple bubble evolution mechanisms, when a small number of nucleation 

sites are activated at low current density, and virtually impossible at high current densities. 

Also it is difficult to establish the magnitude of a jump in the frequency response when it is 

superimposed on a non-linear baseline. In order to resolve individual discontinuities in the 

frequency response, only a small section of the data can be viewed. This may lead to 

ambiguous analysis if assumptions are made when only part of the bubble evolution cycle is 

visible. The FFT spectra were calculated using all of the recorded data points, providing a 

more accurate analysis of the activity on the surface. Fourier analysis is useful tool to 

deconvolute the complex resonant frequency response, although this is simplified by 

correlating the spectra with visual observations.

Comparing the trends in the FFT spectra to the models expected for ideal bubble behaviour, 

it was established that the most common effect of increasing the current density was an 

increase the magnitude of detachment events, but not an increase in detachment rate.
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5.8 Future Work

One of the technologically orientated aims of this study was to determine whether there is 

significant residence of chlorine bubbles at the RTO electrode, since the adherence of 

bubbles to the electrode blocks those sites to further electrochemical reaction. Interestingly, 

this parameter was hard to define at the RTO surface, due to flooding of the porous surface 

by the electrolyte. Visual observations confirmed that there was significant coverage of the 

electrode with bubbles, but this did not hinder bubble detachment, in fact the surface was 

highly active. The wettability of the electrode may itself be of economic concern, because if 

there is a significant area of the electrode that is not in contact with the electrolyte then only 

part of the surface is being utilised for chlorine evolution and further inefficiency is 

introduced. The EQCM is the ideal apparatus to study this phenomena and more work in the 

area would enable the two simultaneous processes of pore flooding and bubble evolution to 

be separated, and establish whether the two processes are related.

Although the quartz crystal electrodes were successfully modified using the spray-bake 

technique, as an ex-situ preparation, significant developmental work was needed to obtain 

the correct thickness of the oxide layer, in order that its chemical and physical properties 

were comparable to those of a commercial electrodes, but also without overloading the 

crystal and preventing it from oscillating. Using the EQCM technique, an RTO electrode 

surface could be prepared in-situ by an electrodeposition or sol-gel technique whilst 

monitoring the mass being deposited onto the crystal. This would allow the amount of 

material deposited to be controlled more carefully. Also, the ratio of metal oxides could be 

varied to extend the study of the effect of surface properties on bubble behaviour. Different 

deposition techniques could be used to modify the surface morphology.

The EQCM has been shown to be a flexible instrument that allows the physical properties of 

the experimental set-up to be modified. Changing other physical properties, such as the 

atmospheric pressure above the electrolyte or the temperature of the cell, would provide 

control over further parameters upon which the bubble evolution mechanism is known to be 

dependent. Finally much of the analysis in this chapter has relied upon visual observation to 

support the resonant frequency and current data. Obviously, for the more complex systems 

the EQCM technique would be enhanced by its combination with a direct observation 

technique, and by correlating both sets of data.
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CHAPTER 6 PRBN

6.1 Introduction

This chapter describes the development and application of modifications to the Pressure 

Release Bubble Nucleation (PRBN) technique. PRBN is an established, although relatively 

unexplored method of measuring the rate of heterogeneous bubble nucleation, induced inside 

a sealed vessel [1-4]. As explained in section 2.1.6 and given in equation 2.36 of chapter 2, 

the rate at which gas bubbles evolve in a supersaturated solution is calculated from the rate at 

which the pressure inside the vessel increases

Previously the technique has been used to measure the nucleation rate of carbon dioxide and 

chlorine bubbles as a function of surface morphology and contact angle from surfaces such 

as Pyrex, stainless steel, RTO, and PTFE [1,2,3]. The surface tension was modified by the 

addition of surfactants to the supersaturated solution [3]. The rate of the pressure rise is 

directly related to the rate of bubble nucleation and allows comparison with the nucleation 

rate predicated by classical nucleation theory [4].

It has been shown that the relationship between nucleation rate (J) and supersaturation (a) is 

complex at surfaces were there are a range of nucleation site activities. The distribution in 

activity is due to the variation in nucleation site geometry and energetics. Classical 

nucleation theory predicts a linear relationship when In / is plotted vs. (aP)’ [5]. However, it 

has been shown that this is only applicable to surfaces that have one type of active 

nucleation site, for example conical pits with identical geometries. Where there is a 

distribution of nucleation sites with different geometries (expected for all physically 

inhomogeneous surfaces), there will be a distribution of nucleation rates. The measured 

nucleation rate is a sum of the rates at each individual nucleation site. Therefore the 

relationship between supersaturation and the overall nucleation rate is a function of the 

independent activity at each type of nucleation site and it has been found that the relationship 

is non-linear for a variety of surfaces [3,6]. When plotting the rate as a function of 

supersaturation, the measured nucleation rate is in fact a composite of the rate of nucleation, 

J, of each type of site at the surface. If the activity of these sites varies significantly, the 

distribution of rates gives rise to curve when la /  is plotted vs. the reciprocal of 

supersaturation, not the straight line predicted by the theory. The deviation from theory has

been attributed to the phenomenon of nucleation rate dispersion.
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The full experimental procedure and apparatus design of the PRBN is given in section 3.3.1. 

The basis of the technique is as follows. The PRBN technique comprises a sealed vessel 

containing the nucleating surface, and a solution in which the gas is dissolved at an elevated 

pressure. Decompression of the vessel causes the solution to become supersaturated to an 

extent relative to the ratio of the initial and final pressures of the vessel: bubbles are then 

nucleated spontaneously at the surface. The vessel is resealed immediately upon 

decompression, therefore the formation of bubbles increases the pressure inside the vessel. 

The pressure is measured continuously, allowing the rate of bubble formation to be 

calculated. The calculated nucleation rate is equal to the overall rate at the surface integrated 

over time and space, so the method does not allow observation of individual nucleation 

events.

Some aspects of the PRBN apparatus design and data analysis methods have previously 

limited its application [3]. Firstly, the method of controlling the supersaturation is 

imprecise. The initial saturating pressure is controlled using a gas cylinder regulator valve, 

this allows the solution to be saturated with the gas at a constant pressure. However, the 

lower target pressure is controlled manually using a needle valve, making it difficult to 

achieve the same target pressure consistently. This introduces variations in conditions 

between experiments, making it difficult to compare the bubble nucleation rate at two 

different surfaces. Secondly, data collection is time-consuming, as the system must 

equilibrate for 24 hours to supersaturate the solution. Each experiment provides the 

nucleation rate at one value of supersaturation, as determined by the starting and end 

pressures in the vessel. Experiments are repeated, varying the supersaturation ratio each 

time. Considering the complex relationship between nucleation rate and supersaturation and 

the distribution of nucleation activity at the surface, a large amount of data are required to 

create a InJ vs. (oP)‘ plot described above.

Another limitation is the fabrication of the nucleation surface. The container inside the 

vessel holding the solution is made from the nucleating surface. For practical reasons this 

has consisted of a cylindrical beaker. The drawback of this technique is the limited number 

of materials that can be used, considering either cost or ease of manufacture. These design 

issues are addressed in the following section.

6.1.1 Objectives

The objective of this study is to adapt the PRBN technique to increase its applicability
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through three advances in the development of a novel data analysis technique and 

modification of the design of the apparatus. Firstly, in order to apply the technique to the 

study of different surface materials, a disc, fabricated from the surface to be studied, replaces 

the cylindrical beaker. The disc is placed at the bottom of an annealed glass beaker, which 

has a negligible number of nucleation sites; ensuring nucleation occurs predominantly at the 

upper surface of the disc. Secondly, the accuracy of the pressure parameter is improved by 

controlling the target pressure using an air actuated solenoid valve. This ensures that the 

vessel is released immediately as the target pressure is reached, making each experiment 

reproducible. Thirdly, to overcome the time required to collect a sufficient amount of data to 

characterise the nucleation activity at the surface, the nucleation rate is calculated as a 

function of supersaturation for a single experiment. This is possible because the 

supersaturation of the solution decreases as dissolved gas is removed from the solution as 

bubbles.

The results shown in this chapter have been obtained using the modified PRBN technique to 

study the kinetics of bubble nucleation as a function of both physical and chemical 

parameters. The systems chosen are the nucleation rate of chlorine bubbles from 

supersaturated brine (5M NaCl) at titanium and RTO surfaces at a temperature of 298K. 

Each sample of the 2 materials was made into a disc of 4cm diameter. Two different 

volumes of NaCl were used; 150 ml and 50 ml. Different RTO samples were prepared using 

the spray bake technique; all the surfaces are characterised by deep crevices. Modification 

of the composition of the coating i.e. the ratio of Ru02 to Ti02 was used to determine the 

effect of chemical composition on the nucleation rate. The titanium discs were etched in 

oxalic acid for different durations, increasing the surface roughness gradually from an 

optically flat surface; this enabled the effect of the roughness of the substrate on nucleation 

rate to be determined.

These systems have been used to identify whether the proposed novel data analysis and 

design can provide comparable information on nucleation rate dispersion as identified with 

the traditional method of data analysis. Successful modification of the PRBN will provide a 

more efficient method of data analysis that decreases the time required to obtain results and 

increases the flexibility of the application of the PRBN technique as a diagnostic tool for 

bubble nucleation studies on a wide variety of materials.
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6.2 Principles of PRBN analysis

6.2.1 Nucleation rate measurement

Nucleation is known to be the rate-limiting step for systems with a low contact angle. This 

is assumed to be valid for both systems under study. Where nucleation is the rate-limiting 

step, it can be shown [7] that the nucleation rate is linearly related to pressure rise. 

Assuming the bubbles reaching the surface are of equal radius, containing n moles of gas, 

then the relationship between the pressure rise and the nucleation rate is given by

dP RT T, x
—  =  nJit)
dt V

(6 .1)

where V is the volume of the vessel headspace and J  is the bubble nucleation rate as defined 

in equation 6.2.

J  = Aexp
16tiy3/ ( 9 ) '
3kT(csPf

(6.2)

In accordance with equation 6.2, the results are plotted in the form In (dMIdt) vs. (aP) 

where M is the rate of gas released in units of mol m s’1 and is calculated from the initial

rise in pressure following the decompression of the PRBN vessel. The difference between 

dMIdt and the nucleation rate J, which has units, bubbles m'2 s '1, results in a difference in the 

value of they axis intercept, but not in the overall shape of the plot.

6.2.2 The two site model

As explained in chapter 2 , theory predicts that a InJ vs. (aP)'2 plot will yield a straight line. 

However, it has been found experimentally for the nucleation of CO2 from H2O, that the plot 

gives a curve. This has been attributed to a distribution in nucleation site energetics; each 

with a particular rate equation and the overall measured nucleation rate is a combination of 

several different rates. The simplest example of this concept is a surface with two types of 

nucleation site geometry (or nucleation energetics), where site a is the predominantly active 

site at the higher supersaturations and site b is predominantly active at lower supersaturations. 

The InJ vs. (oP) plot expected for this scenario is demonstrated in figure 6.1 below.
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at sites a and b

gradient for j
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Figure 6.1 Schematic plot o flnJ  vs. (oP)~2 for a nucleating surface where the nucleation rate 

for the 2 sites individually is shown by the two linear regions. The total rate at the surface 

as a function o f  supersaturation is shown by the composite curve.

Equation 6.2 can be assigned to both linear regions in figure 6.1. The total rate of nucleation 

at the surface is given by

Jt0, = J a + Jb (6-3)

where Ja and Jt are the rate expression for each type of site, derived from the gradient and 

intercept of the two linear regions of figure 6.1.

6.2.3 Novel methodology

In order to obtain multiple points on a InJ  vs. (aPJ2 plot from each experiment, a novel 

technique has been developed. As bubbles nucleate, the supersaturation of the solution 

decreases. The supersaturation ratio is defined by the actual concentration of dissolved gas 

in the solution relative to the equilibrium concentration, defined by the solubility of the gas 

in the solutions at a given pressure. The measured pressure rise can be used to calculate the 

nucleation rate and also to simultaneously calculate the supersaturation of the solution, 

thereby providing the two parameters for a plot of InJ vs. (crP)2. The experimental 

technique used is discussed in section 6.3.
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6.3 Data analysis technique

The following sections describe the experimental techniques used to calculate bubble 

nucleation rate using the PRBN technique.

6.3.1 Calibration

4.5

4.0-

3.5- 

I  3.0-

! “ ■
h 2 .0 -

1.5-

1.0 -

0.5-

0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

pressure/bar gauge

Figure 6.2 Plot o f  transducer output voltage vs. pressure fo r  the oil filled transducer over a

pressure range 0 -4 .5  bar (gauge).

Pressure is measured continuously during each experiment using a transducer, protected 

from the chlorine atmosphere with a silicone oil-filled tantalum diaphragm. This silicone 

oil, was used as an incompressible transfer fluid between the diaphragm and the piezoelectric 

sensor in the transducer. The transducer and diaphragm apparatus were calibrated using a 0 - 

150 p.s.i. Budenberg gauge, the results of which are shown in figure 6.2.

6.3.2 Adiabatic Expansion

As described above, the pressure vessel is rapidly decompressed to cause the solution to

become supersaturated. During this process the gas in the headspace of the vessel undergoes

adiabatic expansion, causing the expanding gas to drop in temperature. When the vessel is

resealed, the remaining gas in the headspace above the solution quickly re-equilibrates to the

ambient temperature of the vessel. This process of re-heating causes a pressure rise in the
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vessel and is a component of the measured pressure response over short times (< 50 

seconds). Before the gradient of the pressure rise can be used to calculate bubble nucleation 

this re-heating component must be accounted for and subtracted from the measured pressure 

parameter.

Once this component has been accounted for, bubble evolution rates can be measured 

directly. Experiments were carried out in order to establish to relative contributions of 

reheating of residual headspace. In order measure the pressure rise due to reheating, several 

“dummy” experiments were carried out as described in section 3.1.1. The initial pressures 

were varied and the target pressure was maintained at 0.05 bar gauge. Figure 6.3 shows 

eight typical pressure vs. time curves for chlorine, it can be seen that the reheating effect 

occurs within the first 50 seconds.

0.25-

0.20 -

0.15

0. 10-

0.05-

0.00
0 100 200 300 400 500

time/s

Figure 6.3 Plot of typical pressure vs. time transients arising from adiabatic expansion of 

chlorine where t= 0  is the point at which the vessel is resealed after decompression for different 

values of initial pressure ofa=4.5, b=4, c=3.5,d=3,e=2.5f=2,g=1.5,h=l (bar gauge).

Figure 6.4 shows the normalised data, where each point on an individual curve is divided by 

the final value of pressure measured for that curve, showing all the curves are 

superimposable. It can be assumed that the reheating is Newtonian, i.e. the temperature of 

the gas in the headspace increases exponentially irrespective of the degree of cooling. 

Therefore the appropriate “adiabatic” pressure response can simply be subtracted from the
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measured pressure response to account for the re-heating component [3]. The details of the 

method of measuring the pressure rise gradient are given in section 6.3.4.
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0. 8 -

0.6 -
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0 100 300200 400 500

time/s

Figure 6.4 Normalised plots o f pressure vs. time shown in figure 6.3.

6.3.3 Diffusion across the gas/liquid interface

Although the predominant mechanism of removing gas from the supersaturated solution will 

occur by the formation of bubbles, some diffusion across the gas/liquid interface at the 

surface of the liquid will occur. This is calculated to be minimal [3] and does not contribute 

significantly to the overall pressure rise.

6.3.4 Gradient Measurement

In order to calculate dM/dt, the rate of bubble evolution, from the measured pressure curve, 

the pressure rise must first be corrected for the re-heating component arising from adiabatic 

expansion. The actual magnitude of the re-heating curve is chosen so that a continuous 

curve is produced in the corrected data as shown in figure 6.5.
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Figure 6.5 Example o f the subtraction o f the reheating component o f a pressure vs. time 

transient where a=measuredpressure vs. time transient, b=reheating component and 

c=corrected pressure transient. The data show chlorine evolution from titanium, for o=4.4.

The gradient of this curve is related to the nucleation rate. The established method of 

composing a lnJ vs. (ctP)' plot is to calculate the supersaturation of the solution at t=0, i.e. 

immediately following the decompression, from the ratio of initial and target pressures 

according to equation 2.1. The gradient of the corrected curve is measured by linear 

regression of the initial pressure increase typically 0 to 100 seconds [6].

The novel data analysis method calculates the extent to which the supersaturation of the 

solution decreases. This parameter is determined by the concentration of gas dissolved in 

the solution, relative to the equilibrium concentration, i.e. the solubility of the gas at a given 

pressure. Both of these values change over the course of an experiment as gas is removed 

from the solution as bubbles. As the pressure above the solution rises, so does the 

equilibrium concentration of gas in solution (calculated from the solubility of the gas). The 

volume of gas leaving the solution is also calculated from the measured increase. 

Combining these calculations on a spreadsheet allows the rate of pressure rise to be 

expressed as a function of supersaturation.
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The measured data are corrected for the adiabatic effect, and then differentiated to derive 

dM/dt. The equilibrium concentration of chorine in brine is calculated using the equation 

given by Yokata (equation 2.71). This equation is also used to calculate the concentration of 

dissolved gas at t=0 prior to gas evolution, based on the initial pressure at which the system 

is equilibrated for 24 hours. The number of moles of gas that are removed (as bubbles) is 

subtracted from the initial value to give the residual concentration of gas in solution as a 

function of time. The ratio of this value to the equilibrium concentration of chlorine gives 

the supersaturation ratio as a function of time. Using this method it is possible to compose a 

In / vs. (oP)'2 plot from a single experiment. Examples of both methods of data analysis are 

compared in the following sections.

6.4 Results for RTO as a function of surface composition

In this section, PRBN of chlorine bubble evolution at various RTO surfaces is presented. 

The samples of RTO differ in the ratio of Ru02 to Ti02 in the mixed oxide layer coated onto 

a titanium substrate. All of the discs were fabricated using the pre-treated titanium substrate. 

The percentage of Ru02 present at the surface of the samples is as follows; sample a = 10%, 

b = 15%, c = 25%, d = 35%, e = 60%, meaning electroactivity increases from sample a to 

sample e. The bubble nucleation rate is measured as a function of both surface composition 

and supersaturation.

Figure 6.6 shows pressure vs. time transients measured for chlorine bubble evolution from 

5M NaCl at the five different RTO samples, a-e, for the same value of supersaturation. The 

data have not been corrected for the effect of adiabatic expansion, which is clearly seen to be 

dominant in the first 50 seconds of each experiment; at longer times there is a gradual 

variation in the rate of pressure rise. The target pressure for each experiment is 0.05 bar 

gauge, variation in the value of the initial pressure, means that the supersaturation for this set 

of experiments lies between 4.40 and 4.62.

As mentioned above, the established method of analysis [1,6] is the measurement of the

initial pressure vs. time gradient for a single surface at various values of supersaturation.

Figure 6.7 shows the corrected pressure vs. time transients for RTO sample d  as a function

of supersaturation. It can be seen that the nucleation rate increases with supersaturation.

However, the plot is non-linear for most of the experiments, therefore, the gradient of the

region between 0 and 100 seconds was chosen. This is the initial gradient and is therefore
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consistent with the established m ethodology.
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Figure 6.6 Pressure vs. time transients for the Ch/NaCl/RTO system for five different 

surfaces, a-e, where the ratio o f R11O2 to TiC>2 increases from sample a-e. The small 

variation in supersaturation (cj) for each experiment is given by a = 4.42, b = 4.40,

c = 4.51, d  = 4.52, e= 4.62.

Plotting the data shown in figure 6.7 as a In(dM/dt) vs. (crPJ plot in figure 6.8, shows that 

there is a deviation from linearity as predicted by theory and equation 6.2. This is consistent 

with previous observations using the PRBN technique for chlorine bubble evolution at an 

RTO surface [3]. Figure 6.8 shows there is a linear region at the higher supersaturations (the 

left side of the x axis) for all the samples shown. However, where the data are available, this 

trend does not continue at the lower values of a, as the curve levels out, where the rate of 

bubble evolution is enhanced compared to the expected values.

The range of values of supersaturation over which the breakdown in linearity occurs is 

denoted the transition supersaturation (atrans). A single value is usually assigned that lies in 

the mid-point of the range. Due to the scatter and position of the data points on the curve 

in figure 6.8, it would be difficult to assign a value for atrans for any of the five RTO 

samples. However, the actual values shown in the figure compare very well with data 

collected using a cylindrical RTO beaker [3].
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Figure 6.7̂ 4 set ofpressure vs. time curves correctedfor the adiabatic component for a 

Ch/NaCl/RTO system (using sample d) showing the increase in gas evolution rate with 

supersaturation. The supersaturation (o) is given for each experiment.
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Figure 6.8 Plot o f In (dMZdt) V5. (oP)'2 for the 5 different Ch/NaCl/RTO samples a-e.
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6.4.1 Results for a single experiment

The data presented in the previous section showed that replacing the cylindrical RTO beaker 

with an RTO disc provided comparable results. The data presented in this section are 

derived from single experiments for each RTO sample. Figure 6.9 shows the pressure vs. 

time transients corrected for the effect of adiabatic expansion. There is a general increase in 

nucleation rate from sample a to sample e, although this is slightly masked by minor 

variations in the initial value of supersaturation.
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Figure 6.9 A set o f corrected pressure vs. time curves for the 5 different RTO samples 

where the ratio o f Ru02 to HO2 increases from sample a-e. The small variation in 

supersaturation (a) for each experiment is given by; a= 4.17, b = 4.07, c = 3.72, d  =

3.81, e = 4.29.

Figure 6.10 shows the In (dM/dt) vs. (<jP)’2 plot for RTO sample d. The curve clearly shows 

two linear regions, denoted a and b, corresponding to the dominance of two different types 

of nucleation site, active over different regions of supersaturation. The data are also shown 

in table 6.1 against data collected by other workers using the established apparatus design 

and method of analysis methods.
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Figure 6.10 Plot o f In (dM/dt) vs. (aP f for RTO sample d, calculated from the pressure vs.

time transient shown in figure 6.9.

The values of the slope and intercept for nucleation site, type b, active at the lower 

supersaturation are close in magnitude for both bubble evolution systems. However, for 

nucleation site type a, the gradient is steeper and the value of the intercept smaller for the 

RTO disc compared to the beaker. The most important parameter for comparing the 

efficiency of bubble evolution at the surface is the atrans parameter. The position of atrans 

along the x  axis gives an indication of the supersaturation required to activate the dominant 

nucleation sites, i.e., type a nucleation sites, where there is a large increase in nucleation rate 

over a small range of supersaturation. Interestingly, the value of atrans for the RTO beaker is 

higher than for the RTO disc, suggesting that more energy (in terms of supersaturation) is 

required to activate the more efficient nucleation sites (of type a) present on the surface of 

the beaker. It is worth noting, however, that imperfections introduced onto the surface of the 

RTO beaker during its manufacture make direct comparison of the two systems difficult. 

Such difficulties arising during manufacturing are minimised using a disc shaped nucleating 

surface.
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Bubble evolution system Type of 

nucleation site

Intercept (/) Slope (S)

RTO disc

Otrans = 2.26

a -5.717 -9.798 x 1010

b -7.13 -1.887 xlO 10

RTO beaker [ 3 ]  

CJtrans 3 . 9 3

a -4.000 -5.912 x 10"

b -7.341 -5.439 x 1010

Table 6 .1 Data for the In (dM/dt) vs. (crP) ' 2  plot shown in figure 6 .10 and from [3].

Figure 6.11 shows the ln(dM/dt) vs. (crP)'2 plot for the five RTO discs, calculated for the 

individual pressure vs. time transients shown in figure 6.9. The plot shows there is a 

deviation from linearity for each RTO sample, with all curves approximating the two-site 

model as shown in figure 6.1. There is a general increase in the overall bubble nucleation 

rate over all values of supersaturation as the percentage of Ru02 (and therefore the 

electrocatalytic activity), increases.
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Figure 6.11 Plot o f In (dM/dt) vs. (op) 2 for th

defined in the text) calculated from the 5 pressure vs. time transients shown in figure 6 .9.
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Comparing figure 6.11 with figure 6.8, it can be seen that the values on both plots are 

comparable. However, the larger number of data points in figure 6.11, make it easier to 

extract accurate values of slope, intercept and atrans-

6.5 Results for titanium as a function of surface roughness

The RTO samples were prepared by coating the oxide solution onto a titanium substrate, 

which was etched by soaking in oxalic acid. In this section, chlorine bubble nucleation rate 

from 5 M NaCl is calculated at five different titanium surfaces, as a function of surface 

roughness. The discs (4 cm diameter) were polished to a mirror finish prior to etching. The 

length of time each disc was immersed in oxalic acid is as follows; sample i = eight hours, ii 

= five hours, iii = three hours = iv = one hour, v = no etching, i.e. mirror polish, meaning the 

surface roughness decreases from sample i to sample v.
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Figure 6.12 Pressure vs. time curves for Ch/NaCl/Ti system where the roughness o f the 5 

different Ti samples decreases from samples i-v. The supersaturation (<j) for each 

experiment is given by i = 3.92, ii = 4.092, iii = 4.01, iv = v = 4.08, v = 4.06

Figures 6.12 and 6.13 show the pressure vs. time transients for uncorrected data (figure 6.12) 

and the data corrected for the effect of adiabatic expansion (figure 6.13) for the titanium 

surfaces. It can be seen that there is a general increase in nucleation rate as the surface
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roughness increases. The exception is for sample v, the polished titanium surface. This 

anomaly is possibly due to the manufacturing process of the discs. Each disc was cut from a 

titanium sheet, and the edges of the discs were roughly polished to remove sharp protrusions. 

Both faces of each disc were then highly polished. The oxalic acid etches both the faces and 

edges of the disc, giving a uniform roughness. It is possible that sample v, which was not 

immersed in the acid, was left with a greater roughness on the edge of the disc, and this 

accounts for its nucleation activity.
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Figure 6.13 A set of corrected pressure vs. time curves for the 5 different Ti samples i-v, the 

supersaturation (a) for each experiment is as follows i = 3.92, ii = 4.092, iii = 4.01, iv = v =

4.08, v = 4.06

Figure 6.14 shows the In (dM/dt) vs. (aP)"2 plot for the five titanium samples. As seen for 

the RTO samples, there is deviation from linearity for all of the samples. This can be 

attributed to multiple nucleation geometries on the surface. There is a general increase in the 

overall bubble nucleation rate over all values of supersaturation as the surface roughness 

increases. The nucleation rate appears to be lower than seen for the RTO surfaces for the 

same value of supersaturation. The values shown in figure 6.14 are comparable with data 

collected on a cylindrical beaker made from etched titanium (etched for eight hours) [3].
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Figure 6.14 Plot o f In (dM/dt) vs. (op)'2 for the 5 different Ti samples i-v calculated from the 

5 pressure vs. time transients shown in figure 6.13.

6.6 Effect of oxide coating on nucleation rate
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Figure 6.15 Comparison o f ln(dM/dt) for the RTO and titanium samples, where samples 1 to 5 

on the x axis correspond to RTO samples a-e and titanium samples i-v. Supersaturation =3.
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The effect on nucleation rate of coating the titanium discs with an RTO layer is seen in 

figure 6.15. The plot shows ln(dM/dt) values for the 10 samples. For samples 2-5, the rate 

is significantly higher at RTO than at titanium. This is expected as the RTO coating has 

been developed to produce a surface covered in crevices. However, the nucleation rate for 

the higly-etched surface, i, is comparable to the least electroactive RTO surface, a. This 

means that some of the RTO compositions used, e.g. samples a and b offered little advantage 

over the etched titanium in terms of enhancing the rate of bubble nucleation.

6.7 Conclusions

The aim of this study was to test the viability of the use of novel modifications to the design 

and data analysis methodology of the PRBN technique for measuring the rate of bubble 

nucleation. Data collected using the new methodology have been found to compare well 

with existing data. The time required establishing the relationship between nucleation rate 

and supersaturation has been greatly reduced, improving the efficiency of the PRBN 

technique. Also, by using a disc made from the nucleating material under study, rather than 

a beaker, a much wider range of materials can be used. This expands the use of the PRBN as 

a diagnostic technique for the empirical study of bubble nucleation on new materials.

Two systems were chosen, RTO of varying surface composition, and titanium of varying 

surface roughness. It was found that nucleation rate increased with both electrocatalytic 

activity and surface roughness, and that all surfaces displayed a distribution of nucleation 

site geometries.

6.7.1 Future work

This study has successfully shown that the PRBN technique can be a powerful diagnostic 

tool. Considering only its application to the chlor-alkali process, many other experiments 

are feasible that would further the knowledge of the behaviour of chlorine bubbles in an 

industrial chlor-alkali cell. For example, the inter-electrode gap in an industrial cell is very 

small, meaning that bubbles detaching from the anode will immediately contact and adhere 

to the Nafion ® membrane that separates the anode and cathode. The PRBN could be used 

to study the nucleation rate of bubbles at Nafion ® membranes, to determine its function 

during bubble evolution in the cell. The rates of bubble nucleation in this chapter have been
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measured at 298K. Since the vessel is thermostated, it is feasible to increase the temperature 

of the vessel, to measure nucleation rate as a function of temperature, although it should be 

noted that due to the corrosive properties of chlorine, some modifications would be needed 

to protect the vessel from corrosion.
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CHAPTER 7 CONCLUSIONS

The mechanisms of hydrogen bubble evolution at gold and platinum, and chlorine bubble 

evolution at RTO electrodes have been successfully characterised using three 

complementary experimental techniques: fast frame video (FFV), electrochemical quartz 

crystal microbalance (EQCM) and pressure release bubble nucleation (PRBN). These 

techniques provide an integrated approach to the study of bubble evolution systems that 

enables the mechanism to be established. Each technique provides a different perspective, 

through either the study of individual bubble events (FFV) or the nucleation and detachment 

rate at the surface (PRBN, and EQCM).

The FFV and EQCM techniques were developed using hydrogen evolution at gold 

electrodes as a model system, comparing the surface roughness and electrode orientation. 

Through studying this system using the FFV technique, it has been shown that the growth 

mechanism of hydrogen bubbles on a macroscopic electrode is a function of both the 

bubbles’ growth environment and the current density. In the current density range 3 - 4 4  mA 

cm'2, hydrogen bubble nucleation was found to be rapid at a polished gold electrode. The 

number of nucleation sites and detachment frequency increased with current density, 

whereas the average detachment size decreased. The detachment mechanism was 

predominantly due to coalescence of neighbouring bubbles. The growth mechanism was 

predominantly diffusion limited, but under some conditions approximated the direct 

injection mechanism previously observed for microelectrodes. Although it was 

demonstrated that the value of the time exponent for the growth mechanism was not a 

practical diagnostic variable, it highlighted the variation in localised levels of supersaturation 

at the electrode surface.

Novel Fast Fourier transform analysis of EQCM data, measured for the same type of surface, 

allowed the same conclusions to be drawn. In the same current density range, the bubbles 

were seen to nucleate rapidly and grow whilst attached to the electrode surface. The 

detachment frequency increased with current density, with little change in the volume of gas 

leaving the electrode. In conclusion, the EQCM was shown to be a useful technique for 

bubble measurements that would be difficult and time-consuming using the direct visual 

observation technique. Combination of these two techniques will provide a very powerful 

tool for characterisation of bubble nucleation systems.
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FFV studies of the platinum electrodes showed the hydrogen gas evolution mechanism was 

markedly different from hydrogen evolution at a gold electrode. Hydrogen bubbles 

nucleated rapidly at platinum electrodes and the number of active nucleation sites increased 

with current density, despite some sites becoming deactivated. The new sites that were 

active only at high current densities were characteristically different, forming in clusters and 

producing very small bubbles that detached rapidly, prior to significant growth at the 

electrode. These nucleation sites produced vertical streams of departing bubbles and were 

termed “bubble pumps”. The dimensions of the active nucleation sites ranged over at least 

one order of magnitude, from sub-micron to several microns in diameter. Detachment 

occurred by coalescence of neighbouring bubbles as seen for the gold electrode, in addition 

detachment caused by the collision of stationary and rising bubbles was more significant. 

The switch in mechanism that was observed for hydrogen bubble evolution at a platinum 

surface has been highlighted as an example of nucleation rate dispersion, a phenomenon that 

has been identified for other surfaces using the PRBN technique. It was more difficult to 

define conclusively the mechanism of hydrogen evolution at platinum using the EQCM 

technique. The frequency changes accompanying bubble detachment were small compared 

to the resolution of the apparatus, making FFT analysis difficult. However, it can be 

concluded that the small frequency changes showed that only a small volume of gas was 

resident on the platinum electrode during bubble evolution, an observation that is consistent 

with the FFV results.

Visual observation of chlorine bubble evolution at the vertical RTO electrodes identified that 

the study of specific nucleation sites is less applicable to this system. Unlike the platinum 

and gold electrodes, where consecutive bubbles formed at specific nucleation sites, the 

location of bubbles on the RTO surface was random, with very few consecutive bubble 

cycles being established. In the current density range 18-56 mA cm'2, the number of active 

nucleation sites increased with current density and there was a much wider distribution in the 

number of active nucleation sites as a function of supersaturation. This suggests that 

nucleation was inhibited at the low values of supersaturation and was the rate-limiting step. 

The majority of bubble growth occurred whilst the bubbles were attached to the electrode, 

but not necessarily at the point of nucleation. Detachment occurred due to buoyancy forces 

or the collision of two bubbles, there was a small decrease in the average detachment size 

and an increase in the detachment rate with current density. Coalescence of neighbouring 

bubbles was uncommon and generally not involved in the detachment mechanism.
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These observations were confirmed by the EQCM measurements of chlorine bubble 

evolution at horizontal RTO electrodes. In the current density range 8 - 6 0  mA cm' the 

EQCM data are consistent with an increase in the number of nucleation sites. There was a 

change in mechanism as the current density increased further, with bubble detachment 

causing large jumps in frequency; this has been attributed to the influence of coalescence on 

the detachment mechanism. It was not possible to determine the amount of gas resident on 

the RTO electrode during the EQCM experiments, because of an apparent increase in 

coupled mass during gas evolution. One likely explanation is that the porous RTO surface 

becomes flooded with electrolyte during gas evolution.

Having established that nucleation was the rate-limiting step in the evolution of chlorine 

bubbles at an RTO surface, the nucleation rate was investigated further using the PRBN 

technique. The results confirmed that the nucleation activity varied as a function of current 

density and that different types of nucleation sites were activated at different values of 

supersaturation. Although the values of supersaturation that are generated using the PRBN 

technique are an order of magnitude lower than those generated during electrocatalytic gas 

evolution, it is reasonable to assume that the two-site model observed with the PRBN could 

be extended to a multi-site model over a larger range of supersaturation. Measurements of 

chlorine evolution from titanium showed that the surface roughness of the titanium substrate 

contributes significantly to the nucleation activity of the RTO surface.

Several issues have been identified during the development of the three experimental 

techniques used in this study that could be resolved through further research. The FFV 

technique provides characterisation of individual nucleation sites by quantifying the 

behaviour of bubbles forming at them. However, it was not possible to control the activity 

of the nucleation sites at the surfaces, even when using highly polished electrodes. In 

addition, the physical features and chemical properties of nucleation sites cannot be 

identified using FFV; however these are important parameters that give rise to the specific 

modes of bubble behaviour. Future research would need to address the relationship between 

the morphology of a nucleation site and the mechanism of the bubble formed at it. One 

solution would be to systemically vary the macroscopic properties of a surface such as the 

surface roughness or the contact angle, whilst simultaneously measuring the trends in the 

bubble behaviour. Alternatively, individual nucleation sites could be generated artificially 

by etching a single crystal surface, in an attempt to replicate the mechanisms observed at the 

naturally occurring sites.
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This approach could be applied to further EQCM analysis, specifically a study of the volume 

of gas present on the electrode in the form of adhered bubbles, during bubble evolution, 

determined by the value of the A f bubbie layer  parameter. In this study it has been shown that it 

is it possible to modify the surface of the EQCM quartz crystal and the preliminary studies 

of the porous RTO electrode suggested that the pores became flooded during chlorine 

evolution. A more in depth analysis of the phenomenon, achieved by varying the surface 

structure of the electrode through different metal oxide deposition techniques, would provide 

an insight into the effect this process has on the bubble evolution mechanism. The novel 

data analysis methodology developed for the PRBN technique has shown it to be a powerful 

diagnostic tool for determining the nucleation activity of a solid surface. Any surface that 

can be manufactured as a small disc can be characterised using this technique. The role of 

other materials in the behaviour of bubble evolution in an industrial chlor-alkali cell is not 

well understood. For example, in addition to possible further analysis testing modifications 

to the anode and cathode materials presently used in chlor-alkali analysis, an interesting 

future development would be the study of bubble nucleation from the Nafion ® membrane.
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