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This early phase will also see the need to employ many other techniques other than 

electrochemistry in an effort to aid in the understanding and characterization of the 

triple phase boundary at microdroplets. This will include travelling to other 

laboratories in search of specialized scientific skills and apparatus, such as electron 

paramagnetic resonance, or photocurrent spectroscopy. It will also see the need to 

build new equipment needed to conduct tests such as surface tension visualization, or 

new electrochemical cells for photocurrent measurement. 

 

In summary, this report will see initial characterization of the processes, both light 

and dark, that occur within the triple phase boundary of a microdroplet for a given 

redox molecule dissolved within. Early attempts at coupling excited states with other 

molecules are also explored. Serendipity has always played a part in scientific 

discovery and the work outlined in this report was no different. The choice of oil used 

for the organic phase microdroplet deposits yielded some interesting and unexpected 

results, and has been implicated as one of the key aspects of the photoreactions that 

have been explored. 

 

 

 

 

 

 

 

 

 



 4 

Chapter 1 - Introduction  
 
1.1 Introduction to Electrochemistry     8 
 
1.2 Electrode potential        9 
 
1.3 Application of Potential       13 
    1.3.1  Fermi Levels        13 
    1.3.2 Overpotential        16 

1.3.3 Butler-Volmer Model       17 
 

1.4 Interface at the Electrode Surface     21 
    1.4.1 HelmHoltz Model       22 
    1.4.2 Gouy and Chapman Model      24 
    1.4.3 Stern Model        24 
    1.4.4 Grahame Model       25 
 
1.6 Diffusion         27 
    1.6.1 Forcing Diffusion       31 
 
1.5 Electrochemical Cells and Voltammetry    33 
    1.5.1 Cyclic Voltammetry       35 
    1.5.2 The Shape of a Typical Cyclic Reversible Cyclic  

Voltammogram for an Electrode in Solution    38 
    1.5.3 The Diffusion Layer       39 
    1.5.4 Effect of Scan Rate       41 
    1.5.5 Reversibility        42 
    1.5.6           Surface Attached Reversible voltammetric Signals   44 
   
1.7 Identifying Chemical Reactions With Voltammetry   46 
    1.7.1 The EC Mechanism       46 
    1.7.2 The ECE Mechanism       48 
 
1.8 Liquid | Liquid and Triple Phase  

Boundary Electrochemistry      50 
    1.8.1 The Four Electrode Cell      51 
    1.8.2 Towards Triple Phase Systems     53 
    1.8.3 Microdroplets        54 
    1.8.4 Ion Transfer        56 

1.8.5 Other Triple Phase Approaches     57 
 
 

 
 



 5 

1.9 Photo-Electrochemical Reactions at the  
Triple Phase Boundary       61 

    1.9.1 Light Harvesting       62 
 
 
Chapter 2 - Resolving Triple Phase Boundary  
Voltammetry of Rhodamine B in PPP Microdroplets  65 
 
2.1  Abstract         66 
 
2.2 Introduction and Previous Work     67 
 
2.3 Experimental        69 
    2.3.1 Reagents        69 
    2.3.2 Instrumentation       69 
    2.3.3 Electrode Preparation Procedure     71 
 
2.4 Voltammetry of Rhodamine B Base, Dark Processes  72 

    2.4.1 Peak Identification and Effect of Deposition Volume  72 
    2.4.2 Effect of Scan Rate       75 
    2.4.3 Chemical step - Disproportionation Reaction    76 
    2.4.4 Suggested Mechanisms      79 
    2.4.5 Effect of pH        81 
 
2.5 Voltammetry of Rhodamine Ocatadecyl      

Perchlorate, Dark processes      84 
 
2.6 Photo-Electrochemical Processes for Rhodamine B Base  88 
    2.6.1  Photocurrent Spectroscopy      90 
    2.6.2 Photo Induced Conproportionation Reaction    92 
    2.6.3 Effect of pH on the Photo Process     93 
 
2.7 Computer Simulation Corroboration  

of Proposed Mechanisms       94 
    2.7.1 Effect of Light Intensity       94 
    2.7.2 Effect of Scan Rate       96 
 
2.8  Photo-Electrochemical Processes for Rhodamine  

Octadecylester Perchlorate         97     
 
2.9 Summary         97 



 6 

Chapter 3 - Triple Phase Boundary Photovoltammetry  
of Pentoxyresorufin in PPP Microdroplets   99 
 
3.1  Abstract                   100 
 
3.2 Introduction and Previous Work               101
  
3.3 Experimental                           102 
    3.3.1 Reagents          102 
    3.3.2 Instrumentation       103 
    3.3.3 Electrode Preparation Procedure     104 
  
3.4  Voltammetry of Pentoxyresorufin               105 

    3.4.1 Effect of Deposition Volume      106 
    3.4.2  Effect of Scan Rate       107 
    3.4.3  Effect of pH        108 
    3.4.4  Proposed Mechanisms      110 
    3.4.5 PPP | Electrolyte Interface Experiments    111 
    3.4.6 Photo-Electrochemistry of pentoxyresorufin    114 
 
3.5 Voltammetry of Duroquinone      115 
    3.5.1 Effect of Scan Rate       115 
    3.5.2 Effect of pH        116 
 
3.6  Dark Voltammetry of Resorufin with     

Duroquinone as Co-Reactant      118 
 
3.7 Photo-Electrochemistry of Resorufin      

Pentyl Ether and Duroquinone      119 
    3.7.1  Effect of Light Intensity      120 
    3.7.2 Effect of pH        120 
    3.7.3 Photo Activity as a Function of Wavelength    122 
    3.7.4 Proposed Mechanisms      124 
 
3.8 Exploration of Excited State Using  

Electron Paramagnetic Resonance      125 
  
3.9 Summary         127 
  
 



 7 

Chapter 4 - Driven Liquid | Liquid | Electrode Anion 
Transfer into 4-(3-Phenylpropyl)-Pyridine   129 
 
4.1  Abstract         130 
 
4.2 Introduction         131 
 
4.3 Experimental        133 
   
    4.3.1  Chemicals       133 
    4.3.2  Instrumentation      133 
    4.3.3  Electrode Preparation Procedure    134 
 
4.4  Ion Transfer Voltammetry for the TPPMn System in  
           PPP microdroplets        136 
    4.4.1  Ion Transfer with Sodium Bicarbonate Electrolyte  139 
    4.4.2   Ion Transfer with Potassium Fluoride Electrolyte  141 
 
4.5 Ion Transfer Voltammetry at Mesoporous ITO Electrodes  144 
     
    3.5.1  Spectroelectrochemical Measurements   148 
 
4.6  Summary         150
     
Chapter 5 - Electrochemical Bicarbonate and  
Carbonate Capture Facilitated by Boronic Acids  151 
 
5.1  Abstract         152 
 
5.2 Introduction         152 
 
5.3 Experimental        153 
     4.3.1 Chemicals          153 
     4.3.2 Instrumentation       153 
     4.3.3 Electrode Preparation Procedure     154 
 
5.4  Voltammetry of TPPMn in Sodium Bicarbonate Solution  155 
  
5.4.1 Facilitation of Ion Transfer with Napthylboronic Acid  157 
 
5.5 Summary         161 
 Final Comments        162 
 Acknowledgements                                                                      164 

References                               165 



























 20 

The current obtained from one of these reactions is directly proportional to the rate 

constant for the electron transfer reaction. An expression for the current obtained is 

expressed in equation 16(29). 

 

(Equation 16) 

 

 

Substituting into equation 15 for the rate constant gives equation 17. These 

expressions for current are commonly referred to as the Butler-Volmer equations(29). 

 

(Equation 17) 

 

They can be combined to form the total current which is defined as equation 18 

 

(Equation 18) 
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1.4 - Interface at the Electrode Surface 

 

The interface at the electrode surface between the electrode itself, and the aqueous 

electrolyte is said to be comparable to that of a capacitor, figure 4. A capacitor can be 

defined as a circuit with a break in it consisting of two conducting plates separated by 

a dielectric material. The behaviour of a capacitor can be described by equation 19 

where q defines the charge stored across the capacitor (C), E describes the potential 

applied across the capacitor (V), and C being the capacitance which is measured in 

Farads, (F)(27). 

 

(Equation 19)                            q/E = C 

 

 

 

 

Figure 4 - Illustration of a capacitor showing two charged capacitor plates that incur 
a linear potential drop between them. 
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1.4.2 - Gouy and Chapman Model 

 
The model for the double layer proposed by Helmholtz was a simplistic one, and over 

the years from his initial proposition of the idea (in 1853) (27) revisions and new facts 

were added to the theory of the double layer. One of these was conducted by Gouy 

and Chapman, and was concerned with the effect that Brownian motion would have 

on the molecules of the solution. It was suggested that it was unlikely that the entire 

charge of the electrode would be balanced by solution ions present only at OHP.  

 

The effect of Brownian motion within the solution would scatter some of the ions at 

the OHP leading to a gradual, but consistent, potential drop away from the electrode. 

This meant that the charge in the solution is spread over a larger volume than simply 

the OHP, the area at which the potential drop occurs in the solution layer could be 

viewed as a diffuse layer(27). The actual thickness of this layer, would of course vary 

with concentration of the ions in solution, but for a electrolyte concentration of ca. 

0.1M or above, the thickness would normally be in the order of approximately 100 x 

10-10m(29). 

 

1.4.3 - Stern Model 

 
A further revision on the these two models was proposed by Stern, this essentially 

taking the ideas of both theories and combining them. Stern accepted the effect that 

Brownian motion and thermal agitation would have on the solution ions at the OHP, 

but still retained the idea from Helmholtz theory that there would be a minimum 

distance of approach due to solvation of the ions in solution. He proposed that this 

would not lead to a steady potential drop from the surface of the electrode, but rather 
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Figure 6(27) - Illustration of the Graham model of the electrode | electrolyte interface 
showing the electrical double layer and extent of the diffusion layer. 
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1.6.1 - Forcing Diffusion  

 

We have covered various aspects of voltammetry at stationary electrodes, and how 

the transport of fresh reactant to the electrode surface is perpetuated by diffusion 

through a concentration gradient set up by a diffusion layer. It is however, possible 

through convection -in this case forced- to minimize or almost completely remove the 

diffusion layer. For this type of effect a deliberate stirring or agitation of the 

electrolyte solution is performed in order to dominate the effects of mass transport 

through diffusion, and overwhelm these with forced convection. The term 

overwhelm, instead of replace, is deliberately used, as there will always be some mass 

transport diffusion type effects at very close distances to the electrode(31). 

 

There are many ways to induce this forced convection, either by movement of the 

electrode itself or by inducing a movement in the electrolyte solution; these are 

known as hydrodynamic electrodes(27). One of the most popular examples for 

illustrating this is the rotating disc electrode, but others include sono-voltammtery(32) 

and channel flow voltammetry(31). Because the effects that are forcing these 

convections are controlled by the user (rotation speed and channel flow rate) the rates 

of convection can be altered, which will in turn alter the rate of mass transport to the 

electrode surface. This can provide diverse reaction timescales and give kinetic and 

mechanistic insights into the system. It also avoids problems that might occur at 

stationary electrodes in experiments such as running a very fast scan rate, which can 

create charging of the double layer capacitance, therefore resulting in warping of the 

data (31). 
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The rotating disc electrode set-up is simple, and incorporates an electrode immersed 

in solution, where the electrode is capable of being rotated along the axis of its length. 

Normally the rotation rate would be up to approximately 50Hz(31). The diagram 

shown as figure 9 illustrates how the rotating disc creates a laminar hydrodynamic 

flow over the electrode surface. 

 

 

 

 

Figure 9- Schematic representation of a rotating disc hydrodynamic electrode. The 
rotation of the electrode causes a drawing up of the solution towards the disc and is 
then pushed outwards along the electrode surface. The flow of the solution is laminar. 
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Figure 10 - A representation of a typical electrochemical cell, where WE, RE and CE 
refer to the  working electrode, reference electrode and counter electrode respectively 
 

Working electrodes must be chosen with the intended experiment in mind, as 

different materials have different properties, and one must select the working 

electrode that will best match the intended work. Such properties can include: what 

the range of useful potentials are, purity of the material, if anything will be 

immobilized on the surface and what solvent will be used in the experiment(25)(31). 

The potential range to be used also influences other factors such as the stability of the 

supporting electrolyte under the desired conditions, solvent decomposition, and the 

possibility of electrode dissolution taking place (25).  
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Cyclic Voltammetry introduces a backwards sweep along the potential that was 

traversed in linear sweep voltammetry. After the potential reaches E2, it is then swept 

back to the starting potential, at the same rate as was used to traverse the forward 

direction. Figure 12 shows how potential varies with time under Cyclic Voltammetry.  

 

 

Figure 12- Graph illustrating how potential varies with time during a cyclic 
voltammetry experiment. 
 

 

Figure 13 - A typical cyclic voltammogram of a reversible oxidation process. The 
values for the peak currents for both the oxidation and reduction (Ipc and Ipa 
respectively) are highlighted as well as the corresponding potential value at which 
these occur, Epc and Epa. 
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the electron transfer is detected as a measurable increase in current at the electrode, 

which is plotted on the voltammogram. There is a rise in current as we go to more 

positive potentials due to the fact that more positive potentials precipitate a faster 

electron transfer, which is measured as a larger current. This rise in current will 

eventually reach a peak, and then start to decline, this peak is labelled ipc in figure 13. 

Before this peak, the mechanism is under kinetic control, the limiting factor at this 

point is how quickly the electron transfer step can occur, and this is a fast process. 

 

1.5.3 The Diffusion Layer 

 
Diffusion control is responsible for the effect which causes a drop in the current as 

seen in the typical cyclic voltammogram, and hence a peak. This is a part of the mass 

transport effects that were outlined earlier and is one of the factors responsible for 

controlling the currents we observed(29). If we take the oxidative current example, 

when the positive potentials are high enough, all of species X near the electrode 

surface is quickly oxidized resulting in no X being present at the surface of the 

electrode, thus setting up a concentration gradient moving away from the electrode. 

At the electrode surface, the concentration of X is zero, and as we move away from 

the electrode surface, the concentration starts to increase until it eventually reaches 

the original bulk concentration of species X. This creates a diffusion layer, and this 

layer will become larger as more time passes with the applied potential(29), this is 

illustrated in figure 15. The diffusion layer will eventually reach a maximum size, but 

cannot grow indefinitely (due to the inevitable mixing effects that will occur within 

the solution), thus an equilibrium is reached, balanced by the amount of mixing that 

the solution experiences(27). 
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1.5.4 Effect of Scan Rate 

 

Thus far we have only looked at a single scan rate, the typical cyclic voltammogram 

for a reversible species as shown earlier in figure 13 will change as a result of varying 

the scan rate. Varying scan rate simply means varying the speed at which the 

potential is swept from E1, to E2 and then back again. A faster scan rate means going 

through the cycle at a faster rate. Performing the experiment at a faster scan rate has 

an impact on the voltammograms recorded, and this is seen as an increase in peak 

height for the signals observed- i.e. a higher current-(29)(31). This is illustrated in figure 

16(29)(31). 

 

 

Figure 16 - Illustration of how increasing scan rate affects cyclic voltammetry scans 
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This effect of increasing peak current can be attributed to the growth and size of the 

diffusion layer. The longer a scan takes to run, the more time the diffusion layer has 

to grow into the bulk, and therefore the larger the size of the diffusion layer. A large 

diffusion layer as a consequence of a slow scan rate will mean that the flux to the 

electrode surface will be considerably smaller than the flux to the electrode surface 

during a fast scan rate, which would only produce a comparatively small diffusion 

layer. The current that is observed during a voltammetry experiment is proportional to 

flux (vide ante, equation 7), therefore slow scan rates cause large diffusion layers, 

meaning shallower concentration gradients. These is turn lead to less flux to the 

electrode surface, which in turn corresponds to smaller peak currents for the current 

voltage curves that are obtained(27).  

 

1.5.5 Electrochemical Reversibility 

 

It should be noted that the positions of all the peaks along the potential axis in figure 

16 do not change as a result of increasing scan rate, only the peak height is seen to 

increase. This is typical of a reversible system. A reversible system is one that has 

fast electron transfer kinetics, and the corresponding cyclic voltammograms have well 

defined characteristics. The peak to peak separation of such a system is 59mV, it has 

no peak position change as a result of increasing scan rate, only an increase in the 

peak height which is proportional to the square root of scan rate, and finally the 

magnitude of both the forward and back peak are equal (29)(31). If the electron transfer 

kinetics are slow in comparison, more over potential will be required in order to 

facilitate electron transfer. This is termed an irreversible electron transfer reaction. 

The increase in current as a result of oxidation will be observed at higher potential 


































































































































































































































































