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Abstract 

The field of polyoxometalates (POMs) has attracted great attention in both 

academia and industry in the past two decades. Numbers of electrochemical studies of 

POMs are reported, however, quantitative studies of heterogeneous electron transfer 

kinetics at an electrode/electrolyte interface are relatively rare. For this reason, the 

electrode kinetics of POMs has been investigated in both aqueous and organic media. 

Firstly, in chapter 2, a new strategy which can improve the reliability of kinetics 

measurement by Fourier transformed alternating current voltammetry (FTACV) is 

developed. FTACV is powerful technique for fast electrode kinetics study. Even so, 

when the heterogeneous electron transfer rate constant (𝑘0) approaches the reversible 

limit, any small uncertainties can lead to significant systematic error in the 

determination of 𝑘0. To improve the accuracy, dual-frequency designer waveform is 

introduced into FTACV.  

In chapter 3, we investigated the influence of electrolyte cation on electron transfer 

kinetics of POMs. However, in aqueous media, the electron transfer kinetics of [a-

SiW12O40]4-/5- and [a-SiW12O40]5-/6- are so fast and close to the reversible limit at glassy 

carbon (GC) and metal electrodes even using kinetically sensitive FTACV. In order to 

study the electrolyte cation effect on the electron transfer kinetics of these two 

processes, boron doped diamond (BDD) electrode is used as much slower 𝑘0 values are 

found compared to GC and metal electrodes, and lie well below the reversible limit.  

In chapter 4, the electrode kinetics studies of POMs are then expanded to organic 

media. FTACV has been used to determine the 𝑘0 values associated with the vanadium 

[SVW11O40]3-/4- (VV/IV) and tungsten [SVW11O40]4-/5- processes (WVI/V) in 

dimethylformamide. Both processes are found to be electrode materials and electrolyte 
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concentration dependent. Density of states of electrode materials, functional groups and 

double layer effect are taken into consideration. 

 In chapter 5, we found that by changing the electrolyte cation from 

hexafluorophosphate to 1-butyl-3-methylimidazolium, a significant difference of the 𝑘0 

values associated with the VV/IV and WVI/V processes are found. These findings are 

discussed in terms of ion-pairing effect, surface functional groups, double layer effect 

and nature of the processes.  

In chapter 6, the work in Chapter 5 is expanded systematically to provide a general 

account of the influence of electrolyte cations on the rate of POM electron transfer. 

Seven different electrolyte cations were used in this study, including imidazolium and 

tetraalkylammonium based cations.  

In chapter 7, the heterogeneous electron transfer kinetics, mass transport and 

thermodynamic properties associated with the Fe3+/2+ process have been also studied in 

aqueous solutions containing 0.1 M HCl, HClO4, bis(trifluoromethanesulfonyl)imide 

(HNTf2) or 0.05 M silicotungstic acid (H4SiW12O40) supporting electrolytes. Based on 

the formal potential value, HNTf2 is found to be a more innocent electrolyte than 

commonly used HClO4 in terms of determining the true k0 values of the outer-sphere 

[Fe(H2O)6]3+/2+ process. FTACV was used to determine k0 values associated with the 

Fe3+/2+ process in H4SiW12O40 and HNTf2 electrolyte media at GC electrodes and probe 

the implication of the heterogeneity of the BDD electrode surface on the electrode 

kinetic determination in H4SiW12O40 electrolyte media. 
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Chapter 1. Introduction 

1.1 Polyoxometalates 

Polyoxometalates (POMs) are discrete nanometer-sized oxide clusters of 

molybdenum, tungsten and other transition metals in high oxidation states. They 

represent an important class of inorganic material.1 The first preparation of a 

polyoxometalate was reported by Berzelius in 1826.2 It is ammonium 12-

molybdophosphate [PMo12O40]3-, a yellow precipitate and its structure was identified 

using X-ray diffraction about 100 years later.3 Polyoxometalates are also known in 

different names, such as, heteropoly salt,4-7 polyanions8-11 or POMs12-15. Typically, a 

polyoxometalate is a polyatomic anion which contains a high proportion of one kind of 

atom (e.g., W, Mo, V) in positive oxidation state and other kind of atom with much 

smaller proportion (e.g., Nb, Ta, Re) in positive oxidation state which are linked 

together by shared oxygen atoms to form nanometer-sized cluster. With the advantage 

of modern high-resolution instrumentation, POM molecular science (chemistry,15-23 

physics,1, 24-26medicine,27-33 biology and materials science34-42) has moved rapidly 

forward and intensive studies have been reported in the past decades.  

1.1.1 Structure 

Although a larger number of POMs have been found, they can be broadly divided 

into three groups. 

Isopolyanions. Typically, isopolyanions contain only transition metals, such as V, 

W, Nb and Mo. Some main group elements may appear but they are considered as 

ligands only, not involved in the structure of the framework. The structure of 
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isopolyanions can be changed based on various frameworks with a number of metal 

centers varying from 2 up to over 150.43-46 The most symmetrical structure and the 

most well known of isopolyanions is Lindqvist structure47-51, [M6O19]n- (M = Nb, Ta, 

Mo, V and W), which contains a central oxygen atom about which are arrayed six metal 

atoms in an octahedral geometry. Each metal bears one terminal oxygen atom, and 

shares an additional four µ2-oxygen atoms with adjacent metal atoms.52 The Lindqvist 

structure is represented in Figure 1. 

 

Figure 1. Structure of Lindqvist POMs [M6O19]n-. Color code: M (blue), O (red). 

Heteropolyanions. Heteropolyanions are those which made of an assembly of 

several fused MO6 octahedrons wrapped around a tetrahedron containing a main group 

element, more seldom a transition metal.53 Among those, Keggin54 [XM12O40]n- (X = 

Si, P, As, Ge or B; M = W or Mo) and Wells–Dawson55 [X2M18O54]n- (where X = Si, P, 

As, Ge or B; M = W or Mo) are the most widely investigated. The structures are shown 

in Figure 2. Interestingly, when one or more W or Mo is replaced by other transition 

metal such as V, a so-called “ lacunary POMs” is formed and their property may vary 

depend on the identity of the substituted metal ions. 56-58 
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Figure 2. Structure of Keggin [XM12O40]n- (A) and Wells–Dawson [X2M18O54]n- POMs 

(B). Color code: M (blue), O (red), purple (X). 

Mo-blue and Mo-brown reduced POM clusters: Scheele first reported a new type 

of species molybdenum blue in 1783.59 Their structure and composition were unknown 

until Mu¨ller et al. reported in 1995.60 They synthesized and crystallised from a solution 

of Mo-blue and found that the species is a very high nuclearity cluster {Mo154} (shown 

in Figure 3) which has a ring topology. Other distinct structure types include spherical 

{Mo132},61 ring-shaped {Mo176}62-63 and lemon-shaed {Mo368}64-65. 

 

Figure 3. Structure of {Mo154} 
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1.1.2 Application 

The field of polyoxometalate has attracted great attention in both academia and 

industry in the past two decades. Figure 4 demonstrates the growth of the publication on 

the topic per year during this period. 

 

Figure 4. Comparison of the number of publications on the topic “polyoxometalates” 

from 1996 to 2016. Data obtained from a literature search using the ISI Web database. 

Corrosion inhibitors. Corrosion is a global problem and has a detrimental impact 

on the world’s economy. The most widely used methods to avoid corrosion is to isolate 

metal from corrosive agents and utilize corrosion inhibitor, such as nitrite, dichromate, 

chromate, phosphate.66 However, some of them are toxic or non friendly to the 

environment.67 POMs are relatively less toxic as compared to those corrosion inhibitors 

and they are cable to accept electrons without major structure changes and form 

insoluble salts with cations. All these properties make them suitable as corrosion 

inhibitors.65, 68 Lomakina et al.69 reported that in the present of POMs, the corrosion 
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rate of aluminium and its alloys in high temperature water decreased by 10 times 

compared to without addition of POMs. Streb et al.70 found that using hydrophobic 

POMs-based ionic liquids (POMs-ILs) as coating, the corrosion resistance of copper 

metal against acetic acid vapors improved compared with using ionic liquids or POMs 

solely. Interestingly, mechanical damage (e.g. scratches) to the POMs-ILs coating can 

be self-repaired in a short time. 

Capacitor. Due to their high intrinsic electron-storage capacity and high stability, 

expression in the term “electron reservoir” or “electron sponge” is sometimes applied to 

them. Combining POMs with carbon materials or polymers as electrical conductors 

with high surface area is a promising approach for the energy storage application. 

POMs have been studied widely as capacitor.71-78 Lian et al. reported that POMs 

deposited onto multi-walled carbon nanotubes (MWCNT) via layer - by - layer method 

can increase charge storage capacity by a factor of 5.79 Kulesza et al.76 modified the 

surfaces of MWCNT with ultra-thin monolayer film of POMs (H3PMo12O40) and found 

that significant increases of the capacitance and energy density compared with using 

MWCNT only. Combining conducting polymer (polyaniline) and POMs (H3PMo12O40) 

for energy storage capacitor was clamed by Lira-Cantú et al.73 As the redox processes 

of H3PMo12O40 occur mostly in the potential range where the polymer is conductive, the 

charge-discharge processes are facilitated. The hybrid materials show high current 

densities and high stability. 

Sensor. One of the most intriguing properties of POMs is their capability to 

undergo reversible multi-electron redox-processes with stable redox states.80 Moreover, 

the redox chemistry of POMs can be controlled and finetuned by adding the heteroions 

and addenda ions into (W(VI), Mo(VI) and V(V)) the structural framework.81-83 These 
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properties make them interesting for selective, long-lived sensor applications. In order 

to get a higher amperometric response, POMs are usually combined with high porous 

and conductive materials such as CNTs graphene to achieve higher sensitivity.84-87 

Kurth et al.84 immobilized POMs on an electrode through a polyelectrolyte matrix and 

utilized this composite for quantitative detection of NO. The reduction current of POMs 

is proportional to the concentration of NO and gives a linear range from 1 nM to 10 μM. 

Reported by Sun et al. an amperometic sensor based on a sol-gel film containing 

Na2H6CoW11Co(H2O)O39 and poly(4-vinylpyridine) in titania substrate was developed 

for detection of hydrogen peroxide, bromate and iodate. The sensor gave a linear range 

from 2.0 × 10-5 to 4.4 × 10-3 M for bromate and 2.0 × 10-5 to 2.8 × 10-3 M for iodate. 

Combined with grapheme oxide, POMs also displays resonable electrocatalytic activity 

for the oxidation of dopamine, which can be use for determination of dopamine.88 

Electrocatalysts. As previously alluded to, POMs are able to undergo several fast 

and chemically reversible electron reduction processes without significant structural 

changes, they can be used as reductive electrocatalysts for reaction. About 30 years ago, 

it was reported that POMs showed a high activity toward hydrogen evolution reaction in 

acid media. 89-96 When combining POMs and RGO, a remarkable electrocatalytic 

hydrogen evolution reaction could be detected.97 POMs also found to be active for 

oxygen reduction.98 A combination of porphyrin complexes and POMs was adopt to 

form supramolecular network which catalyse a two-electron reduction of oxygen to 

hydrogen peroxide in pH 1-6 buffer solutions.99 

When substituted by transition metal, POMs can be also used as oxidative 

electrocatalysts. As the heteropolyanion are completely oxidized inorganic compounds, 

they are stable under strong oxidized conditions, which makes them suitable as 
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oxidative electrocatalysts. A highly robust tetraruthenate cluster [Ru4O4 

(H2O)4(OH)2(SiW10O36)2]10- was found to has oxygen-evolving activity. In the system, 

the four Ru(IV)-H2O groups can act as a mediator for the four-electron overall process 

2H2O → 2H2+ O2 through a successive electron and proton loss.100 This Ru-POMs 

were also found to exhibit high catalytic activity in electrooxidation of ethanol and 

methanol.101 In aqueous over a wide pH range and alcohol media, ethanol and methanol 

were electrocatalytic oxidized to acids and aldehydes through four- and two-electron 

transfer pathways, respectively. In addition, POMs can also catalyst other oxidation 

process such as olefins oxidation102 and NADH oxidation.103-106
 

Other applications in several areas including medicine,107 magnetism,108 

membranes109, solar energy110 and etc. also attract a large amount of researchers’ great 

attention. Among those, the dominant use of POMs is in catalysis. 

1.1.3 Electrochemical Properties of Polyoxometalates. 

In a homogeneous electrocatalyst reaction, two key steps are involved including 

the electron transfer between the electrode and a catalyst molecule, and the electron 

transfer between the catalyst molecule and a substrate. The former is critical as it is 

more like to transfer and disperse the electrons into a three-dimensional space instead of 

being confined within a two-dimensional space. The active form is generated by 

accepting electron from the electrode, and it is selected by the conditions as follows: (1) 

the standard potential of the catalyst is positive to the reduction potential of the 

substrate; (2) the electron transfer reaction of the catalyst is fast enough; (3) the catalyst 

is stable under the catalysis condition applied and can be regenerated chemically by the 

substrate. Although a wide range of POMs has been prepared and identified, only a 
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small amount of POMs can be used as electrocatalysts such as Keggin and Dawson 

POMs. The typical structures are: [SiW12O40]4-, [PW12O40]4-, [SiMo12O40]4-, 

[P2W18O62]4-, [S2W18O62]4-, etc. 

Usually, POMs bear several fast one- or two-electron reversible reduction 

processes. If more negative potential applied, further irreversible multi-electron 

reduction may occur accompanied with decomposition. When only one kind of addenda 

ions are present in the framework, the electrons can be delocalized on the POM 

framework across the oxygen bridges, which makes the reduced form stable. The 

reduction process may increase the negative charge density of POMs. In addition, the 

negative charge also increases the basicity of POMs. Therefore, the reduced POMs 

couple with proton readily and the electrochemical properties of POMs are pH 

dependent. 111 

Keggin-Type POMs [XM12O40]n- 

The voltammetric behaviour of SiW12O40
4- in aqueous solution is selected as a 

representative example to illustrate the electrochemistry of Keggin-type POMs. 

The whole cyclic voltammetric pattern of the SiW12O40
4- complex in acidic 

solution consists of five redox processes. The formal potential -0.220, -0.420, - 0.580, -

0.740 and -0.850 V vs. SCE which represent five reduction processes. The approximate 

electron ratios are 1:1:2:8:12.96 The first three redox processes are reversible and well 

defined (Figure 5), while the fourth and fifth redox processes are irreversible and 

accompanied by decomposition.112 
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Figure 5. Dc cyclic voltammegrams for reduction of [a-SiW12O40]4- (1 mM) in aqueous 

media (1.0 M KNO3 and 0.010 M HNO3) at a GC electrode. 

The first three processes can be described as follow, 

[α-SiW12O40]4-    +  e-                         [α-SiW12O40]5-                   (process I)          (1.1) 

 [α-SiW12O40]5-    +  e-                    [α-SiW12O40]6-                        (process II)          (1.2)               

 [α-SiW12O40]6-    +  2e-  + 4H+                   [α-H4SiW12O40]4-   (process III)       (1.3) 

1 < pH < 5 

When the pH is between 1 and 5, no protonation accompanies with the first two 

reduction processes, while the third process where a more negative charge [α-

SiW12O40]6- involved may couple with proton and its formal potential becomes pH 

dependent and shifts to more negative potential by about 59 mV per pH unit.113 

Dawson-Type POMs [X2M18O62]n- 

The voltammetric behaviour of [S2W18O62]4- in acetonitrile containing 0.1 M 

Bu4NPF6 is selected as an example to illustrate the electrochemistry of Daswon-type 

POMs. 

In acetonitrile, six well-defined consecutive reversible one electron-transfer 

processes can be detected for the [S2W18O62]4-(Figure 6). The reversible potential for 

E (V) vs. Ag/AgCl 



Chapter 1  

 

 10 

these six waves are located at  -0.240, -0.615, -1.180, -1.565, -2.020, and -2.320 V 

versus Fc+/Fc as shown in Fig. 6. 114 The reaction sequence can be summarized in Eqs. 

1.4-1.9. 

  [S2W18O62]4-    +  e-                         [S2W18O62]5-                      (process I)            (1.4) 

 [S2W18O62]5-    +  e-                         [S2W18O62]6-                         (process II)          (1.5)               

  [S2W18O62]6-    +  e-                        [S2W18O62]7-                         (process III)        (1.6)               

  [S2W18O62]7-    +  e-                         [S2W18O62]8-                      (process IV)         (1.7)           

  [S2W18O62]8-    +  e-                         [S2W18O62]9-                        (process V)         (1.8)               

  [S2W18O62]9-    +   e-                         [S2W18O62]10-                   (process VI)         (1.9)               

 

Figure 6. Dc cyclic voltammograms for [a -S2W18O62]4-  (0.5 mM) in CH3CN (0.1 M 

Bu4NPF6) at a GC macrodisc electrode.114 

1.2 Electrochemistry 

Electrochemistry is the branch of chemistry that focuses on the relationship 

between electricity and chemical change. In an electrochemical system, researchers are 
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interested in the process that involves the transport of charge across the interface 

between an ionic conductor (an electrolyte) and electronic conductor (an electrode) and 

those factors that affect the rate of charge transfer.  

1.2.1 Fundamentals of Electrochemistry 

Based on different purposes, a two-electrode, three-electrode and four-electrode 

cell set up can be used for electrochemical measurement. Only the three-electrode cell 

set up will be introduced since this is the main set up utilized in the thesis. A three-

electrode cell set up is made up of three electrodes: the counter electrode (CE), the 

reference electrode (RE), and the working electrode (WE). The CE is used to close the 

current circuit in the electrochemical cell. Generally, an inert material (e.g. Pt, Au, 

graphite) is chosen as a CE which does not participate under the reaction conditions. 

Because the current is flowing between the WE and the CE, the total active surface area 

of the CE must be larger than that of the WE so that it is not the limiting factor for the 

flowing current. The reference electrode is used as a point of reference in the cell for the 

potential control and measurement of the WE. Therefore, a qualified RE must has a 

stable and known electrode potential regardless of current flow through the RE. This 

requires that the reaction at the RE should be reversible, which can be achieved by 

taking a redox system and maintaining the concentrations of each participant in the 

redox reaction. A typical RE is silver/silver chloride reference electrode (Ag/AgCl), 

which is assembled with a high-purity silver wire with AgCl coating, and 1 M KCl 

solution in a small tube where the system is separated by a vycor frit from the solution 

outside the tube. The working electrode is where the reaction of interest occurs. 

Common WE can be made of inert materials such as noble metals (e.g. Au, Pt), carbon 

(e.g. glassy carbon, carbon paste), liquid metals (mercury), and semiconductors (e.g. Si, 
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indium-tin oxide). The size (e.g. macro-size, micro-size) and shape (e.g. disk, sphere, 

semi-sphere) of the WE also varies and it depends on the application. 

Three-electrode cell setup. The three-electrode cell setup is the most common 

electrochemical cell setup used in electrochemistry115-118 (Figure 7). In the 

arrangement, the current flows between the CE and the WE. The potential of the WE is 

measured and controlled relative to the RE. Generally, only the reactions occurring on 

the WE are of interest. Therefore, those reactions occur on CE are not concerned and 

the potential between the WE and CE usually is not measured. The advantage of three-

electrode cell setup is the potential changes of the WE are measured independent of 

changes that may occur at the CE. This isolation allows for a specific reaction to be 

studied with confidence and accuracy.  

In a two-electrode cell setup, the major problem is the potential drop (𝑖𝑅𝑠, where 𝑖 

is the current flowing across the cell, 𝑅𝑠 is the solution resistance) as the potential is 

measure between the WE and the RE. The purpose of diminishing the effect of potential 

drop can be easily obtained by using the three-electrode cell setup.119 In this case, the 

solution resistance can be divided into two parts as shown in Figure 8: compensated 

resistance (𝑅𝑐) and the uncompensated resistance (𝑅𝑢). 𝑅𝑐 can be totally eliminated as it 

is not included in the potential measurement. 𝑅𝑢 can be minimized by placing the RE as 

close as possible to the WE. In some cases, such as in organic solvent where the 𝑅𝑢 is 

high due to the low conductivity, microelectrodes can be used to reduce the current. As 

a consequence, the 𝑖𝑅𝑢 can be greatly reduced. 
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Figure 7. Schematic representation of an three-electrode cell. 

 

Figure 8. Schematic representation of a three-electrode cell as a potentiostat. 

Since the potential of the RE is fixed, the potential of the WE is control with 

respect to the reference. For an electrode reaction, the potential difference between the 

WE and RE is varied by a power supply to the cell. This variation in potential can 

produce a current flow across the cell, because the potential is positive or negative 

enough to allow the electrode reaction occurs. In other terms, the drive force is high 

enough to drive the electrons cross the electrode/electrolyte interfaces.120 Specifically, 

when applying more negative potential, the energy of the electrons within the WE is 

raised. They can reach a level where the energy is high enough and then transfer into 
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vacant electronic states on species in the electrolyte. In this case, the electrons transfer 

from electrode to solution which represents a flow of reduction current (Figure 9(a)). 

On the other hand, when applying more positive potential, the energy of the electrons 

becomes lower. When the energy is low enough, the electrons on species in the 

electrolyte will keen to a more favorable energy on the electrode and transfer there. In 

this case, the electrons transfer from solution to electrode which represents a flow of 

oxidation current (Figure 9(b)). Overall, the direction of the current (i.e. electrons) flow 

can reverse depending on the applied potential. Therefore, the WE act as anode or 

cathode alternately. 
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Figure 9. Representation of (a) reduction and (b) oxidation process of a species, A, in 

solution.  

1.2.2 Mass – Transport 

For a simplest electrode reaction, where the rate of heterogeneous electron-transfer 

is very rapid compared to the mass transport rate, we can find that the surface 

concentration of species is related to the electrode potential govern by the Nernst 

equation.120  

                                𝐸 = 𝐸0 +
𝑅𝑇

𝑛𝐹
ln

𝐶𝑂(𝑥=0)

𝐶𝑅(𝑥=0)
                                    (1.10) 

𝑣𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 is the net rate of the electrode reaction which is governed by the rate 

of the species transferred to the surface by mass transport, 𝑣𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 , which is 

proportional to the current (𝑖) flowing across the electrode/electrolyte interface: 

                𝑣𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 =  𝑣𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 =
𝑖

𝑛𝐹𝐴
               (1.11) 

Mass transport is about the movement of the reactant to the electrode surface and 

the product to the bulk solution. Mass transport can occur in three ways:120 
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1. Migration. Transport of charged species because of electrical fields. 

2. Diffusion. Transport of species because of concentration gradient. 

3. Convection. Transport of species because of stirring or density gradient. 

In a more quantitative way, when mass transport occurs in one dimensional, it can 

be express by the Nernst-Planck equation: 

                   𝐽𝑗(𝑥) = −𝐷𝑗
𝜕𝐶𝑗(𝑥)

𝜕𝑥
−

𝑧𝑗𝐹

𝑅𝑇
𝐷𝑗𝐶𝑗

𝜕∅(𝑥)

𝜕𝑥
+ 𝐶𝑗𝑣(𝑥)           (1.12) 

where 𝐽𝑗(𝑥) with unit of [mol cm-2 sec-1] is the flux for species at distance 𝑥 [cm] 

away from the electrode; 𝐷𝑗 [cm2 sec-1] is the diffusion coefficient of species, 𝑧𝑗 and 𝐶𝑗 

[mol cm-3] are the charge and concentration of species, respectively, 𝜕𝐶𝑗(𝑥) 𝜕𝑥⁄  is the 

concentration gradient,  𝜕∅(𝑥) 𝜕𝑥⁄  is the potential gradient and 𝑣(𝑥) [cm sec-1] is the 

rate of solution flow.  In the Eq.1.12, the first term represents the diffusion, the second 

term represents the migration of species, and the third term represents the convection of 

the solution. When all three modes of mass transport are in effect, experiment is very 

difficult to deal with. Therefore, electrochemical systems are usually designed to reduce 

the complexity of the equation by minimizing one or more of the contributions to the 

total flux. For example, electrochemical experiments can be carried out in the presence 

of large concentrations of supporting electrolyte, making the migration become 

negligible. The supporting electrolyte should be inert to the system and at a 

concentration much larger then the species. (e.g. 100 times greater). For the convection, 

it can be easily avoided by preventing vibrations or stirring in the electrochemical cell. 

The results discussed in the thesis were carried out under conditions where mass 

transport is only contributed by diffusion, which is also termed Fick’s laws. Fick 

described two laws of diffusion in solution. The first one relates to the flux of a species, 
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j, which is proportional to its concentration, 𝐶𝑗, with distance from an electrode 𝑥 at a 

time 𝑡: 

                                                 −𝐽𝑗(𝑥) = 𝐷𝑗
𝜕𝐶𝑗(𝑥)

𝜕𝑥
                                (1.13) 

The second one describes the change in concentration with time to the change in flux 

with position: 

                                              
𝜕𝐶𝑗(𝑥)

𝜕𝑥
= 𝐷𝑗 (

𝜕2𝐶𝑗(𝑥,𝑡)

𝜕𝑥2
)                         (1.14) 

One consider the case of a spherical electrode of radius 𝑟𝑠  placed in a solution that 

contains only supporting electrolyte and a redox-active species, 𝑗, of concentration 𝐶∗. 

The concentration gradient at the electrode surface is obtained by solving Fick’s second 

law in spherical coordinates: 

                                  
𝜕𝐶𝑗(𝑟,𝑥)

𝜕𝑥
= 𝐷𝑗 (

𝜕2𝐶𝑗(𝑟,𝑡)

𝜕𝑟2
+

2

𝑟

𝜕𝐶(𝑟,𝑡)

𝜕𝑟
)                 (1.15) 

The boundary conditions for the potential step experiments described above are: 

                                                lim
𝑟→∞

𝐶(𝑟, 𝑡) = 𝐶∗                         (1.16) 

                                                        𝐶(𝑟, 0) = 𝐶∗                                            (1.17) 

                                                  𝐶(𝑜, 𝑡) = 0 for 𝑡 > 0                              (1.18) 

where 𝑟 is the distance from the center of the sphere, 𝐷 is the diffusion coefficient for 

the species, 𝑗, and 𝐶 is the concentration as a function of distance 𝑟 and time 𝑡. Using 

Laplace transform techniques, Eq.1.15 can be transformed to: 

                                            𝑖(𝑡) =
𝑛𝐹𝐴𝐷𝐶∗

𝑟𝑠
+

𝑛𝐹𝐴𝐷1 2⁄ 𝐶∗

𝜋1 2⁄ 𝑡1 2⁄                            (1.19) 

Obviously, the current response contains two terms, time-independent and time-

dependent. This can explain the different response obtained at macroelectrode and 

microelectrode. 
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Planar (linear) diffusion. In short time scale, the thickness of the diffusion layer is 

much smaller than the electrode radius. The electrode behaves like a macroelectrode. 

Mass transport takes place in one dimension at all points to the electrode surface, which 

is governed by planar (linear) diffusion. In this condition, the time dependent term in 

Eq.1.19 becomes more significant than the first one and the transient current response is 

given by:119 

                                                𝑖(𝑡) =
𝑛𝐹𝐴𝐷1 2⁄ 𝐶∗

𝜋1 2⁄ 𝑡1 2⁄                                 (1.20) 

which is known as Cottrell equation. 

Spherical (radial) diffusion.  In long time scale, the contribution of the second term of 

Eq.1.19 to the total current is negligible while the first term which represents radial 

(spherical) diffusion becomes important. The steady-state current is given by: 

                                            𝑖𝑠𝑠 =
𝑛𝐹𝐴𝐷𝐶∗

𝑟𝑠
= 4𝜋𝑛𝐹𝐷𝐶∗𝑟𝑠                        (1.21) 

As “short” and “long” time scale are relative terms, in practice, one can distinguish the 

transient and steady-state limits by comparing 𝑟𝑠 and (𝐷𝑡)1 2⁄  which relate the radius of 

the electrode and the diffusion layer thickness. When 𝑟𝑠 ≫ (𝐷𝑡)1 2⁄ , the diffusion layer 

is thin compared to 𝑟𝑠 and the system is dominated by transient behavior. On the other 

hand, when 𝑟𝑠 ≪ (𝐷𝑡)1 2⁄ , the thickness of diffusion layer is greater then the 𝑟𝑠 and the 

system is in the steady-state regime. Therefore, one can vary the size of electrode or 

experiment time scale for probing the electrode reaction to observe transient or steady-

state current based on different experiment purpose.121-124 
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1.2.3 Kinetics of Electrode Reactions 

Generally speaking, the rate of an electrode reaction is governed by the rates of 

processes including: (1) Mass transfer; (2) electron transfer across the 

electrode/electrolyte interface; (3) chemical reactions such as protonation; (4) surface 

reactions, such as crystallization, adsorption or desorption. The overall rate of charge 

transfer is often limited by one or more slow reactions, known as rate-determining steps. 

Consider a simple electron transfer reaction:  

                                            𝑂 + 𝑛𝑒−

𝑘𝑓



𝑘𝑏

𝑅 (𝑘0, 𝑎, 𝐸0)                                 (1.22) 

where 𝑂 is the oxidized form, 𝑅 is the reduced form, 𝑛 is the number of electrons 

needed in the reaction, 𝑘𝑓 and 𝑘𝑏 represent the heterogeneous rate constant for forward 

reduction and backward oxidation electrode reactions, respectively. 𝑘0  is the 

heterogenous charge transfer rate constant, 𝐸0 is the formal potential and 𝑎 is charge 

transfer coefficient. The reversible potential (Er) (i.e., the reaction is at equilibrium 

state) is governed by the Nernst equation119: 

                                            𝐸𝑟 = 𝐸0 +
𝑅𝑇

𝑛𝐹
ln

𝐶𝑂
∗

𝐶𝑅
∗                                (1.23) 

where R is the gas constant, T is the temperature, F is the Faraday’s constant and 

C* is the bulk concentration for the considered species. For the reaction in Eq.1.23, the 

net current (𝐼𝑛𝑒𝑡 ) across the electrode/electrolyte interface can be expressed as the 

different of the reduction current (𝐼𝑟𝑒𝑑) and the oxidation current (𝐼𝑜𝑥): 

                    𝐼𝑛𝑒𝑡 = 𝐼𝑟𝑒𝑑 − 𝐼𝑜𝑥 = 𝑛𝐹𝐴[𝑘𝑓𝐶𝑂(0, 𝑡) − 𝑘𝑏𝐶𝑅(0, 𝑡)]              (1.24) 

where 𝐴 is the area of the electrode. In the case of a simple reduction reaction (i.e., 

n =1), the forward and backward rate constants can be expressed as a function of 𝑘0120: 
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                                         𝑘𝑓 = 𝑘0𝑒−𝑎𝑓(𝐸−𝐸0′)                                (1.25) 

                                 𝑘𝑏 = 𝑘0𝑒(1−𝑎)𝑓(𝐸−𝐸0′)                              (1.26) 

where 𝑓 = 𝐹/(𝑅𝑇). We can combine Eqs.1.24-1.26 to get the expression of the net 

current of the reaction: 

      𝐼𝑛𝑒𝑡 = 𝐹𝐴𝑘0[𝐶𝑂(0, 𝑡)𝑒−𝑎𝑓(𝐸−𝐸0′) − 𝐶𝑅(0, 𝑡)𝑒(1−𝑎)𝑓(𝐸−𝐸0′)]    (1.27) 

This equation is known as the Bulter-Volmer formulation,120 the fundamental 

relationship between current and applied potential. It is the basis for all studiess of 

heterogeneous kinetics. 

1.2.3.1 Introduction to Kinetics Measurement 

The electron transfer behavior occurred on the electrode/electrolyte interface can 

be described as a simplified electrical equivalent circuit (Figure 10).119 𝑅𝑐𝑡 represents 

the charge transfer resistance, 𝑍𝑊  represents the diffusion (Warburg) impedance, 𝐶𝑑 

represents the capacitance associated with the electrical double layer and 𝑅𝑠 represents 

the solution resistance. 

 

Figure 10.  Electrical equivalent circuit of an electrode/electrolyte interface. 
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In order to measure the kinetics parameter (i.e. 𝑘0, which is inversely proportional 

to the 𝑅𝑐𝑡 value), first step is to make sure the contribution from the 𝐶𝑑 is negligible 

which is the case in steady-state conditions or subtract the charging current from the 

total current which is the case in fast-scan voltammetry. Therefore, the electrons across 

the electrode/electrolyte interface via the bottom pathway and the range of accessible 

kinetic parameters is determined by the 𝑅𝑠, 𝑅𝑐𝑡 and 𝑍𝑊. The determination of 𝑘0 can be 

straightforward when the 𝑅𝑐𝑡 value is much larger then the solution resistance (𝑅𝑠) and 

the diffusion impedance ( 𝑍𝑊 ). This is the case when measuring a slow kinetics. 

However, for measuring fast electrode kinetics (i.e. 𝑅𝑐𝑡 becomes relatively small), both 

𝑅𝑠 and 𝑍𝑊 should be even smaller, which can be achieved using ultramicroelectrodes 

under steady-state conditions. 

1.2.3.2 Conventional Method for Kinetics Measurement 

Transient Methods. Under appropriate conditions when the electrode process 

optimized to be a quasi-reversible process, the method developed by Nicholson125 is 

commonly used to determine the standard rate constants. This method is extremely 

simple and only requires the difference of the reduction and oxidation peaks, ∆𝐸𝑝 =

|𝐸𝑟𝑒𝑑 − 𝐸𝑜𝑥| , where 𝐸𝑟𝑒𝑑  and 𝐸𝑜𝑥  are the potentials of the reduction and oxidation 

peaks, respectively. A corresponding value of 𝜓 can be found in Table 1 based on the 

obtained ∆𝐸𝑝 value. Then the kinetic parameter can be calculated from the equation X 

assuming the diffusion coefficient (𝐷) of the oxidized and reduced forms are similar 

(i.e. (𝐷𝑂/𝐷𝑅)𝑎 2⁄ ≅ 1): 

                                            𝜓 =
(𝐷𝑂/𝐷𝑅)𝑎 2⁄ 𝑘0

(𝜋𝐷𝑂𝑣𝐹/𝑅𝑇)1 2⁄                                  (1.28) 

Table 1. Variation of ∆𝐸𝑝 with 𝜓 at 25 ℃ 
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The disadvantages of using Nicholson’s method for transient measurement are that 

it fails to take into account the uncompensated ohmic potential drop in the theories. As 

pointed out by Nicholson,126 the uncompensated resistance and slow kinetics give a 

similar effects on peak shape and other characteristics, which will underestimate the 

electrode kinetics property (Figure 11). One can overcome the limitation by comparing 

the entire experimental voltammogram to the theory using computer program (e.g., 

DigiSim program). 127-128 

𝜓 ∆𝐸𝑝 

(mV) 
20 61 

7 63 

6 64 

5 65 

4 66 

3 68 

2 72 

1 84 

0.75 92 

0.5 105 

0.35 121 

0.25 141 

0.10 212 
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Figure 11. Comparison of the influence of uncompensated resistance and slow kinetics 

on dc voltammogram. 

To investigate fast electrode kinetics at macroscopic planer electrodes, as 

mentioned above, one should increase the mass transfer rate to render the process to be 

kinetics controlled but not diffusion controlled.129-130 By applying high scan rates, a 

high mass transfer rate can be obtained. However, in such conditions, potential drop and 

double layer charging current become more significant which may complicate the 

measurement of electrode kinetics. One can overcome the problems by using 

ultramicroelectrodes (UMEs),131-133 due to theirs fast double layer charging and the 

small magnitude current (i.e. minimize the impact of potential drop). The advantages of 

using microelectrodes include: (1) high mass transport rate; (2) decreased potential drop 

and (3) decreased double layer charging current. When 𝑣 ≫ 𝑅𝑇𝐷/𝑛𝐹𝑟2 (r is the radius 

of a UMEs), the faradaic response of an UME is equivalent to that of a macro electrode. 

The approaches discussed above can be also used at UMEs for fast-scan voltammetry.  

Steady-state voltammetry. Steady-state voltammetry is one of the best techniques for 

studying fast electrochemical kinetics. It can be obtained by using a UMEs. The 

advantages of steady-state voltammetry over the transient voltammetry are the absence 
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of the double layer charging current and reduced potential drop effects. Similar to 

transient voltammetry, the kinetics parameter, 𝑘0 is determined from the difference of 

quartile potentials, ∆𝐸1 4⁄ = |𝐸1 2⁄ − 𝐸1 4⁄ |  and ∆𝐸3 4⁄ = |𝐸3 4⁄ − 𝐸1 2⁄ |  from a steady-

state response. Under appropriate conditions, one can obtain steady-state current and 

measure the quartile potential values. By comparing the experimentally determined 

∆𝐸1 4⁄  and ∆𝐸3 4⁄  values with those in the tables available in reference,134 the 𝑘0 value 

can be found in the table cell. This approach is simple and fast. However, the potential 

drop effect cannot be excluded by only comparing ∆𝐸1 4⁄  and ∆𝐸3 4⁄  values. As transient 

voltammetry, an alternative approach is to fit the entire experimental voltammogram to 

the theory using computer program (e.g., DigiSim program). Besides, to obtain steady-

state conditions one has to fabricate submicrometer-sized electrode, which is not easy to 

acquire. 

1.3 Alternating Current (ac) Voltammetry 

AC voltammetry was first invented in the 1950s135 and developed by Smith and 

co-worker.136-141 In a direct current (dc) cyclic voltammetry, the potential is applied 

over a range at a known scan rate. Then the current is recorded as a function of potential 

(time). The determination of the kinetics of an electrode process has been introduced 

briefly above.  AC voltammetry is a more powerful approach to probe the electrode 

kinetics. In the technique, a sinusoidal wave of known frequency and amplitude is 

superimposed onto the dc ramp, then the ac current is measured as a function of dc 

potential. The electrode kinetics can be extracted either from the amplitude of ac current 

or from the phase angle between the ac current and ac voltage (Φ). Normally, the 

amplitude of the alternating current is usually smaller than 10 mV. 
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The main reason for that is to ensure the dc potential can be assumed to be constant 

when ac signal is superimposed on it. The other reason is that the theory for large 

amplitude has not been well developed. Even some work related to large amplitude ac 

voltammetry has been reported, 142-143 however, the lack of advanced computer 

technique for simulation limited the development of ac voltammetry.144 

1.3.1 Large Amplitude Fourier Transformed Alternating 

Current Voltammetry. 

As the ac signal increases with the amplitude of ac potential, in principle, large 

amplitude ac voltammetry can relatively improve the sensitivity. Great effects made by 

Bond and co-worker145-147 accompanied with the development of fast numerical 

simulation techniques have given access to data analysis of large amplitude ac 

voltammetry. Quantitative study of electrode kinetics can be achieved by large 

amplitude Fourier Transformed Alternating Current voltammetry (FTACV). Briefly, 

both experimental and simulated data are resolved into the aperiodic and ac harmonic 

components by application of the FT and inverse FT algorithms. By comparing the dc, 

fundamental, second, third and higher harmonic components in experimental and 

simulated data, the thermodynamic and kinetics properties of an electrode process can 

be estimated quantitatively. The basis of large amplitude FTACV and simulation 

software used in the thesis are described in detail as below.  
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Figure 12. A schematic representation of the FTAC waveform. 

As mentioned above, dc potential is applied to the working electrode and the 

current is recorded as a function of applied potential (or time) (figure 12(a)). At the 

same time, a sine wave of large amplitude (e.g. ∆𝐸= 80 mV) is superimposed onto the 

dc potential (figure 12(b)). The overall current (Figure 13(a)) data is initially transferred 

from time domain to frequency domain by FT algorithm (Figure 13(b)). Then dc and a 

series of higher order harmonics (figure 13(c)) can be obtained by using a FT-band 

filtering and followed by the inverse FT operation. As the information given in this 

format is very messy (black area in figure 13(c)), therefore, only the envelope form (red 

curve) is used for data analysis. 
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Figure 13. A schematic representation of data analysis for FTAC waveform. 

In terms of studying electrode kinetics quantitatively, there are three main 

advantages of using large amplitude FTACV compared to dc voltammetry. The first 

advantage is the second and higher harmonic components are very insensitive to the 

background charging process although the background current is present in the 

fundamental harmonic, which means excellent signal to noise ratios can be obtained in 

higher harmonics.148-149 The second advantage is that differences in effects of potential 

drop and slow kinetics can be readily distinguished in higher harmonics.150 The 

potential drop can be very important in dc voltammetry if the effect of 𝑅𝑢  is not 

carefully taken into account as 𝑅𝑢 may lead to a larger ∆𝐸𝑝 same as slow kinetics does. 

However, in large amplitude FTACV, uncompensated resistance also contributes to all 

harmonic components but in a different way compared to slow kinetics (Figure 14). In 

some cases, the presence of uncompensated resistance may lead to peak splitting in 

fundamental 
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higher harmonics150 which is substantial different from the peak shape of slow kinetics. 

The third advantage is that the current magnitude is extremely sensitive to the kinetics 

parameters.151-152 The current of each harmonic component decreases as 𝑘0 decreases 

and the trend becomes more obvious for the higher harmonics, which means the 

sensitivity increases as the higher order of the harmonic. These advantages demonstrate 

large amplitude FTACV is a powerful technique for quantifying electrode kinetics. 

Kiran et al.153 found that use of large amplitude FTAC voltammetry for determination 

of electrode kinetics associated with TCNQ0/− and TCNQ−/2- in acetonitrile gives 𝑘0 

values of about 0.30 ± 0.05 𝑐𝑚 𝑠−1 . Although FTAC voltammetry is kinetically 

sensitive, uncertainty of the 𝑘0 values arises because the kinetics of these processes is 

so fast and close to the reversible limit. The authors also point out that in theory higher 

frequency can be used to expend the upper limit of FTAC voltammetry. However, the 

accompanied contribution from both 𝑅𝑢 and capacitance makes it unlikely to achieve. 

Later, a slightly higher frequency (233 Hz) was used to probe the kinetics of a similar 

species F4TCNQ in acetonitrile and gave a 𝑘0 value of 1 𝑐𝑚 𝑠−1 which was still close 

to the upper limit.154 In order to use a much higher frequency (1233 Hz), they decreased 

the electrode size from macro (1 mm) to micro (123 μm) size as well as changed the 

solvent from acetonitrile to ionic liquid. High sensitivity was successfully achieved and 

𝑘0 value of 0.1 𝑐𝑚 𝑠−1 was determined. 
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Figure 14. Comparison of simulated FT large-amplitude ac voltammograms for a 

reversible process with 𝑅𝑢  of 100 Ω and a quasi-reversible process with  𝑘0 =

0.1 𝑐𝑚 𝑠−1 and 𝑅𝑢 of 0 Ω. 

1.3.2 Kinetics Measurement by FTACV. 

Large amplitude FTACV experiments are implemented by a home built instrument 

which is used to generate ac waveform and process the voltammetric data including 

Fourier transformation, band selection, inverse Fourier transformation to generate dc 

and a series of ac harmonic component. In order to acquire kinetics properties of an 

electrode process, the experimental data is subjected to compare with simulated data 

which can be obtained by freeware Monash electrochemistry simulator, MECSim. 

(http://www.garethkennedy.net/MECSim.html) 
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8 parameters of the system of interested have to be measured.155  𝐸0 is the formal 

potential and can be estimated from the dc cyclic voltammetry. 𝑅𝑢 is the resistance of 

the solution between the working electrode and reference electrode and can be 

determined experimentally from the RC time constant at potential where no faradaic 

current is present. For a reaction involving dissolved species, the faradaic current is 

governed by diffusion transport describe by Fick’s law. Therefore, diffusion coefficient 

(𝐷, which can be estimated by using Randles-Sevcik relationship120), concentration (𝑐, 

which can ben calculated from the known mass of the species and volume of the 

solution) and electrode area (𝐴 , which can be assumed as the geometric area) are 

required. 𝐶𝑑𝑙  is capacitance of the double layer, which can be estimated from the 

background current in the fundamental harmonic.156 After all, heterogeneous charge 

transfer rate constant (𝑘0) and charge transfer coefficient (𝑎) can be determined by 

comparison of experimental and simulated data.157-161 

1.3.3 Other Applications of FTACV 

Other than probing the kinetics property of an electrode reaction, FTAC voltammetry 

can be also used in other applications as long as experiments are designed and carried 

out properly. FTAC voltammetry is sensitive to electrode kinetics but not sensitive to 

background charging current as well as homogeneous catalysis process. Therefore, 

many strategies had been developed based on this advantage.162 

For a surface confined process involved with proteins as redox centers, the faradaic 

signal to background charging current is usually very low in dc voltammetry due to low 

concentration mobilized on the electrode surface. The concentration of protein is limited 

to a full monolayer coverage because the communication between the electrode and the 
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protein located in further layers is less effective.163 For this case, FTAC voltammetry is 

a powerful technique for quantifying the electron kinetics associated with surface 

confined proteins. High faradaic signal to background charging current is obtained in 

high order harmonic components allows reliable quantitative evaluation of 

thermodynamic and kinetics properties of a surface confined proteins.164-166 

        Typically, when an electron transfer reaction is coupled to a chemical reaction (i.e. 

electrocatalysis process), the dc voltammetry exhibits large catalytic current which 

makes the studies of the underlying electron transfer reactions hard to obtain under 

catalytic turnover condition. In FTAC voltammetry, since the higher harmonics are 

insensitive to the background catalytic reaction and sensitive to fast electrode 

reaction151, 167-169, they can be used to study the underlying electron transfer process. 

Studying two enzymatic reactions by FTAC voltammetry, Fleming and co-workers 

found that the underlying reversible redox chemistry of the ferrocenemonocarboxylic 

acid which acted as a mediator in glucose oxidation was totally unaffected under 

catalytic turnover conditions as detected in the third and higher harmonics. In contrast, 

slight changes were detected in the cytochrome P450 redox process which acted as 

catalyst in reduction of oxygen.151 In catalytic water oxidation, water is both substrate 

and the solvent. The underlying electron transfer processes are barely visible under dc 

cyclic voltammetric conditions due to the presence of the large catalytic water oxidation 

current. However, application of FTAC voltammetry allows the direct detection of the 

electron transfer process that lead to the formation of the active catalyst and the 

measurement of the reversible potentials.170-172 
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1.4 Research Object 

 To develop a new strategy which can improve the reliability of kinetics 

measurement by FTAC voltammetry. 

 To study those factors that can affect the electron transfer kinetics associated 

with POMs, such as electrode materials, electrolyte cation, double layer.  
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Figure S1. 10
th

 harmonic of simulated FTAC voltammogram obtained using the same set of 

parameters as given in the caption to Figure 3.  
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Figure S2. S i m u l a te d  D C  c y c l i c  v o l ta m m o g r a m s ,  o b ta i n e d  f r o m  th e  A 0 /+  e l ec tr o d e  p r o c e s s  

( s e e  E q .  1 )  w i th  th e  f o l l o w i n g  p a r a m e te r s :  ν =  7 0  V  s
‒ 1

,  D =  4 . 2  ×  1 0
‒7

 c m
2
 s

‒ 1
,  A =  1 . 9 6  ×  1 0

‒

5  c m 2 ,  C =  1 0  m M ,  T =  2 9 6  K ,  E0 ’  =  0  V  a n d  α =  0 . 5 0 .  k0  a n d  Ru  a r e  e q u a l  to  1 0 0 0 0  c m  s ‒1  

a n d  0  Ω  (— ) ,  ( b )  0 . 5  c m  s ‒ 1  a n d  0  Ω  (— )  a n d  ( c )  0 . 5  c m  s ‒ 1  a n d  1 2  k Ω  ( ---) .   
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Figure S3. C o m p a r i s o n  o f  th e  e x p e r i m e n ta l  (— )  F T A C  v o l ta m m o g r a m s  o b ta i n e d  f r o m  3 . 0  

m M  F c  i n  [ C 2 m i m ] [ N T f 2 ]  w i th  a  5 0  µm  d i a .  P t m i c r o d i s k  e l e c tr o d e  a t a  ( r e f e re n c e )  f r e q u e n c y  

o f  3 7  H z  a n d  th e  s i m u l a te d  o n e s  f o r  a  r e v e r s i b l e  o n e -e l e c tr o n  tr a n s f e r  p r o c e s s  (— ) .  D u r i n g  

th e  v o l ta m m e tr i c  p e r tu r b a ti o n ,  tw o  f r e q u e n c i e s ,  f1  =  3 7  H z  a n d  f2  =  6 1 5  H z ,  w e re  a p p l i e d  

s i m u l ta n e o u s l y ,  s u p e r i m p o s e d  o n  a  D C  l i n e a r  r a m p  w i th  a  s c a n  r a te  o f  0 . 3 2 7 8  V  s -1 .  ( a )  to  ( h )  

c o r r e s p o n d  to  th e  1 s t to  8 th  h a r m o n i c s .  T h e  s i m u l a ti o n  p a r a m e te r s  a r e :  A = 1 . 9 6  ×  1 0 -5  
c m 2 ,  f1  

=  3 7  H z  a n d  f2  =  6 1 5  H z ,  ∆ E = 1 6 0  m V ,  c a l i b r a te d  D =  4 . 2  ×  1 0 -7  c m 2  s -1 ,  Ru  =  1 2  k Ω ,  Cd l ( c0  

=  1 6 ,  c1  =  0 . 7 1 ,  c2  =  -0 . 4 3 ,  c3  =  -0 . 2 8 ,  c4  =  0 . 8 5 )  µ F  c m -2  ( s e e  E q .  2 )  a n d  T =  2 9 6  K .  
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Figure S4. C o m p a r i s o n  o f  th e  s i m u l a te d  (— )  a n d  e x p e r i m e n ta l  (— )  F T A C  v o l ta m m o g r a m s  

o b ta i n e d  f r o m  3 . 0  m M  F c  i n  [ C 2 m i m ] [ N T f 2 ]  w i th  a  5 0  µm  d i a .  P t  m i c r o d i s k  e l e c tr o d e  a t a  

( d e te c t i o n )  f r e q u e n c y  o f  6 1 5  H z .  D u r i n g  th e  v o l ta m m e tr i c  p e r tu r b a t i o n ,  tw o  f r e q u e n c i e s ,  f1  =  

3 7  H z  a n d  f2  =  6 1 5  H z ,  w e r e  a p p l i e d  s i m u l ta n e o u s l y ,  s u p e r i m p o s e d  o n  a  D C  l i n e a r  r a m p  w i th  

a  s c a n  r a te  o f  0 . 3 2 7 8  V  s -1 .  ( a )  to  ( h )  c o r r e s p o n d  to  th e  1 s t to  8 th  h a r m o n i c s .  T h e  s i m u l a ti o n  

p a r a m e te r s  a re :  A = 1 . 9 6  ×  1 0
-5  

c m
2
,  f1  =  3 7  H z  a n d  f2  =  6 1 5  H z ,  ∆ E = 1 6 0  m V ,  c a l i b r a te d  D 

=  4 . 2  ×  1 0 -7  c m 2  s -1 ,  Ru  =  1 2  k Ω ,  k0  =  0 . 2 7  c m  s ‒1 ,  α =  0 . 5 0 ,  Cd l ( c0  =  1 6 ,  c1  =  0 . 7 1 ,  c2  =  -0 . 4 3 ,  

c3  =  -0 . 2 8 ,  c4  =  0 . 8 5 )  µ F  c m -2  ( s e e  E q .  2 )  a n d  T =  2 9 6  K .  T h e  7 th  a n d  8 th  h a r m o n i c  f o r  a  

r e v e r s i b l e  c a s e  (—)  a r e  a l s o  s h o w n  f o r  c o m p a r i s o n .  
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Figure S5. C o m p a r i s o n  o f  th e  e x p e r i m e n ta l  (— )  F T A C  v o l ta m m o g r a m s  o b ta i n e d  f r o m  1 0 . 2  

m M  F c  i n  [ C 4 m i m ] [ N T f 2 ]  w i th  a  5 0  µm  d i a .  P t m i c r o d i s k  e l e c tr o d e  a t a  ( r e f e re n c e )  f r e q u e n c y  

o f  9  H z  a n d  th e  s i m u l a te d  o n e s  f o r  a  r e v e r s i b l e  o n e -e l e c tr o n  tr a n s f e r  p r o c e s s  (— ) .  D u r i n g  th e  

v o l ta m m e tr i c  p e r tu r b a ti o n ,  tw o  f r e q u e n c i e s ,  f1  =  9  H z  a n d  f2  =  1 8 2  H z ,  w e r e  a p p l i e d  

s i m u l ta n e o u s l y ,  s u p e r i m p o s e d  o n  a  D C  l i n e a r  r a m p  w i th  a  s c a n  r a te  o f  0 . 3 2 7 8  V  s -1 .  ( a )  to  ( h )  

c o r r e s p o n d  to  th e  1 s t to  8 th  h a r m o n i c s .  T h e  s i m u l a ti o n  p a r a m e te r s  a r e :  A = 1 . 9 6  ×  1 0 -5  
c m 2 ,  f1  

=  9  H z  a n d  f2  =  1 8 2  H z ,  ∆ E = 1 6 0  m V ,  c a l i b r a te d  D =  2 . 9  ×  1 0 -7  c m 2  s -1 ,  c a l i b r a te d  Ru  =  2 8  

k Ω ,  Cd l ( c0  =  1 8 ,  c1  =  1 . 3 ,  c2  =  -0 . 0 6 5 ,  c3  =  -1 . 2 ,  c4  =  1 . 2 )  µ F  c m -2  ( s e e  E q .  2 )  a n d  T =  2 9 6  K .  
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Figure S6. C o m p a r i s o n  o f  th e  s i m u l a te d  (— )  a n d  e x p e r i m e n ta l  (— )  F T A C  v o l ta m m o g r a m s  

o b ta i n e d  f r o m  1 0 . 2  m M  F c  i n  [ C 4 m i m ] [ N T f 2 ]  w i th  a  5 0  µm  d i a .  P t m i c r o d i s k  e l e c tr o d e  a t a  

( d e te c t i o n )  f r e q u e n c y  o f  1 8 2  H z .  D u r i n g  th e  v o l ta m m e tr i c  p e r tu r b a t i o n ,  tw o  f r e q u e n c i e s ,  f1  =  

9  H z  a n d  f2  =  1 8 2  H z ,  w e r e  a p p l i e d  s i m u l ta n e o u s l y ,  s u p e r i m p o s e d  o n  a  D C  l i n e a r  r a m p  w i th  a  

s c a n  r a te  o f  0 . 3 2 7 8  V  s -1 .  ( a )  to  ( j )  c o r r e s p o n d  to  th e  1 s t to  1 0 th  h a r m o n i c s .  T h e  s i m u l a ti o n  

p a r a m e te r s  a r e :  A = 1 . 9 6  ×  1 0 -5  
c m 2 ,  f1  =  9  H z  a n d  f2  =  1 8 2  H z ,  ∆ E = 1 6 0  m V ,  c a l i b r a te d  D =  

2 . 9  ×  1 0 -7  c m 2  s -1 ,  c a l i b r a te d  Ru  =  2 8  k Ω ,  k0  =  0 . 1 1  c m  s ‒1 ,  α =  0 . 5 0 ,  Cd l ( c0  =  1 8 ,  c1  =  1 . 3 ,  c2  =  

-0 . 0 6 5 ,  c3  =  -1 . 2 ,  c4  =  1 . 2 )  µ F  c m -2  ( s e e  E q .  2 )  a n d  T =  2 9 6  K .  T h e  9 th  a n d  1 0 th  h a r m o n i c  f o r  a  

r e v e r s i b l e  c a s e  (—)  a r e  a l s o  s h o w n  f o r  c o m p a r i s o n .  
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Figure S7. C o m p a r i s o n  o f  th e  e x p e r i m e n ta l  (— )  F T A C  v o l ta m m o g r a m s  o b ta i n e d  f r o m  2 . 9  

m M  F c  i n  [ C 4 m i m ] [ N T f 2 ]  w i th  a  5 0  µm  d i a .  P t m i c r o d i s k  e l e c tr o d e  a t a  ( r e f e re n c e )  f r e q u e n c y  

o f  9  H z  a n d  th e  s i m u l a te d  o n e s  f o r  a  r e v e r s i b l e  o n e -e l e c tr o n  tr a n s f e r  p r o c e s s  (— ) .  D u r i n g  th e  

v o l ta m m e tr i c  p e r tu r b a ti o n ,  tw o  f r e q u e n c i e s ,  f1  =  9  H z  a n d  f2  =  1 8 2  H z ,  w e r e  a p p l i e d  

s i m u l ta n e o u s l y ,  s u p e r i m p o s e d  o n  a  D C  l i n e a r  r a m p  w i th  a  s c a n  r a te  o f  0 . 3 2 7 8  V  s -1 .  ( a )  to  ( h )  

c o r r e s p o n d  to  th e  1 s t to  8 th  h a r m o n i c s .  T h e  s i m u l a ti o n  p a r a m e te r s  a r e :  A = 1 . 9 6  ×  1 0 -5  
c m 2 ,  f1  

=  9  H z  a n d  f2  =  1 8 2  H z ,  ∆ E = 1 6 0  m V ,  c a l i b ra te d  D =  2 . 9  ×  1 0 -7  c m 2  s -1 ,  Ru  =  2 6  k Ω ,  Cd l ( c0  

=  1 6 ,  c1  =  0 . 9 3 ,  c2  =  0 . 0 8 4 ,  c3  =  -0 . 2 8 ,  c4  =  0 . 3 8 )  µ F  c m -2  ( s ee  E q .  2 )  a n d  T =  2 9 6  K .  
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Figure S8. C o m p a r i s o n  o f  th e  s i m u l a te d  (— )  a n d  e x p e r i m e n ta l  (— )  F T A C  v o l ta m m o g r a m s  

o b ta i n e d  f r o m  2 . 9  m M  F c  i n  [ C 4 m i m ] [ N T f 2 ]  w i th  a  5 0  µm  d i a .  P t  m i c r o d i s k  e l e c tr o d e  a t a  

( d e te c t i o n )  f r e q u e n c y  o f  1 8 2  H z .  D u r i n g  th e  v o l ta m m e tr i c  p e r tu r b a t i o n ,  tw o  f r e q u e n c i e s ,  f1  =  

9  H z  a n d  f2  =  1 8 2  H z ,  w e r e  a p p l i e d  s i m u l ta n e o u s l y ,  s u p e r i m p o s e d  o n  a  D C  l i n e a r  r a m p  w i th  a  

s c a n  r a te  o f  0 . 3 2 7 8  V  s -1 .  ( a )  to  ( h )  c o r r e s p o n d  to  th e  1 s t to  8 th  h a r m o n i c s .  T h e  s i m u l a ti o n  

p a r a m e te r s  a r e :  A = 1 . 9 6  ×  1 0 -5  
c m 2 ,  f1  =  9  H z  a n d  f2  =  1 8 2  H z ,  ∆ E = 1 6 0  m V ,  c a l i b r a te d  D =  

2 . 9  ×  1 0 -7  c m 2  s -1 ,  Ru  =  2 6  k Ω ,  k0  =  0 . 1 1  c m  s ‒1 ,  α =  0 . 5 0 ,  Cd l ( c0  =  1 6 ,  c1  =  0 . 9 3 ,  c2  =  0 . 0 8 4 ,  

c3  =  -0 . 2 8 ,  c4  =  0 . 3 8 )  µ F  c m -2  ( s e e  E q .  2 )  a n d  T =  2 9 6  K .  T h e  9 th  a n d  1 0 th  h a r m o n i c  f o r  a  

r e v e r s i b l e  c a s e  (—)  a r e  a l s o  s h o w n  f o r  c o m p a r i s o n .  
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Figure S1. Comparison of the simulated (—) and experimental (—) FTAC 

voltammograms obtained from the reduction of 1 mM [α-SiW12O40]4- at a BDD 

electrode in aqueous electrolyte media containing 1.0 M LiNO3 and 0.01 M HNO3. (a) 

aperiodic dc component (b-h) 1st -7th ac harmonic components, 6th and 7th harmonics for 

a reversible process (—) are also shown for comparison. Other parameters are as 

defined in the text.  
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Figure S2. Comparison of the simulated (—) and experimental (—) FTAC 

voltammograms obtained from the reduction of 1 mM [α-SiW12O40]4- at a BDD 

electrode in aqueous electrolyte media containing 1.0 M NaNO3 and 0.01 M HNO3. (a) 

aperiodic dc component (b-h) 1st -7th ac harmonic components, 6th and 7th harmonics for 

a reversible process (—) are also shown for comparison. Other parameters are as 

defined in the text.   
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Figure S3. Comparison of the simulated (—) and experimental (—) FTAC 

voltammograms obtained from the reduction of 1 mM [α-SiW12O40]4- at a BDD 

electrode in aqueous electrolyte media containing 1.0 M NH4NO3 and 0.01 M HNO3. (a) 

aperiodic dc component (b-h) 1st -7th ac harmonic components, 6th and 7th harmonics for 

a reversible process (—) are also shown for comparison. Other parameters are as 

defined in the text.   
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Figure S1. Comparison of simulated (—) and experimental (—) FTAC 
voltammetric data obtained for the [SVW11O40]3-/4-/5- processes in DMF containing 
0.2 mM [SVW11O40]3- and 0.1 M [Bu4N][PF6] at a BDD electrode with ΔE = 80 mV, f 
= 9.02 Hz and ν = 0.171 V s‒1. (a) aperiodic DC component, (b-g) 1st to 6th AC 
harmonic components. To obtain the simulated data, 𝑘V

0 = 0.028 cm s-1, αV = 0.60, 
𝑘W

0  = 0.0006 cm s-1 and αW = 0.53 were used. Other parameters used in the 
simulations are provided in Table 2 of the main text. 
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Figure S2. Comparison of simulated (—) and experimental (—) FTAC 
voltammetric data obtained for the [SVW11O40]3-/4-/5- processes in DMF containing 
0.2 mM [SVW11O40]3- and 0.1 M [Bu4N][PF6] at a Pt electrode with ΔE = 80 mV, f = 
9.02 Hz and ν = 0.171 V s‒1. (a) aperiodic DC component, (b-g) 1st to 6th AC 
harmonic components. To obtain the simulated data, 𝑘V

0 = 0.08 cm s-1, αV = 0.50 
were used. Other parameters used in the simulations are provided in Table 2 of the 
main text. 
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Figure S3. Comparison of simulated (—) and experimental (—) FTAC 
voltammetric data obtained for the [SVW11O40]3-/4-/5- processes in DMF containing 
0.2 mM [SVW11O40]3- and 0.1 M [Bu4N][PF6] at a GC electrode with ΔE = 80 mV, f = 
27.01 Hz and ν = 0.171 V s‒1. (a) aperiodic DC component, (b-g) 1st to 6th AC 
harmonic components. To obtain the simulated data, 𝑘V

0 = 0.20 cm s-1, αV = 0.50, 𝑘W
0  

= 0.045 cm s-1 and αW = 0.54 were used. Other parameters used in the simulations 
are provided in Table 2 of the main text. 
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Figure S4. Comparison of simulated (—) and experimental (—) FTAC 
voltammetric data obtained for the [SVW11O40]3-/4-/5- processes in DMF containing 
0.2 mM [SVW11O40]3- and 0.1 M [Bu4N][PF6] at an Au electrode with ΔE = 80 mV, f = 
9.02 Hz and ν = 0.171 V s‒1. (a) aperiodic DC component, (b-g) 1st to 6th AC 
harmonic components. To obtain the simulated data, 𝑘V

0 = 0.10 cm s-1, αV = 0.50 
were used. Other parameters used in the simulations are provided in Table 2 of the 
main text. 
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Figure S5. Comparison of simulated DC cyclic voltammograms, first and fifth 
harmonic (ΔE = 80 mV and f = 9.02 Hz) components obtained with (—) and 
without (—) considering the cross redox reaction for the [SVW11O40]3−/4- and 

[SVW11O40]4−/5- processes. The simulation parameters are as follows: 𝐸V
0 = 0.050 V, 

𝑘W
0  = -1.530 V, 𝑘V

0
 = 0.03 cm s-1, kf = 1 × 1010 M-1 s-1, kb = 2 × 10-17 M-1 s-1, Ru = 900 Ω, 

D ([SVW11O40]3−) = 2.8 × 10-6 cm2 s-1, D ([SVW11O40]4−) = D ([SVW11O40]5−) = 2.9 × 

10-6 cm2 s-1, A = 8.14 × 10-3 cm2, C = 1.0 mM, ʋ = 0.1 V s-1, Cdl = 10 uF cm-2, T = 295 K, 
αV = 0.50, αW = 0.53 with different 𝑘W

0  values of: (a), (b) and (c) 0.05 cm s-1; (d), (e) 

and (f) 0.005 cm s-1; (g), (h) and (i) 0.0005 cm s-1; (j), (k) and (l) 0.00005 cm s-1. 
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Figure S6. Comparison of simulated (—) and experimental (—) FTAC 
voltammetric data obtained for the [SVW11O40]3-/4-/5- processes in DMF containing 
0.2 mM [SVW11O40]4- and 0.1 M [Bu4N][PF6] at a GC electrode with ΔE = 80 mV, f = 
66.98 Hz and ν = 0.164 V s‒1. (a) aperiodic DC component, (b-g) 1st to 6th AC 
harmonic components. To obtain the simulated data, 𝑘V

0 = 0.18 cm s-1, αV = 0.50, 𝑘W
0  

= 0.055 cm s-1 and αW = 0.54 were used. Other parameters used in the simulations 
are provided in Table 3 of the main text. 
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Figure S7. Comparison of simulated (—) and experimental (—) FTAC 
voltammetric data obtained for the [SVW11O40]3-/4- process in DMF containing 1.0 
mM [SVW11O40]3- and 0.5 M [Bu4N][PF6] at a BDD electrode with ΔE = 80 mV, f = 
9.02 Hz and ν = 0.104 V s‒1. (a) aperiodic DC component, (b-g) 1st to 6th AC 
harmonic components. To obtain the simulated data, 𝑘V

0 = 0.009 cm s-1, αV = 0.50 
were used. Other parameters used in the simulations are provided in Table 4 of the 
main text. 
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Figure S8. Comparison of simulated (—) and experimental (—) FTAC 
voltammetric data obtained for the [SVW11O40]3-/4- process in DMF containing 1.0 
mM [SVW11O40]3- and 0.5 M [Bu4N][PF6] at a Pt electrode with ΔE = 80 mV, f = 9.02 
Hz and ν = 0.104 V s‒1. (a) aperiodic DC component, (b-g) 1st to 6th AC harmonic 
components. To obtain the simulated data, 𝑘V

0 = 0.035 cm s-1, αV = 0.45 were used. 
Other parameters used in the simulations are provided in Table 4 of the main text. 
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Figure S9. Comparison of simulated (—) and experimental (—) FTAC voltammetric 

data obtained for the [SVW11O40]3-/4- process in DMF containing 1.0 mM [SVW11O40]3- 

and 0.5 M [Bu4N][PF6] at an Au electrode with ΔE = 80 mV, f = 27.01 Hz and ν = 

0.104 V s‒1. (a) aperiodic DC component, (b-g) 1st to 6th AC harmonic components, and 

(h) simulated 6th harmonic for the VV/VI process in reversible case (—). To obtain the 

simulated data, 𝑘V
0 = 0.08 cm s-1, αV = 0.45 were used. Other parameters used in the 

simulations are provided in Table 4 of the main text. 
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! S6!

Figure S2. Comparison of simulated (—) and experimental (—) FTAC voltammetric 

data obtained for the V
IV/V 

and W
VI/V

 processes
 
in DMF containing 0.20 mM 

[SVW11O40]
3-

 and 0.5 M [BMIM][PF6] at a Pt electrode with ΔE = 80 mV, f = 34.01 

Hz and ν = 0.137 V s
‒1

. (a) aperiodic DC component, (b-g) 1
st
 to 6

th
 AC harmonic 

components, and (h) simulated 6th harmonic component for the VV/IV process in a 

reversible case (—). To obtain the simulated data, ! !
!  = 0.13 cm s

-1
, αV = 0.50, ! !

!  = 

0.06 cm s
-1

 and αW = 0.50 were used. Other parameters used in the simulations are 

provided in Table 2. 

! !
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Abstract 

Changing the supporting electrolyte cation from tetrabutylammonium to 1-butyl-

3-methylimidazolium is known to significantly increase the apparent heterogeneous 

electron transfer rate constants ( 𝑘0  value at the formal reversible potential ( 𝐸F
0 )) 

associated with the [SVW11O40]3−/4− (VV/IV) and [SVW11O40]4−/5− (WVI/V) processes in 

aprotic organic media. In this study, supporting electrolytes containing 7 different 

cations, namingly 1-ethyl-3-methylimidazolium ([EMIM]+), 1-butyl-3-

methylimidazolium ([BMIM]+), 1-butyl-1-methylpyrrolidinium ([Py14]+), 

tetraethylammonium ([TEA]+), tetrapropylammonium ([TPA]+), tetrabutylammonium 

([TBA]+) and tetrahexylammonium ([THA]+), have been investigated in order provide a 

systematic account of the influence of electrolyte cations on the rate of polyoxometalate 

(POM) electron transfer at a platinum disk electrode. Fourier transformed alternating 

current (FTAC) voltammetry has been used for the measurement of fast kinetics and DC 

cyclic voltammetry for slow processes. The new data reveal the formal reversible 

potentials and electron-transfer rate constants associated with the VV/IV (𝑘V
0) and WVI/V 

(𝑘W
0 ) processes correlate with the size of the supporting electrolyte cation. 𝑘𝑉

0 and 𝑘𝑊
0  

values decrease in the order, [EMIM]+ > [BMIM]+ > [Py14]+ ≈ [TEA]+ > [TPA]+ > 

[TBA]+ > [THA]+ for both processes. However, while 𝑘V
0  decreases gently with 

increasing cation size (k0 = 0.1 and 0.002 cm s-1 with [EMIM]+ and [THA]+ electrolyte 

cations, respectively), the decrease in 𝑘W
0  is much more drastic (k0 = 0.1 and 2 × 10‒6 

cm s-1  for [EMIM]+ and [THA]+, respectively). Possible explanations for the observed 

trends are discussed (e.g., ion-pairing, viscosity, adsorption and the double-layer effect), 

with inhibition of electron-transfer by a blocking “film” of electrolyte cations 

considered likely to be the dominant factor, supported by a linear plot of ln(k0) vs. ln(d) 
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(where d is the estimated thickness of the adsorbed layer on the electrode surface) for 

both the VV/IV and WVI/V processes. 

 

Introduction 

It is of fundamental importance in electrochemistry to understand the factors that 

govern the rate of heterogeneous electron transfer. For an electrode reaction, this 

typically involves the transfer of charge (electrons) across an interface between a solid 

electrode and liquid electrolyte. It follows that the rate of electron transfer is governed 

by both the physicochemical properties of the electrode/electrolyte interface and the 

nature of the redox-active species. For an outer-sphere one electron transfer processes 

such as the reduction of [Ru(NH3)6]3+ to [Ru(NH3)6]2+ or the oxidation of ferrocene (Fc) 

to ferrenium cation (Fc+), very similar electrochemical behavior is observed at Pt, Au, 

and carbon electrodes.[1, 2] However, the kinetics of the Fe2+/3+ process, also 

considered to be an outer-sphere reaction in some studies, is much slower and differs 

markedly at these electrode materials.[3, 4] 

The effects of the nature of the solvent (donor/acceptor or acid/base properties), 

supporting electrolyte and electrode material on electrode kinetics have been studied 

extensively.[5-12] For example, if the outer-shell contribution to the activation energy is 

the major factor governing the rate of electron transfer, the heterogeneous electron-

transfer rate constant (k0) exhibits a strong dependence on the properties of the solvent 

(dielectric constant).[13, 14] In addition, the rates of electrode reactions can be 

profoundly affected by the identity of the ions present in the supporting electrolyte[15-

19]. For example, Peover and Davies[20] reported that the highly irreversible 

(kinetically sluggish) second step for reduction of 9,10-anthraquinone in 
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dimethylformamide (DMF) can be made reversible (kinetically facile) through the 

addition of alkali metal ions. This effect was attributed to interactions (ion-pairing) 

between the semiquinone anion and the alkali metal cations. 

Polyoxometalates (POMs) are anionic oxoclusters containing early transition 

metals in high oxidation states. They are nano-sized and display a wide variety of 

compositions and structures. They exhibit a wide range of properties, which have led to 

proposed applications in diverse fields such as medicine, photochromic materials, solar 

energy, and so forth.[21-23] In particular, POMs can undergo fast, reversible and 

stepwise multielectron-transfer reactions without significant structural change, meaning 

they can be employed as catalysts for many redox reactions.[24-27] Furthermore, the 

properties of a POM, such as solubility, redox potential, and acidity can be finely-tuned 

by varying the constituent elements.[28]  

The thermodynamic properties (formal reversible potentials, 𝐸F
0) of POMs have 

been studied extensively.[28-30] For example, the electrochemical behaviour of 

[Co2W12O42]8- was found to be highly solvent dependent.[31] The reversible potentials 

associated with these W-based redox centres shift negatively in a 50% mixed solvent 

aqueous electrolyte of dimethylformamide/water, acetonitrile/water or acetone/water 

compared to a pure aqueous electrolyte solution, while in dioxane/water mixtures, the 

processes shifted positively. The acidity of the media (proton availability) also 

influences the thermodynamic properties of POMs. Thus, while [PMo12O40]3- undergoes 

successive one-electron transfer processes in acetonitrile, the addition of acid causes a 

substantial change in reversible potential, so that when a high concentration is present, 

overall two-electron processes are detected.[32] 

The kinetic properties (standard electron transfer rate constant, k0 at 𝐸F
0 , and 

electron transfer coefficient, α) of POMs remain much less explored than the 
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thermodynamic ones. Recently, we have reported a series of studies on the electrode 

kinetics of POMs.[33-36] In aqueous media, the k0 values of the Keggin-type silicon 

tungstate POMs, [SiW12O40]4- and [SiW12O40]5-, were found to be electrode material 

dependent.[33, 34] Much slower rate constants were found with boron-doped diamond 

(BDD) electrode compared to use of glassy carbon (GC) as  the electrode material.[33] 

The effect of the electrolyte cation (Li+, Na+, K+ and NH4
+) on the electrode kinetics of 

these processes has also been studied[34]. In organic media (dimethylformamide) 

containing supporting electrolyte, the electrode kinetics associated with the 

[SVW11O40]3−/4−/5− processes are strongly dependent on the electrode material as well as 

the ionic strength.[35] In our most recent study, we showed that changing the electrolyte 

cation from tetrabutylammonium to 1-butyl-3-methylimidazolium can significantly 

increase the electron-transfer kinetics of the [SVW11O40]3−/4−/5− processes at Pt, Au and 

BDD electrodes. We attributed this and other trends obvious to double layer effects and 

the nature of the electron-transfer processes (outer-sphere for the VV/IV reaction vs. 

inner-sphere for the WVI/V one).[36] 

In the present study, our previous work is expanded systematically to provide a 

general account of the influence of electrolyte cations on the rate of POM electron 

transfer, using the [SVW11O40]3−/4−/5− reductive reactions as exemplar processes. The 

structure of [SVW11O40]3-[37] shown in Figure 1 shows the location of the V and W 

metal constituents. [SVW11O40]3- exhibits three well-defined one-electron reduction 

processes in molecular solvent (electrolyte) media.[37] The two initial processes, which 

are the focus for the current study, correspond to the reduction of VV to VIV (Eq. 1) and 

WVI to WV (Eq. 2).  

[SVVW11
VIO40]3− + e− ⇌ [SVIVW11

VIO40]4−  (1) 

[SVIVW11
VIO40]4− + e− ⇌ [SVIVWVW10

VIO40]5− (2) 
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Figure 1. The structure of [SVW11O40]
3-. Color code: S (red), V (orange), W 

(yellow).[37] 

Seven different electrolyte cations were used in this study, including imidazolium and 

tetraalkylammonium based cations (structures shown in Scheme 1). Salts containing 

large singly-charged cations such as tetraalkylammonium ions are commonly used for 

investigations in dipolar aprotic solvents due to their relatively high solubility and weak 

tendency to form ion associates with anions in these systems. However, a number of 

studies has been reported which demonstrate that the electrode kinetics of can depend 

on the nature (size or structural symmetry) of the tetraalkylammonium cations.[38-41] 

For example, the rate constants (k0 values) of a series of organic molecules have been 

shown to decrease with increase in the size of the alkyl group.[38] The solvent chosen 

in this study is propylene carbonate (PC), which has a high dielectric constant (64.9 at 

25℃[42]), reducing the influence of ion pairing effects. Supporting electrolytes were 

added at a concentration of 0.5 M to provide a well-defined double layer. As is the case 

in our previous study, fast electrode kinetics were measured using large-amplitude 

Fourier-transformed alternating current (FTAC) voltammetry, which exhibits superior 

kinetic sensitivity in comparison with the conventional dc voltammetry[43] and slow 
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processes were quantified by DC cyclic voltammetry using DigiElch digital simulation 

software package. 

Scheme 1. Names, abbreviations and structures of the electrolyte cations used in this 

study.  

 
 

Experimental Section 

Chemicals. Propylene carbonate (PC, 99.7%, Sigma-Aldrich),  acetonitrile 

(CH3CN, 97%, Sigma-Aldrich), ethanol (96%, Merck), 1-ethyl-3-methylimidazolium 

tetrafluoroborate ([EMIM][BF4], 98%, Sigma-Aldrich), 1-butyl-3-methylimidazolium 

tetrafluoroborate ([BMIM][BF4], 99%, IoLiTec), 1-butyl-3-methylimidazolium 

hexafluorophosphate  ([BMIM][PF6], 99%, IoLiTec), 1-butyl-1-methylpyrrolidinium 

tetrafluoroborate ([Py14][BF4], 99%, IoLiTec), tetraethylammonium tetrafluoroborate 

([TEA][BF4], 99%, Sigma-Aldrich), tetrabutylammonium hexafluorophosphate 

([TBA][PF6], 99%, Sigma-Aldrich) and tetrahexylammonium perchlorate 

([THA][ClO4], 99%, Sigma-Aldrich) were used as received from the manufacturer. 
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Ferrocene (Fc, Sigma-Aldrich, ≥ 98 %) was recrystallized from n-pentane (Merck) prior 

to use. Tetrapropylammonium tetrafluoroborate ([TPA][BF4]) was prepared by a 

metathesis reaction between sodium tetrafluoroborate (Na[BF4], Sigma-Aldrich) and 

tetrapropylammonium bromide ([TPA]Br, Sigma-Aldrich) in CH3CN.  

All electrochemical studies were carried out at 22 ± 2 °C using a standard three 

electrode electrochemical cell. Viscosity was measured using the falling ball method 

with an Anton Paar automated microviscometer (AMVn). The working electrode was 

platinum (Pt, nominal diameter = 1.0 mm) or glassy carbon (GC, nominal diameter = 

1.0 mm). Platinum wire was used for the auxiliary and reference electrodes. Other 

experimental details are as reported elsewhere[36] and are summarized in the 

Supporting Information.  

Results and Discussions 

DC Cyclic Voltammetric Characterization of the VV/IV and WVI/V Processes. 

The [SVW11O40]3−/4− (VV/IV) and [SVW11O40]4−/5− (WVI/V) processes were initially 

characterized by DC cyclic voltammetry at a Pt electrode. Verification of the first 

process as reduction of VV to VIV and the second more negative one to reduction of WVI 

to WV is given in reference.[37] Figure 2 shows a comparison of the DC cyclic 

voltammograms obtained from 1.0 mM [SVW11O40]3- in PC containing 0.5 M 

electrolytes outlined in Scheme 1, at a scan rate (ν) of 0.1 V s-1. Clearly, the formal 

reversible potentials (𝐸F
0) of the VV/IV and WVI/V processes, 𝐸V

0 and 𝐸W
0 , are dependent 

upon the nature of the electrolyte. Slightly more positive 𝐸V
0  and 𝐸W

0  values are 

observed from [EMIM][BF4] (0.316 V and -1.085 V, respectively) compared to 

[BMIM][BF4] (0.306 V and -1.093 V, respectively). A larger variation is observed 

when using tetraalkylammonium cation as the cation constituent of the supporting 
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electrolyte, with 𝐸V
0 and 𝐸W

0  shifting towards more negative potentials in the order of 

[Py14]+ ≈ [TEA]+ > [TPA]+ > [TBA]+ > [THA]+. The negative shift in the 𝐸F
0 values, as 

well as the increased potential gap separating the VV/IV and WVI/V processes (∆𝐸F
0) is 

attributed to increasingly strong interactions between the electrolyte cation and the 

reduced form of the POM (e.g., [SVW11O40]4-) compared to the oxidized form of the 

POM (e.g., [SVW11O40]3-). It should be noted that because [SVW11O40]3−/4−/5− are all 

highly negatively charged species, the identity of the anion (e.g., [BF4]− vs. [PF6]− vs. 

[ClO4]−) is not expected to influence electrochemical behavior as confirmed by the fact 

that negligible differences in both reversible potentials and peak-to-peak separations 

was detected when using either [BMIM][BF4] or [BMIM][PF6] as the supporting 

electrolyte. 

Table 1. DC cyclic voltammetric data derived at 22 ± 2 °C from the reduction of 1.0 

mM [SVW11O40]3- in PC (0.5 M electrolyte) at a Pt macrodisk (diameter = 1.0 mm) 

electrode with a scan rate of 0.1 V s-1. 

Electrolyte 𝐸V
0(V) (ΔEp)V(V) 𝐸W

0 (V) (ΔEp)W(V) ∆𝐸F
0(V) 

[EMIM][BF4] 0.316 63 -1.085 65 1.400 

[BMIM][BF4] 0.306 67 -1.093 66 1.399 

[BMIM][PF6] 0.303 66 -1.090 68 1.393 

[Py14][BF4] 0.333 76 -1.079 75 1.412 

[TEA][BF4] 0.342 79 -1.079 67 1.421 

[TPA][BF4] 0.309 82 -1.182 303 1.491 

[TBA][PF6] 0.254 88 -1.260 520 1.514 

[THA][ClO4] 0.214 110 -1.355 745 1.569 

 

Another clearly evident feature is the electrolyte dependence of the DC 

voltammetric peak-to-peak separations, ∆Ep (= Ep
Ox - Ep

Red). Both VV/IV and WVI/V 

processes display similar trends in ∆Ep in the order [EMIM]+ ≈ [BMIM]+ > [Py14]+ ≈ 

[TEA]+ > [TPA]+ > [TBA]+ > [THA]+. Notable, ∆Ep values associated with the VV/IV 
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process changes gradually, with the lowest and highest values being 63 and 110 mV for 

[EMIM]+ and [THA]+, respectively, whereas, in the case of the WVI/V process, ∆Ep 

changes significantly when changing the electrolyte cation from [TEA]+ to [TPA]+, 

[TBA]+ and [THA]+, with values of 67, 303, 520 and 745 mV, respectively. Even after 

considering differences in the uncompensated resistance (Ru) (e.g., Ru = 415 and 1153 Ω 

with [EMIM]+ and [THA]+, respectively), a smaller ∆Ep reflects a larger k0 value, as 

described in the classical theoretical treatment of dc cyclic voltammetric I-E curves by 

Nicholson and Shain.[44] This indicates that the kinetics of the VV/IV and WVI/V 

processes are electrolyte cation dependent in PC, as noted in other media.[36] 

Moreover, the kinetics of the WVI/V process appear to be more sensitive to the nature of 

electrolyte compared to the VV/IV one.  

Full details of the 𝐸F
0  and ∆Ep values associated with the VV/IV and WVI/V 

processes in the different electrolyte media at a Pt electrode, along with the separation 

between the 𝐸F
0 values associated with the two processes (∆𝐸F

0) are provided in Table 1. 

Finally, diffusion coefficients (D) calculated from the Randles-Sevcik relationship[35] 

based on the peak current associated with the reversible VV/IV process at a GC 

macrodisk electrode,[36] are included in Table 2. Interestingly, the value of D decreases 

by about 70% when changing the electrolyte cation from [EMIM]+ to [THA]+. The 

diffusion coefficient is governed by the Stokes-Einstein relationship[45], 

𝐷 =  
𝑘𝐵𝑇

6π𝜂𝑎
                                                              (8) 

where kB is the Boltzmann constant, η is the viscosity of the medium and 𝑎  is the 

hydrodynamic radius of the diffusing particle. Clearly, according to this equation, the 

value of D depends on the viscosity of the media as well as the size of the ion paired 

[SVW11O40]3-. If it is assumed that the size term (𝑎) is independent on the nature of 
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electrolyte, the D value of each electrolyte medium is expected to be inversely 

proportional to η values of corresponding media and the produced [D·η] is expected to 

be constant. However, there is no such relationship between D and η values as shown in 

Table 2. On this basis, both the size of the ion paired [SVW11O40]3- and viscosity are 

believed to contribute to difference in D values.  

Table 2. Summary of the D values for the reduction of 1.0 mM [SVW11O40]3- in PC 

(0.5 M electrolyte) at a Pt macrodisk (diameter = 1.0 mm) electrode.  

 

Electrolyte η (cP) D (×106 cm2 s-1) [D·η] (×1013 m kg s-2) 

[EMIM][BF4] 3.07 1.3 4.0 

[BMIM][BF4] 3.21 1.1 3.5 

[Py14][BF4] 3.44 0.93 3.2 

[TEA][BF4] 3.12 0.93 2.9 

[TPA][BF4] 3.58 0.77 2.8 

[TBA][PF6] 3.90 0.60 2.3 

[THA][ClO4] 4.98 0.42 2.1 
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Figure 2. Dc cyclic voltammograms obtained at a Pt macrodisk electrode (ν = 0.1 V s-1) 

from the reduction of [SVW11O40]3- in PC containing 0.5 M electrolyte with constituent 

cations (from top to bottom) [EMIM]+, [BMIM]+, [Py14]+, [TEA]+,  [TPA]+, [TBA]+ and 

[THA]+. 
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 Determination of k0 for fast processes by FTAC Voltammetry and slow ones 

by DC cyclic voltammetry. The k0 values associated with the VV/IV (𝑘V
0) and WVI/V 

(𝑘W
0 ) processes in PC containing 0.5 M electrolyte were determined at a Pt macrodisk 

electrode by FTAC voltammetry using a sine wave perturbation (ΔE = 80 mV and f = 

9.02 Hz or 27.01 Hz) and scanning the DC potential over the range where both the VV/IV 

and WVI/V reduction processes are present in the voltammogram. The parameters used in 

the simulations to define the electron transfer process, E0, k0, α, electrode area (A), Ru 

and double-layer capactitance (Cdl), were derived using the Bulter-Volmer model of 

electron transfer as described in the Supporting Information and are provided in Table 1 

and 3. Since the electrode kinetics of the VV/IV and WVI/V processes in PC containing 

[EMIM][BF4] and [BMIM][BF4] are essentially reversible with a frequency of 9.02 Hz, 

a higher frequency (f = 27.01 Hz) AC perturbation was used to shorten the time scale of 

the measurement so that adequate kinetic sensitivity was avaliable. A representative 

FTAC voltammogram (f = 27.01 Hz) obtained in PC containing [EMIM][BF4] as the 

supporting electrolyte is shown in Figure 3. For the other four electrolytes (see Table 1), 

the VV/IV and WVI/V processes were found to be far from reversible allowing the lower 

frequency of 9 Hz to be used to quantify the electrode kinetics. A representative FTAC 

voltammogram (f = 9.02 Hz) obtained in PC containing [TPA][BF4] as the supporting 

electrolyte is shown in Figure 4. 
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Figure 3. Comparison of simulated (—) and experimental (—) FTAC voltammetric 

data obtained for the VIV/V and WVI/V processes in PC containing 1.0 mM [SVW11O40]3− 

and 0.5 M [EMIM][BF4] at a 1 mm diameter Pt macrodisk electrode with T = 295 K, 

ΔE = 80 mV, f = 27.01 Hz and ν = 0.137 V s−1. (a) aperiodic DC component, (b–g) 1st to 

6th AC harmonic components, and (h) simulated 6th harmonic component for the 

reversible case (—). Simulated kinetic data was obtained with 𝑘V
0 = 0.10 cm s-1, αV = 

0.50, 𝑘W
0  = 0.10 cm s-1 and αW = 0.50. Other parameters are defined in the text.  
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Figure 4. Comparison of simulated (—) and experimental (—) FTAC voltammetric 

data obtained for the VIV/V process in PC containing 1.0 mM [SVW11O40]3− and 0.5 M 

[TPA][BF4] at a 1 mm diameter Pt electrode with T = 295 K, ΔE = 80 mV, f = 9.02 Hz 

and ν = 0.089 V s−1. (a) aperiodic DC component, (b–g) 1st to 6th AC harmonic 

components. Simulated kinetic data was obtained with 𝑘V
0 = 0.0075 cm s-1, αV = 0.5 

were used. Other parameters are defined in the text. 
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Figure 3 provides a simulation-experiment comparison for the VV/IV and WVI/V 

processes in PC containing 0.5 M [EMIM][BF4]. In the 6th harmonic component, both 

processes can be treated as quasi-reversible rather than reversible on this timescale (see 

Figure 3h), since the current magnitude for this harmonic is significantly smaller than 

predicted for a reversible process (blue curve). Excellent agreement between the 

simulated and experimental data was achieved for all harmonic components with 𝑘V
0 and 

𝑘W
0  both estimated to be 0.10 cm s-1. α was reasonally assumed to be 0.50 in all 

simulations in accordance with the highly symmetric shapes of all AC harmonics.  

Since the electrode kinetics of the WVI/V process when using [TPA][BF4], 

[TBA][PF4] and [THA][ClO4] as the electrolyte are so slow, higher order harmonic 

components are almost absent, only the narrowed potential range associated with the 

VV/IV process was quantified by FTACV under these conditions. The FTAC 

voltammogram (f = 9.02 Hz) obtained for the VV/IV process in PC containing 0.5 M 

[TPA][BF4] is shown in Figure 4.  Excellent agreement between the simulated and 

experimental data was achieved using the measured A, D, C and Ru values to give a 𝑘V
0 

value of 0.0075 cm s‒1. For the WVI/V process, it should be noted that when using 

[TPA][BF4], [TBA][PF4] and [THA][ClO4] as the electrolyte, the DC cyclic 

voltammograms obtained from the first cycling scan give larger peak-to-peak 

separations than those obtained from the following ones. Furthermore, the shapes of the 

reduction and oxidation peaks are not fitted perfectly with simulated ones obtained 

based on Butler-Volmer theory (Figure S1(a)). For slow electrode kinetics such as the 

WVI/V process, the differences between Butler-Volmer theory and Marcus-Hush theory 

in simulation are expected to be distinguishable. Better fitting was found when 

comparing the experimental data and simulated one based on Marcus-Hush theory 

(Figure S1(b)). However, a large deviation between experimental and simulated data 
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still exists. All the discussions above indicate there are complexities associated with the 

WVI/V process when using [TPA][BF4], [TBA][PF4] and [THA][ClO4] as the electrolyte. 

Therefore, in this study the electrode kinetics of this process were estimated by 

comparing the peak-to-peak separations of the experimental DC cyclic voltammograms 

obtained from the first cycling scan with those obtained by DigiElch digital simulation 

based on Butler-Volmer theory, taking into account the effect of uncompensated 

resistance (Ru). A 𝑘W
0  value of 1.2×10-4 

cm s-1 was estimated when using [THA][ClO4] 

as the electrolyte. The heterogeneous electron transfer kinetics of the VV/IV and WVI/V 

processes were measured in PC with the 7 different electrolytes outlined in Scheme 1; 

the FTAC voltammetric data obtained for [BMIM]+, [Py14]+, [TEA]+, [TBA]+ and 

[THA]+ are included in the Supporting Information (see Figures S2 to S6) and the 

measured k0 values are summarized in Table 3. 

FTAC voltammetric data were also acquired with a lower bulk concentration of 

0.20 mM [SVW11O40]3- in order to lessen the influence of the IRu drop. The results 

obtained at a Pt macrodisk electrode in PC (0.5 M electrolyte) at this lower bulk 

concentration are also summarized in Table 3. Comparisons of experimental and 

simulated data are presented in Figures S7 to S13 in the Supporting Information. As 

expected, since the IRu drop has been correctly accommodated for in all simulations, the 

determined 𝑘0  values are essentially independent of the [SVW11O40]3- concentration. 

This concentration independence also implies that the contribution from specific 

adsorption is not significant. 

The data summarized in Table 3 reveal that 𝑘V
0 and 𝑘W

0  are both affected by the 

nature of the supporting electrolyte, with increasing size of the electrolyte cation 

causing a decrease in the measured value. For example,  for the VV/IV process, 𝑘0 

decreases by approximately three orders of magnitude when the electrolyte cation is 
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changed from [EMIM]+ to [THA]+. As discussed previously,[36] the length of the 

imidazolium based cations ([EMIM]+ and [BMIM]+) are similar to the diameter of 

ammonium based cations ([TPA]+ or [TBA]+). However, the planar structure of 

imidazolium based-cation is thought to cause its preferred orientation to be parallel 

rather than perpendicular to the electrode surface. With this in mind, we can conclude 

that the 𝑘V
0 values are dependent on the size of the electrolyte cation, decreasing in the 

order; [EMIM]+ > [BMIM]+ > [Py14]+ ≈ [TEA]+ > [TPA]+ > [TBA]+ > [THA]+. The 

same trend in k0 is also observed for the WVI/V process, however with a more significant 

decrease (approximately two orders of magnitude) from [TEA]+ to [TPA]+, namely, 

[EMIM]+ > [BMIM]+ > [Py14]+ ≈ [TEA]+ >> [TPA]+ > [TBA]+ > [THA]+. It should be 

noted that the impact of the thermodynamically favourable cross redox reaction between 

[SVW11O40]3- and [SVW11O40]5- on the voltametric characteristics is insignificant, as 

demonstrated in a previous study.[35] 
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Table 3. Electrode kinetic parameters derived at a 1 mm dimeter Pt macrodisk electrode 

for the [SVW11O40]3-/4-/5- processes in PC (0.5 M electrolyte). 

Electrolyte 

 

C 

(mM) 

Ru
a 

(Ω) 

Cdl
a (c0, c1, c 2, c 3, c 4) 

(μF cm-2) 

𝐸V
0 

(V) 

𝑘V
0 

(cm s-1) 

𝐸W
0  

(V) 

𝑘W
0  

(cm s-1) 

[EMIM][BF4] 1.0 415 16.1, -2.1, -5.3, -4.9, -1.1 
0.316 

0.10 
-1.085 

0.10 

 0.20 430 13.2, 1.5, 6.1, 4.8, 1.4 0.10 0.10 

[BMIM][BF4] 1.0 535 20.9, 0.2, -4.0, -4.3, -1.2 
0.306 

0.040 
-1.093 

0.038 

 0.20 515 14.6, 1.0, -1.5, -3.6, -1.3 0.050 0.045 

[Py14][BF4] 1.0 470 28.5, 0.5, -4.5,-3.7, -0.9 
0.333 

0.016 
-1.079 

0.016 

 0.20 502 14.3, 0.7, 0.2, -0.1, -0.1 0.018 0.017 

[TEA][BF4] 1.0 550 31.2, -2.8, -16.9, -14.6, -3.9 
0.342 

0.015 
-1.079 

0.020 

 0.20 543 16.0, 1.11, -2.9, -4.3,  -1.4 0.012 0.020 

[TPA][BF4] 1.0 530 21.5, -0.6, 8.2, 28.8, 24.5 
0.309 

0.0075 
-1.182 

1.2×10-4 b 

 0.20 630 13.4, 0.6, -0.2, 8.0, 12.3 0.0085 c 

[TBA][PF6] 1.0 730 22.0, -0.5, 10.1, 7.3, -12.4 

0.254 

0.0040 

-1.260 

1.2×10-5 b 

 0.20 750 12.4, 1.1, -4.1, 7.0, 19.5 0.0033 c 

[THA][ClO4] 1.0 1330 12.0, -0.5, 10.1, 7.2, -12.4  
0.214 

0.0018  
-1.355 

1.7×10-6 b 

 0.20 1270 13.9, 2.4, 0.6, -3.1, -1.1 0.0016 c 

a See supporting information for detailed measurement. 
b Estimated from ΔEp values obtained from DC cyclic voltammetry. 
c No well-defined process observed at this lower concentration. 
d FTACV simulations were obtained assuming α = 0.50. 

 

The solvent chosen in this study, PC, has a relatively high dielectric constant 

(64.9 at 25 ℃[42]), which is expected to minimise the extent of ion pairing. For 

example, a measurable  amount of ion pairing between the electrolyte cation and 

nitromesitylene radicals has been reported in acetonitrile and dimethylformamide[46] 

(with dielectric constants of 36 and 36.7, respectively), while negligible ion pairing 

between the same anion radical and the electrolyte cation has been suggested in PC.[47] 

Nevertheless, owing to the high negative charge of POM anions, the occurrence of 

electrolyte cation-POM ion pairing in the present study is expected (the electrolyte 
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cation dependence of the 𝐸0 values (see Table 3) implies that ion pairing is significant). 

In this case, the electrode kinetics have been measured at apparent formal potentials 

(𝐸app
0 ) rather than formal potential 𝐸F

0, so 𝑘0 should be more appropriately considered 

as an apparent rate constant (𝑘app
0 ). In this situation, the kinetics of the overall electron 

transfer reaction scheme can be described by the square reaction given in Eq. 3, 

                                         A    +    e-                          B        (E1
0, 𝑘1

0
)                          

 

                                  𝐾1         X+                                  X+          𝐾2 

 

                                     XA+    +    e-                         XB+        (E2
0, 𝑘2

0
)                        (3) 

In this scheme, the symbols A and B are used to represent [SVW11O40]3- and 

[SVW11O40]4-, respectively so that 𝐾1 =  
[X+][A]

[XA+]
 and 𝐾2 =  

[X+][B]

[XB+]
 are the equilibrium 

constants for the ion-pairing reactions involving either the oxidised or the reduced 

forms, E1
0 and E2

0 are the relevant formal potentials and; 𝑘1
0
 and 𝑘2

0
are the formal 

electron transfer rate constants at E1
0 and E2

0, respectively. It can be shown that the 

voltammetric responses associated with this process are identical to a simple one-

electron transfer process in Eq. 4 if the ion pairing reactions are reversible on the 

voltammetric timescale.  

A'    +    e-                            B'    (kapp
0, αapp, Eapp

0)                                 (4) 

where   

𝑘app
0 =

𝑘1
0(𝐾2 𝐾1⁄ )𝛼𝑎𝑝𝑝 + 𝑘2

0([X+] 𝐾1⁄ )

[1 + ([X+] 𝐾1⁄ )]1−𝛼app[(𝐾2 𝐾1⁄ ) + ([X+] 𝐾1⁄ )]𝛼app
            (5) 
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Since a higher charge density is associated with the species B, K2 is expected to be 

smaller than K1. It is also reasonable to assume that both K1 and K2 are smaller than 

unity due to relatively strong association between highly charged POMs and electrolyte 

cations. Consequently, the relationships 𝐾2/𝐾1 ≪ [𝑋+]/𝐾1  and 𝑘1
0(𝐾2/𝐾1)1/2 ≪

𝑘2
0([𝑋+]/𝐾1) are expected to be valid under the experimental conditions employed as 

noted in other studies.[48, 49] On this basis, Eq. 5 can be simplified to give Eq. 6 with 

αapp taken to be 0.5, 

𝑘app
0 =

𝑘1
0(𝐾2 𝐾1⁄ )1/2 + 𝑘2

0([X+] 𝐾1⁄ )

[1 + ([X+] 𝐾1⁄ )]1/2[(𝐾2 𝐾1⁄ ) + ([X+] 𝐾1⁄ )]1/2
≈

𝑘2
0([X+] 𝐾1)⁄

1/2

[1 + ([X+] 𝐾1⁄ )]1/2

=
𝑘2

0

[1 + (𝐾1/[𝑋+])]1/2
                                                       (6) 

As the size of the cation increase ([TEA]+ > [TPA]+ > [TBA]+ > [THA]+), the ion pairs 

formation become weaker and K1 is expected to increase. Assuming 𝑘2
0
 is insensitive to 

the identity of the electrolyte cation, kapp
0 is therefore predicted to decrease in the order 

of [TEA]+ > [TPA]+ > [TBA]+ > [THA]+. 

The apparent formal potentials 𝐸app
0  is also a function of 𝐸1

0, 𝐾1, 𝐾2 and [X+] 

[49] 

(𝐹/𝑅𝑇)(𝐸app
0 − 𝐸1

0) = ln [
1 + ([X+] 𝐾1)⁄

1 + ([X+] 𝐾2⁄ )
]               (7)  

Rearrangement gives 

(𝐹/𝑅𝑇)(𝐸𝑎𝑝𝑝
0 − 𝐸1

0) = ln(
𝐾2 + [X+]

𝐾1 + [X+]
 ∙

𝐾1

𝐾2
)          (8) 

As 𝐾1  and 𝐾2  are much smaller than 1, it is reasonable to assume 
𝐾2+[X+]

𝐾1+[X+]
≈ 1 . 

Therefore,  

(𝐹/𝑅𝑇)(𝐸𝑎𝑝𝑝
0 − 𝐸1

0) ≈ ln(
𝐾1

𝐾2
)                       (9)       
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When the electrolyte cation is small, ion pair formation is stronger, and the difference 

between 𝐾1 and 𝐾2 is larger than that when using a larger cation. Since 𝐾1 is expected 

to be larger than 𝐾2 as explained above, the values of ln(
𝐾1

𝐾2
) are predicted to increase 

with the size of electrolyte cation which decrease in the order [THA]+ < [TBA]+ < 

[TPA]+ < [TEA]+. Consequently, on the basis of Eq. (9), we can deduce that 𝐸app
0  values 

are expected to follow the order [THA]+ < [TBA]+ < [TPA]+ < [TEA]+. Figure 5 

provides a plot of 𝑘app
0  values associated with the VV/IV and WVI/V processes as a 

function of their formal reversible potential, which indeed confirms 𝑘V
0 and 𝑘W

0  values 

decrease, and the 𝐸V
0  and 𝐸W

0  shift towards more negative potentials as the size of 

electrolyte cations increase as predicted. However, ion pairing cannot be the sole reason 

for the electrolyte cation dependence of the 𝑘0 values, as this does not account for the 

dramatically different 𝑘V
0 and 𝑘W

0  dependence on supporting electrolyte. 
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Figure 5. Plots of the logarithm of 𝑘0 for the (a) VV/IV and (b) WVI/V processes vs. 

formal reversible potential in PC containing 0.5 M electrolyte.  

 

In the Marcus Theory of electron transfer, the heterogeneous rate constant 

associated with a simple outer sphere electrode process is inverse proportional to the 

activation Gibbs energy, 𝛥𝐺∗.[14] The total activation energy 𝛥𝐺∗ can be divided into 

inner 𝛥𝐺𝑖
∗  and outer 𝛥𝐺𝑜

∗  components of the reorganization energies. The inner 

component of reorganization energy reflects the bonds between the centered metal and 

the ligands. The outer component of reorganization energy corresponds to the 

interaction of the complex with the molecules or ions in the medium. Considering the 
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structure of the POM remains similar after electron transfer, it is reasonable to assume 

that Δ𝐺o
∗ makes a dominanth contribution. On this basis, the 𝑘0 values are expected to 

descrease with increase in the viscosity of the solvent (electrolyte), which is the case for 

both 𝑘V
0  and 𝑘W

0  when the electrolyte cation is changed from [TEA]+ to [THA]+. 

However, the viscosity of PC containing 0.5 M [TEA][BF4] is only 1.5 times smaller 

than that containing 0.5 M [THA][ClO4], while the 𝑘V
0 values decrease approximately 

by a factor of 10 and 𝑘W
0  values decrease more significantly (approximately four orders 

of magnitude). Therefore, the contribution from media change in viscosity are not the 

major factor. 

Significant electrolyte cation dependence of the 𝑘0 values also may arise from 

specific adsorption of [SVW11O40]3-, [SVW11O40]4- and/or [SVW11O40]5-. However, 

since the 𝑘V
0 and 𝑘W

0  values found at the two [SVW11O40]3- concentrations (1 mM and 

0.2 mM) are almost identical, a specific adsorption effect is unlikely, as this is expected 

to give rise to concentration dependence. 

In general, if it is assumed that the reaction plane is coincident with the outer 

Helmholtz plane, the electrolyte cation dependence of 𝑘0 may be consequence of the 

double layer effect.[50] However, as highlighted in previous studies, it appears that the 

double layer effect alone cannot account for the magnitude of the electrolyte cation size 

effect observed herein. Gamber, et al.[51] found that at negative potentials, 

tetraalkylammonium cations are adsorbed at a mercury electrode/electrolyte interface in 

acetonitrile, with the extent of adsorption becoming more extensive with increasing 

length of the constituent alkyl chain of the cation. Evans, et al.[52] studied the inhibiting 

effect of large tetraalkylammonium cations on the electrode kinetics for a wide variety 

of electrode reactions. In their study, these authors showed that the k0 values became 

smaller when [THA]+ replaced [TEA]+ as the electrolyte cation. This suggested that at 



Chapter 6  

 

 140 

negative potentials, the electrode is extensively covered with adsorbed 

tetraalkylammonium cations and therefore𝑘0 electrolyte dependence was explained in 

terms of blockage of electron transfer by the concentrated “film” of 

tetraalkylammonium cations.  

It has been well established that adsorbed layers on the electrode/electrolyte 

interface can impede electron transfer.[50, 53-55] When electron tunneling occurs from 

an electrode which is covered by an adsorbed layer to a redox active species in the 

solution phase, the standard rate constant is proportional to thickness of adsorbed 

layer:[47] 

                                    𝑘0  = 𝑘0′𝑒−𝛽𝑑                                              (10) 

where k0’ is the standard rate constant for the uncovered electrode, 𝛽 is the tunneling 

parameter and 𝑑 is the thickness of the “film”. Simply, it can be assumed that 𝑑 = 2𝑟+ 

(the diameter of the electrolyte cation). However, since the alkyl arms of the larger 

tetraalkylammonium cations (n ≥ 3) can bend under the influence of an electric field, 

the charge center at the nitrogen atom is able to approach the surface at a distance of 

0.37 nm.[47] This necessitate the introduction of correction factor to the thickness of the 

“film” for the larger tetraalkylammonium cations:[47] 

                                         𝑑 = 2𝑟+             𝑛 ≤ 3                                          (11) 

                                         𝑑 = 𝑟+ + 0.37       𝑛 ≤ 3                                        (12) 

Table 4 shows the crystallographic radius (𝑟+) and the calculated thickness of 

the coverage (𝑑) for each of the tetraalkylammonium cations. A plot of ln 𝑘0 measured 

in PC solutions containing the range tetraalkylammonium cations used versus 𝑑 

(calculated using Eqs. 11 and 12) is shown in Figure 6. Reasonable linear correlations 

(r2 = 0.99 and 0.98 for VV/IV and WVI/V processes, respectively) are obtained for both the 

VV/IV and WVI/V processes. The slopes of the plots, which are equivalent to 𝛽 (see Eq. 
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10), are found to be 13.3 nm-1 for the VV/IV process and 58.9 nm-1 for the WVI/V process, 

which suggests the latter has a higher barrier height.[47] Lipkowski et al.,[53] who 

studied the electrode kinetics of redox processes at mercury electrodes coated with 

monolayers of quinolone, iso-quinoline and 3-methyl-iso-quinoline found that the 

monolayers existed as concentrated liquid-like films or compact solid-like films 

depending on the magnitude of the electrode potential. While the former has a 

significant inhibitive effect, the latter can decelerate the electrode reaction much more 

effectively, by up to 6-7 orders of magnitude. On this basis, the results in our study can 

be attribute in part to inhibiting effect of adsorbed tetraalkylammonium cations on the 

electrode surface that form a blocking layer which reduces the probability of electron 

transfer through the layer; the thickness of the layer increases with the size of 

electrolyte cation. In the potential region where the VV/IV process occurs (close to the 

potential of zero charge, pzc), the monolayer acts as a liquid-like film, and as a result, 

the 𝑘V
0  values decrease gently with an increase in the electrolyte cation size. For the 

WVI/V process, which appears in a much more negative potential region (significantly 

negative of the pzc), the monolayer becomes more compact and acts as a solid-like film, 

particularly when using the larger tetraalkylammonium cations. Consequently, a more 

significant drop in 𝑘W
0  is observed when changing the electrolyte cation from [TEA]+ to 

[TPA]+, [TBA]+ and [THA]+.  

Although the dimensions of [EMIM]+ and [BMIM]+ are known, it is problematic 

to estimate the thickness of the layer for these two cations, since the centre of charge is 

able to approach the electrode surface at a closer distance than spherical ammonium 

cations, due to their planar structure. For this reason, 𝑘0 data for these two cations are 

not included in the plot shown in Figure 6. However, it is important to note that 

comparison of these 𝑘0 values also reveals a decrease with increase in the length of the 
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alkyl chain (see Table 3). Furthermore, given that the structure of [Py14]+ is similar to 

that of [TEA]+, in terms of the length of the alkyl groups, comparable 𝑘0 values are 

expected when using these two cations, as observed experimentally (𝑘V
0 = 0.016 cm s-

1, 𝑘W
0  = 0.016 cm s-1 with [Py14]+ and 𝑘V

0 = 0.015 cm s-1, 𝑘W
0  = 0.02 cm s-1 with [TEA]+). 

  

Figure 6. Plot of the natural logarithm of k0 for the VV/IV () and WVI/V () processes 

measured at a Pt electrode in the presence of designated tetraalkylammonium cations 

versus the thickness of the coverage (d), calculated from the crystallographic radius of 

the relative cations (see Eqs. 11 and 12). 
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Table 4. Cation Crystallographic radii (r+) and calculated thickness of the coverage (d) 

of the tetraalkylammonium cations employed in this study. 

Electrolyte 
Cation crystallographic radius 

𝑟+ (nm)[56] 

Thickness of the coverage  

𝑑 (nm) 

[TEA][BF4] 0.337 0.674 

[TPA][BF4] 0.372 0.744 

[TBA][PF6] 0.413 0.783 

[THA][ClO4] 0.469 0.839 

 

Conclusions 

The heterogeneous electron transfer kinetics associated with the 

[SVW11O40]3−/4−/5− processes at a platinum electrode have been investigated in PC 

containing seven different supporting electrolyte cations using large amplitude FTAC 

voltammetry to quantify very fast kinetics and DC cyclic voltammetry for slow kinetics. 

The formal reversible potentials and electron-transfer rate constants associated with the 

VV/IV and WVI/V processes were found to correlate with the size of the supporting 

electrolyte cation. k0 values decrease in the order, [EMIM]+ > [BMIM]+ > [Py14]+ ≈ 

[TEA]+ > [TPA]+ > [TBA]+ > [THA]+ for both processes even though they occur at very 

different potentials, and while 𝑘V
0  decreases more gently with increasing cation size, 

changing by approximately three orders of magnitude, the decrease in 𝑘W
0  is more 

drastic, changing by approximately five orders of magnitude from [EMIM]+ to [THA]+. 

Possible explanations for the electrolyte cation depedence were considered (e.g., ion-

pairing, viscosity, adsorption and the double-layer effect), with inhibition of electron-

transfer by a blocking “film” of electrolyte cations being proposed as the dominant 

factor, supported by the linear plot of ln(k0) vs. ln(d) for both the VV/IV and WVI/V 

electron transfer processes. The nature of the cation “film” is thought to change from 
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liquid-like (moderately inhibiting) in the potential region where the VV/IV process 

occurs, to solid-like (strongly inhibiting) in the potential region where the WVI/V process 

occurs, thereby explaining the different sensitivities of the respective processes to the 

nature of the supporting electrolyte cations. 
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Instrumentation and procedures. The electrochemically effective areas (A) of 

the macrodisk working electrodes were calculated from analysis of a plot of DC peak 

current versus the square root of scan rate for the oxidation of 1.0 mM Fc in CH3CN 

(0.1 M [Bu4N][PF6]) using the Randles-Sevcik relationship and the known diffusion 

coefficient of 2.4 × 10-5 cm2 s-1 for Fc under these conditions.1 

𝑖𝑝 = 0.4463𝑛𝐹𝐴(
𝑛𝐹𝐷𝑣

𝑅𝑇
)1/2𝐶                            (S1) 

In eq. S1, ip is the oxidation peak current, n is the number of electrons transerred (n 

= 1), C is the bulk concentration, D is the diffusion coefficient of Fc, T is the absolute 

temperature, R is the universal gas constant, F is Faraday’s constant, A is the electrode 

area and v is the scan rate. The areas of the Pt and GC amacrodisk electrodes 

determined in this manner were 7.71 × 10-3 cm2 and 7.45 × 10-3 cm2, respectively.  

Prior to each voltammetric experiment, the working electrode was polished with an 

aqueous 0.3 µm alumina slurry on a clean polishing cloth, rinsed with water, sonicated 

thoroughly in water to remove alumina, rinsed with acetone, and finally dried under 

nitrogen. Platinum wire was used as the auxiliary and reference electrodes. The 

potential of the Pt quasi-reference electrode was calibrated against the IUPAC 

recommended Fc0/+ process.2 All electrolyte solutions were degassed with N2 for at least 

5 min prior to commencing voltametric experimentation, and a blanket of N2 was 

maintained over the solvent (electrolyte) medium while undertaking experiments. 

DC cyclic voltammetric experiments were carried out using a CHI 760E 

electrochemical workstation (CH Instruments, Texas, USA). Large amplitude FTAC 

voltammetric experiments were undertaken with a home built instrument3 using an 

applied sine wave perturbation with an amplitude (ΔE) of 80 mV and frequency (f) of 

9.02 Hz or 27.01 Hz, superimposed onto the DC potential ramp. After data collection, 



Chapter 6  

 

 150 

the total DC plus AC current was subjected to Fourier transformation (FT) to obtain the 

power spectrum. After selection of the frequency band of interest, inverse Fourier 

transformation (i-FT) was used to generate the required DC or AC harmonic 

components.3-5 

 DC and AC Simulations and AC data analysis. For slow kinetics, DigiSim 

software was used for the DC simulations. Simulations of FTAC voltammograms were 

carried out using the MECSim (Monash Electrochemistry Simulator, 

http://www.garethkennedy.net/MECSim.html) software.6 This Fortran package uses the 

expanding spatial grid formulation7 and is based on the mathematical approach derived 

by Rudolph,8 with minor variations. The Butler-Volmer theory of electron transfer9 was 

used to describe the potential dependence of the electrode kinetics for the simple one-

electron transfer reaction given in eq. S2. 

O + e− ⇌ R (𝐸0, 𝑘0, 𝛼)  (S2) 

where E0 is the reversible potential. FTAC voltammetric data obtained from either 

experiment or simulation in the time domain were converted to the frequency domain to 

generate the power spectrum followed by use of the i-FT algorithm to resolve the 

aperiodic DC component and AC harmonic and display these response in the time 

domain.10-11 Six parameters E0, k0, α, D, Ru and Cdl (double layer capacitance) were 

determined in order to quantitatively define all aspects of the electrode processes. The 

Ru value was determined experimentally from the RC time constant method available on 

the CHI potentiostat, E0 was estimated from the midpoint of the reduction (Ep
red) and 

oxidation (Ep
ox) peak potentials in a DC cyclic voltammetric experiment and the D 

value of [SVW11O40]3− was calculated from the reduction peak measured at a GC 

electrode in PC using the Randles-Sevcik relationship (see eq. S1).12 The Cdl value was 
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quantified from the background current in the fundamental harmonic component at 

potentials where faradaic current is absent. In order to define the potential dependence 

of Cdl, a non-linear capacitor model was used, as described elsewhere:13 

𝐶𝑑𝑙(𝑡) = 𝑐0 + 𝑐1𝐸(𝑡) + 𝑐2𝐸2(𝑡) + 𝑐3𝐸3(𝑡) + 𝑐4𝐸4(𝑡)            (S3) 

In eq. S3, c0, c1, c2, c3, and c4 are the coefficients that determine the degree of 

nonlinearity of the capacitor. Finally, k0 and α values were determined by comparison of 

the experimental and simulated higher order AC harmonic component data. 

As demonstrated by simulation,14 the impact of the cross redox reaction between 

[SVW11O40]3- and [SVW11O40]5- (eq. S4) on the voltammetric characteristics is 

insignificant under the conditions employed. 

[SVW11O40]3− + [SVW11O40]5− ⇌ 2[SVW11O40]4−  (S4) 

Consquently, the cross redox reaction was not needed included in simulations 

when determining the electrode kinetics of the VIV/V and WVI/V processes. 
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Figure S1. Comparison of simulated (—) and experimental (—) cyclic voltammograms 

obtained for the VIV/V and WVI/V processes in PC containing 1.0 mM [SVW11O40]3− and 

0.5 M [TBA][PF6] at a 1 mm diameter Pt macrodisk based on (a) Butler-Volmer theory 

and (b) Marcus-Hush theory. The simulation parameters are as follows: A = 7.71 × 10-3 

cm2, D = 6 × 10-7 cm2 s-1, Ru = 750 Ω, T = 296 K, 𝑘V
0 = 0.0040 cm s-1, αV = 0.5. For (a) 

Butler-Volmer theory, 𝑘W
0 = 1.2 × 10-5 cm s-1, αW = 0.50. For (b) Marcus-Hush 

theory, 𝑘W
0  = 2.8 × 10-5 cm s-1,  λ =  0.30.   

 

 
Figure S2. Comparison of simulated (—) and experimental (—) FTAC voltammetric 

data obtained for the VIV/V and WVI/V processes in PC containing 1.0 mM [SVW11O40]3− 

and 0.5 M [BMIM][BF4] at a 1 mm diameter Pt macrodisk electrode with T = 295 K, 

ΔE = 80 mV, f = 27.01 Hz and ν = 0.142 V s‒1. (a) aperiodic DC component, (b–g) 1st to 

6th AC harmonic components, and (h) simulated 6th harmonic component for the 

reversible case (—). To obtain the simulated data, 𝑘V
0 = 0.04 cm s-1, αV = 0.5, 𝑘W

0  = 

0.038 cm s-1 and αW = 0.5 were used.  
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Figure S3. Comparison of simulated (—) and experimental (—) FTAC voltammetric 

data obtained for the VIV/V and WVI/V processes in PC containing 1.0 mM [SVW11O40]3− 

and 0.5 M [Py14][BF4] at a 1 mm diameter Pt macrodisk electrode with T = 295 K, ΔE = 

80 mV, f = 9.02 Hz and ν = 0.145 V s‒1. (a) aperiodic DC component, (b–g) 1st to 6th 

AC harmonic components. To obtain the simulated data, 𝑘V
0 = 0.016 cm s-1, αV = 0.5, 

𝑘W
0  = 0.016 cm s-1 and αW = 0.5 were used.  
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Figure S4. Comparison of simulated (—) and experimental (—) FTAC voltammetric 

data obtained for the VIV/V and WVI/V processes in PC containing 1.0 mM [SVW11O40]3− 

and 0.5 M [TEA][BF4] at a 1 mm diameter Pt macrodisk electrode with T = 295 K, ΔE 

= 80 mV, f = 9.02 Hz and ν = 0.145 V s‒1. (a) aperiodic DC component, (b–g) 1st to 6th 

AC harmonic components. To obtain the simulated data, 𝑘V
0 = 0.15 cm s-1, αV = 0.5, 𝑘W

0  

= 0.02 cm s-1 and αW = 0.5 were used.  
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Figure S5. Comparison of simulated (—) and experimental (—) FTAC voltammetric 

data obtained for the VIV/V and WVI/V processes in PC containing 1.0 mM [SVW11O40]3− 

and 0.5 M [TBA][PF6] at a 1 mm diameter Pt macrodisk electrode with T = 295 K, ΔE 

= 80 mV, f = 9.02 Hz and ν = 0.089 V s‒1. (a) aperiodic DC component, (b–g) 1st to 6th 

AC harmonic components. To obtain the simulated data, 𝑘V
0 = 0.004 cm s-1, αV = 0.5 

were used.  
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Figure S6. Comparison of simulated (—) and experimental (—) FTAC voltammetric 

data obtained for the VIV/V and WVI/V processes in PC containing 1.0 mM [SVW11O40]3− 

and 0.5 M [THA][ClO4] at a 1 mm diameter Pt macrodisk electrode with T = 295 K, ΔE 

= 80 mV, f = 9.02 Hz and ν = 0.097 V s‒1. (a) aperiodic DC component, (b–g) 1st to 6th 

AC harmonic components. To obtain the simulated data, 𝑘V
0 = 0.00175 cm s-1, αV = 0.5 

were used.  
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Figure S7. Comparison of simulated (—) and experimental (—) FTAC voltammetric 

data obtained for the VIV/V and WVI/V processes in PC containing 0.20 mM 

[SVW11O40]3− and 0.5 M [EMIM][BF4] at a 1 mm diameter Pt macrodisk electrode with 

T = 295 K, ΔE = 80 mV, f = 27.01 Hz and ν = 0.134 V s‒1. (a) aperiodic DC component, 

(b–g) 1st to 6th AC harmonic components. To obtain the simulated data, 𝑘V
0 = 0.1 cm s-1, 

αV = 0.5, 𝑘W
0  = 0.1 cm s-1 and αW = 0.5 were used.  
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Figure S8. Comparison of simulated (—) and experimental (—) FTAC voltammetric 

data obtained for the VIV/V and WVI/V processes in PC containing 0.20 mM 

[SVW11O40]3− and 0.5 M [BMIM][BF4] at a 1 mm diameter Pt macrodisk electrode with 

T = 295 K, ΔE = 80 mV, f = 27.01 Hz and ν = 0.142 V s‒1. (a) aperiodic DC component, 

(b–g) 1st to 6th AC harmonic components. To obtain the simulated data, 𝑘V
0 = 0.05 cm s-

1, αV = 0.5, 𝑘W
0  = 0.045 cm s-1 and αW = 0.5 were used.  
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Figure S9. Comparison of simulated (—) and experimental (—) FTAC voltammetric 

data obtained for the VIV/V and WVI/V processes in PC containing 0.20 mM 

[SVW11O40]3− and 0.5 M [Py14][BF4] at a 1 mm diameter Pt macrodisk electrode with T 

= 295 K, ΔE = 80 mV, f = 9.02 Hz and ν = 0.137 V s‒1. (a) aperiodic DC component, 

(b–g) 1st to 6th AC harmonic components. To obtain the simulated data, 𝑘V
0 = 0.018 cm 

s-1, αV = 0.5, 𝑘W
0  = 0.017 cm s-1 and αW = 0.5 were used.  
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Figure S10. Comparison of simulated (—) and experimental (—) FTAC voltammetric 

data obtained for the VIV/V and WVI/V processes in PC containing 0.20 mM 

[SVW11O40]3− and 0.5 M [TEA][BF4] at a 1 mm diameter Pt macrodisk electrode with T 

= 295 K, ΔE = 80 mV, f = 9.02 Hz and ν = 0.145 V s‒1. (a) aperiodic DC component, 

(b–g) 1st to 6th AC harmonic components. To obtain the simulated data, 𝑘V
0 = 0.012 cm 

s-1, αV = 0.5, 𝑘W
0  = 0.02 cm s-1 and αW = 0.5 were used.  
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Figure S11. Comparison of simulated (—) and experimental (—) FTAC voltammetric 

data obtained for the VIV/V and WVI/V processes in PC containing 0.20 mM 

[SVW11O40]3− and 0.5 M [TPA][BF4] at a 1 mm diameter Pt macrodisk electrode with T 

= 295 K, ΔE = 80 mV, f = 9.02 Hz and ν = 0.097 V s‒1. (a) aperiodic DC component, 

(b–g) 1st to 6th AC harmonic components. To obtain the simulated data, 𝑘V
0 = 0.0085 cm 

s-1, αV = 0.5 were used.  
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Figure S12. Comparison of simulated (—) and experimental (—) FTAC voltammetric 

data obtained for the VIV/V and WVI/V processes in PC containing 0.20 mM 

[SVW11O40]3− and 0.5 M [TBA][PF4] at a 1 mm diameter Pt macrodisk electrode with T 

= 295 K, ΔE = 80 mV, f = 9.02 Hz and ν = 0.082 V s‒1. (a) aperiodic DC component, 

(b–g) 1st to 6th AC harmonic components. To obtain the simulated data, 𝑘V
0 = 0.0033 cm 

s-1, αV = 0.5 were used.  
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Figure S13. Comparison of simulated (—) and experimental (—) FTAC voltammetric 

data obtained for the VIV/V and WVI/V processes in PC containing 0.20 mM 

[SVW11O40]3− and 0.5 M [THA][ClO4] at a 1 mm diameter Pt macrodisk electrode with 

T = 295 K, ΔE = 80 mV, f = 9.02 Hz and ν = 0.082 V s‒1. (a) aperiodic DC component, 

(b–g) 1st to 6th AC harmonic components. To obtain the simulated data, 𝑘V
0 = 0.0016 cm 

s-1, αV = 0.5 were used.  
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Supplementary Note 

The Cdl value was quantified from the background current in the fundamental harmonic 

component at potentials where faradaic current is absent. In order to define the potential 

dependence of Cdl, a non-linear capacitor model was used, as described elsewhere [S1]: 

          𝐶dl(𝑡) = 𝑐0 + 𝑐1𝐸(𝑡) + 𝑐2𝐸2(𝑡) + 𝑐3𝐸3(𝑡) + 𝑐4𝐸4(𝑡)       (S1) 

In eq. S1, c0, c1, c2, c3, and c4 are the coefficients that determine the degree of 

nonlinearity of the capacitor. 
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Fig.S1. A comparison of simulated (dotted line) and experimental (solid line) DC 

voltammetric data for the oxidation of 1.0 mM FeII in designated electrolytes at (a) a 

GC electrode and (b) a BDD electrode. v = 100 mV s-1. LS refers to results analysis 

obtained by least squares fitting. Other parameters used in these simulations are 

provided in Table S2. 
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Fig.S2. A comparison of simulated (dotted line) and experimental (solid line) FTAC 

voltammograms for the oxidation of 1.0 mM FeII with 0.05 M H4[α-SiW12O40] as the 

supporting electrolyte at a GC electrode. v = 52.15 mV s-1, f = 8.31 Hz and ΔE = 120 

mV. (a) aperiodic DC component, (b-h) 1st-7th AC harmonic components. LS refers to 

analysis obtained by least squares fitting. Other parameters used in the simulation are: A 

= 0.071 cm2, Ru = 40 Ω, Cdl values are given in Table S3, DFe
III = DFe

II = 6.5 × 10-6 cm2 

s-1, Ef
0 = 55 mV, k0 = 2.2 × 10-2, α = 0.55 and T = 296 K. 
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Fig.S3. A comparison of simulated (dotted line) and experimental (solid line) FTAC 

voltammograms for the oxidation of 1.0 mM FeII with 0.1 M HNTf2 as the electrolyte at 

a GC electrode. v = 48.43 mV s-1, f = 8.42 Hz and ΔE = 120 mV. (a) aperiodic DC 

component, (b-h) 1st-7th AC harmonic components. LS refers to analysis obtained by 

least squares fitting. Other parameters used in the simulation are: A = 0.071 cm2, Ru = 

40 Ω, Cdl values are given in Table S3, DFe
III = DFe

II = 6.0 × 10-6 cm2 s-1, Ef
0 = 70 mV, 

k0 = 5.0 × 10-3, α = 0.55 and T = 296 K. 
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Fig.S4. A comparison of simulated (dotted line) and experimental (solid line) FTAC 

voltammograms for the oxidation of 0.20 mM FeII with 0.05 M H4[α-SiW12O40] as 

electrolyte at a BDD electrode based on Bulter-Volmer theory. f = 2.92 Hz, v = 15.83 

mV s-1 and ΔE = 120 mV. (a) aperiodic DC component, (b-g) 1st-6th AC harmonic 

components. LS refers to analysis obtained by least squares fitting. Other parameters 

used in the simulation are: A = 0.071 cm2, Ru = 20 Ω, Cdl values are given in Table S4, 

DFe
III = DFe

II = 6.6 × 10-6 cm2 s-1, Ef
0 = 64 mV, k0 = 2.4 × 10-3, α = 0.55 and T = 296 K. 
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Fig.S5. A comparison of simulated (dotted line) data base on Bulter-Volmer theory and 

experimental (solid line) FTAC voltammograms for the reduction of 0.20 mM FeIII in 

0.05 M H4[α-SiW12O40] at a BDD electrode with designated frequencies and scan rates. 

ΔE = 120 mV. (A) f = 4.92 Hz, v = 26.08 mV s-1; (B) f = 7.93 Hz, v = 52.15 mV s-1. (C) 

f = 9.02 Hz, v = 52.15 mV s-1; (D) f = 45.00 Hz, v = 40.98 mV s-1. (a) aperiodic DC 

component, (b-g) 1st-6th AC harmonic components. LS refers to analysis obtained by 

least squares fitting. For further details of other parameters used in the simulation are 

given in Table S6. 
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Fig.S6. A comparison of simulated (dotted line) and experimental (solid line) FTAC 

voltammograms for the oxidation of 0.20 mM FeII with 0.05 M H4[α-SiW12O40] as 

electrolyte at a BDD electrode with different frequencies and scan rates based on 

Bulter-Volmer theory. (A) f = 4.94 Hz, v = 31.66 mV s-1; (B) f = 9.02 Hz, v = 63.33 mV 

s-1; (C) f = 45 Hz, v = 63.33 mV s-1. (a) aperiodic DC component, (b-g) 1st-6th AC 

harmonic components. ΔE = 120 mV. LS refers to results analysis obtained by least 

squares fitting. Other parameters used in these simulations are: A = 0.071 cm2, Ru = 20 

Ω, Cdl values are given in Table S4, DFe
III = DFe

II = 6.6 × 10-6 cm2 s-1, Ef
0 = 65 mV, T = 

296 K, (A) k0 = 2.3 × 10-3, α = 0.56, (B) k0 = 2.4 × 10-3, α = 0.57 and (C) k0 = 1.9 × 10-3, 

α = 0.59. 
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Fig.S7. A comparison of simulated (dotted line) and experimental (solid line) FTAC 

voltammograms for the reduction of 1.0 mM FeIII with 0.05 M H4[α-SiW12O40] as 

electrolyte at a BDD electrode. Simulations are based on (A) Bulter-Volmer theory and 

(B) Marcus-Hush theory. (a) aperiodic DC component, (b-g) 1st-6th AC harmonic 

components. v = 67.06 mV s-1, f = 7.93 Hz and ΔE = 120 mV. LS refers to analysis 

obtained by least squares fitting. Other parameters used in these simulations are: A = 

0.071 cm2, Ru = 10 Ω, DFe
III = DFe

II = 4.0 × 10-6 cm2 s-1, Cdl (c0, c1, c2, c3, c4) = (9.17, 

5.92, -3.05, 1.29, 5.00) µF cm-2, T = 296 K, (A) Ef
0 = 55 mV, k0 = 2.0 × 10-3, α = 0.59 

and (B) Ef
0 = 68 mV, k0 = 2.3 × 10-3,  = 1 eV. 
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Fig.S8. A comparison of simulated (dotted line) and experimental (solid line) FTAC 

voltammograms for the oxidation of 1.0 mM FeII with 0.05 M H4[α-SiW12O40] as 

electrolyte at a BDD electrode. Simulations are based on (A) Bulter-Volmer theory and 

(B) Marcus-Hush theory. (a) aperiodic DC component, (b-g) 1st-6th AC harmonic 

components. v = 42.84 mV s-1, f = 8.29 Hz and ΔE = 120 mV. LS refers to analysis 

obtained by least squares fitting. Other parameters used in these simulations are: A = 

0.071 cm2, Ru = 10 Ω, Cdl (c0, c1, c2, c3, c4) = (9.36, 2.28, -3.70, -3.82, 7.05) µF cm-2, 

DFe
III = DFe

II = 6.5 × 10-6 cm2 s-1, T = 296 K, (A) Ef
0 = 63 mV, k0 = 2.1 × 10-3, α = 0.62 

and (B) E0 = 69 mV, k0 = 2.0 × 10-3,  = 1 eV. 
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Fig.S9. A comparison of simulated FTAC voltammograms based on linear diffusion 

(solid line) and radial diffusion (dotted line) for a reversible one-electron-reduction 

process. Simulation parameters are as follows: v = 0.013 V s−1, c = 0.20 mM, A = 3.14 × 

10-6 cm2, Dox = Dred = 5 × 10−6 cm2 s−1, Ef
0 = 0 V, α = 0.50, T = 298.2 K, ΔE = 80 mV 

and f = (A) 3 Hz (B) 9Hz and (C) 45Hz. (a-f) 1st-6th AC harmonic components. 
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Table S1  

Typical parametersa used to simulate the DC cyclic voltammetric data for reduction of 

1.0 mM FeIII in the designated electrolyte solutions at GC and BDD electrodes with a 

scan rate of 100 mV s-1. Simulations are based on Bulter-Volmer theory. 

 

Electrolyte Electrode Ef
0 (mV) 

Ru 

(Ω) 

Cdl  

(μF cm-2) 
D (cm2 s-1) k0 (cm s-1) α 

HCl GC 58 50 6 5.3 × 10-6 4.8 × 10-3 0.65 

BDD 68 10 0 5.2 × 10-6 2.8 × 10-4 0.59 

HClO4 GC 65 50 8 5.2 × 10-6 3.0 × 10-3 0.61 

BDD 63 100 0 5.2 × 10-6 7.2 × 10-5 0.60 

HNTf2 GC 68 50 3 4.9 × 10-6 7.0 × 10-3 0.63 

BDD 80 20 0 4.9 × 10-6 3.2 × 10-4 0.55 

H4[α-

SiW12O40] 

GC 45 50 5 4.0 × 10-6 2.8 × 10-2 0.55 

BDD 48 20 0 4.0 × 10-6 2.4 × 10-3 0.55 

H4[α-

SiW12O40] 

and HClO4 

GC 50 60 5 4.0 × 10-6 7.2 × 10-3 0.56 

BDD 42 20 0 4.0 × 10-6 1.3 × 10-3 0.56 

aOther parameters used in simulations are AGC = ABDD = 0.071 cm2, T =296 K. 
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Table S2 

Typical parametersa used to simulate the DC cyclic voltammetric data for oxidation of 

1.0 mM FeII in the designated electrolyte solutions at GC and BDD electrodes with a 

scan rate of 100 mV s-1. Simulations are based on Bulter-Volmer theory. 

 

Electrolyte Electrode Ef
0  

(mV) 

Ru  

(Ω) 

Cdl  

(μF cm-2) 

D (cm2 s-1) k0 (cm s-1) α 

HCl GC 73 30 6 7.5 × 10-6 4.0 × 10-3 0.65 

BDD 88 20 0 6.9 × 10-6 1.2 × 10-4 0.60 

HClO4 GC 65 40 7 7.1 × 10-6 3.3 × 10-3 0.65 

BDD 93 40 0 7.2 × 10-6 7.0 × 10-5 0.60 

HNTf2 GC 78 50 5 6.7 × 10-6 5.3 × 10-3 0.60 

BDD 78 20 0 6.7 × 10-6 9.5 × 10-4 0.65 

H4[α-

SiW12O40] 

GC 61 30 7 6.6 × 10-6 1.2 × 10-2 0.61 

BDD 66 20 0 6.6 × 10-6 2.4 × 10-3 0.59 

H4[α-

SiW12O40] 

and HClO4 

GC 58 50 5 6.2 × 10-6 7.2 × 10-3 0.64 

BDD 64 10 0 6.5 × 10-6 1.4 × 10-3 0.56 

aOther parameters used in simulations are AGC = ABDD = 0.071cm2, T =296 K. 
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Table S3  

Parametersa derived from comparisons of simulated and experimental AC voltammetric 

data for the reduction of 1.0 mM FeIII and the oxidation of 1.0 mM FeII with 0.05 M 

H4[α-SiW12O40] or 0.1 M HNTf2 as the electrolyte at a GC electrode (n = 3). 

Simulations are based on Bulter-Volmer theory. 

 

Species electrolyte Cdl 

(μF cm-2) 
Ru (Ω) k0 (cm s-1) 

Ef
0 

(mV) 
D (cm2 s-1) α 

Fe3+ 

H4[α-

SiW12O40] 

106, -31.8, -170, 

35.6, 364 
50 ± 2 (2.8 ± 0.3) × 10-2 

64 ± 2 (3.9± 0.3) 

× 10-6 

0.55 ± 

0.05 

HNTf2 
60.7, -47.7, 22.2, 

71.7, -67.6, 
43 ± 3 (5.1 ± 0.2) × 10-3 

65 ± 1 (5.3± 0.2) 

× 10-6 

0.57 ± 

0.02 

Fe2+ 

H4[α-

SiW12O40] 

86.5, -37.6, -30.3, 

81.2, 65.5 
43 ± 2 (2.2 ± 0.2) × 10-2 

65 ± 2 (6.5± 0.1) 

× 10-6 

0.55 ± 

0.05 

HNTf2 
72.4, -40.2, -14.7, 

109, -11.7 
40 ± 2 (4.6 ± 0.4) × 10-3 

65 ± 2 (6.6± 0.2) 

× 10-6 

0.55 ± 

0.05 

aOther parameters used in simulations are: f = 8.31 Hz, v = 67.06 mV s-1, ΔE = 120 mV, 

AGC = 0.071 cm2 and T =296 K. 

 

Table S4 

Parametersa derived from comparisons of simulated and experimental AC voltammetric 

data for the oxidation of 0.20 mM FeII at a BDD electrodes with 0.05 M H4[α-

SiW12O40] as the electrolyte using designated frequencies and scan rates. (n = 3) 

 

f (Hz) 
v 

 (mV s-1) 

Cdl 

(μF cm-2) 
Ru (Ω) k0 (cm s-1) 

Ef
0 

(mV) 
D (cm2 s-1) α 

2.92 15.83 
9.28, 2.67, 1.47, 

-3.34, -8.60 
20 ± 4 (2.4 ± 0.2) × 10-3 64 ± 2 

(6.5 ± 0.3) 

× 10-6 

0.55 ± 

0.05 

4.94 31.66 
9.4, 4.0, -6.8, -

12.0, 21.4 
25 ± 3 (2.4 ± 0.1) × 10-3 65 ± 1 

(6.5 ± 0.5) 

× 10-6 

0.56 ± 

0.05 

9.02 63.33 
8.78, 2.34, -

3.18, -3.95, 6.91 
18 ± 5 (2.3 ± 0.2) × 10-3 64 ± 2 

(6.5 ± 0.1) 

× 10-6 

0.57 ± 

0.05 

45.00 63.33 
8.3, 2.34, -3.6, -

3.95, 6.91 
30 ± 2 (2.1 ± 0.2) × 10-3 64 ± 2 

(6.6 ± 0.1) 

× 10-6 

0.59 ± 

0.05 
aOther parameters used in simulations are: ΔE = 120 mV, ABDD = 0.071 cm2 and T = 296 

K. 
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Table S5 

Peak current ratio (Ilinear/Iradial) derived by simulation for one electron reduction process 

with mass transport by linear or radial diffusion models in 1st to 6th AC harmonics at 3 

frequencies. Parameters used in simulations are provided in text. 

 

f 
Ilinear/Iradial 

1st 2nd 3rd 4th 5th 6th 

3 Hz 69.41% 77.46% 81.23% 83.50% 85.18% 86.40% 

9 Hz 81.12% 85.99% 88.39% 90.10% 91.19% 91.94% 

45 Hz 90.96% 93.16% 94.86% 95.36% 95.67% 95.76% 

 

 

 

Table S6 

Parametersa used to simulate AC cyclic voltammetric data for the reduction of 0.2 mM 

FeIII at a BDD electrode with 0.05 M H4[α-SiW12O40] as the supporting electrolyte using 

designated frequencies and scan rates.  

 

f (Hz) 
v 

 (mV s-1) 

Cdl 

(μF cm-2) 
Ru (Ω) k0 (cm s-1) 

Ef
0 

(mV) 
D (cm2 s-1) α 

4.92 26.08 8.63, 1.52, -1.39, -1.58, 4.23 20 2.2 × 10-3 51 4.0 × 10-6 0.55 

7.93 52.15 7.82, 1.40, -1.85, -1.44, 4.74 18 2.2 × 10-3 50 4.1 × 10-6 0.56 

9.02 52.15 8.14, 1.55, -1.37, -1.43, 3.33 20 2.2 × 10-3 50 4.0 × 10-6 0.56 

45.00 40.98 7.22, 1.40, -1.72, -1.44, 4.74 15 2.1 × 10-3 49 4.0 × 10-6 0.58 
aOther parameters used in simulations are: ΔE = 120 mV, ABDD = 0.071 cm2 and T =296 

K. 
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Chapter 8 

Conclusions and Future Work 

8.1 Conclusions 

 

The field of polyoxometalates (POMs) has attracted great attention in both 

academia and industry in the past two decades. They are discrete nanometer-sized oxide 

clusters of molybdenum, tungsten and other transition metals in high oxidation states. 

Applications of POMs in a range of areas include medicine, capacitor, solar energy, 

sensor, catalysis, etc. Most of the reported applications are focus on catalysis. Numbers 

of electrochemical studies associated with POMs are reported, however, quantitative 

studies of heterogeneous electron transfer kinetics at an electrode/electrolyte interface 

are relatively rare, which limits our knowledge on fundamental aspect of electron 

transfer associated with POMs. To this end, the work presented here aim to reveal the 

electrode kinetics properties of POMs. 

Dual-frequency method has been developed to increase the reliability of 

determination of 𝑘0 value near reversible limit in FTAC voltammetry. By applying two 

different frequencies simultaneously, two sets of data are obtained in a single 

experiment. The low frequency, which is in a time scale where the target process is 

reversible, is used as an internal standard to calibrated the parameters 𝐶, 𝐷, 𝐴 and 𝑅𝑢. 

Then the new calibrated values are used to determine 𝑘0 value in the high frequency 

data set which is in a time scale where the target process is quasi-reversible. This 

method can reduce the systematic error in 𝑘0 determination from uncertainties in the 

parameters 𝐶, 𝐷, 𝐴 and 𝑅𝑢. By using this method, 𝑘0 values of 0.28 and 0.11 cm s−1 
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were calculated for the Fc0/+ process in the ionic liquids 1-ethyl-3-methylimidazolium 

bis-(trifluoromethanesulfonyl)imide and 1-butyl-3-

methylimidazoliumbis(trifluoromethanesulfonyl)imide, respectively. In principle, a 

designer waveform with any combination of sine waves can be employed in this 

method, as long as the target process is reversible in the low frequency but quasi-

reversible in the high frequency. 

Even using kinetically sensitive FTAC voltammetry, the electrode kinetics 

associated with [a-SiW12O40]4-/5- and [a-SiW12O40]5-/6- in aqueous media are still very 

fast and close to reversible limit at GC electrode. It is shown that much slower kinetics 

are found at BDD electrode for these two processes. Therefore, BDD electrode is suited 

to quantitative study the electrolyte cation effect on the electrode kinetics of POM. The 

electron transfer kinetics for [a-SiW12O40]4-/5- and [a-SiW12O40]5-/6- are dependent on the 

electrolyte cation identity, increasing in the order of LiNO3 < NaNO3 < KNO3 < 

NH4NO3. This order is attributed to a decrease in the strength of ion-pairing between 

electrolyte cations and POMs, which follows the order NH4
+ < K+ < Na+ < Li+, due to 

an increase in the hydration sphere of the electrolyte cations. 

Then the electrode kinetics study of POM is changed to organic media. In DMF 

containing [TBA][PF6], the electrode kinetics associated with the [SVW11O40]3-/4-/5- 

processes have been quantified at GC, BDD, Pt and Au electrodes using FTAC 

voltammetry. For the VV/IV process, excellent fits between simulated and experimental 

FTAC voltammetric data show that the 𝑘0  values are electrode material dependent 

increasing in the order BDD < Pt ≈ Au < GC when the supporting electrolyte 

concentration is 0.1 M. By changing the supporting electrolyte concentration from 0.1 

to 0.5 M, the electrode kinetics of the VV/IV process increases at GC electrode, while at 

BDD, Pt, Au electrodes, they decrease to different degrees. For the WVI/V process, at all 
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electrode materials except GC, generally poor simulation-experiment fits are achieved, 

preventing the data from being analysed quantitatively by FTAC voltammetry, 

indicating that additional complexities are associated with this process at BDD, Pt and 

Au electrodes. By changing the supporting electrolyte concentration from 0.1 to 0.5 M 

also resulted in an increase in the electrode kinetics of the WVI/V process. All these 

findings suggest that the electrode materials dependence of the 𝑘0 values are not fully 

correlate with their DOS values. Other factors such as potential dependent double layer 

effects and functional groups on a GC electrode surface may also play critical roles. 

Significant difference are found on the electrode kinetics associated with the 

[SVW11O40]3-/4-/5- processes in DMF when using [BMIM]+ as supporting electrolyte 

cation instead of [Bu4N]+. The reversible potential of the VV/IV and WVI/V processes 

become more positive and the potential gap becomes smaller due to a stronger ion-

pairing between POM and [BMIM]+. 2 to 4 fold of increments are observed for the 

electrode kinetics of VV/IV process at BDD, Pt and Au electrodes by changing the 

supporting electrolyte from [Bu4N][PF6] to [BMIM][PF6] (𝑘0  values are too fast to 

measure on GC electrode). Even more significant increases of 10, 25 and 100-fold are 

found for the WVI/V process at Au, BDD and electrodes, respectively, while this process 

was found to be insensitive to the identity of the cation at a GC electrode. Double layer 

effect may contribute to the observed difference of 𝑘0  values when changing the 

supporting electrolyte cation. However, such strong electrolyte cation and electrode 

dependence imply that the WVI/V process is more likely to occur via an inner-sphere 

pathway, instead of an outer-sphere one which may occur for the VIV/V reaction. 

8.2 Future work 

In the following section, three topics are proposed and deserve further study. 
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In chapter 2, a dual frequency strategy was applied to investigate electrode kinetics 

of Fc0/+ process in ionic liquids using a platinum microelecytrode (nominal diameter = 

50 μm). In theory, when the 𝐷 value of a redox species is 2.0 × 10-5 cm2 s-1, the upper 

limit of the dual frequency method for 𝑘0 values determination can be as high as 7 to 10 

cm s-1, which is the range of the reported 𝑘0 values for Fc0/+ process in acetonitrile. 

With the advantage of duel frequency method, the kinetics property of Fc0/+ process in 

acetonitrile can be probed at a macro electrode (i.e. diameter = 1 mm) accurately, which 

is very challenging for other techniques since a micro or even nanoelectrode was 

usually used for fast kinetics study. Such measurement can be also applied for 

ferrocenemethanol (FcCH2OH) redox process in aqueous solution at a macro electrode.  

In 2010, Khenkin and et al.1 firstly reported that photochemical reduction of 

carbon dioxide could be catalyzed by a Ruthenium-Substituted polyoxometalate. After 

that, however，there have been not many reports on the electrochemical reduction of 

CO2 catalyzed by polyoxometalates. An optimal electrocatalyst should display a good 

thermodynamic match between the redox potential for the electron transfer reaction of 

the catalyst and the chemical reaction that is being catalyzed. It is interesting to 

investigate the electrocatalytic property of POMs for CO2 reduction since POMs have 

several reversible redox processes in negative potential. It is also interesting to study the 

product distribution of CO2 reduction catalyzed by POMs at different electrode 

materials since the electrode kinetics of POMs are electrode materials dependent as 

shown in the previous studies. This will be invaluable in gaining a better understanding 

on how the electrode kinetics of an active center affects the following electrocatalytic 

step. 

Throughout the thesis, the kinetic properties of targeted redox processes were 
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determined by comparison of experimental and simulated data artificially. Therefore, 

the fitting of these two sets of data may not be the best fit and the k0 values obtained 

from this “by-eye” method may also vary between different people. Ideally, the excises 

of comparison should be done by computer in order to improve the accuracy of the 

method. By scripting MECSim to run across ranges for several parameters, the best fit 

can be found automatically, which is challenging and interesting for the future work. 

 

 

 
 




