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ABSTRACT 

The electrode kinetics of a series of Dawson and Kegging polyoxometalates (POMs) have been 

studied quantitatively by Fourier transform alternating current (FTAC) voltammetry. Both 

heuristic and computer-assisted automated data analysis protocols were employed to analyse 

the FTAC voltammetric data presented in Chapter 2 to Chapter 5 in acetonitrile containing [n-

Bu4N][PF6] as the supporting electrolyte at glassy carbon (GC), boron doped diamond (BDD), 

gold (Au) and platinum (Pt) electrodes. Reversible potentials (𝐸0), heterogeneous electron-

transfer kinetics (𝑘0) and charge transfer coefficients (α) based on Butler-Volmer theory were 

estimated by computer-assisted automated method and results compared with values initially 

derived from the heuristic approach to check the fidelity of these form of data analysis. 

Apparently, data analysis method dependent electrode kinetic parameters were observed when 

there are departures from the ideality in theory-experiment comparisons. In all cases, the 

electrode kinetics at GC were faster than at Au which in turn were faster than at a Pt electrode. 

The first α- [S2W18O62]4−/5−  process was always kinetically faster than the second α-[S2W18O62]5−/6−  process at all electrodes except at BDD, where the first process was slower 

than the second one. Some other non-idealities were also encountered, such as harmonic and 

concentration dependent electrode kinetics. Detailed investigation reveals that they originate 

from the graphite sp2 carbon impurity.  

Progressive departures in experimental versus simulated data comparisons were found in the 

α- [S2W18O62]4−  and KW
Sn[N3C4H10]

4- reduction processes that occur at more negative 

potentials. Ion-pairing between oxidised or reduced POMs and the electrolyte cation ([n-

Bu4N]+), surface accumulation of POM reduced species and large double-layer capacitance 

effects at potentials near the solvent limit may induce non-idealities such as asymmetry in the 
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reduction and oxidation components. The comparatively slower electrode kinetics found for 

reduction of KW
Sn[N3C4H10]

4- as compared to α-[S2W18O62]4− might be due to the long organic 

side chain hindering the approach of the monomeric electroactive POM to the electrode 

surface. Kinetic and thermodynamic dispersion present in the heterogeneous KW
Sn[-]

4--grafted 

electrode are probable causes of non-ideality detected in the surface confined voltammetry of 

this material. 

In chapter 6, electron paramagnetic resonance (EPR) data suggest that the electrons added to 

[FeIIClVV
12O32Cl]4- and [CuII(MeCN)VV

12O32Cl]3- upon reductions reside on the Fe and Cu in 

a FeIII/II and FeII/I and CuII/I based process, respectively. On the other hand, the electron was 

delocalised onto the V framework during the one electron reduction of [ZnIIClVV
12O32Cl]4-. In 

the case of reduction of [CoII(MeCN)VV
12O32Cl]3-, the added electron at least partially resides 

on V. 
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Chapter 1: Introduction 

1.1 Polyoxometalates: 

Polyoxometalates (POMs) represent a vast series of anionic, cluster-like inorganic metal oxide 

compounds [1]. Generally, POMs exist as polyoxoanions anions with multiple non-oxo atoms 

such as early d0 and d1 transition metals (e.g. V, Nb, Mo, Ta, W) and p-block elements (e.g. B, 

Si, P, As) which are joined together by shared oxygen atoms. The transition metals, especially 

V, Mo, and W, produce a large variety of clusters identified as heteropoly salts [2-5], 

isopolyanions [6-9] or POMs [10, 11]. Berzelius [12] is credited for the preparation of the first 

polyoxometalate, which is now recognised as the dodecamolybdophosphate anion, 

[PMo12O40]
3- although its structure was uncharacterised for more than 100 years [13] until the 

advancement of the X-ray diffraction technique. In the early days of polyoxometalate synthesis, 

little progress was observed in the characterisation and applications of POMs. Nevertheless, in 

the last few decades, with the advent of modern technologies to aid synthesis and 

characterisation, significant progress has been made regarding their molecular science in 

chemistry [14-22], physics [23, 24], biology, medicine [25-31], and materials science [32-40].  

1.1.1 Varieties of Polyoxometalates: 

A large number of polyoxometalates have been synthesised, and are classified under the 

following archetypes: Keggin, Wells–Dawson, Anderson, Lindqvist and Preyssler (see Figure 

1). 
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Figure 1. Polyhedra structure of common POM archetypes- (a) Keggin, (b) Wells–Dawson, (c) 

Anderson (d) Lindquist and (e) Preyssler. Taken from ref. [41] 

In summary, isopolyoxoanions (MmOy)
n- and heteropolyoxoanions (XxMmOy)

n− are the two 

general POMs formulas, where M and X represent the addenda atom and heteroatom [42], 

respectively. The above-mentioned archetypes belong to one of the two general formulas.  

Isopolyoxoanions:  

Isopolyanions consist of single transition metals such as Mo, W and V, with heteroatoms 

though other elements may be present as ligands. Lindqvist (Figure 1d) [43-47], [M6O19]
n- (M 

= Nb, Ta, Mo, V and W) is the most symmetrical and best-known structure of the 

isopolyoxoanions family. In the Lindqvist octahedral geometry [48], six metal atoms are 

arrayed by six reactive terminal oxygen atoms located at the centre.  

Heteropolyoxoanions: 

Heteropolyoxoanions are those consisting of clusters of fused MO6 octahedra enfolded around 

a tetrahedron having a main group element or occasionally a transition metal [49]. Among 

these, Keggin [50] and Wells–Dawson [51] classes have been extensively investigated. The 

Keggin configuration shown in Figure 1a is the structural form of the α–Keggin isomer, which 
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has a standard formula of [XM12O40]
n−, where P, Si, As or B etc. are the heteroatom (X) and 

vanadium, molybdenum, tungsten etc. act as the addenda atom (M). X-ray diffraction was used 

by Keggin to determine the structure of α-Keggin anions in 1933 [13]. Different orientations 

of the {M3O13} building blocks in the Keggin structure give rise to five different Keggin 

isomers [41] known as α, β, γ, δ and ε. 

The unification of two curtailed [XM9O34]
n− Keggin fragments by sharing of six oxygen atoms 

results in the Wells–Dawson structure [X2M18O62]
n− [52] (Figure 1b) which is closely related 

to the Keggin structure. Lacunary POMs are formed when a new transition metal replaces one 

or more addenda atoms in the Keggin and Wells–Dawson structure. 

Hasenknopf et al. [53] reported the first preparation of an Anderson polyoxoanion, which was 

subsequently fully established by the method of synthesis developed by Song et al. [54-58] In 

the Anderson structure, the octahedral central atom is bounded by a loop of six coplanar MO6 

octahedra sharing edges [XM6O24]
n− POM (Figure 1c). The fusion of five PW6 units forming a 

crown gives Preyssler polyoxoanion [Xn+P5W30O110]
(15−n)− structure (Figure 1e). 

Apart from the above mentioned two general categories of isopolyoxoanions and 

heteropolyoxoanions, there are other categories named the Mo-blue and Mo-brown species 

which were first reported by Scheele in 1783 [59]. Müller et al. [60] first revealed the structural 

identity POM type in 1995. These researchers then synthesised and characterised the ring-

shaped {Mo154} (shown in Figure 2) which was the first of the Mo-blue sub-category. The 

first member of the Mo-brown sub-category is the spherical shaped {Mo132} [61] which 

exhibits higher reducing power than the Mo-blue species.     

https://en.wikipedia.org/wiki/Heteroatom
https://en.wikipedia.org/wiki/Molybdenum
https://en.wikipedia.org/wiki/Tungsten
https://en.wikipedia.org/wiki/X-ray_diffraction
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Figure 2. Structure of Mo-blue and Mo-brown species [62] 

 

1.1.2 Applications of Polyoxometalates: 

The availability of POMs with different sizes, structure, elemental composition and redox 

potentials leads to a wide range of applications including the following-  

1.1.2.1 Oxidative catalysis 

Recent studies on POMs based on transition and earth-scarce metals have provided efficient 

synthetic molecular systems for homogeneous catalysis. Transition metal (e.g. Ru, Cr, Mn) 

substituted heteropolyanions can be used as homogeneous oxidative electro-catalysts (Figure 

3) in both organic and aqueous phases [63, 64]. According to Nadjo et al., Dawson-type mixed 

heteropolyanions can be used for the oxidation of NADH [65, 66]. 

 

Figure 3. Electrocatalytic oxidation of dimethyl sulfoxide and benzylic alcohol using                           

(a) [PW11O39RuIII(H2O)]4- and (b) [PW11O39CrIII(H2O)]4- as oxidative electrocatalyst, 

respectively. [64] 
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POMs can encapsulate and protect the active sites of water oxidation catalysts (WOCs) [67] 

due to their oxygen-enriched surface which provides stable inorganic arrangements and 

contains dynamic transition metal ion centres comprising cobalt, iridium or  ruthenium. POMs 

are soluble and stable in aqueous and non-aqueous solvents [68], and oxidatively resistant as 

metals are held in their highest oxidation state and hydrolytically stable over wide pH ranges. 

Because of these properties, POMs show promise as catalysts for water oxidation [16, 69, 70]. 

1.1.2.2 Reductive catalysis: 

Reduced heteropolyanions may be the product of the series of reversible one- and two-electron 

reduction heteropolyanion reactions which can be used as reductive electrocatalysts by (i) 

homogeneous dissolution in the electrolyte solution and (ii) attachment to an electrode surface. 

i) Electrocatalysts in Homogeneous Solution:  

Keggin type (α-[SiW12O40]
4-) heteropolyanions can undergo four one-electron transfer 

reduction processes, which produce active one, two, three and four-electron reduced species. 

The two- and four-electron reduced compounds can catalyse the hydrogen evolution reaction 

[71, 72], while the first one-electron-reduced species is active for oxygen reduction [73]. 

However, nitrite reduction [74] in acidic solution is influenced by the first and third reduced 

compound. The one electron reduced form of the Dawson-type ([P2W18O62]
6-) heteropolyanion 

can act as a reductive catalyst for nitrite reduction [75] in an aqueous solution at pH <3. 

Transition metal-substituted heteropolyanions also can be used as electrocatalysts for reduction. 

Transition metals (Fe, Ru etc.) can favour reductive catalysis and are not deactivated during 

repetitive cycling of potential between their oxidised and reduced forms. 

ii) Heteropolyanions attached to the electrode surface:  
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Sometimes reductive catalysis effectiveness can be amplified by the attachment of 

heteropolyanions to the electrode surface. For example an enhanced reduction rate of chlorate 

can be achieved by immobilisation of [PMo12O40]
3- into the poly (4-vinylpyridine/1, 12-

dibromododecane) matrix [73]. 

However, numerous shortcomings, such as some transition metals being non-abundant, do not 

provide cost-effective catalysis and may produce toxic effects, thus minimising their use in the 

industrial sector. The modern era demands the development catalysts based on period four 

earth-abundant transition metals (Fe, Co, Cu, etc.) that are ecologically benign. Nevertheless, 

few first-row transition metals containing POMs display water oxidation catalysis. 

1.1.2.3 Sensing: 

POMs can undergo fast and reversible multi-electron transfer redox conversions with minimal 

fundamental modification [76]. POM structure can be modified and perfected by adding or 

altering the hetero-atoms and addenda atoms into the structural framework [77-79]. The stable 

redox chemistry of POMs makes them attractive, selective and long-lived compounds for 

sensing applications. Reduction of the POMs causes an increase in negative charge, which 

raises the basicity of the POM anion. Concomitant protonation of the reduced species makes 

the POM redox properties pH sensitive. This allows POMs to be used as electrochemical probes 

to survey micro-environmental effects by using POM-functionalized electrodes as pH sensors 

[80]. 

1.1.2.4 Medicine: 

POM-protein/enzyme interactions, combined with protein precipitation power and cellular 

POM penetration, create considerable opportunities in medical science, specifically in antiviral, 

antibacterial and antitumour research [81].  



 

Chapter 1 

7 

 

Penetration of polytungstoantimoniate ([NaSb9W21O86]
18-) into C3HBi fibroblast cells was 

evidenced by Raman spectroscopy [82], photonic microscopy and X-ray fluorescence. The 

existence of heteropolytungstate ([Co4(H2O)2(PW9O34)2]
10-) inside the cellular membrane of 

human peripheral blood mononuclear cells was probed by scanning proton microprobe [83]. 

The antiviral activity of POMs (e.g., polytungstosilicate) against the murine leukemia sarcoma 

virus [84] was reported in 1971. Polytungstoantimoniate showed antiviral activity against 

murine leukemia sarcoma, rabies, rhabdovirus and Epstein-Barr virus [85-88]. 

A few reports have highlighted the anticancer activity of POMs. Anticancer activity against 

human colon cancer [89] and carcinoma of the intestinal tract [90] were evidenced by the use 

of [NH3Pri]6[Mo7O24] in combination with phosphotungstic acid, phosphomolybdic acid or 

caffeine. β-lactam antibiotics showed enhanced antibacterial activity against resistant strains 

of bacteria when jointly used with polyoxotungstates [91]. 

 

1.1.3 Fundamental Aspects of Polyoxometalates Electrochemistry: 

Extensive work has emphasised the importance of POM redox chemistry. For this reason, the 

electrochemical behaviour of POMs provides key knowledge related to their applications. The 

electrochemistry of POMs has been studied extensively – mainly Dawson and Keggin 

categories such as [P2W18O62]
4-, [S2W18O62]

4-, [PW12O40]
4-, [SiW12O40]

4-, [SiMo12O40]
4-, 

[Cu(MeCN)V12O32Cl]3- and [Co(MeCN)V12O32Cl]3- [92]. 

Typically, POMs display a series of chemically reversible one or two electron transfer redox 

conversion processes [93-95] with minimal structural modification. These electron transfer 

properties can be modified by varying the hetero-atoms and addenda atoms in the structure.  

 

 



 

Chapter 1 

8 

 

Dawson- Archetype POMs [X2M18O62]
n-: 

This study selected DC cyclic voltammograms at a scan rate of 0.100 V s-1 for the reduction of 

α-[S2W18O62]
4- in acetonitrile (CH3CN (0.50 M [n-Bu4N][PF6])) as a prototype for the 

electrochemistry of Dawson-type POMs. Six well defined reduction processes are found at a 

glassy carbon (GC) electrode (see Figure 4 and detailed descriptions in Chapter 2 and the 

references [96, 97]). The reversible potentials for these processes are -0.22, -0.59, -1.16, -1.54, 

-2.00 and -2.35 V vs. F0/+. 

  

 

 

 

 

 

 

Figure 4. DC cyclic voltammograms obtained at a scan rate of 0.100 Vs-1 for reduction of α-

[S2W18O62]
4- in CH3CN (0.50 M of [n-Bu4N][PF6]) at a GC macro disc electrode. 

A negative shift in reversible potential was found when the supporting electrolyte ([n-

Bu4N][PF6]) decreased from 0.50 to 0.10 M [96]. The electron transfer processes in Figure 4 

are summarised in Equations 1 to 6 as follows: 

[S2W18O62]4− +  e− ⇌ [S2W18O62]5−                                                          (1)  [S2W18O62]5− +  e− ⇌ [S2W18O62]6−                                                          (2)  [S2W18O62]6− +  e− ⇌ [S2W18O62]7−                                                          (3)  [S2W18O62]7− +  e− ⇌ [S2W18O62]8−                                                          (4)  [S2W18O62]8− +  e− ⇌ [S2W18O62]9−                                                          (5)  
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[S2W18O62]9− +  e− ⇌ [S2W18O62]10−                                                        (6)  

 

Keggin- Archetype POMs [XM12O40]
n-

: 

The DC cyclic voltammetry for the reduction of [FeClV12O32Cl]4- in CH3CN containing 0.10 

M [n-Bu4N][PF6] was selected as a prototype for the electrochemistry of Keggin-type POMs. 

[FeClV12O32Cl]4- exhibits three reduction processes at GC electrode (see Figure 5 and Chapter 

6 of the thesis).  

  

 

 

 

 

Figure 5. DC cyclic voltammograms obtained at a scan rate of 0.100 Vs-1 for the reduction of 

[FeClV12O32Cl]4- in CH3CN (0.10 M of [n-Bu4N][PF6]) at a GC macro disc electrode. 

1.2 Introduction to Electrochemistry: 

Electrochemistry is the branch of chemistry that considers the relationship between electrical 

and chemical effects in an electrochemical reaction. Electrochemists are interested in 

thermodynamic and kinetic parameters that describe an electrochemical reaction. They are also 

concerned about the charge transportation at the electrode/electrolyte interfaces when potential 

is applied. The charge is transported through the electrolyte and electrode phases by the 

movement of ions and electrons, respectively.  
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1.2.1 The Electrochemical Cell: 

Two independent half reactions occur at the two electrode/electrolyte interfaces present in a 

typical electrochemical cell (see Figure 6). Commonly, electrochemists are interested in the 

reaction that occurs at the working electrode (WE) with a reference electrode being used to 

standardise the other half of the cell reaction. In Figure 6, the reaction 𝑍𝑛2+ +  2e− →𝑍𝑛 (metal) may be of interest with the Ag/AgCl reaction 𝐴𝑔(𝑚𝑒𝑡𝑎𝑙) + 𝐶𝑙− ⇌ 𝐴𝑔𝐶𝑙 + 𝑒− 

being a reference reaction.                                                                   

 

 

 

 

 

 

 

 

Figure 6. An example of an electrochemical cell consisting of Zn metal and Ag wire covered 

with AgCl immersed in a ZnCl2 electrolyte solution. [98] 

Two-electrode, three-electrode and four-electrode cell setups are available for electrochemical 

measurements [99, 100]. The three-electrode cell arrangement (see Figure 7) is discussed here 

as this is the only used cell setup in this thesis. The working electrode (WE), reference electrode 

(RE), and counter electrode (CE) make up the modern three electrode system. The working 

electrode is where the reaction of interest occurs in an electrochemical cell [98, 101, 102]. The 

WE is arranged in conjunction with a CE and a RE in a three-electrode cell system. The WE 

could be employed as a cathode or anode depending on whether a reduction or oxidation 

reaction occurs at this electrode. Usually, solid metals (e.g. platinum, gold), liquid metals (e.g. 
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mercury, amalgams), semiconductors (e.g. indium-tin oxide, silicon) and carbon (e.g. graphite, 

glassy carbon, boron doped diamond) are used as the working electrode. A half-cell with 

constant and well-known potential is used as a RE. Examples of internationally recognised and 

widely used REs are the standard hydrogen electrode (SHE), saturated calomel electrode (SCE) 

and silver/silver chloride Ag/AgCl. Since the current in a three-electrode electrochemical cell 

will flow through a counter electrode (CE), its surface area needs to be larger than that of the 

WE. The CE should be non-reactive regarding the reaction of interest at the WE and is usually 

made from Pt, Au, graphite or GC and often separated from the WE compartment by a salt 

bridge.  

 

 

 

 

 

 

 

 

 

Figure 7. Schematic depiction of a three-electrode electrochemical cell. 

 

The ohmic potential drop (𝑖𝑅𝑠, where 𝑖 is the current flowing between WE and CE and 𝑅𝑠 is 
the solution resistance) is the main problem with a two-electrode cell setup, and this is 

minimised by using a three electrode electrochemical cell [103-106]. In the three-electrode 

electrochemical cell arrangement, uncompensated resistance (Ru) and compensated resistance 

(Rc) (see Figure 8) jointly constitute the total resistance (Rs). Rc is not included in the potential 
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measurement and one can minimise this Ru by having only a small distance between the WE 

and RE.  

 

 

 

 

 

 

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

[102] 

An external power supply controls the potential of the WE related to the fixed RE potential. 

The electrochemical reaction of interest can occur in the WE electrode/electrolyte interface 

when a suitable potential (E) is applied [98]. A reduction current (see Figure 9a) is evident 

when a sufficiently negative potential is applied. In this case, electrons within the working 

electrode are excited to a sufficiently high level of energy so they can be transferred into vacant 

electronic states on electroactive species in the solution or adhere to the surface of the electrode.  

 

Figure 9. Representation of (a) reduction and (b) oxidation of species, A, in an electrochemical 

cell under condition of cyclic voltammetry.  
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Similarly, an oxidation current (see Figure 9b) is evident with the level of energy of electrons 

lowered by applying a more positive potential. In this instance, electrons on electroactive 

species in the solution with favourable energy will transfer to the electrode. Overall, the path 

direction of the electron’s movement can be reversed with a variation of the applied potential. 

Hence, the working electrode can act as a cathode and anode in reduction and oxidation reaction, 

respectively. 

1.2.2 Faradaic and Non-Faradaic Currents: 

Faradaic and non-faradaic currents are derived from faradaic and non-faradaic processes, 

respectively, that occur at the WE. The former arises from reactions in which electrons (charges) 

are transferred across the electrode–electrolyte (solution) interface; this is called a faradaic 

current since it is governed by Faraday's law. Under some potentials in an electrochemical cell, 

the electrode-electrolyte interface does not display any significant charge-transfer reactions 

(e.g. between 0 and -0.8 V vs. AgBr in Figure 10). Other processes such as adsorption and 

desorption also can occur and change the structure of the electrode-solution interface 

depending on the potential and solution composition. Such processes are called non-faradaic 

processes. Faradaic processes are the primary interest in the study of an electrode reaction. 

Nevertheless, since faradaic and non-faradaic processes take place in an electrochemical 

experiment, both must be included in the electrochemical data analysis of charge transfer and 

associated reactions.  
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Figure 10. The schematic current-potential curve obtained at a Hg electrode in the cell Hg/H+, Br−  (1 M)/AgBr/Ag [98], showing the limiting processes: proton reduction at a negative 

potential and mercury oxidation at a positive potential.  

1.2.3 Introduction to Electrode Reactions: 

The kinetics of an electrode reaction O + 𝑛𝑒− ⇌ R, where O and R represent the oxidised and 

reduced form in solution are governed by the rates of the following processes:  

1) Mass transfer (e.g., of reactant О from the bulk solution to the electrode surface and 

product R from the electrode surface to the bulk solution). 

2) Electron transfer at the electrode surface. 

3) Chemical reactions associated with electron transfer. For example, protonation in 

homogeneous processes and catalytic reaction in heterogeneous process on the 

electrode surface. 

4) Other surface reactions, such as adsorption and desorption. 
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The simplest reactions involve just three simple steps: i) the mass transfer of a reactant to the 

electrode surface; ii) heterogeneous electron transfer involving non adsorbed species; iii) mass 

transfer of the product to the bulk solution. In a complex reaction (see Figure 11), chemical 

reactions may proceed or follow the electron transfer and modification of the electrode surface 

by adsorption or desorption may also be present.  

 

 

 

 

 

 

 

 

 

 

Figure 11. Pathway of electrode reaction [98] 

1.2.3.1 Mass Transport: 

Movement of material from one location in solution to another is defined as mass transport. 

Mass transport is governed by either electrical or chemical potential (concentration gradient) 

or external forces. One dimensional mass transfer to an electrode is governed by the Nernst-

Planck equation and written as follows: 

𝐽𝑖(𝑥) =  − 𝐷𝑖 𝜕𝐶𝑖(𝑥)𝜕𝑥 − 𝑧𝑖𝐹𝑅𝑇 𝐷𝑖𝐶𝑖 𝜕Ф(𝑥)𝜕𝑥 + 𝐶𝑖𝑣(𝑥)                                         (7)  
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where 𝐽𝑖(𝑥) is the flux of species i (mol s-1cm-2) at distance x from the surface, 𝐷𝑖  is the 

diffusion coefficient (cm2 s-1), 𝜕𝐶𝑖(𝑥) 𝜕𝑥⁄  is the concentration gradient at distance x, 𝜕Ф(𝑥) 𝜕𝑥⁄  is the potential gradient, 𝑧𝑖  and 𝐶𝑖 are the charge (dimensionless) and concentration 

(mol cm-3) of species i, respectively, and v(x) is the velocity (cm s-1) with which a volume 

element in solution moves along the axis. 

There are three forms of mass transport [98]: 

a) Migration: In this class of mass transport, charged species move from one place to 

another by the influence of a gradient of electrical potential. 

b) Diffusion: In diffusion, species are keen to flow from a region of higher to lower 

concentration meaning that the concentration gradient plays a vital role. 

c)  Convection: In this mode of mass transport, an external force is applied to facilitate 

the transport of species. The external force could be convection created by stirring, 

laminar flow, turbulent flow etc. 

Planar (linear) diffusion: In this diffusion mode, mass transport takes place in one dimension 

at all points to the electrode surface. This diffusive layer is thin compared to the radius of the 

electrode. This type of diffusion usually occurs with either macro electrodes or electrodes 

behaving as macro electrode. Transient cyclic voltammogram obtained with planar diffusion 

(see Figure 12a). 

 

 

 

 

Figure 12. Types and effects of mass transport. a) Planar diffusion and b) Radial diffusion. 
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Spherical (radial) diffusion: This form of diffusion can take place either with a 

microelectrode or a macro electrode accompanied by an applied external force (e.g., convection 

by rotation). Mass transport takes place in multi dimensions at the electrode surface, and the 

thickness of the diffusive layer will be greater than the radius of the electrode (see Figure 12b). 

Either transient or steady-state voltammograms may be observed depending on the electrode’s 

size or experimental time scale [107-110].  

1.2.3.2 Butler-Volmer Theory of Electrode Kinetics: 

The empirical Butler−Volmer (BV) [111, 112] theory used to model the electrode kinetics in 

this thesis is widely used in electrochemistry to describe both dissolved state and surface-

confined electron transfer processes and can be used to predict the potential dependence of the 

electron transfer kinetics. Equation 8 represents a simple one-electron solution-based reduction 

process where O and R represent the oxidised and reduced forms of the POM. 

 

 

According to the Butler-Volmer theory 𝑖 = 𝐹𝐴𝑘0[𝐶o(0, 𝑡)𝑒−𝛼𝑓(𝐸−𝐸0) − 𝐶R(0, 𝑡)𝑒(1−𝛼)𝑓(𝐸−𝐸0)]                         (9)                                                                                                                           

 

In Equation 9, F is the Faraday constant, A is the electrode area and 𝑓 = 𝐹/𝑅𝑇, R = universal 

gas constant and T = temperature in Kelvin. More generally, the concentration is expressed as 𝑐𝑂(𝑥, 𝑡)  and 𝑐𝑅(𝑥, 𝑡)  for O and R, respectively, where 𝑥  represents the distance from the 

surface at time 𝑡 . Hence the surface concentrations given in Equation 9 are 𝑐𝑂(0, 𝑡)  and 𝑐𝑅(0, 𝑡).  

(8) 
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For reversible processes, the electrochemical reactions are governed by the equilibrium 

conditions within experimental uncertainty, so that voltammetric characteristics are governed 

solely by the Nernst relationship (Eqn. 10).  

𝐸 = 𝐸0 − 𝑅𝑇𝐹 𝑙𝑛 𝑐𝑅(0,𝑡)𝑐𝑂(0,𝑡)                                                                              (10) 

where E = applied potential and  𝐸0 = standard potential. 

 

1.2.3.3 Conventional Method for Electrode Kinetic Measurements 

Cyclic voltammetry:  

For years, many electrochemistry areas have extensively used the popular and simple cyclic 

voltammetry (CV) [98] as an electroanalytical technique. The basic principle for DC cyclic 

voltammetry is to apply a ramped (or staircase) potential to the working electrode and measure 

the resulting current as a function of applied potential (Figure 13a).  Figure 13b represents a 

simple one electron oxidation process for redox active species present in solution.  

 

Figure 13. A diagram displaying a) the applied potential on working electrode and b) a cyclic 

voltammogram for a simple one-electron oxidation process [113]. The symbols used in the 

diagram are as follows: t = time, E = potential, Red = reduced form, Ox = oxidised form, 𝐸𝑃𝑜𝑥= 
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peak oxidation potential, 𝐸𝑃𝑟𝑒𝑑  = peak reduction potential, 𝐼𝑃𝑜𝑥 = peak oxidation current and 𝐼𝑃𝑟𝑒𝑑 = peak reduction current. 

One can extract the standard rate constant of a quasi-reversible process in cyclic voltammetry 

(Figure 13b) by using the simple Nicholson method [114] where only the peak-to-peak 

separation ΔEP = (𝐸Pred − 𝐸Pox) is required. According to this theory, Δ𝐸p  is a function of 

dimensionless kinetic parameter Ψ (Table 1). Determination of the kinetic parameter can be 

done by using the value of Ψ in Equation 11. Assuming similar diffusion coefficient values for 

both oxidised (𝐷O) and reduced (𝐷R) gives {(𝐷O 𝐷R⁄ )∝/2 ≅ 1}, which symbolises Equation 11.  

𝛹 =  (𝐷O 𝐷R⁄ )∝/2𝑘0(𝜋𝐷O𝑣𝐹/𝑅𝑇)1/2                                                                                  (11) 

                                    

                                 Table 1.1: Variation of Δ𝐸𝑝 with 𝜓 at 25 ℃ [114] 

      Ψ           Δ𝐸𝑝 (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 

 

Uncompensated resistance may increase the ∆𝐸pvalue and hence give the false impression of 

a diminished rate constant, as the Nicolson method [114] does not consider this feature during 
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calculations. Computer programs like DigiSim [115, 116] and MECSim include the 

uncompensated resistance effect in the comparison of experimental and theoretical 

voltammograms. 

Steady-State Voltammetry: 

Steady state voltammetry obtained with ultra-microelectrodes (UMEs) and a rotating disc 

electrode (RDE) favour the study of facile electrode kinetics, as this approach offers the 

advantages of the absence of a double layer charging current and reduced potential drop. In the 

steady-state method, the difference between two quartile potentials, |𝐸3/4 − 𝐸1/4| can be used 

to measure the kinetic parameters.  

1.2.4 Bulk Electrolysis: 

Bulk electrolysis (BE) is an electrochemical approach where a controlled parameter (either 

potential or current) is applied to a specially designed electrochemical cell (see Figure 14) to 

change the redox level (either reduced or oxidised) of the species of interest. Depending on the 

approach, this method is also known as controlled potential coulometry or potentiostatic 

coulometry [98, 101, 102, 117, 118]. 
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Figure 14. Typical cells for bulk electrolysis, (a) Undivided cell for controlled-potential 

separations and electro-gravimetric analysis at a solid cathode. [119] (b) Undivided cell for 

coulometric analysis at mercury cathode with a silver anode. [120] (c) Three-compartment cell, 

with ground-glass joints, for coulometric and voltammetric vacuum line studies. [121]  

Controlled Potential Method: 

Constant potential (E) is applied to a large surface area working electrode and current (i) is 

monitored over time (t). In the case where O is bulk electrolysed to R (O + 𝑛𝑒 → R) then the 

bulk concentration (𝐶o∗) decreases with the time of electrolysis as in the 𝑖 − 𝐸 plot shown in 

Figure 15.  

 

 

 

 

 

Figure 15. Steady-state current-potential curves obtained at different times during the course 

of a controlled-potential bulk electrolysis experiment undertaken at a controlled 𝐸 =  𝐸c for an 

irreversible process. [98] 

 

 

 

 

 

 

Figure 16. Total coulombs (Q) passed (total electric charge) plotted versus time 
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The Q-t curve (Figure 16) displays the outcome of bulk electrolysis. One can calculate the total 

charge (Q) passed during the electrolysis from Equation 12.  

𝑄0 = 𝑛𝐹𝑁O = 𝑛𝐹𝑉𝐶O∗ (0)                                                                       (12) 

where, 𝑄0 is the value of Q at the time of completion of electrolysis (𝑡 → ∞), 𝑁O is the total 

number of moles of O initially present and V is the volume of the solution. The value of n can 

be calculated by coulometry.     

1.3 Spectroelectrochemistry: 

Spectroelectrochemistry is a coupled characterisation method in which nonelectrochemical 

techniques (e.g. spectroscopy) are coupled with an electrochemical system. In-situ and ex-situ 

are the two general types of spectroelectrochemical techniques. In-situ methods involve 

inspection of the response at the electrode surface during the course of an electrochemical 

experiment, usually under controlled potential conditions and during the passage of current. 

Only in-situ techniques will be discussed as this is the only spectroelectrochemical approach 

used in this thesis.  

Basic Principles of Ultra-violet and Visible Spectroscopy:  

In UV-Vis spectrometry, a UV-Vis light beam passes through the cell and the absorbance 

change resulting from transmittance is measured. Transmittance (T) is the ratio of the intensity 

of the light (𝐼𝑡) after the light beam passes through the sample cell (see Figure 17) and the 

intensity of the light (𝐼𝑜) before the light beam passes through the sample cell expressed by the 

following equation.  𝑇 =  𝐼𝑡𝐼𝑜                                                                                                     (13) 

Transmittance is related to absorbance (A) by the following expression: 𝐴 =  −𝐿𝑜𝑔(𝑇) =  −𝐿𝑜𝑔 (𝐼𝑡𝐼𝑜) = 𝐿𝑜𝑔 (𝐼𝑜𝐼𝑡)                                              (14) 
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Figure 17. Illustration of Transmittance [122] 

Spectroscopy combined with electrochemistry allows spectra (absorbance vs. wavelength (λ)) 

to be obtained during an electrochemical experiment. Figure 18 shows the spectral changes that 

accompany the reductive electrolysis of 3,4,7,8-tetramethyl- 1,10-phenanthroline in DMF 

[123].  

 

 

 

 

 

 

 

 

 

Figure 18. Reduction spectroelectrochemistry of 3,4,7,8-tetramethyl- 1,10-phenanthroline in 

DMF [123] 

1.4 Alternating Current Voltammetry: 

After the invention of alternating current (AC) voltammetry in 1950 [124], a significant series 

of advancements were made by Smith and co-workers [125-129]. In the original form of AC 
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voltammetry, a sinusoidal oscillating voltage superimposed onto the DC waveform is applied 

to an electrochemical cell to provide an output that corresponds to the magnitude of AC current 

versus dc potential (𝐸dc). This AC current or the phase angle (Ф) between the AC current and 

AC voltage (𝐸𝑎𝑐 ) can be used to extract the electrode kinetics. In the early days of AC 

voltammetry, amplitudes of less than 10 mV were used so the theory was relatively simple. In 

the late 70s, AC voltammetric works with larger amplitudes began to appear [130, 131]. 

Advanced computer simulation techniques [132] were still not available to fully exploit the 

method.  

This century saw the advancements in the field of large amplitude Fourier transformed 

alternating current voltammetry (FTACV) by Bond and co-workers [133-135] along with the 

development of advanced numerical simulation software that gives access to sophisticated data 

analysis. Higher kinetic sensitivity is accessible by large amplitude Fourier transformed 

alternating current voltammetry as the higher order AC harmonics is kinetically sensitive. 

Quantitative measurement of electron transfer kinetics can be attained by comparing 

experimental and simulated data.  

FTACV can partially minimise many of the shortcomings of DC cyclic voltammetry. In this 

method, a large amplitude sine wave (Figure 19b) is superimposed onto the DC ramp (Figure 

19a) to originate the waveform (Figure 19c) and provides the total current versus time (or 

potential) (Figure 20a). An inverse Fourier transformation (IFT) procedure is used to resolve 

DC and fundamental and higher order AC harmonic components by selecting the region of 

interest in the frequency domain or power spectrum (Figure 20b) after conversion from total 

current–time data (Figure 20a) by Fourier transformation.  
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Figure 19. A schematic representation of the FTACV waveform 

 

Figure 20: A schematic representation of the data analysis protocols employed in FTACV 

[113] 



 

Chapter 1 

26 

 

FTACV offers some advantages over DC voltammetry during the quantitative analysis of 

electron transfer kinetics including the followings: i) a non-faradaic current is essentially absent 

in the higher order harmonic components [136, 137]; ii) higher harmonics can differentiate 

between the effect of uncompensated resistance and slow electrode kinetics [138]; iii) the 

current magnitude of higher harmonics are extremely sensitive to the kinetics parameters [139, 

140]. These advantages allow large amplitude FTACV to be advantageous for enumerating 

electrode kinetics relative to DC voltammetry. 

In this research, after obtaining experimental data from a home built AC instrument [141], 

Fourier transformation, band filtering and inverse Fourier transformation were applied to 

obtain aperiodic DC and fundamental and higher order AC harmonic components. The treated 

experimental data are then compared with simulated data (obtained using Monash 

electrochemistry simulator software package, MECSim [142]) to quantify the kinetic 

parameters.  

It is necessary to input an extensive number of parameters [143] such as 𝐸0′  (reversible 

potential), k0 (heterogeneous electron transfer kinetics), α (charge transfer co-efficient), Ru 

(uncompensated resistance), Cdl (double layer capacitance), A (active area of the electrode), D 

(diffusion coefficient) and concentration (c) into the MECSim software. The RC time constant 

using data obtained prior to the faradaic process by the CHI 700 E electrochemical workstation 

was used to determine Ru. The average of the oxidation (Ep
ox) and reduction (Ep

red) peak 

potentials in DC cyclic voltammetric experiments can be used to provide an estimate of E0. 

The diffusion coefficient (D) can be calculated from the Randles-Sevcik relationship [98]. Cdl 

was evaluated from the background current in the potential region of the fundamental harmonic 

of the FTACV response, where the faradaic current is absent [144]. Finally, k0 (heterogeneous 

electron transfer kinetics) and α (charge transfer co-efficient) can be estimated by comparison 
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of experimental and simulated data [145-149]. Figure 21 shows the excellent agreement 

between experimental and simulated data where all known parameters were used in the 

MECSim software, 𝑘10, 𝛼1 and 𝑘20, 𝛼2 were found as 0.054 cm s-1, 0.70 and 0.038 cm s-1, 0.68, 

respectively.   

 

Figure 21. Heuristic comparison of simulated (red line) and experimental (blue line) AC 

voltammetric data for the α-[S2W18O62]
4-/5-/6- processes, obtained with 2.5 mM α-[S2W18O62]

4- 

in CH3CN (0.5 M [n-Bu4N][PF6]) at an Au electrode. Amplitude, ΔE = 80 mV, frequency, f = 

27.01 Hz and scan rate, ν = 0.067 Vs-1. (a) DC component, (b-g) 1st to 6th harmonic components. 𝑅u= 195 Ω, 𝐷 = 2.9 × 10-6 cm2 s−1, Cdl (c0, c1, c2, c3, c4) = 34.9, -25.6, 20.5, 97.8, 58.5 µF cm-

2. Further details can be found in Chapter 2 [97].  

 

The advanced computer-assisted data analysis method is also used in the analysis of AC data 

to obtain the kinetic parameters (𝐸0, 𝑘0  and α) that are free of experimenter bias. In the data 
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optimisation method, combinations of unknown parameters are achieved by coding the 

MECSim software script [150]. Therefore, simulated data derived from these combinations are 

computationally compared with experimental data to attain the best fit. However, in this 

automation method, the experimenter needs to be conscious of the physically insensitive data 

derived from the kinetically fast electron transfer process that lies at or near the reversible limit.  

In this study, both heuristic and computer-assisted data analysis approaches have been used to 

parameterise the electrode kinetics associated with several POM (e.g. α-[S2W18O62]
4-, 

KW
Sn[N3C4H10]

4-) reduction processes in CH3CN (0.50 or 0.10 M [n-Bu4N][PF6]) to 

characterise the electrolyte concentration and electrode material dependent electrode kinetic 

parameters.  

This study also examines non-idealities in the Butler-Volmer model of electron transfer that 

usually encountered in both solution-phase and surface-confined FTAC voltammetry. Ion-

pairing that occurs between electrolyte cation and highly negative POM species or reduced 

POM species can interact with the simple electron transfer process and hence bring complexity 

in the AC components, which appear as a difference in the current magnitude of reduction and 

oxidation components. In this case, only the reduction component (see Figure 22a) of the AC 

data is considered in the heuristic analysis to derive the electrode kinetic parameters by 

neglecting ion-pairing. However, incorporating this effect in the model in the future will help 

to simulate the asymmetric reduction-oxidation component and achieve the more appropriate 

electrode kinetic parameters. Nevertheless, without the specific instruction, both reduction-

oxidation components (see Figure 22b) are considered in the computer-assisted data analysis 

method regardless of the asymmetry in AC components resulting in an average kinetic value 

for both components. Adsorption of POMs or reduced POMs provides the modified electrode 
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surface, which could change the shape and other features of the voltammetry in a potential or 

time-dependent appearance not accommodated by the theory.  

 

Figure 22. (a) Heuristic and (b) computer-assisted comparison of simulated (red) and 

experimental (blue) AC voltammetric data [97].  

 

1.5 Electron Paramagnetic Resonance Spectroscopy: 

Electron paramagnetic resonance (EPR), also known as electron spin resonance (ESR), is a 

spectroscopic method used for investigating the paramagnetic properties of chemical species 

such as free radicals (organic or inorganic) or transition metal complexes with unpaired 

electrons. The technique used in EPR spectroscopy is similar to nuclear magnetic resonance 

(NMR) since in both techniques magnetic moments arise from the absorption of 

electromagnetic radiation. However, in the former spectroscopic technique, paramagnetism is 

induced by the electrons rather than nuclei. A vital breakthrough occurred in the field of EPR 

in 1945, when the Soviet physicist Yevgeny Zavoisky [151] observed the paramagnetic 

resonance spectra of CuCl2.2H2O, which were interpreted by Frankel [152].  

Basic Principles of Electron Paramagnetic Resonance: 

Spectroscopy represents the assessment and analysis of energy variations between different 

atomic states. With a knowledge of the energy difference between different alignments of 
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electron magnetic moments in EPR spectroscopy, one can gain information [153] about the 

character, structure and dynamic properties of the sample. 

 

 

 

 

 

 

Figure 23. a) Angular momentum of unpaired electron and b) energy orientations of magnetic 

moment µ̅ with respect to the magnetic field B0. [154] 

In the presence of external energy, the inherent angular momentum (or spin quantum number, 𝑆 ̅ = 12) of an electron can generate a magnetic field around it and hence behave like a tiny bar 

magnet having a magnetic moment ‘µ̅’. When external a magnetic field B0 interacts with an 

unpaired electron, minimum and maximum energy levels are produced for the magnetic 

moment ‘µ̅’ by either parallel (𝑚s =  − 12) or antiparallel (𝑚s =  + 12) field (see Figure 23) 

alignment, respectively. This energy is called the Zeeman Effect and is given by Equation 15. 

𝐸 =  𝑚𝑠𝑔𝛽𝐵0                                                                                        (15) 

where, 𝑚𝑠 = magnetic component, 𝑔 = g factor and 𝛽= Bohr magneton. 
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Figure 24. Induction of the spin state energies as a function of the magnetic field B0 [98] 

Based on Figure 24, ∆𝐸 = 𝐸−1/2 −  𝐸+1/2 =  𝑔𝛽𝐵0 is the energy difference between the lower 

and the upper state of unpaired free electrons. According to Planck, movement of an unpaired 

electron between the two energy levels can be driven by either absorbing or emitting a photon 

of energy ‘hν’ where h = Planck constant and v = frequency of photon (Eqn. 16).  

∆𝐸 = ℎ𝑣                                                                                                    (16) 

Equation 16 leads to the fundamental Equation 17 of the EPR spectroscopy: 

ℎ𝑣 =  𝑔𝛽𝐵0                                                                                              (17) 

As 𝜇B is a constant and 𝐵0 is known from the Equation 17, the value of the ‘g’ factor calculated 

as described below can be considered a fingerprint of the molecule of interest. g is calculated 

from the value of ∆𝐸 and measures the magnitude of B0 from the experiment, as in Equations 

16 and 17  

 

 

 

 

 

 

 

 

 

Figure 25. EPR spectrum [98] 
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The unpaired electron will absorb energy if the condition in Equation 17 is fulfilled. Thus, g 

factor also can be estimated from 𝑣 and B0 in Equations 18 and 19  

g = 
ℎ𝑣𝛽                                                                                                         (18) 

or g = 0.7145
𝑣(𝑀𝐻𝑧)𝐵0(𝐺𝑎𝑢𝑠𝑠)                                                                              (19) 

(ℎ = 6.626 × 10−34 J.s; 𝛽 = 9.274 × 10−28 J G-1) 

1.6 Research Objectives 

The main aim of this research is to develop the strategies described below:  

• Parameterise the electrode kinetics associated with POMs by the sensitive FTACV 

technique to assess whether the Butler-Volmer model of electron transfer is applicable.  

• Identify the origin of non-idealities and examine if there is any associated with POM 

electrode kinetics to have better insight knowledge of their electrochemistry. 

• Use a heuristic data analysis approach in conjunction with a computer-assisted 

automated data optimisation approach in all electrode kinetic studies of this thesis to 

get the global best fit value by eliminating the shortcomings of both methods.  

• Identify the source of reduction process in one electron reduced Zn(II), Cu(II) and Co(II) 

and two electron reduced Fe(III) functionalized vanadium POMs by electron 

paramagnetic resonance (EPR) spectroscopy. 
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Fig. S1. Conversion of AC voltammetric data into aperiodic DC and AC harmonic components using a 

Fourier transformation (FT), band filtering and inverse Fourier transformation (IFT) sequence of 

processes [1]. First, the time data (a) are converted to the frequency domain by FT. Next, the DC 

aperiodic harmonic or AC harmonic of interest is selected in the frequency domain (b). Finally, the IFT 

procedure is used to obtain the resolved aperiodic DC and AC harmonic component of interest (c and 

d). The envelope form of presentation is shown in (c) and (d) for the 1st (black), 2nd (red), 3rd (blue) and 

5th (magenta) AC harmonics.  The example displayed here is based on the simulation of two reversible 

one-electron transfer processes with ΔE = 80 mV, f = 9.02 Hz and ν = 0.067 V s−1.   
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Fig. S2. Maximum value of the peak current estimated by simulation for the 6th harmonic vs log10 (𝑘𝑜). 

Data obtained using frequencies of (a) 9.02 Hz and (b) 27.01 Hz with ΔE = 80 mV, C = 1.0 mM, 𝑣 = 

0.100 V s−1, Ru = 200 Ω, T = 295 K, D = 2.90 × 10−6 cm2 s−1, Cdl = 10 μF cm−2, α = 0.50, and A = 7.85 × 10−3 cm2. 
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Fig. S3. Sensitivity test of the 6th AC harmonic in FTAC voltammetry to α as a function of k0 based on 

analysis of simulated data. (a) 𝑘0 = 0.1 cm s−1 and f = 9.02 Hz, (b) 𝑘0 = 0.1 cm s−1 and f = 27.01 

Hz, (c) 𝑘0 = 0.05 cm s−1 and f = 9.02 Hz, (d) 𝑘0 = 0.01 cm s−1 and f = 9.02 Hz and (e) 𝑘0 = 0.001 

cm s−1 and f = 9.02 Hz. Δ𝐸 = 80 mV, C =1.0 mM, 𝑣 = 0.067 V s−1, Ru = 200 Ω, T = 295 K, A = 

7.85 × 10−3 cm2, D = 2.90 × 10−6 cm2 s−1, Cdl = 10 μF cm-2. 
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Fig. S4. Heuristic comparison of simulated (red line) and experimental (blue line) AC voltammetric 

data for the α-[S2W18O62]4−/5−/6− processes obtained with 2.5 mM α-[S2W18O62]4−  in CH3CN (0.50 M 

[n-Bu4N][PF6]) at a GC electrode. ΔE = 80 mV, f = 27.01 Hz and 𝑣 = 0.067 V s−1. (a) DC component, 

(b-g) 1st to 6th harmonic components. Parameters used to simulate the quasi-reversible model are 

provided in Table 3. (h) Comparison of experimental data with simulations for the 6th harmonic AC 

component that are based on a reversible process (black line). 
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Fig. S5. Heuristic comparison of simulated (red line) and experimental (blue line) AC voltammetric 

data for the α-[S2W18O62]4−/5−/6− processes obtained for the reduction of 2.5 mM α-[S2W18O62]4− in 

CH3CN (0.50 M [n-Bu4N][PF6]) at an Au electrode with ΔE = 80 mV, f = (i) 9.02 Hz and (ii) 27.01 Hz 

and 𝑣 = 0.072 V s−1. (a) DC component, (b-g) 1st to 6th harmonic components. Other parameters used 

to simulate the quasi-reversible response are provided in Table 3. 
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Fig. S6. Heuristic comparison of simulated (red line) and experimental (blue line) AC voltammetric 

data for the α-[S2W18O62]4−/5−/6− processes obtained for the reduction of 1.0 mM α-[S2W18O62]4− in 

CH3CN (0.50 M [n-Bu4N][PF6]) at a GC electrode with ΔE = 80 mV, f = (i) 9.02 Hz and (ii) 27.01 Hz 

and 𝑣 = 0.067 V s−1. (a) DC component, (b-g) 1st to 6th harmonic components. Other parameters used 

in simulation are given in Tables 1, 3 and text. 



 

Chapter 2 

64 

 

 
Fig. S7. Heuristic comparison of simulated (red line) and experimental (blue line) AC voltammetric 

data for the α-[S2W18O62]4−/5−/6− processes obtained for the reduction of 1.0 mM α-[S2W18O62]4− in 

CH3CN (0.50 M [n-Bu4N][PF6]) at an Au electrode with ΔE = 80 mV, f = (i) 9.02 Hz and (ii) 27.01 Hz 

and 𝑣 = 0.072 V s−1. (a) DC component, (b-g) 1st to 6th harmonic components. Other parameters used 

in simulation are given in Tables 1, 3 and text. 
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Fig. S8. Heuristic comparison of simulated (red line) and experimental (blue line) AC voltammetric 

data for the α-[S2W18O62]4−/5−/6− processes obtained for the reduction of 1.0 mM α-[S2W18O62]4− in 

CH3CN (0.50 M [n-Bu4N][PF6]) at a Pt electrode with ΔE = 80 mV, f = (i) 9.02 Hz and (ii) 27.01 Hz 

and 𝑣 = 0.072 V s−1. (a) DC component, (b-g) 1st to 6th harmonic components. Other parameters used 

in simulation are given in Tables 1, 3 and text. 
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Fig. S9. Comparison of simulated (red line) data obtained by automated data optimisation and 

experimental (blue line) AC voltammetric data for the α-[S2W18O62]4−/5−/6− processes obtained for the 

reduction of 2.5 mM α-[S2W18O62]4− in CH3CN (0.50 M [n-Bu4N][PF6]) at a Pt electrode with ΔE = 80 

mV, f = 9.02 Hz and 𝑣 = 0.072 V s−1. (a) DC component, (b-g) 1st to 6th harmonic components. Other 

parameters used in simulation are given in Table 4 and text. 
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Fig. S10. Cyclic voltammetry obtained at a scan rate of 0.100 V s−1 when α-[S2W18O62]4− is surface 

confined to a GC electrode in CH3CN (0.50 M [n-Bu4N][PF6]). 

 

 

Reference:  

1. S.-X. Guo, A.M. Bond and J. Zhang, Fourier transformed large amplitude alternating current 

voltammetry: principles and applications, Rev. Polarogr. 61(1) (2015) 21-32. 

https://doi.org/10.5189/revpolarography.61.21. 

 

 

 

 

 

 

 

https://doi.org/10.5189/revpolarography.61.21


 

 Chapter 3 

68 

 

Chapter 3 

Identification of Mechanistic Subtleties that Apply to 

Voltammetric Studies at Boron Doped Diamond Electrodes: The 

α-[𝑺𝟐𝑾𝟏𝟖𝑶𝟔𝟐]𝟒−/𝟓−/𝟔− Processes  

 

Md Anisur Rahmana, Julie V. Macphersonb, Alan M. Bonda, c * and Jie Zhanga, c *   

 

a School of Chemistry, Monash University, Clayton, Victoria 3800, Australia 

b Department of Chemistry, University of Warwick, Coventry, CV4 7AL, UK. 

c ARC Centre of Excellence for Electrochemical Science, Monash University, Clayton, 

Victoria 3800, Australia 

 

*Corresponding authors: jie.zhang@monash.edu, alan.bond@monash.edu 

 

 

  

mailto:jie.zhang@monash.edu
mailto:alan.bond@monash.edu


 

 Chapter 3 

69 

 

ABSTRACT 

The α-[S2W18O62]4−/5−  and α-[S2W18O62]5−/6− polyoxometalate (POM) reduction processes 

at boron doped diamond (BDD) disk electrodes in acetonitrile (0.50 M [n-Bu4N][PF6]) have 

been investigated using large amplitude Fourier transformed alternating current (FTAC) 

voltammetry. The origins of subtle differences in experimental data and simulated data based 

on a simplified model involving an overall one-electron transfer reaction using Butler-Volmer 

electrode kinetics and assuming a uniform non-fouling electrode surface and planar diffusion, 

are considered. A substantial contribution from ion pairing is implicitly incorporated into this 

model. Parameters estimated are the apparent heterogeneous electron-transfer kinetics (𝑘𝑎𝑝𝑝0′ ), 

apparent formal reversible potential (𝐸𝑎𝑝𝑝0′ ) and apparent charge transfer coefficient (𝛼𝑎𝑝𝑝′ ). 

The electrode kinetic parameters, in contrast to theoretical predictions of the model employed, 

are dependent on frequency, POM concentration and data analysis method. Reasons for non-

conformance to the model include the adsorption of POM on the graphite-like sp2 bonded 

carbon impurity, as well as limitations in the availability of charge carriers in BDD and the 

method of incorporating ion pairing into the model when slow electrode kinetics apply. This 

form of heterogeneity gives rise to the AC harmonic and frequency dependent electrode 

kinetics for both the α-[S2W18O62]4−/5−  and α-[S2W18O62]5−/6− processes and explains the 

electrode origin and data optimisation dependent variations in 𝑘𝑎𝑝𝑝0′ . Masking of the sp2 carbon 

rich (edge) region of the BDD disk provided FTAC voltammetric data that complied much 

more closely with the simulated data. Nevertheless, data analysis still shows a small 

concentration dependence in estimated  𝑘𝑎𝑝𝑝0′  values, which is considered in terms of the 

assumption of an infinite number of charge carriers. Conclusions derived from this study are 

likely to be generally applicable to electrode kinetic investigations at BDD electrodes.  

Keywords: boron doped diamond, polyoxometalates, Fourier transformed alternating current 

voltammetry, non-ideality, sp2 impurity, electrode heterogeneity 
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INTRODUCTION 

The use of conducting forms of carbon as an electrode material has a long history in 

electrochemistry due to advantageous features such as the ability to be chemically 

functionalized and large potential windows 1-5. For example, glassy carbon (GC), carbon 

nanotube and pyrolytic graphite 2 electrodes have been employed extensively for over 50 years 

2-4,6. More recently, boron doped diamond (BDD) has been introduced as an electrode material 

7-9. Although the pure sp3 diamond form of carbon is an electrical insulator and cannot be used 

as an electrode material, doping with sufficient boron (p-type dopant) enables metal-like 

conductivity to be achieved8. Properties of BDD electrodes that are attractive for use in 

electroanalytical include large potential windows (e.g. -1.25 to +2.3 V vs. standard hydrogen 

electrode (SHE) in 0.5 M H2SO4)
10, low capacitance, corrosion resistance in high temperature 

and pressure environments and biocompatibility7-9. Apart from the boron dopant concentration, 

the behaviour of polycrystalline BDD electrodes is governed by factors such as the presence of 

sp2 bonded carbon impurities, surface functionalization with H, O, F and non-uniform dopant 

levels across the surface caused by variation in boron uptake by the different crystal facets 11,12. 

Electron transfer between an electrode and an electroactive species is a fundamental 

phenomenon in electrochemistry. A number of investigations have been undertaken to 

understand the factors that govern the electron transfer rate at BDD electrodes. In initial reports 

13-19, the electrode kinetics were found to be significantly slower than at metal or GC electrodes. 

However, the heterogeneous nature, of the electrode surface in terms of variable boron doping 

levels and the presence of sp2 bonded carbon content, provides significant complexity in 

interpreting the data. The extent of sp2 bonded carbon content, which is thought to reside 

predominantly in grain boundaries, depends on the diamond growth conditions20. Obtaining 

minimal sp2 bonded carbon content is challenging with high levels of boron doping. However, 
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this has been achieved with micro-crystalline microwave chemical vapour deposited (MW-

CVD) BDD21. Other sources of sp2 bonded carbon incorporation are also possible as a result 

of the BDD electrode processing technique 22. For example, it is common to use ns-laser 

micromachining to cut cylinders of BDD from the BDD growth wafer in order to produce 

conventional disk-shaped electrodes. This process leaves behind a very thin layer of sp2 bonded 

carbon on the laser cut surface i.e. the sidewalls of the cylinder23. If unremoved, when the 

cylinder is embedded in glass or another insulating material, then preferential polishing of the 

inherently softer insulator can lead to a small amount of sidewall exposure and hence a sp2 

bonded carbon rich edge (incorporating sidewall) region. Under these conditions, the rate of 

electron transfer at the exposed sp2 bonded carbon surface can be significantly different to the 

rest of the sp3 bonded carbon surface. In a viscous ionic liquid medium, abnormal apparently 

harmonic dependent electron transfer kinetics were found as a consequence of incomplete 

diffusion layer overlap between these sp2 and sp3 bonded carbon regions 22. The equivalent of 

this dual electron transfer rate scenario has been examined theoretically by Tan et. al. 24.  

In this present study, large amplitude Fourier transformed alternating current (FTAC) 

voltammetry has been employed to probe the impact of sp2 bonded carbon and other features 

of heterogeneous BDD electrodes on the parameterisation of the electrode kinetics of the α-[S2W18O62]4−/5−/6− single electron transfer processes. Voltammetry of polyoxometalate 

(POM) α-[S2W18O62]4− has been described quantitatively in detail at metal and GC disks, but 

not at BDD electrodes25. In conventional aprotic organic solvents21,26,27 and ionic liquids28, at 

least six one-electron reduction processes have been observed under DC voltammetric 

conditions at GC electrodes, with only the initial two being of interest in this study as those 

involving further reduction contain considerable additional complexity27. FTAC voltammetry 

was chosen for electrode kinetic measurements rather than conventional DC voltammetry since 
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it offers higher kinetic sensitivity and has the ability to discriminate between the effects of slow 

electron transfer kinetics and uncompensated resistance (Ru) 
29.  

Electrode kinetic studies of quasi-reversible processes requires comparison of 

experimental results with theoretical data derived from simulation of a model that is selected 

to mimic the experimental data. To date, modelling with BDD disk electrodes has been 

undertaken using the Butler-Volmer relationship and Fick’s Laws for planar diffusion to 

describe the electron transfer and mass transport processes respectively. This model also 

assumes a homogeneous and non-fouling electrode surface. When applied with FTAC 

voltammetry, it predicts that the calculated heterogeneous electron-transfer kinetics (𝑘0′) and 

charge transfer coefficient (𝛼′) parameters are independent of AC harmonic, frequency, 

concentration of analyte and method of data optimisation. Significantly, in this POM 

electrochemistry study using BDD electrodes, dependencies on all these factors are found 

under certain experimental regimes. These discrepancies require that limitations in the model 

used to parameterise the electrode kinetics should be interrogated in detail in terms of BDD 

electrode heterogeneity, POM surface interactions, POM ion pairing and other features of BDD 

electrodes, such as heterogeneity and low density of states, not accounted for in the modelling.   

EXPERIMENTAL 

Full details of instrumentation, BDD electrodes and other experimental details are available in 

the Supporting Information  

SIMULATIONS AND DATA ANALYIS 

MECSim software30 was used to simulate the FTAC voltammetric data assuming that the 

Butler-Volmer model for a simple one-electron quasi-reversible electron transfer processes  

applies to both α-[S2W18O62]4−/5−/6−  processes which are described and parameterised in 
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Equations 1 and 2. The BDD disk electrodes employed were assumed to be fully homogeneous 

on the FTAC voltammetric timescale which allows mass transport to be modelled according to 

Fick’s Laws for planar diffusion. The model used also assumes no interaction of oxidised or 

reduced POMs with the BDD surface, and that there is an infinite number of charge carriers 

within the BDD electrode.    

[S2W18O62]4− + e− ⇆ [S2W18O62]5−     (𝐸10′, 𝑘10′ , 𝛼1′ )                                  (1)  

[S2W18O62]5− + e− ⇆ [S2W18O62]6−     (𝐸20′, 𝑘20′ , 𝛼2′ )                                  (2)  

As noted in reference 25, 𝑘0′ and 𝛼′ parameters (equation 1) which are relevant to the formal 

reversible potential (𝐸0′) in the Butler-Volmer model are better described as 𝑘𝑎𝑝𝑝0′
 and 𝛼𝑎𝑝𝑝′  

at 𝐸𝑎𝑝𝑝0′
 because POM ion-pairing is incorporated into these parameters in the modelling used 

in this and other studies of electrode kinetics 25,31,32. Coupling of electron transfer and ion-

pairing is satisfactory if ion pairing is reversible and electron transfer is fast, but if the electrode 

kinetics are slow as often is the case with BDD electrodes, it may be problematic25. It will also 

emerge from this study that there are several other reasons why the apparent (app) electrode 

kinetic notation is more appropriate at BDD electrodes.  

In the simulation of electron transfer process described by Equations 1 and 2, parameters such 

as electroactive area (A), diffusion coefficient (D), Ru, double layer capacitance (Cdl), 

temperature (T), scan rate (v), bulk concentration (C), AC amplitude (E) and frequency (f) are 

either known or determined separately. A was estimated using the method described in the 

Experimental Section (see Supporting Information). Ru was calculated from the RuCdl time 

constant method by applying software provided with the CHI 760 E instrument to data obtained 

from the potential region just prior to the onset of the α-[S2W18O62]4−/5− reduction process, 

which is devoid of Faradaic current. In the heuristic form of data analysis, 𝐸𝑎𝑝𝑝0′  was estimated 
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from the average of the reduction and oxidation peak potentials (
𝐸pred+ 𝐸pox2 ) derived from DC 

cyclic voltammetry. The potential dependence of Cdl 
33 was determined from the potential 

regions in the fundamental ac harmonic data that are devoid of Faradaic alternating current via 

Equation 3 where c0, c1, c2, c3, and c4 are coefficients associated with the polynomial.  

Cdl(t) = c0 + c1E(t) + c2E(t)2 + c3E(t)3 + c4E(t)4                                           (3) 

The frequency dependent polynomial coefficients were measured individually at each applied 

frequency (9.02 or 27.01 Hz) 34.  

In the heuristic form of data analysis, 𝑘𝑎𝑝𝑝0′  and 𝛼𝑎𝑝𝑝′  values were varied manually until 

an acceptable agreement between the simulated and experimental data was attained based on 

the judgement of the experimenter 16,17,19. Although this data analysis method is exceptionally 

tedious and prone to experimenter bias, an experienced electrochemist can ensure that 

physically sensible parameter estimates are achieved and also detect systematic deviations in 

comparisons of experimental and simulated data 25. Furthermore, these estimates allow the 

parameter space search range to be significantly restricted so that the computationally 

supported data optimisation method can be used in an efficient manner 25,35.  

In the computationally supported data optimisation method, comparison of simulated 

and experimental data was achieved using the least squares (LS) function given in Equation 4, 

where 𝑓exp(𝑡i) and 𝑓sim(𝑡i) are the experimental and simulated data, respectively and h and N 

denote the individual (from 2nd to 6th) AC harmonic component and number of data points, 

respectively. Data optimisation was only applied to the 2nd to 6th AC harmonic components 

where the contribution from background current is minimal. 

LS = [1 − (∑ √∑ [(𝑓ℎexp(𝑡i)−𝑓ℎsim(𝑡i))2]𝑁𝑖=1 ∑ 𝑓ℎexp(𝑡i)2𝑁𝑖=16ℎ=2 ) /5] × 100%                          (4) 
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RESULTS 

DC cyclic voltammetry for reduction of α-[𝐒𝟐𝐖𝟏𝟖𝐎𝟔𝟐]𝟒− at BDD electrodes.  

The BDD wafers used to prepare disc electrodes in this study (see Supporting Information) 

were grown using the MW-CVD method, aimed to minimise sp2 bonded carbon formation21. 

Laser cutting was then used to prepare cylinders of BDD, which were then sealed in either 

Teflon or glass. As shown in Figure 1a, the DC cyclic voltammetry (CV) of α-[S2W18O62]4− 

in CH3CN (0.50 M tetrabutylammonium hexafluorophosphate ([n-Bu4N][PF6])) using the 

glass-sealed BDD electrode is similar to that obtained at a GC electrode 26 with six well-

resolved one electron transfer processes evident prior to the solvent limit. In this study only the 

α-[S2W18O62]4−/5−/6− processes are subjected to parameterisation. A comparison of the DC 

cyclic voltammetry for both the glass-sealed BDD and Teflon-sealed BDD electrodes is 

presented in Figure 1b and is based on the current density (i) to normalize the electrode area 

differences.  

 

Figure 1. DC cyclic voltammetry for reduction of 1.0 mM α-[S2W18O62]4− at a BDD electrode 

in CH3CN (0.50 M [n-Bu4N][PF6]) at a scan rate of 0.100 V s-1. (a) Glass-sealed BDD over a 

wide potential range. (b) Glass-sealed BDD (―) and Teflon-sealed BDD (―) electrodes over 

a potential range encompassing the α-[S2W18O62]4−/5−/6− processes only. 
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𝐸𝑎𝑝𝑝0′  values calculated from DC CV are summarized in Table 1. 𝐸𝑎𝑝𝑝10′  and 𝐸𝑎𝑝𝑝20′  

values are similar at both BDD electrodes to those reported at GC, Au and Pt electrodes25. This 

independence of electrode material is in accordance with theoretical predictions since 𝐸𝑎𝑝𝑝0′  is 

a thermodynamic parameter.  

 

Table 1. Data derived from the reduction of 1.0 mM α-[𝐒𝟐𝐖𝟏𝟖𝐎𝟔𝟐]𝟒−  in CH3CN (0.50 M 

[n-Bu4N][PF6]) using DC cyclic voltammetry with a scan rate of 0.100 V s-1. 

 

 
                                   

 

 

 

                                 

 

 

a Uncertainty in 𝐸𝑎𝑝𝑝0′  is ± 5 mV                                                                           

b Uncertainty in Δ𝐸P is ± 2 mV 

Peak-to-peak separations (∆𝐸p = (𝐸pred −  𝐸pox)) are also included in Table 1. Values 

of  ∆𝐸p1 = 0.080 V and ∆𝐸p2 = 0.084 V for the glass-sealed BDD are slightly smaller than 

those of ∆𝐸p1 = 0.085 V and ∆𝐸p2 = 0.097 V found with the Teflon-sealed electrode. Larger ∆𝐸 values (Table 1) are found after the BDD electrodes were treated with wax, as described in 

the Supporting Information, to remove contributions to the voltammetry from sp2 bonded 

carbon edge effects introduced from the laser micromachining process 22. Assuming IRu drop 

is unimportant, the ∆𝐸p  data, with application of the widely used Nicholson method 36 of 

electrode kinetic data analysis, imply that 𝑘𝑎𝑝𝑝0′  values at the glass-sealed BDD electrode are 

greater than at the Teflon-sealed BDD one, which in turn are greater than the 𝑘𝑎𝑝𝑝0′  values at 

both wax treated electrodes. Furthermore, all ∆𝐸p values are significantly larger than those of 

Electrode 

𝐸𝑎𝑝𝑝𝟏0′
 𝐸𝑎𝑝𝑝𝟐0′  Δ𝐸𝑃1 Δ𝐸𝑃2 

V vs Fc0/+ a  

(Fc = Ferrocene) 
V b 

Glass-sealed BDD -0.211 -0.595 0.080 0.084 

Teflon-sealed BDD -0.214 -0.601 0.085 0.097 

Wax treated glass-sealed BDD -0.215 0.599 0.096 0.101 

Wax treated Teflon-sealed BDD -0.216 -0.600 0.095 0.106 
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∆𝐸p1 = 0.060 V and ∆𝐸p2 = 0.063 V found at a GC electrode 25, implying that 𝑘app0′  at BDD 

is significantly smaller than at GC. However, use of this two-point method of data analysis is 

very simplistic. It does not lead to an in depth understanding provided by detailed comparisons 

of the full experimental data set with predictions based on simulated data, as undertaken in the 

FTAC voltammetric studies described below.   

FTAC voltammetry for reduction of α-[𝐒𝟐𝐖𝟏𝟖𝐎𝟔𝟐]𝟒− at BDD electrodes  

Parameterisation of FTAC voltammetric data obtained at glass and Teflon-sealed BDD 

electrodes. FTAC voltammetric data were obtained for the reduction of 2.5 mM α-[S2W18O62]4− in CH3CN (0.50 M [n-Bu4N][PF6]) at glass and Teflon-sealed BDD electrodes 

using a sinusoidal perturbation with 𝑓 = 9.02 or 27.01 Hz and ∆𝐸 = 80 mV. Table 2 

summarises the values of the 𝐸𝑎𝑝𝑝0′ , 𝑘𝑎𝑝𝑝0′  and 𝛼𝑎𝑝𝑝′  for both electron transfer processes derived 

from the heuristic form of data analysis as well as by automated data optimisation.  
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Table 2. Parametersa derived by heuristic and automated data optimisation methods of 

analysis of FTAC voltammetric data obtained at BDD electrodes for the reduction of 2.5 

mM α-[𝐒𝟐𝐖𝟏𝟖𝐎𝟔𝟐]𝟒− in CH3CN (0.50 M [n-Bu4N][PF6]).  

 

a Other parameters used in the simulations were: 𝐴Glass−sealed BDD =  8.9 ×  10-3 cm2, 𝐴Teflon−sealed BDD = 7.1 × 10-2 cm2, diffusion coefficient (D) = 2.9 × 10-6 cm2 s-1, 𝑇 = 295 K, 𝑣Glass−sealed BDD =  0.072 V s-1, 𝑣Teflon−sealed BDD =  0.076 V s-1, ∆𝐸 =  80 mV, 𝑓 =  9.02, 

27.01 Hz. 𝑅u−Glass−sealed BDD = 155 and 120 Ω and 𝑅u−Teflon−sealed BDD = 101 and 80 Ω for 

9.02 and 27.01 Hz, respectively. Estd. = estimated.  

b obtained from sixth AC harmonic (see text for details) c derived from analysis of the second 

to sixth AC harmonics (see text for details).  

There are many ways of implementing the heuristic form of data analysis, with the 

approach being at the experimenter’s discretion. For the glass and Teflon-sealed BDD 

electrodes, the experimental and simulated sixth harmonics were initially compared because 

Electr-

ode 

f 

(Hz) 

Parameterisat-

ion method  
𝐸𝑎𝑝𝑝10′  𝐸𝑎𝑝𝑝20′  𝑘𝑎𝑝𝑝10′  𝑘𝑎𝑝𝑝20′  𝛼𝑎𝑝𝑝1′  𝛼𝑎𝑝𝑝2′  

 

LS 

% V vs Fc0/+ cm s-1 

Glass-

sealed 

9.02 

Heuristic  -0.211 -0.595 0.010b 0.029b 0.52 0.52  

Automated 

Range 

Searched 

-0.216 

to  

-0.206 

-0.602 

to  

-0.592 

0.001 

to 

0.025 

0.005 

to 

0.050 

0.40 

to 

0.70 

0.40 

to 

0.70 
73 

Estd. -0.208 -0.595 0.009c 0.016c 0.56 0.50 

27.01 

Heuristic  -0.211 -0.595 0.010b 0.033b 0.50 0.53  

Automated 

Range 

Searched 

-0.215 

to  

-0.206 

-0.602 

to  

-0.592 

0.001 

to 

0.025 

0.001 

to 

0.050 

0.40 

to 

0.70 

0.40 

to 

0.70 
67 

Estd. -0.208 -0.593 0.009c 0.016c 0.52 0.64 

Teflon-

sealed 

9.02 

Heuristic  -0.214 -0.601 0.007b 0.004b 0.52 0.50  

Automated 

Range 
Searched 

-0.216 
to  

-0.208 

-0.603 
to  

-0.594 

0.001 
to 

0.012 

0.001 
to 

0.010 

0.40 
to 

0.70 

0.40 
to 

0.70 
51 

Estd. -0.210 -0.598 0.005c 0.003c 0.57 0.52 

27.01 

Heuristic  -0.214 -0.601 0.008b 0.004b 0.51 0.47  

Automated 

Range 

Searched 

-0.216 

to  

-0.204 

-0.603 

to  

-0.594 

0.001 

to 

0.012 

0.001 

to 

0.010 

0.40 

to 

0.70 

0.40 

to 

0.70 
47 

Estd. -0.211 -0.595 0.005c 0.003c 0.55 0.51 
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they are expected to be the most sensitive to variations in the electrode kinetics37,38 and also 

fully devoid of background current 39,40. Subsequently, simulations of the lower order (1st to 

5th) AC harmonics, and aperiodic DC component were undertaken, using the values of 𝑘𝑎𝑝𝑝0′  

and 𝛼𝑎𝑝𝑝′  derived heuristically from the sixth harmonic and the predicted results compared with 

experimental data. Figures 2 and 3 provide the outcomes of heuristic comparison of the 

experimental data for the α-[S2W18O62]4−/5−/6− processes undertaken in this manner for both 

the glass and Teflon-sealed electrodes.  
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Figure 2. Heuristically based comparison of simulated (red) and experimental (blue) AC 

voltammetric data obtained with ∆𝐸 = 80 mV, 𝑓 = (i) 9.02 and (ii) 27.01 Hz, electroactive 

area (A) = 8.9 × 10-3 cm2 and 𝑣 = 0.072 V s-1 for the α-[S2W18O62]4−/5−/6− processes derived 

from reduction of 2.5 mM α-[S2W18O62]4− in CH3CN (0.50 M [n-Bu4N][PF6]) at a glass-sealed 

BDD electrode. (a) DC component, (b-g) 1st to 6th harmonic components. Values of electrode 

kinetic and other parameters used in the simulations are provided in Table 2. Details of the 

heuristic approach used to obtain the electrode kinetic parameters are available in the text. 

 

Figure 3. Heuristically based comparison of simulated (red) and experimental (blue) AC 

voltammetric data obtained with ∆𝐸 = 80 mV, 𝑓 = (i) 9.02 and (ii) 27.01 Hz, 𝐴 = 7.1 × 10-2 
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cm2 and 𝑣 = 0.076 V s-1 for the α-[S2W18O62]4−/5−/6− processes derived from reduction of 

2.5 mM α-[S2W18O62]4− in CH3CN (0.50 M [n-Bu4N][PF6]) at a Teflon-sealed BDD electrode. 

(a) DC component, (b-g) 1st to 6th harmonic components. Values of electrode kinetic and other 

parameters used in the simulations are provided in Table 2. Details of the heuristic approach 

used to obtain the electrode kinetic parameters are available in the text. 

For a homogeneous electrode surface, use of the Butler-Volmer model with mass transport by 

planar diffusion requires that 𝑘𝑎𝑝𝑝0′  and 𝛼𝑎𝑝𝑝′  values derived from analysis of the sixth harmonic 

should also should be valid equally for all the other AC harmonics. However, this was not the 

case. Agreement of simulated and experimental data, which by definition was excellent for the 

sixth harmonic using the parameters mentioned above, deteriorated significantly and 

systematically when applied to the lower order harmonics, as shown in Figures 2 and 3. That 

is, at both the glass- and Teflon-sealed BDD electrodes, if the heuristic form of parameter 

estimation had been applied individually to each harmonic, apparently harmonic and frequency 

dependant 𝑘𝑎𝑝𝑝0′  values would be estimated for data obtained at either 9.02 or 27.01 Hz. Clearly, 

use of the Butler-Volmer model with mass transport by planar diffusion is not satisfactory for 

these BDD electrodes. Interestingly, whilst 𝑘𝑎𝑝𝑝10′ > 𝑘𝑎𝑝𝑝20′
 for GC and metal electrodes21 as is 

the case with Teflon-sealed BDD electrodes as evaluated heuristically from the sixth harmonic 

data set , somewhat unexpectedly, for the glass-sealed BDD electrode, 𝑘𝑎𝑝𝑝20′ > 𝑘𝑎𝑝𝑝10′
.  

The 𝑘𝑎𝑝𝑝0′
 and 𝛼𝑎𝑝𝑝′  values obtained by the automated data optimisation approach differ from 

the heuristically estimated ones. In the automated approach the software was programmed to 

find the best fit values of 𝐸𝑎𝑝𝑝0′
, 𝑘𝑎𝑝𝑝0′

, 𝛼𝑎𝑝𝑝′  from second to sixth harmonics based on the 

minimization of the LS function using all data; lower percentages in LS signify poorer 

agreement between theoretical and experimental data. Since there is no experimenter based  
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intelligence involved with the version of the automated method, unlike the experimenter 

controlled heuristic method, 𝐸𝑎𝑝𝑝0′
, 𝑘𝑎𝑝𝑝0′

, 𝛼𝑎𝑝𝑝′  values reported in Table 1 simply represent a 

statistically based estimate of the best fit to the data and not just from the sixth harmonic. 

However, the fact that the LS values given in Table 1 are always significantly below 100% 

confirms the presence of a pronounced discrepancy between theory and experiment, which is 

consistent with the finding of the heuristic analysis. As seen from LS values in Table 2, the fit 

of the modelled and experimental data is poorer at the Teflon-sealed BDD electrodes and at 

the higher frequency where the process is less reversible. In all cases, 𝑘𝑎𝑝𝑝0′
 estimated by the 

automated data optimisation method is smaller. 

FTAC voltammetric data analysis with a wax-treated, glass-sealed BDD electrode. A major 

origin of the considerable departure of the experimental data from that predicted theoretically   

was hypothesised to be a consequence of electrode heterogeneity resulting from the sp2 bonded 

carbon present at the BDD electrode edge due to laser cutting as described in the Introduction 

22. To mask this imperfection, the edge regions of both electrodes were wax treated as described 

in the Experimental Section so that only the centre of the electrode was exposed to the 

electrolyte solution. Since the BDD used in the fabrication of  both electrodes was grown under 

conditions where sp2 bonded carbon is negligible21, the wax-treated forms of the electrode were 

assumed to contain purely sp3 bonded carbon. Even though uneven boron doping will still be 

present given the material is polycrystalline8, overlap of diffusion layers should allow data to 

be modelled with the Butler-Volmer and planar diffusion relationships and provide 𝐸𝑎𝑝𝑝0′
, 𝑘𝑎𝑝𝑝0′

, 

𝛼𝑎𝑝𝑝′  values that are independent of AC harmonic and frequency. 

A heuristic comparison of simulated and experimental AC voltammetric data at the 

wax-treated glass-sealed BDD electrode is shown in Figure 4 for all harmonics, based on 
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parameters estimated from analysis of the fourth harmonic. As in all heuristically based data 

analysis exercises, the investigators in this study again used their experience to decide how to 

compare this experimental and simulated data. Since the electroactive area (𝐴 = 3.4 × 10-3 

cm2) of the masked electrode is now much smaller than that of the untreated electrode (𝐴 = 8.9 × 10-3 cm2) so are the current magnitudes of all AC harmonics. Thus, the starting point for the 

heuristic data analysis in this case was not the now noisy sixth harmonic response (see Figure 

4) as before, but the fourth where excellent signal to noise is available. Furthermore, since  

𝑘𝑎𝑝𝑝0′
 values at this masked electrode are now significantly smaller, considerable kinetic 

selectivity is still available in the fourth harmonic. Nevertheless, the difference in current 

magnitudes in reduction (negative scan direction) and oxidation data sets (asymmetry) could 

not be accommodated in the simulations.  

The choice, based on experience with data analysis involving equivalently slow 

electron transfer at Pt electrodes 21, was to estimate electrode kinetic parameters based on 

achievement of an almost perfect fit to the reduction component of the data set. The observed 

asymmetry has been tentatively attributed to either ion-pairing coupled with slow electron 

transfer or surface interaction, neither of which are included the simulated data 25. Parameters 

obtained heuristically using the protocol chosen are summarised in Table 3. Notably, while 

perfect agreement of experimental and simulated data is still not achieved with respect to the 

oxidation component data set (see Figure 4) , estimates of 𝑘𝑎𝑝𝑝0′
and 𝛼𝑎𝑝𝑝′  for both of the α-[S2W18O62]4−/5−  and α-[S2W18O62]5−/6− reduction processes at the wax-treated BDD 

electrode are now harmonic and frequency independent, as predicted theoretically. This 

outcome is consistent with negligible levels of sp2 bonded carbon (within the limits of 

experimental discrimination) in the central area of the BDD electrodes, as expected given the 

MW-CVD growth conditions employed 21.  
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Table 3. Parametersa obtained by heuristic and computational methods of data analysis 

for the α-[𝐒𝟐𝐖𝟏𝟖𝐎𝟔𝟐]𝟒−/𝟓−/𝟔− processes from analysis of data derived from reduction of 

2.5 mM α-[𝐒𝟐𝐖𝟏𝟖𝐎𝟔𝟐]𝟒− in CH3CN (0.50 M [n-Bu4N][PF6]) at the wax-treated glass-

sealed BDD electrode.  

 

a Other parameters used in the simulations are: Electroactive area of wax-treated glass-sealed 

BDD electrode, 𝐴 = 3.4 × 10-3 cm2, 𝐷 = 2.9 × 10-6 cm2 s-1, 𝑇 = 295 K, 𝑣 = 0.076 V s-1, ∆𝐸 = 80 mV, 𝑓 = 9.02 or 27.01 Hz.  

b values vary due to slight difference in electrode arrangement in cell. 

 c estimated using reduction component of data only (see text for details). 

 d determined from analysis of the second to sixth AC harmonics (see text for details).  

 

 

f 
(Hz) 

Simulation 
method 

Ru 
(Ω)b  

𝐸𝑎𝑝𝑝10′  𝐸𝑎𝑝𝑝20′  𝑘𝑎𝑝𝑝𝟏0′  𝑘𝑎𝑝𝑝𝟐0′  𝛼𝑎𝑝𝑝1′
 𝛼𝑎𝑝𝑝2′  

LS 
% V vs Fc0/+ cm s-1 

9.02 

Heuristic 

983 

 -0.211 -0.595 0.007c 0.005c 0.52 0.50  

Automated 

Range 

searched 

-0.214 
to         

-0.205 

-0.600 
to         

-0.590 

0.001 
to 

0.015 

0.001 
to 

0.015 

0.40 
to 

0.70 

0.40 
to 

0.70 
74 

Estimated -0.209 -0.593 0.007d 0.003d 0.54 0.54 

27.01 

Heuristic 

1183 

 -0.211 -0.595 0.008c 0.005c 0.52 0.48  

Automated 

Range 
searched 

-0.214 

to         

-0.205 

-0.603 

to         

-0.590 

0.001 

to 

0.015 

0.001 

to 

0.015 

0.40 

to 

0.70 

0.40 

to 

0.70 
73 

Estimated -0.210 -0.592 0.008d 0.003d 0.53 0.53 
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Figure 4. Heuristically based comparison of simulated (red) and experimental (blue) AC 

voltammetric data obtained with ∆𝐸 = 80 mV, 𝑓 = (i) 9.02 and (ii) 27.01 Hz, 𝐴 = 3.4 × 10-3 

cm2 and 𝑣 = 0.076 V s-1 for the α-[S2W18O62]4−/5−/6− processes derived from reduction of 

2.5 mM α-[S2W18O62]4− in CH3CN (0.50 M [n-Bu4N][PF6]) at a wax-treated glass-sealed 

BDD electrode. (a) DC component, (b-g) 1st to 6th harmonic components. Note that only the 

reduction component of data was used in this analysis (see text for details). Other parameters 

used in simulation are provide in Table 3. 

The method of accommodating modelling imperfections in the heuristic form of data  

analysis was not use in automated data optimisation. In the latter method, data obtained for 

both oxidation and reduction components were used and treated equally. Therefore, even with 
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the wax treatment of the glass-sealed BDD electrode, data analysis dependent parameter values 

are anticipated. Heuristically, 𝑘𝑎𝑝𝑝𝟏0′ = 0.007 > 𝑘𝑎𝑝𝑝𝟐0′ = 0.005 cm s-1 and 𝑘𝑎𝑝𝑝𝟏0′ = 0.008 > 𝑘𝑎𝑝𝑝𝟐0′ = 0.005 cm s-1 at 9.02 and 27.01 Hz, respectively. In particular, lower 𝑘𝑎𝑝𝑝0′  values are 

estimated at both frequencies for the α-[S2W18O62]5−/6−  process (𝑘𝑎𝑝𝑝𝟐0′ = 0.003 cm s-1) using 

automated data optimisation. These decreased 𝑘𝑎𝑝𝑝0′  values as well as the still relatively low LS 

values of ~73% are a consequence of inclusion of the oxidation component data set, which has 

a lower current than the reduction one. Nevertheless, the difference between the 𝛼𝑎𝑝𝑝′  values 

obtained by the heuristic and automated methods are now small (𝛼𝑎𝑝𝑝1′  = 0.52 and 𝛼𝑎𝑝𝑝2′  = 

0.50 at 9.02 Hz versus 𝛼𝑎𝑝𝑝1′  = 0.54 and 𝛼𝑎𝑝𝑝2′  = 0.54 for heuristic and automated method, 

respectively) and the 𝐸𝑎𝑝𝑝0′  values remain robustly independent of data analysis or electrode 

format.  

FTAC voltammetric data analysis with a wax-treated Teflon-sealed BDD electrode. The 𝑘app0′  

and 𝛼𝑎𝑝𝑝′  values for the α-[S2W18O62]4−/5−/6− processes in CH3CN (0.50 M [n-Bu4N][PF6]) 

at the wax-treated Teflon-sealed BDD electrode also were obtained heuristically and 

computationally by FTAC voltammetry using the same protocols as with the wax-treated glass 

sealed BDD electrode. However, in this study, α-[S2W18O62]4− concentrations of 2.5, 1.0, 0.50 

and 0.25 mM were used to see if 𝑘𝑎𝑝𝑝0′  is independent of concentration, as predicted 

theoretically. Electrode kinetics as well as 𝐸app0′  values obtained are summarized in Table 4.  
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Table 4. Parametersa obtained by heuristic and computational methods of data analysis 

for the α-[𝐒𝟐𝐖𝟏𝟖𝐎𝟔𝟐]𝟒−/𝟓−/𝟔− processes in CH3CN (0.50 M [n-Bu4N][PF6]) at the wax-

treated Teflon-sealed BDD electrode.  

 

a Other parameters used in the simulations are: Electroactive area of wax-treated Teflon-sealed 

BDD electrode, 𝐴2.5 mM = 1.5 × 10-2, 𝐴1.0 mM = 3.3 × 10-2, 𝐴0.5 mM = 4.7 × 10-2, 𝐴0.25 mM =

Conc. 

(mM) 

f 

(Hz) 

Simulation 

method 

Ru 

(Ω)b  
𝐸𝑎𝑝𝑝10  𝐸𝑎𝑝𝑝20  𝑘𝑎𝑝𝑝𝟏0  𝑘𝑎𝑝𝑝𝟐0  𝛼𝑎𝑝𝑝𝟏  𝛼𝑎𝑝𝑝𝟐 

LS 

% V vs Fc0/+ cm s-1 

2.5 

9.02 

Heuristic 

125 

 -0.216 -0.600 0.0050 0.0040 0.54 0.51  

Automated 
Range 

-0.225 

to 

-0.208 

-0.608 

to 

-0.592 

0.001 

to 

0.015 

0.001 

to 

0.015 

0.40 

to 

0.70 

0.40 

to 

0.70 
82 

Estd. -0.211 -0.596 0.0053 0.0043 0.53 0.53 

27.01 

Heuristic 

125 

 -0.216 -0.600 0.0052 0.0045 0.54 0.53  

Automated 
Range 

-0.223 

to 

-0.207 

-0.605 

to 

-0.590 

0.001 

to 

0.015 

0.001 

to 

0.015 

0.40 

to 

0.70 

0.40 

to 

0.70 
82 

Estd. -0.213 -0.597 0.0057 0.0045 0.52 0.52 

1.0 

9.02 

Heuristic 

110 

 -0.216 -0.600 0.0072 0.0050 0.54 0.51  

Automated 
Range 

-0.223 

to 

-0.213 

-0.603 

to 

-0.591 

0.001 

to 

0.025 

0.001 

to 

0.015 

0.40 

to 

0.70 

0.40 

to 

0.70 
85 

Estd. -0.218 -0.600 0.0074 0.0045 0.55 0.53 

27.01 

Heuristic 

110 

 -0.216 -0.600 0.0075 0.0055 0.52 0.51  

Automated 
Range 

-0.222 

to 

-0.208 

-0.605 

to 

-0.590 

0.001 

to 

0.025 

0.001 

to 

0.015 

0.40 

to 

0.70 

0.40 

to 

0.70 
85 

Estd. -0.213 -0.595 0.0071 0.0044 0.53 0.53 

0.50 

9.02 

Heuristic 

50 

 -0.216 -0.600 0.013 0.010 0.52 0.53  

Automated 
Range 

-0.219 

to 

-0.210 

-0.610 

to 

-0.593 

0.005 

to 

0.025 

0.005 

to 

0.025 

0.40 

to 

0.70 

0.40 

to 

0.70 
90 

Estd. -0.214 -0.597 0.012 0.009 0.57 0.59 

27.01 

Heuristic 

50 

 -0.216 -0.600 0.0135 0.011 0.52 0.52  

Automated 
Range 

-0.220 
to 

-0.211 

-0.607 
to 

-0.595 

0.005 
to 

0.025 

0.005 
to 

0.025 

0.40 
to 

0.70 

0.40 
to 

0.70 
85 

 

Estd. -0.214 -0.598 0.0125 0.010 0.56 0.58 

0.25 

9.02 

Heuristic 

123 

 -0.216 -0.600 0.019 0.012 0.52 0.52  

Auto-
mated 

Range 
-0.220 

to 

-0.212 

-0.603 
to 

-0.594 

0.005 
to 

0.030 

0.005 
to 

0.025 

0.40 
to 

0.70 

0.40 
to 

0.70 
92 

Estd. -0.215 -0.599 0.018 0.010 0.58 0.56 

27.01 

Heuristic 

123 

 -0.216 -0.600 0.020 0.012 0.53 0.53  

Automated 
Range 

-0.219 

to 

-0.212 

-0.604 

to 

-0.595 

0.005 

to 

0.030 

0.005 

to 

0.025 

0.40 

to 

0.70 

0.40 

to 

0.70 92 

Estd. -0.216 -0.602 0.018 0.011 0.54 0.53 
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 4.3 × 10-2 cm2, 𝐷 = 2.9 × 10-6 cm2 s-1, 𝑇 = 295 K, 𝑣2.5 mM = 0.077 V s-1, 𝑣1.0 mM = 0.073 V 

s-1, 𝑣0.5 mM = 0.073 V s-1, 𝑣0.25 mM = 0.073 V s-1, ∆𝐸 = 80 mV, 𝑓 = 9.02 or 27.01 Hz. Estd. = estimated 

b values vary due to slight difference in electrode arrangement in cell and electrode area. 

In the case of the Teflon-sealed electrode, the electroactive area (𝐴 = 3.3 × 10-2 cm2) 

after wax treatment was approximately half that of the untreated electrode (𝐴 = 7.1 × 10-2 

cm2). Both α-[S2W18O62]4−/5− and α-[S2W18O62]5−/6− still provided access to the aperiodic 

DC and first to sixth AC harmonics for simulation-experiment comparisons. As expected, 𝐸app𝟏0′ = -0.216 V and 𝐸app𝟐0′ = -0.600 V again are close to the values estimated at GC, Au and 

Pt electrodes 25. With this masked electrode configuration, excellent simulated versus 

experimental data agreement was achieved heuristically at both 9.02 and 27.01 Hz as shown in 

Figure 5 for reduction of 1.0 mM α-[S2W18O62]4−. Heuristically estimated 𝑘𝑎𝑝𝑝0′  values are 

now 𝑘𝑎𝑝𝑝10′ = 0.0072, 𝑘𝑎𝑝𝑝20′ = 0.0050 and 𝑘𝑎𝑝𝑝10′ = 0.0075, 𝑘𝑎𝑝𝑝20′ = 0.0055 cm s-1 at 9.02 Hz 

and 27.01 Hz, respectively. 𝛼𝑎𝑝𝑝1′  and 𝛼𝑎𝑝𝑝2′  were 0.54 and 0.51, and 0.52 and 0.51 at 9.02 and 

27.01 Hz, respectively. These values of 𝑘𝑎𝑝𝑝0′  and 𝛼𝑎𝑝𝑝′ , as with the wax treated glass-sealed 

BDD electrode provide equally acceptable fits to all harmonics and are independent of 

frequency. However, a small, but reduced level of asymmetry not accommodated by Butler-

Volmer theory again is found in the reduction and oxidation components for the second process. 

For this reason, with the wax-treated Teflon-sealed BDD electrode, parameters derived from 

the automated data optimisation method still differ slightly from those obtained by the heuristic 

method (see Table 4). In a statistical sense, a substantial increase in the LS percentages to 

values approaching 90%, when the sp2 bonded carbon rich edge is removed, reflects the 

significantly improved agreement between theoretical and experimental data achieved at the 

wax masked electrode. Importantly, the 𝑘𝑎𝑝𝑝0′  values at both the wax-treated Teflon-sealed and 
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glass-sealed BDD electrodes also are now similar. The only detail now not in agreement with 

simulations of the model based on Butler-Volmer theory is the dependence of 𝑘𝑎𝑝𝑝0′  on 

concentration. 𝑘𝑎𝑝𝑝0′  increases as the concentration of α-[S2W18O62]4− decreases, as shown by 

the data summarized in Table 4 and SI 2 and by results displayed in Figures S2, S3 and S4. For 

example, for the wax-treated Teflon-sealed BDD (heuristic analysis) frequency = 9.02 Hz, the 𝑘𝑎𝑝𝑝𝟏0′  and 𝑘𝑎𝑝𝑝𝟐0′  values increase from 0.0072 cm s-1 and 0.0050 cm s-1 to 0.013 cm s-1 and 

0.010 cm s-1 on decreasing the concentration from 1.0 to 0.50 mM.  

 

Figure 5. Heuristically based comparison of simulated (red) and experimental (blue) AC 

voltammetric data obtained with ∆𝐸 = 80 mV, 𝑓 = (i) 9.02 and (ii) 27.01 Hz, 𝐴 = 3.3 × 10-2 

cm2 and 𝑣 = 0.073 V s-1 for the α-[S2W18O62]4−/5−/6− processes derived from reduction of 
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1.0 mM α-[S2W18O62]4− in CH3CN (0.50 M [n-Bu4N][PF6]) at a wax-treated Teflon-sealed 

BDD electrode. (a) DC component, (b-g) 1st to 6th harmonic components. Other parameters 

used in simulation are provide in Table 4. 

FTAC voltammetric data analysis at an edge plane graphite electrode. The presence of sp2 

bonded carbon at the edge of what should be a purely sp3 - based BDD electrode has been 

hypothesised to be the reason why analysis of the electron transfer kinetics is compromised. 

High resolution transmission electron microscopy has revealed that the sp2 bonded carbon, 

which originates from the laser cutting procedure, consists of highly ordered graphite layers 

and amorphous carbon 23. To establish the electrode kinetics that apply at sp2 bonded carbon 

only, FTAC voltammetric measurements of the α-[S2W18O62]4−/5−/6− processes in CH3CN 

(0.50 M [n-Bu4N][PF6]) at an edge plane graphite (EPG) electrode were undertaken. As shown 

in Figure 6, excellent agreement between the simulated and experimental data for the DC and 

first to sixth harmonic components was obtained at frequencies of 9.02 and 27.01 Hz with 𝐸app0′  

and the kinetic parameters summarized in Table 5. Significantly, the peak currents in the higher 

order harmonics for the second reduction process are now slightly larger than the first, a feature 

also found with glass-sealed BDD electrode (Figure 2), prior to masking of the edge region 

with wax. This translates into 𝑘𝑎𝑝𝑝20′  being greater than 𝑘𝑎𝑝𝑝10′ , again a feature of the outcome 

of data analysis with the glass-sealed BDD electrode. 
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Figure 6. Heuristically based comparison of simulated (red) and experimental (blue) AC 

voltammetric data obtained with ∆𝐸 = 80 mV, 𝑓 = (i) 9.02 and (ii) 27.01 Hz, 𝐴 = 3.8 × 10-2 

cm2 and 𝑣 = 0.076 V s-1 for the α-[S2W18O62]4−/5−/6− processes derived from reduction of 

2.5 mM α-[S2W18O62]4− in CH3CN (0.50 M [n-Bu4N][PF6]) at an EPG electrode. (a) DC 

component, (b-g) 1st to 6th harmonic components and (ii-g) comparison with simulated 6th 

harmonic component based on a reversible process (black line) where 𝑘𝑎𝑝𝑝20′ = 1000 cm s-1 was 

used to obtain simulated data. Other parameters used in simulation are provided in Table 5. 
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Table 5. Parametersa derived from heuristic and computational data analysis for the 

reduction of 2.5 mM α-[𝐒𝟐𝐖𝟏𝟖𝐎𝟔𝟐]𝟒− in CH3CN (0.50 M [n-Bu4N][PF6]) at an EPG 

electrode. 

a Other parameters used in the simulations were: 𝐴 = 3.8 × 10-2 cm2, 𝐷 = 2.9 × 10-6 cm2 s-1, 𝑇 = 295 K, 𝑣 = 0.076 V s-1, ∆𝐸 = 80 mV, 𝑓 = 9.02, 27.01 Hz. Estd. = estimated.  

b to close to reversible limit to be estimated  

 c too close to reversible limit to be reliably estimated (see text for details) 

 

At the EPG electrode, 𝑘𝑎𝑝𝑝𝟏0′  and 𝑘𝑎𝑝𝑝𝟐0′  were found to be 0.06 and ≥0.10 cm s-1, 

respectively at 9.02 Hz, with the kinetics for the second process being too close to the reversible 

limit to allow quantification. However, 𝑘𝑎𝑝𝑝𝟐0′  could be determined as 0.10 cm s-1 at the higher 

frequency of 27.01 Hz, which is comparable to the value obtained at GC.25 On this shorter 

measurement timescale, 𝑘𝑎𝑝𝑝𝟐0′  is now significantly below the reversible limit, as indicated in 

Figure 6ii-g. The fact that 𝑘app20′ > 𝑘app10′  at the EPG electrode, as found with the glass-sealed 

BDD electrode, implies that graphite-like sp2 bonded carbon present at the edge of this 

electrode contributes to the non-ideal behaviour. An explanation for why this outcome is not 

detected with the Teflon-sealed electrode is provided below. 

f 

(Hz) 

Simulation 

method 

Ru 

(Ω)  
𝐸𝑎𝑝𝑝10  𝐸𝑎𝑝𝑝20  𝑘𝑎𝑝𝑝𝟏0  𝑘𝑎𝑝𝑝𝟐0  𝛼𝑎𝑝𝑝𝟏 𝛼𝑎𝑝𝑝𝟐 

LS 

% V vs Fc0/+ cm s-1 

9 

Heuristic 

115 

 -0.215 -0.593 0.06 ≥0.10 b 0.55 0.56 b  

Automated 

Range 

searched 

-0.218 

to 

-0.212 

-0.596 

to 

-0.589 

0.045 

to 

0.090 

0.075 

to 

0.125 

0.40 

to 

0.70 

0.40 

to 

0.70 

 

Estd. -0.213 -0.593 0.065 0.107 c 0.59 0.58 c 84 

27 

Heuristic 

115 

 -0.215 -0.593 0.06 0.10 0.53 0.58  

Automated 
Range 

-0.216 

to 

-0.210 

-0.596 

to 

-0.590 

0.045 

to 

0.090 

0.075 

to 

0.135 

0.40 

to 

0.70 

0.40 

to 

0.70 

 

Estd. -0.213 -0.592 0.064 0.097 0.60 0.63 84 
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DC Cyclic voltammetry of surface confined α-[𝑆2𝑊18𝑂62]4−  at EPG, wax treated and 

untreated glass- and Teflon-sealed BDD electrodes. POMs are known to adsorb irreversibly 

on GC and metal surfaces 25,41-43. Due the BDD oxygen-terminated surface chemistry, low 

levels of surface adsorption are observed (albeit species dependant)9, relative to sp2 bonded 

forms of carbon. To test the extent to which the POM, α-[S2W18O62]4−, is adsorbed onto BDD 

and EPG, dipping experiments were undertaken following the procedure described in the 

Experimental Section in the Supporting Information. Figure S5 shows DC CVs obtained from 

surface-confined α-[S2W18O62]4− with EPG, glass-sealed BDD and Teflon-sealed BDD 

electrodes with and without the wax treatment. Prior to measurement these electrodes had been 

dipped into a CH3CN (0.50 M [n-Bu4N][PF6]) solution containing 2.5 mM α-[S2W18O62]4−, 

removed and voltammetrically scanned in background electrolyte containing MeCN only. Two 

well-defined surface confined processes are present for each electrode configuration as 

describe by Equations 5 and 6.  

[S2W18O62]4−(adsorbed) +  𝑒− ⇌  [S2W18O62]5−(adsorbed)                  (5)  

[S2W18O62]5−(adsorbed)  +  𝑒− ⇌  [S2W18O62]6−(adsorbed)                 (6)  

The dipping experiments confirm that α-[S2W18O62]4− spontaneously and irreversibly 

adsorbs onto the BDD electrode surfaces as shown previously with GC electrodes 25. However, 

the current density (i /µA cm-2) at the BDD electrodes is much smaller than at the sp2 bonded 

carbon rich EPG electrode. The surface concentrations calculated for α-[S2W18O62]4− are 2.3 × 10-10, 3.3 × 10-11 and 1.1 × 10-12 mol cm2, respectively at the EPG, glass-sealed BDD and 

Teflon-sealed BDD electrodes. The surface concentration for α-[S2W18O62]4− at GC is 1.2 × 

10-11 mol cm2 estimated from the CV data published previously25. The adsorption of α-[S2W18O62]4− on BDD, especially the glass-sealed one, was significantly supressed after wax 

treatment (Figure S5c). The double layer capacitance value determined at -0.10 V is ~ 10 F 
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cm-2 on the masked BDD electrodes , which is close to that found on high quality BDD21. These 

results demonstrate that that sp2 bonded carbon rich edge of the BDD electrodes used in these 

studies is more prone to α-[S2W18O62]4− adsorption than the central region, which consists of 

sp3-based BDD.  Irreversible adsorption of α-[S2W18O62]4− could be one possible origin of the 

concentration dependence of 𝑘app0′  at BDD. However, the fact GC, which displays much greater 

level of adsorption, does not display concentration dependence21, means other factors must be 

considered, and are discussed below.  

DISCUSSION  

The thermodynamics and electrode kinetics associated with the α-[S2W18O62]4−/5−/6− 

processes have been investigated by FTAC voltammetry at BDD electrodes. With use of the 

Butler-Volmer model of electron transfer, slower electron transfer kinetics are found for both 

electron transfer processes at BDD compared to EPG and GC. Slower electron transfer kinetics 

at BDD compared to GC were also found for the reduction of other POMs17,19. Smaller 𝑘app0′  

values at BDD electrodes, compared to other electrode materials, have also been found for the 

[Ru(NH3)6]
3+/2+ and FcTMA+/2+ electron transfer processes and were attributed to the potential-

dependant low density of states (DOS) of BDD19. However, for reduction of α-[S2W18O62]4−, 

this correlation does not follow as although Pt has a DOS at least three orders of magnitude 

higher than BDD18,19, the 𝑘𝑎𝑝𝑝0′  values at Pt and BDD are similar. 25 This suggests that the POM 

processes are inner- rather than outer- sphere and the POM-electrode interaction is likely to be 

a significant factor contributing to the electrode material dependent 𝑘𝑎𝑝𝑝0′ . Double layer effects, 

which are also predicted to be electrode material dependent, are probably less important.  

Clearly, an important feature of BDD electrodes complicating data analysis is the 

sp3/sp2 carbon ratio. For this POM, the sp3-bonded carbon in BDD gives rise to sluggish 

kinetics while the sp2 bonded carbon impurity provides much more facile kinetics 44. Faster 

https://pubs.acs.org/doi/abs/10.1021/acs.jpcc.5b02642
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kinetics (Figure 6 and Table 5) at the sp2 bonded carbon based EPG, and GC, electrodes25 

support this hypothesis. The unexpected order 𝑘app10′ <  𝑘app20′  found at the glass-sealed BDD 

electrode (Figure 2) is also a consequence of an appreciable level of graphite-like sp2 carbon 

present at the exposed edge of this electrode, of the same order as also observed at the EPG 

electrode.  

Although the BDD growth conditions such as time, pressure, temperature, gas 

composition (hydrogen to boron and carbon ratios) and addition of noble gas (argon) 45 have 

been controlled to minimise sp2 bonded carbon impurity levels, 8,46 they are introduced at the 

sidewalls and edge of the BDD electrode during the laser cutting process 47. All, or at least the 

vast majority of sp2 bonded carbon content is masked when freshly sealed in the borosilicate 

glass capillary or Teflon sleeve. However, the sp2 bonded carbon rich edges/sidewalls are prone 

to exposure by polishing with abrasive material e.g. alumina powder in order to clean the 

electrode. This is as a result of the softer Teflon and glass sleeves being mechanically removed 

at the expense of the extremely hard BDD. Hence, the sp2 bonded carbon content on the 

exposed edge will vary from electrode to electrode dependant on e.g. fabrication procedure, 

number of times alumina polished etc. This is unless the edges are masked, as in this study, or 

thermal oxidation procedures have been employed, prior to sealing, to remove any sp2 bonded 

carbon23.  

Variable sp2 bonded carbon levels lead to non-conformance to the Butler-Volmer model 

of electron transfer for the α-[S2W18O62]4−/5−/6− processes, as only a single 𝑘𝑎𝑝𝑝0′
 value is 

included in the model to describe each electron transfer step, rather than two 𝑘𝑎𝑝𝑝0′
 values as 

required to treat electron transfer at both the sp3 and sp2 bonded carbon 24. In the present study, 

the Teflon-sealed BDD is larger in diameter than the glass-sealed one, so the edge to non-edge 
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ratio is smaller and hence the impact of sp2-bonded carbon is less. The 𝑘𝑎𝑝𝑝20′ > 𝑘𝑎𝑝𝑝10′
 outcome 

can also be seen as a fingerprint for appreciable levels of sp2 bonded carbon contributing to the 

BDD electrochemistry. 𝑘app10′ = 0.06 <  𝑘app20′ = ≥ 0.10 cm s-1 values determined at the pure 

graphite (sp2 carbon) EPG electrode (Figure 6) are consistent with the hypothesis that sp2 

bonded carbon induced the 𝑘app10′ <  𝑘app20′  pattern at the glass-sealed BDD. 

Upon masking the edge of the BDD electrodes with wax, significantly improved 

simulation-experiment agreement with FTAC voltametric data modelled using the Butler-

Volmer relationship is achieved for the α-[S2W18O62]4−/5−/6− processes in CH3CN (0.50 M 

[n-Bu4N][PF6]). 𝑘𝑎𝑝𝑝0′  values are now essentially frequency independent and close to being 

independent of the BDD electrode sealing and data analysis methods employed. Nevertheless, 

a non-predicted feature of the model remains in that estimated 𝑘𝑎𝑝𝑝0′
 values decrease with 

increasing concentration. A similar observation has been reported for other studies using BDD 

electrodes 48,49. Such effects have been attributed to Ohmic drop,48 or a (potential-dependant) 

reduced DOS for BDD compared to sp2 bonded carbon and metal electrodes.49 The latter will 

manifest as an Ohmic drop-like effect, as the more the electrode is challenged to turn over 

electroactive species i.e. the higher the analyte concentration, the harder this process becomes 

due to the limited charge carrier availability. Pt electrodes which have a higher electrical 

conductivity and DOS, do not exhibit this concentration effect25.  

To investigate the plausibility of charge carrier limitations being the origin of the 

concentration dependence, FTAC voltammetric measurements of the oxidation of Fc to Fc+ 

(Fc = ferrocene), which is considered an outer sphere electron transfer process 50, with a wax-

sealed Teflon-coated BDD electrode in CH3CN (0.50 M [n-Bu4N][PF6]). Fc concentrations of 

0.10 and 1.0 mM were chosen to mimic the current densities produced with α-[S2W18O62]4−  

processes over the concentration range used in the POM study (see Table 4). Excellent FTAC 
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voltametric theory-experiment agreement was observed for both Fc concentrations (Figure S6 

and Table S1) using a frequency of 27.05 Hz, but as for the POM electrochemistry, 

concentration dependant 𝑘𝑎𝑝𝑝0′
 values of 0.042 and 0.030 cm s-1 for 0.10 and 1.0 mM Fc were 

obtained, respectively. In this Fc0/+ electrode kinetic study, the process at BDD is again 

significantly slower than at GC and indeed also at Pt for this outer sphere reaction 50. 

Nevertheless, the Fc0/+ process was still sufficiently fast. Consequently, values of 𝑘𝑎𝑝𝑝0′
 for this 

process were quantified using a frequency of 27.05 Hz instead of 9.02 Hz. 

The role of irreversible adsorption of POM and strong redox level ion pairing are also 

factors that may need to be considered, particularly when coupled with slow electron transfer 

at BDD electrodes. Such phenomena could contribute to unequal conformance of the modelled 

and experimental reductive and oxidative data components for the BDD electrodes. 

 CONCLUSION 

Experimental data associated with the α-[S2W18O62]4−/5− and α-[S2W18O62]5−/6−  

electron transfer processes at both glass-sealed BDD and Teflon-sealed BDD electrodes in 

CH3CN containing 0.50 M [n-Bu4N][PF6] as the supporting electrolyte was obtained using 

FTAC voltammetry. Neither processes fully conformed with simulated data based on the 

Butler-Volmer relationship and planar diffusion using both heuristic or automated data 

optimisation methods of data analysis. Furthermore, AC harmonic and frequency dependent 𝑘app0′  and 𝛼app′  values were obtained in disagreement with the theoretical model. Discrepancies 

were hypothesised to be the result of a sp2 bonded carbon edge/sidewall rich region which has 

faster electrode kinetics than in the central purely sp3 bonded carbon area of the electrode.   

By simply masking the edge of the BDD electrodes with wax, the harmonic and 

frequency dependence was removed, and concomitantly a significant improvement in 
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agreement of simulated and experiment data was achieved. 𝑘app0′  values at the sp3 bonded 

carbon BDD electrode surface, after removal of the sp2 bonded carbon electrode region, 

became almost equal for both the glass and Teflon sealed BDD electrodes and significantly 

decreased in magnitude. The electrode kinetics at BDD were much slower than obtained with 

sp2 bonded carbon electrodes such as GC and EPG, but were of a similar magnitude compared 

to Pt25. For the wax treated glass-sealed and Teflon-sealed BDD electrodes, and as for GC and 

metal electrodes21, 𝑘app20′  < 𝑘app10′ . In contrast parameterisation of data obtained with the 

untreated glass-sealed BDD electrode produced the inverse order 𝑘app20′  > 𝑘app10′ , which also 

was found at EPG. This apparently anomalous feature at the glass not Teflon sealed electrode 

is attributed to a higher ratio of graphite-like sp2/sp3 bonded carbon for the smaller area glass-

sealed BDD electrode. Importantly, parameterisation of the thermodynamic parameter 𝐸𝑎𝑝𝑝0′
 

was robustly independent of the nuances in the electrode kinetic evaluations. 

Despite the improved conformance to the Butler-Volmer model of electron transfer 

with mass transport by planar diffusion, the wax-sealed BDD electrodes provided 

concentration dependent 𝑘app0′  values for the α-[S2W18O62]4−/5−/6− processes. Since the outer-

sphere Fc0/+ electron transfer processes also displays a concentration dependent 𝑘app0′  value, a 

component of the residual non-conformance to the theory was attributed to the limited charge 

carrier density associated with BDD, which became progressively challenged as the 

concentration of electroactive species increased. Other plausible reasons for a concentration 

dependence may be adsorption and non-separation of ion pairing and electron transfer. The 

voltammetry of α-[S2W18O62]4− and other POMs were found to be consistent with an inner-

sphere process involving POM interactions with the electrode surface. Weaker irreversible 

adsorption of POMs occurs at BDD, compared to sp2 bonded carbon with the extent of surface 

confinement in dipping experiments being EPG > BDD.  
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To advance this work considerably more sophisticated data analysis methods would be 

needed. A major issue is that additional unknown variables would need to be parameterised, 

meaning that decisions on whether a better fit to data is achieved cannot be solely based on LS 

values. Limitations and future prospects for modelling complex voltammetric mechanisms in 

machine learning and Bayesian frameworks have been considered in a recent opinion article 

by one of the authors 51 However, the conclusions derived from this study are likely to be 

generally applicable to electrode kinetic investigations at BDD electrodes. Finally, it should be 

noted that subtle departures of experimental data from that predicated by the model used herein 

would not be as readily detected if DC cyclic voltammetry had been used instead of the 

kinetically far more sensitive FTAC voltammetric method. 
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S1: Experimental 

Reagents and solvents. The α isomer of [n-Bu4N]4(α-[S2W18O62]) was synthesized as 

reported by Himeno et alS1 and kindly supplied by Professor Tadaharu Ueda (Kochi University, 

Japan). Al2O3 (0.3µm, Buehler), ethanol (99.5%, Ajax Finechem) and acetonitrile (CH3CN, 

99.9%, Sigma-Aldrich) were used as supplied. Ferrocene (Fc, 98%, Sigma-Aldrich), was 

recrystallized from n-pentane (Merck, EMSURE). RecrystallizedS2 tetrabutylammonium 

hexafluorophosphate (n-[Bu4N][PF6], 98% Sigma-Aldrich) was used as the supporting 

electrolyte.  

Electrochemical instrumentation and procedures. Conventional DC cyclic 

voltammetric experiments were undertaken with a CHI 760E electrochemical workstation. AC 

voltammetry employed home built instrumentation S3. In FTAC voltammetric experiments, 

sinewave perturbations having a frequency of 9.02 or 27.01 Hz and an amplitude of 80 mV 

were superimposed on to the DC ramp to generate the AC waveform. Fourier transformation 

of the total current-time data gave the power spectrum. Band filtering followed by inverse 

Fourier transformation led to resolution of the fundamental, and higher order AC harmonics 

and aperiodic DC component S3.  

All voltammetric experiments were undertaken at 22±2 oC in a small volume 

electrochemical cell (1.5 ml) using a three-electrode arrangement. Two BDD macrodisk 

working electrodes were used. The BDD used in the fabrication of both electrodes was grown 

in the form of a wafer using microwave chemical vapour deposition. The front (growth) face 

of the BDD wafer, used for electrochemical studies, was mechanically polished, and the 

required geometry cut using laser micromachining. Working electrode one consisted of a (i) 

1.0 mm diameter disk of BDD (Electroanalysis Grade minimal sp2 bonded carbon content 

BDD, ~3 × 1020 atoms cm-3 S4,5, Element Six, Harwell, UK5) laser cut (355 nm Nd:YAG 34 ns 
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laser micromachinery; E-355H-ATHI-O system, Oxford Lasers) from a 500 m thick BDD 

wafer and sealed in glass. Working electrode two comprised a 3.0 mm diameter disk of BDD 

sealed in Teflon (Windsor Scientific, UK). No information is available on the boron dopant 

density of this material, although as it is electrochemical grade it will have a boron content 

above the metallic dopant threshold (> 1020 B atoms cm-3)S6. For convenience, these electrodes 

will be described as glass-sealed BDD and Teflon-sealed BDD. A 2.0 mm × 1.9 mm edge 

plane graphite macro-electrode (EPG; RS Components, Australia) sealed in Teflon and a 1.0 

mm diameter macrodisk GC electrode sealed in Teflon were also used as working electrodes. 

Prior to each experiment, all electrodes were polished with 0.3 µm Al2O3 aqueous slurry, rinsed 

successively with water and acetone, and then dried under nitrogen flow. Sonication was 

applied after polishing for several seconds with the Teflon sealed electrodes. Sonication was 

avoided with the glass sealed electrode due to concerns about glass fragility. Pt wire and Pt 

wire inside a plastic capillary tube were used as auxiliary and quasi-reference electrodes, 

respectively. Oxygen was removed by purging with nitrogen for at least five minutes before 

each experiment.  

The electroactive area (A) of the working electrodes was estimated using the peak 

current (𝐼pox) for oxidation of 1.0 mM ferrocene (Fc) to ferrocenium (Fc+) in acetonitrile (0.10 

M [n-Bu4N][PF6]) and use of the Randles-Sevcik equation S7 and the known diffusion 

coefficient (D) value of 2.4 × 10-5 cm2 s-1 for Fc S8 in this electrolyte medium. This equation 

also was used to calculate D for α-[S2W18O62]4− S7, using the reduction peak current (𝐼pred) at 

the GC electrode for the initial one electron (n = 1) transfer (α-[S2W18O62]4−/5−) process, 

assuming this process is reversible on the DC voltammetric time scale S9. Accordingly, the 

electroactive area of the glass-sealed BDD, Teflon-sealed BDD, GC and edge plane graphite 

(EPG) electrodes were 8.9 × 10-3, 7.1 × 10-2, 8.0 × 10-3 and 3.8 × 10-2 cm2 respectively and 
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𝐷𝛼[S2W18O62]4−  = 2.9 × 10-6 cm2 s-1. The electroactive areas of the wax-treated BDD electrodes 

also were calculated using the Randles-Sevcik equation and the D value for α-[S2W18O62]4−. 

The potential of the quasi-reference electrode was calibrated against the IUPAC recommended Fc0/+ process S10.  

Preparation of wax insulated BDD electrodes. The method of preparing the wax 

insulated BDD electrodes was based on that published by Li et. al 11. A cap (Figure S1a) with 

a small hole in the centre was made from melted wax and mounted on the top of a polished 

BDD electrode (Figure S1b) to ensure the edge of the original surface was not exposed to the 

solution in electrochemical experiments. Fabrication of the BDD-wax electrode was completed 

by wrapping with parafilm (Figure S1c and S1d) but leaving the hole uncovered so the BDD 

in the centre of the electrode can be exposed to solution. Both the wax and parafilm used are 

insoluble in CH3CN. 
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Figure S1. Fabrication of a BDD-wax electrode. (a) Disk shaped wax cap, (b) BDD electrode, 

(c) and (d) parafilm wrapped BDD-wax electrode. 

Surface attachment of α-[𝐒𝟐𝐖𝟏𝟖𝐎𝟔𝟐]𝟒− on EPG, wax treated and untreated glass- 

and Teflon-sealed BDD electrodes. Accumulation of α-[S2W18O62]4− onto the EPG, glass- 

and Teflon-sealed BDD electrodes was achieved by dipping the freshly polished electrodes 

into a CH3CN solution containing 2.5 mM α-[S2W18O62]4−  and 0.50 M [n-Bu4N][PF6]. After 

five minutes, the electrodes were removed from the solution, washed thoroughly with acetone 

and dried under nitrogen flow. These surface modified electrodes were then used as working 

electrodes in electrochemical experiments in CH3CN (0.50 M [n-Bu4N][PF6]). 
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S2: Effect of Concentration 

Figure S2. Heuristically based comparison of simulated (red) and experimental (blue) AC 

voltammetric data obtained with ∆𝐸 = 80 mV, 𝑓 = (i) 9.02 and (ii) 27.01 Hz, 𝐴 = 4.7 × 10-2 

cm2 and 𝑣 = 0.073 V s-1 for the α-[S2W18O62]4−/5−/6− processes derived from reduction of 

0.50 mM α-[S2W18O62]4− in CH3CN (0.50 M n-[Bu4N][PF6]) at a wax-treated Teflon-sealed 

BDD electrode. (a) DC component, (b-g) 1st to 6th harmonic components. Other parameters 

used in simulation are provide in Table 4. 
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Figure S3. Heuristically based comparison of simulated (red) and experimental (blue) AC 

voltammetric data obtained with ∆𝐸 = 80 mV, 𝑓 = (i) 9.02 and (ii) 27.01 Hz, 𝐴 = 4.3 × 10-2 

cm2 and 𝑣 = 0.073 V s-1 for the α-[S2W18O62]4−/5−/6− processes derived from reduction of 

0.25 mM α-[S2W18O62]4− in CH3CN (0.50 M n-[Bu4N][PF6]) at a wax-treated Teflon-sealed 

BDD electrode. (a) DC component, (b-g) 1st to 6th harmonic components. Other parameters 

used in simulation are provide in Table 4. 
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Figure S4. Heuristically based comparison of simulated (red) and experimental (blue) AC 

voltammetric data obtained with ∆𝐸 = 80 mV, 𝑓 = (i) 9.02 and (ii) 27.01 Hz, 𝐴 = 1.50 × 10-

2 cm2 and 𝑣 = 0.077 V s-1 for the α-[S2W18O62]4−/5−/6− processes derived from reduction of 

2.5 mM α-[S2W18O62]4− in CH3CN (0.50 M n-[Bu4N][PF6]) at a wax-treated Teflon-sealed 

BDD electrode. (a) DC component, (b-g) 1st to 6th harmonic components. Other parameters 

used in simulation are provide in Table 4. 
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Figure S5. DC cyclic voltammogram obtained at a scan rate of 0.100 V s-1 for the surface-

confined α-[S2W18O62]4−/5−/6− reduction processes in CH3CN (0.50 M [n-Bu4N][PF6]) with 

(a) EPG (b) glass-sealed BDD (―) and Teflon-sealed BDD (―) and (c) wax treated glass-

sealed BDD (―) and Teflon-sealed BDD (―) electrodes.  
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Figure S6. Heuristically based comparison of simulated (red) and experimental (blue) AC 

voltammetric data obtained with ∆𝐸 = 80 mV, 𝑓 = 27.05 Hz and 𝑣 = 0.097 V s-1 for the Fc0/+ 

process derived from oxidation of (i) 0.1 and (ii) 1.0 mM Fc in CH3CN (0.10 M n-[Bu4N][PF6]) 

at a wax-treated Teflon-sealed BDD electrode. (a) DC component, (b-g) 1st to 6th harmonic 

components. Other parameters used in simulation are provide in Table S1.  
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Table S1. Parametersa derived from a heuristic comparison of simulated and experimental 

FTAC voltammetric data for the Fc0/+ process in CH3CN containing 0.10 M [n-Bu4N][PF6] 

using a frequency of 27.05 Hz with a wax-treated Teflon-sealed BDD electrode  

 

 

 

a Other parameters used in the simulations were: 𝐴0.1mM = 5.0 × 10-2 cm2, 𝐴1.0mM = 2.4 × 10-

2 cm2, 𝐷 = 2.4 × 10-5 cm2 s-1, 𝑇 = 295 K, 𝑣 = 0.097 V s-1, ∆𝐸 = 80 mV, 𝑓 = 27.05 Hz.   
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ABSTRACT 

Large amplitude Fourier transform alternating current (FTAC) voltammetry has been used to 

parameterise the electrode kinetics associated with the reduction of α-[S2W18O62]4− in CH3CN 

([n-Bu4N][PF6]) at glassy carbon (GC), gold (Au) and platinum (Pt) electrodes by experimenter 

based heuristic and computer-assisted automated approaches. Electron transfer kinetics 

estimated at GC are faster than that at the metal electrodes. Progressively increasing departure 

from ideality in the experimental versus simulated data comparisons were found with reduction 

processes that occur at more negative potentials and with higher electrolyte concentrations.  

Ion-pairing between α-[S2W18O62]4−  or its reduced forms and the electrolyte cation may 

contribute to non-conformance between theory and experiment. Electrochemical quartz crystal 

microbalance experiments along with other cyclic voltammetric experiments reveal that 

adsorption of reduced species can modify the electrode surface which also can contribute 

towards the asymmetry in the reduction and oxidation components of the FTAC voltammetric 

data. Enhanced double layer capacitance at negative potentials also could explain why the level 

of non-ideality increases with reduction processes at more negative potentials.  

Keywords: Fourier transform alternating current voltammetry, polyoxometalate 

electrochemistry, non-idealitiy, ion-pairing, adsorption. 
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1 Introduction 

Polyoxometalates (POMs) are negatively charged inorganic oxide clusters having framework 

structures. In their commonly synthesised form, they are constructed from high oxidation state 

tungsten (VI), molybdenum (VI), vanadium (V) and other transition metals. As a consequence, 

their chemical and electrochemical reductive redox chemistry, to generate for example 

W(VI/V), Mo(VI/V/IV), V(V/IV) containing POM clusters is usually exceptionally rich. 

Typically, under voltammetric conditions in aprotic solvents they undergo a series of 

chemically and often electrochemically reversible one electron reduction processes that 

represent metal based electron transfer reactions [1-3]. However, the electrons may be 

delocalised over all or part of POM framework rather than being localised on one metal centre 

[4-6]. 

The structure of the so-called Wells-Dawson structure of the 𝛼 isomer of [S2W18O62]4−, which 

is of interest in this study, is provided in Figure 1. There are many possible isomers of [S2W18O62]4−  [7] but it is assumed the fully symmetrical 𝛼 structre remains intact during 

electrochemical reduction.  

 

 

 

 

 

Figure 1. The structure of the α isomer of [S2W18O62]4−. Red and yellow represent the sulphur 

heteroatom and the tungsten addenda atom, respectively. 
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This POM contains 18 W(VI) metal centres, each of which in principle can be reduced to W(V) 

and then to W(IV) if a sufficiently strong chemical reductant is used or a sufficiently negative 

potential applied under electrochemical conditions. Indeed, in the presence of proton reactions 

couped to electron transfer, which significantly facilitates reduction, 26 electrons have been 

added to the molybdenum analogue [S2Mo18O62]4− [8]. In aprotic ionic liquids that have a 

wide potential range in the negative potential region, as needed for the considerably more 

difficult to be reduced [S2W18O62]4-, 6 well-resolved one electron reduction processes have 

been reported under DC voltammetric conditions at a glassy carbon (GC) electrode [9]. DC 

voltammetric studies in the dry organic solvent acetonitrile (CH3CN) with different supporting 

electrolytes [10-12], the absence of deliberately added supporting electrolyte and in the 

presence of 5% water with and without acid also have been reported [9, 11]. These studies have 

utilised a range of electrode materials and undertaken with stationary, rotated and channel 

electrode configurations. 

Table 1. Formal reversible potentials (𝐸f0)a and other data reported for the reduction of α-[S2W18O62]4−. 

Solvent/ 

electrolyte 

Working 

Electrodeb 
State 

𝐸f0 (I, II, III, IV, V, VI)c 

Ref 

V vs Fc0/+(Fc = Ferrocene) 

CH3CN/ [n-Bu4N][PF6] 

(0.10 M) 
GC 

Dissolved 
-0.260, -0.630, -1.195, -1.580, -2.050, -2.380 [13] 

Dry CH3CN/ 

[n-Bu4N][PF6] (0.10 M) 
GC Dissolved -0.245, -0.628, -1.199, -1.595, -2.094, -2.464 [9] 

CH3CN/[n-

Bu4N][PF6](0.10 M) 
GC 

Dissolved 
-0.240, -0.620, -1.180, -1.570, -2.020, -2.320 [12] 

CH3CN/[Bu4N][ClO4] 

(0.10 M) 
GC Dissolved -0.240, -0.620, -1.180, -1.570 [11] 

CH3CN/H2O(95:5)/ 

[Bu4N][ClO4] (0.10 M) 
GC 

Dissolved 
-0.230, -0.590, -1.120, -1.420 [11] 

CH2Cl2/[n-

Bu4N][PF6](0.10 M) 
GC Dissolved -0.437, -0.802, -1.353, -1.745 [9] 

H2O/[Et4N]Cl (0.10 M)d 
GC Solid 0.02, -0.20, -0.64, -0.89, -1.080, -1.200 

[12] 
Au Solid 0.02, -0.19, -0.63, -0.90 

[BMIM][PF6]
e GC/Au Dissolved 0.020, -0.257, -0.720, -1.005, -1.373, -1.628 [9] 
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a Estimated from the mid-point potential [(𝐸pred + 𝐸pox) 2⁄ )] derived from DC cyclic voltammograms 

b GC= Glassy Carbon, BDD = boron doped diamond and Au = gold.   

c I, II, III, IV, V and VI refer to α-[S2W18O62]4−/5−, α-[S2W18O62]5−/6−, α-[S2W18O62]6−/7−, α-[S2W18O62]7−/8−, α-[S2W18O62]8−/9− and α-[S2W18O62]9−/10− processes, respectively.  

d values (vs Ag/AgCl) converted to the Fc0/+ scale using the Ag/AgCl and Fc0/+ standard potentials in 

aqueous media of 0.212 [14] and 0.44 [15] vs NHE, respectively at 25o C.  

e 1-Butyl-3-methylimidazolium hexafluorophosphate  

f 1-ethyl 3-methylimidazolium bis(trifluoromethane sulfonyl) amide 

g N-butyl-methylpyrrolidinium bis(trifluoromethanesulfonyl) amide 

h 1-Butyl-3-methylimidazolium tetrafluoroborate 

 

Table 1 summarises the formal reversible potentials (𝐸f0) derived from analysis of DC cyclic 

voltammmograms for the α-[S2W18O62]4−/5−/6−/7−/8−/9−/10− processes (designated as I, II, 

III, IV, V and VI) using a range of electrodes, solvents and electrolyte. Clearly, the solvent 

plays a critical role and  𝐸f0  is strongly dependent on polarity [8]. Thus, with respect to 

molecular solvents, the most negative 𝐸f0  values (-0.437 V vs Fc/Fc+ for process I) were 

obtained in dichloromethane (least polar solvent used) whereas use of H2O (most polar solvent 

used) gives a much more positive 𝐸f0 value (0.02 V vs Fc/Fc+ for process I). Accordingly, since 

the polarity of CH3CN lies between that of these two solvents, so do the 𝐸f0 values. In general, 𝐸f0 values are also very positive with use of ionic liquids. Moreover, 𝐸f0 values become more 

positive with higher electrolyte concentration because of increasing ion-pairing differences 

Solid 0.030, -0.253, -0.714, -0.986, -1.362, -1.633 

[EMIM][tfsa]f GC/Au 
Dissolved -0.001, -0.249, -0.701 

[9] 
Solid 0.000, -0.252, -0.700, -0.986 

[P1,4][tfsa]g GC/Au 
Dissolved 0.023, -0.263, -0.778, -1.120 

[9] 
Solid 0.020, -0.262, -0.777, -1.130, -1.530 

[BMIM][BF4]h GC/Au 
Dissolved -0.010, -0.287, -0.736, -1.000 

[9] 
Solid 0.001, -0.280, -0.728, -0.978 
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between the electrolyte cation ([n-Bu4N]+) and oxidised (e.g. α-[S2W18O62]4−) and reduced 

(e.g. α-[S2W18O62]5−) forms. Not surprisingly, the purity of solvent, particularly with respect 

to water content also is critical [9] with more negative 𝐸f0 values obtained in carefully dried 

CH3CN [12].  

The above survey of literature reports implies that all processes associated with DC cyclic 

voltammetry of α-[S2W18O62]4− at stationary macrodisc electrodes are ideal chemically and 

electrochemically reversible or close to reversible processes. However, close inspection of data 

obtained in acetonitrile containing [n-Bu4N][PF6] as the supporting electrolyte, which is the 

solvent- electrolyte medium of interest in this study show significant departures from ideality 

under some conditions. Thus, while six well resolved α-[S2W18O62]4−/5−/6−/7−/8−/9−/10− 

processes have been reported at carbon based glassy carbon (GC) and boron doped diamond 

(BDD) electrodes under conditions of stationery electrode DC cyclic voltammetry [10, 12], it 

has been noted that only the first two are present at a rotated disc GC electrode [11]. 

Furthermore, in a quantitative electrode kinetic evaluation of the first two α-[S2W18O62]4−/5−/6−  processes by large amplitude Fourier transform alternating current 

(FTAC) voltammetry at GC, BDD, Au and Pt disc electrodes [10] some anomalous behaviour 

with respect to conformance to the Butler-Volmer model of electron transfer was detected [16], 

particularly with respect to the α-[S2W18O62]5−/6− processes at a Pt electrode. Anomalies with 

respect to theoretical predictions also have been noted in other studies with this electrode 

material when POM reduction processes occur at fairly negative potentials [1, 17]. Processes 

at Pt appear to have relatively slow electrode kinetics relative to the carbon and gold electrode 

cases. Under these circumstances, neglect of strong ion-paring that inevitably is a feature of 

POM chemistry [18-20], but rarely incorporated into parameterisation of the electrode kinetics, 



 

Chapter 4 

121 

 

was hypothesized to be a possible contributing factor to discrepancies between Pt electrode 

experimental and simulated data [19].  

In addition to ion-pairing, another special issue that also may arise with the extensive series of 

α-[S2W18O62]4−/5−/6−/7−/8−/9−/10−  processes is that they encompass a very wide potential 

range. This includes the very negative one near the solvent limit where the impact of the ion 

distribution in the electrode-solution double layer interfacial region [21, 22] could be 

substantial. For example, with 0.10 M [n-Bu4N][PF6] as the supporting electrolyte, the double 

layer region at and adjacent to a highly negatively charged electrode is expected to contain a 

very high concentration of the [n-Bu4N]+ cation. Accordingly, the double layer impact on a 

process that occurs in this region near the negative solvent limit may be far more important 

than would apply at potentials near to the point of zero charge. In the present context, this 

means that the α-[S2W18O62]4−/5−  process at -0.24 V vs Fc0/+ [12] will encounter a very 

different double layer environment than that of the α-[S2W18O62]9−/10−  one at -2.32 V vs Fc0/+ 

[12]. In this context, studies by Fawcett et al [23] on the impact of tetraalkylammonim 

electrolytes in dynamic electrochemical studies may be relevant. 

The above considerations raise issues concerning as how to model a complete thermodynamic 

and electrode kinetic descriptions of the very rich voltammetry of very negatively charged 

POMs. Historically, most voltammetric (polarographic) studies with this class of compound 

were undertaken at the dropping mercury electrode [24]. In recent times, use of mercury as an 

electrode material has been phased out due to toxicity concerns. In its place, GC has been the 

electrode of choice for many POM studies, because of its wide negative potential range as at 

mercury. With this electrode material, many more examples of well-defined, reversible 

processes, have been reported using DC voltammetric techniques which have allowed 

reversible potentials to be estimated. While many POM processes may have some of the 
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characteristics of close to reversible or quasi-reversible processes, parameterisation using a 

model based on a simple one electron for every process in the α-[S2W18O62]4−/5−/6−/7−/8−/9−/10− series has to be an oversimplification. For example, the α-[S2W18O62]9−/10− process occurring at very negative potentials is expected to involve ion-

pairing and suffer from double layer and other effects rather than being a simple outer sphere 

electron transfer reactions as commonly assumed. In this study, we have extended detailed 

studies on α-[S2W18O62]4−/5−/6−  process to encompass all one electron transfer processes 

available for reduction of [S2W18O62]4− at GC, Au and Pt electrodes in acetonitrile containing 

0.10 or 0.50 M [n-Bu4N][PF6] by DC and FTAC voltammetry as well as by other techniques. 

A progressively increasing level of departure from that predicted by the Butler-Volmer model 

has been found in each reduction process as a consequence of enhanced ion-pairing and 

electrode material dependent surface interactions associated with the more highly reduced 

forms. Given that POMs are of widespread interest in electrocatalysis [25-29] and battery 

development [30-33], enhanced knowledge of subtleties that exist in the POM electrochemistry 

may assist both fundamental and applied aspects of the field. 

 

2 Experimental Section  

2.1 Reagents and Solvents 

 [𝑛 − Bu4N]4(α − [S2W18O62]) was synthesized according to a literature method [34] and 

kindly provided by Professor Tadaharu Ueda. Ferrocene (Fc, 98 %, Sigma-Aldrich), Al2O3 

(diameter = 0.3 µm and 0.05 µm, Buehler), acetonitrile (CH3CN, 99.9 %, Sigma-Aldrich) and 

ethanol (99.5 %, Ajax Finechem) were used as obtained from the manufacturers. 

Tetrabutylammonium hexafluorophosphate ([n-Bu4N][PF6], 98 %, Sigma-Aldrich) was 

recrystallized [14] and used as the supporting electrolyte.  
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2.2 Electrochemical Instrumentation and techniques 

Conventional DC voltammetric measurements were undertaken with a electrochemical 

workstation (CHI-760E). FTAC voltammetric experiments were executed with home-built [35] 

instrumentation using a sine wave perturbation having an amplitude (ΔE) of 80 mV and a 

frequency (f) of 8.98 or 26.95 Hz superimposed upon the DC ramp. Frequency domain data in 

the form of a power spectrum were obtained from the total current–time data by Fourier 

transformation. Inverse Fourier transformation applied to the power spectrum with a 

rectangular window used for band filtering was used to generate the resolved aperiodic DC 

component and the AC harmonics [35-37].   

Steady state voltammetry of α-[S2W18O62]4− in CH3CN (0.50 M Bu4NPF6) was achieved by 

the GC, Au and Pt rotating disc electrodes (RDE; 3 mm diameter) using a CHI 760E 

electrochemical workstation. Rotation rate of 52.4 s-1 was applied by the BAS-M 1005 

electrode rotator. Pt wire in a glass frit containing 0.50 M [n-Bu4N][PF6] in CH3CN was used 

as reference electrode and Pt wire as the counter electrode.  

A three-electrode electrochemical cell was used for all voltammetric experiments which were 

conducted at 22±2o C. Oxygen was removed from the test solution by purging with nitrogen 

for at least 10 min prior to each experiment. eDAC metal (Au and Pt) and GC (nominal 

diameter = 1.0 mm) disc working electrodes were polished with aqueous Al2O3 slurry before 

each voltammetric experiment. Sonication for 10 to15 seconds was used to remove polishing 

residue followed by rinsing with water and acetone. Finally, the working electrodes were dried 

under a flow of nitrogen. Pt wires were used as both auxiliary and quasi-reference electrodes. 

The IUPAC recommended Fc0/+ oxidation process [38] was used to calibrate the potential of 

the Pt quasi-reference electrode. 
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Mass changes occurring during voltammetric experiment at gold coated quartz crystal 

(electrode area (A) = 0.205 cm2, oscillation frequency = 8.0 MHz) were detected by the 

electrochemical quartz crystal microbalance (EQCM) technique using CHI 400B 

instrumentation.  

The Randles-Sevcik equation [39] (Eqn. 1) was used to determine the effective area of the 

macrodisc working electrodes via the DC peak current for oxidation of 1.0 mM Fc to Fc+ in 

CH3CN containing 0.10 M [n-Bu4N][PF6] as supporting electrolyte with a known diffusion 

coefficient of 2.4 × 10-5 cm2 s-1 for Fc [40]. In this equation, Ip, n, C, v T, R, F and A denote the 

oxidation peak current, number of electrons transferred in the Fc/Fc+ process (n = 1), bulk 

concentration, scan rate, absolute temperature, universal gas constant, Faraday’s constant and 

electrode area, respectively. The estimated effective areas of the GC, Pt and Au electrodes 

determined by this method were 8.0 ×  10-3 cm2, 8.0 ×  10-3 cm2, and 8.1 ×  10-3 cm2, 

respectively. 

𝐼p = 0.4463𝑛𝐹𝐴(𝑛𝐹𝐷𝑣 𝑅𝑇⁄ )1 2⁄ 𝐶                                                   (1)             

2.3 Simulations        

MECSim (Monash Electro-Chemistry Simulator) software [41] was used to simulate the 

theoretical voltammetric data using the simple one-electron transfer process (Eqn. 2), where 

Ox and Red are the oxidised and reduced forms of the POM, with Butler-Volmer theory for 

electron transfer and mass transport by planner diffusion. 

𝑂𝑥 + 𝑒− ⇆ 𝑅𝑒𝑑  (𝐸0, 𝑘0, 𝛼)                                                            (2) 

The parameters 𝐸0 (reversible potential), 𝑘0 (heterogeneous charge transfer rate constant) 

at 𝐸0, 𝛼 (charge transfer coefficient), D (diffusion coefficient), Ru (uncompensated resistance) 
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and Cdl (double layer capacitance) have to be introduced into the simulations in order to mimic 

experimental data. The RuCdl time constant technique available with the CHI electrochemical 

workstation was employed to determine Ru. In heuristic forms of data analysis 𝐸0 was assessed 

from the average of the oxidation (Ep
ox) and reduction (Ep

red) peak potentials in DC cyclic 

voltammetric experiments. The diffusion coefficient of α-[S2W18O62]4− was estimated from 

the reduction peak current associated with α-[S2W18O62]4−/5− at a GC electrode using the 

Randles-Sevcik relationship [39] (Eqn. 1). Values found by this method are 2.9 × 10-6 and 6.3 × 10-6 cm2 s-1, with 0.50 and 0.10 M [n-Bu4N][PF6] as the supporting electrolyte, respectively. 

Same level of difference in diffusion coefficient was also observed with ferrocene, suggesting 

that the change in viscosity is the origin of this difference.     

The value of Cdl was estimated at each potential from the fundamental harmonic AC data where 

faradaic current is absent and use of the potential dependent capacitor model [42].  

Cdl(t) = c0 + c1E(t) + c2E(t)2 + c3E(t)3 + c4E(t)4                                (3) 

In this polynomial Equation 3, the nonlinearity is defined by c0, c1, c2, c3, and c4 and the time 

dependant potential is denoted by E(t). These coefficients were obtained at each frequency 

(8.98 or 26.95 Hz).  

2.4 Parameterisation 

In initially used heuristic forms of parameterisation, comparisons of the AC harmonic 

components of experimental and simulated data were undertaken visually by the experimenter. 

Values of 𝑘0  and α reported were derived from the experimentalist’s assessment of the best 

match of experimental and simulated data. The computer assisted automated data analysis 

protocol used after undertaking the heuristic form of parameterisation is described in detail 

elsewhere [10]. This procedure was used to compare the experimental and simulated data using 
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the least squares (LS) based “best fit” function given in Equation 4 to estimate 𝐸0, 𝑘0  and α 

values. The subscript app is now applied to the  𝐸0, 𝑘0  and α parameters because a simple 

electron transfer scheme is used to approximate a more complete square reaction scheme where 

ion-pairing is involved. [43, 44] These values are a function of supporting electrolyte 

concentration. Minimum influence of non-faradaic current was achieved by employing 2nd to 

6th harmonic components in this automated simulation.  

LS = [1 − (∑ √∑ [(𝑓ℎexp(𝑡i)−𝑓ℎsim(𝑡i))2]𝑁𝑖=1 ∑ 𝑓ℎexp(𝑡i)2𝑁𝑖=16ℎ=2 ) /5] × 100%               (4) 

where 𝑓exp(𝑡i) and 𝑓sim(𝑡i) symbolize the experimental and simulated functions, respectively 

and h and N represent the individual AC harmonic component and number of data points, 

respectively.  

The tedious heuristic method is used initially to provide a good estimate of parameters. This 

facilitates minimisation of parameter space that needs to be searched in the data optimisation 

method, ensures that physically realistic parameters are reported as the outcome form the data 

optimisation method and enhances prospects of detection of systematic but subtle discrepancies 

in experimental and simulated data that are more likely to be detected by visual inspection by 

an experienced experimentalist than from analysis of LS values [10]. 

3 Results and Discussion:  

3.1 DC Cyclic voltammetry of α-[𝐒𝟐𝐖𝟏𝟖𝐎𝟔𝟐]𝟒− at GC, Au and Pt Electrodes:  

DC cyclic voltammograms starting at potentials prior to the initial reduction of α-[S2W18O62]4− up to the solvent limit were recorded in CH3CN at a scan rate (v) of 0.100 V s−1 at GC, Au and Pt electrodes with 0.50 M and 0.10 M [n-Bu4N][PF6] (see Figure 2) as the 
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supporting electrolyte. The more negative solvent reduction limit at GC allows six reduction 

steps to be observed, nominally (ion-pairing neglected) representing consecutive reduction of 

α- [S2W18O62]4−  to α- [S2W18O62]5− , then to α- [S2W18O62]6− , α- [S2W18O62]7− , α-[S2W18O62]8−, α-[S2W18O62]9− and finally to α-[S2W18O62]10− as reported previously [11]. 

The lower negative potential limit at the Au electrodes restricts reduction to five steps, while 

the even less negative limit at Pt electrode allows only three processes to be observed. In 

contrast with the simpler series of processes seen at GC (six processes with equal peak heights), 

α-[S2W18O62]4− voltammetric reduction processes at Au show a progressive decease in peak 

currents. At Pt electrodes, even the third process is barely seen and its shape is unusual relative 

to other processes. These observations indicate probable complexity accompanying α-[S2W18O62]4− reduction processes which means they may not be well-modelled by Butler-

Volmer electron transfer theory. 

 

Figure 2. DC cyclic voltammograms obtained at a scan rate of 0.100 V s-1 for reduction of 2.5 

mM α-[S2W18O62]4− in CH3CN (0.10 M [n-Bu4N][PF6]) at (a) GC (b) Au and (c) Pt electrodes. 
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Table 2 summarises the mid-point potential Em = (𝐸Pox + 𝐸Pred)/2, which provisionally is 

equated to  𝐸𝑎𝑝𝑝0 , and peak-to-peak separation ΔEP = 𝐸Pox − 𝐸Pred  values for processes in 

CH3CN (0.50 and 0.10 M [n-Bu4N][PF6] at GC, Au and Pt electrodes. 𝐸𝑎𝑝𝑝0  values at GC 

electrode appear at more positive potential (𝐸𝑎𝑝𝑝𝟏0 = -0.215 V, 𝐸𝑎𝑝𝑝𝟐0 = -0.592 V, 𝐸𝑎𝑝𝑝𝟑0 = -

1.156 V, 𝐸𝑎𝑝𝑝𝟒0 =  -1.539 V, 𝐸𝑎𝑝𝑝𝟓0 =  -2.006 V and 𝐸𝑎𝑝𝑝𝟔0 =  -2.344 V) with the higher 

concentration (0.50 M) than with the lower concentration (0.10 M) of [n-Bu4N][PF6] ( 𝐸𝑎𝑝𝑝𝟏0 = 

-0.232 V, 𝐸𝑎𝑝𝑝𝟐0 =  -0.608 V, 𝐸𝑎𝑝𝑝𝟑0 =  -1.178 V, 𝐸𝑎𝑝𝑝𝟒0 =  -1.563 V, 𝐸𝑎𝑝𝑝𝟓0 =  -2.046 V and 𝐸𝑎𝑝𝑝𝟔0 = -2.409 V). The same scenario also applies in most cases for the processes at Au and 

Pt electrodes, but 𝐸𝑎𝑝𝑝0 values are only independent of electrode material for processes up to IV 

(see Table 2). 𝐸𝑎𝑝𝑝0  is a parameter that is assumed to be thermodynamically pinned and hence 

should be independent of electrode material, so yet another discrepancy with theoretical 

predictions based on simple electron transfer reactions is evident. Nevertheless, the positive 𝐸appo  shift usually found with use of 0.50 M [n-Bu4N][PF6] instead of 0.10 M [n-Bu4N][PF6] 

supporting electrolyte concentration is consistent with the presence of a stronger ion-pairing 

impact with the higher electrolyte concentration as noted in other studies [10, 45]. 

Table 2. Summary of voltammetric parameters obtained from the reduction of 1.0 mM α-[S2W18O62]4− in CH3CN (0.10 and 0.50 M [n-Bu4N][PF6]) at a scan rate of 0.100 V s-1.  
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𝐸𝑎𝑝𝑝𝟏0
 𝐸𝑎𝑝𝑝𝟐0  𝐸𝑎𝑝𝑝𝟑0

 𝐸𝑎𝑝𝑝𝟒0  𝐸𝑎𝑝𝑝𝟓0
 𝐸𝑎𝑝𝑝𝟔0  𝛥𝐸𝑃1 𝛥𝐸𝑃2 𝛥𝐸𝑃3 𝛥𝐸𝑃4 𝛥𝐸𝑃5 𝛥𝐸𝑃6 

Va vs Fc0/+ Vb 

GC 0.50 -0.215  -0.592 -1.156 -1.539 -2.006 -2.344 0.060 0.074 0.078 0.078 0.079 0.088 

0.10 -0.232 -0.608 -1.178 -1.563 -2.046 -2.409 0.062 0.075 0.080 0.075 0.087 0.082 

Au 0.50 -0.215  -0.593 -1.159 -1.540 -2.025 d 0.063 0.077 0.086 0.094 0.150 d 

0.10 -0.232 -0.606 -1.174 -1.566 -2.083 d 0.068 0.083 0.090 0.100 0.240 d 

Pt 0.50 -0.218 -0.595 c d d d 0.068 0.090 c d d d 

0.10 -0.233 -0.606 c d d d 0.070 0.100 c d d d 
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a Uncertainty in 𝐸𝑎𝑝𝑝0  is ± 5 mV                                                                           

b Uncertainty in Δ𝐸P is ± 2 mV 

c Poorly defined 

d solvent breakdown interrupts the voltammetric response 

As previously noted [10] the value ∆𝐸P𝟏 = 60 mV obtained at v = 0.100 mV s-1 for the α-[S2W18O62]4−/5− process in CH3CN (0.50 M [n-Bu4N][PF6]) at a GC electrode is close to the 

theoretically predicted value of 56.4 mV [39] for a reversible one-electron process at 22 oC, 

signifying that on this DC voltammetric time scale process I can be regarded as being reversible. 

However, values of this parameter progressively increases upon more extensive reduction 

(∆𝐸P𝟐 = 0.074 V, ∆𝐸P𝟑 = 0.078 V, ∆𝐸P𝟒 = 0.078 V, ∆𝐸P𝟓 = 0.079 V and ∆𝐸P𝟔 = 0.088 V). 

In general, the scenario (∆𝐸P𝟏 < ∆𝐸P𝟐 ⋯ < ∆𝐸P𝐧) also applies at Au and Pt electrodes, implying 

that 𝑘𝑎𝑝𝑝𝟏0 > 𝑘𝑎𝑝𝑝𝟐0 ⋯ >  𝑘𝑎𝑝𝑝𝐧0  at all electrode materials if the processes truly conform to the 

Butler-Vomer model and are simple quasi-reversible reactions. Also noteworthy is the fact that Δ𝐸P values are significantly smaller at the GC electrode than at metal ones (Δ𝐸P𝟏 = 0.063 V, Δ𝐸P𝟐 = 0.077 V, Δ𝐸P𝟑 = 0.086 V, Δ𝐸P𝟒 = 0.094 V and Δ𝐸P𝟓 = 0.150 V at Au and Δ𝐸P𝟏 =0.068 V and Δ𝐸P𝟐 = 0.090 V at Pt) which according to Butler-Volmer theory implies faster 

electrode kinetics at the carbon based electrode assuming IRu drop at all electrode materials are 

comparable. Significantly, the very large Δ𝐸P values at Au for the α-[S2W18O62]7−/8− and α-[S2W18O62]8−/9− processes are indicative of a quite slow electrode kinetics if these are simple 

one-electron electron transfer reactions. 

In principle, studies by DC cyclic voltammetry over a wide range of potentials could be used 

to assess to what extent departures from simple one-electron transfer processes occur. However, 

this is extremely difficult with up to six processes to evaluate with diffusion tails between 

processes making a major contribution and significant potential dependent charging current 

contributions at negative potentials. Additionally, maintaining exactly the same electrode state 
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for each scan rate experiment is also problematic. Thus, quantitative studies were attempted 

using a single FTAC voltammetric experiment and examining the extent to which the Butler-

Vomer model is applicable, as was undertaken with the α-[S2W18O62]4−/5−/6- processes [10]. 

The advantages of the FTAC voltammetry in quantitative electrode kinetic studies has been 

described in several reviews [45-48]. 

3.2 FTAC voltammetric parameterization of the α- [𝐒𝟐𝐖𝟏𝟖𝐎𝟔𝟐]𝟒−/𝟓−/𝟔−/𝟖−/𝟗−/𝟏𝟎− 

reduction processes in CH3CN (0.50 M [n-Bu4N][PF6]):  

The 𝐸𝑎𝑝𝑝0 , 𝑘𝑎𝑝𝑝0  and 𝛼𝑎𝑝𝑝 values associated with processes I and II have been established by 

FTAC voltammetry [10] with results and departures form ideality and virtues of using both 

experimenter based heuristic and computationally efficient data optimisation approaches 

reviewed in the introduction. In this earlier study, processes I was parameterised as a separate 

exercise using data obtained by collected in the potential range prior to the onset of process I 

and switching the potential prior to the onset of process II. Processes I and II were also 

parameterised using data generated in a single experiment by switching the potential prior to 

process III. Processes I and II along with processes III, IV, V and VI at GC, processes III, IV 

and V at Au and process III at Pt are now subjected to parameterisation from a single data set 

collected in one experiment covering the potential range encompassing all processes displayed 

in Figure 2. Initially, reduction of 2.5 mM α-[S2W18O62]4− in CH3CN (0.50 M [n-Bu4N][PF6]) 

is studied by FTAC voltammetry using the heuristic and automated forms of data analysis. This 

high electrolyte concentration means that ion-pairing will be substantial.   

In the heuristically based parameterisation exercise initially undertaken, 𝐸𝑎𝑝𝑝0  values were set 

at the mid-point potential values derived from DC cyclic voltammetry. An extensive series of 

FTAC voltammetric simulations with systematically varied 𝑘𝑎𝑝𝑝0  and 𝛼𝑎𝑝𝑝  values were 
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generated in their resolved DC and AC harmonic components and outcomes compared visually 

with experimental results until the best possible agreement had been achieved in the opinion 

of the experimenter.   

A summary of the heuristic parametrisation analysis outcome for FTAC voltammetric 

reduction of 2.5 mM α-[S2W18O62]4− in CH3CN (0.50 M [n-Bu4N][PF6]) over the potential 

range of 0.15 V to −2.525 V for GC (six processes) and Au (five processes) and 0.15 V to − 1.375 V for Pt electrodes (three processes) is provided in Table 3. A comparison of 

experimental and simulated FTAC voltammetric data based on parameters provided in this 

Table are displayed in Figures 3, and S1 for GC, and Figures S2 and S3 for Au and Figure S4 

for the Pt electrode. The extensive set of thermodynamically favoured cross redox reactions 

and ion-pairing are neglected in this and subsequent data analysis exercises.   

As noted in reference [10], only lower limits of 𝑘𝑎𝑝𝑝𝟏0  could be determined at GC at the low 

frequency of 8.98 Hz (Figure 3) by FTAC voltammetric method as this response lies at or the 

reversible limit within experimental error. Thus, only the thermodynamic parameter 𝐸𝑎𝑝𝑝𝟏0  is 

needed to define this FTAC voltammetry. On the other hand, subsequent processes are 

significantly slower than the first and can be simulated with electrode kinetic parameters that 

lie well below the reversible limit, even at this low frequency. In contrast, the heuristically 

estimated values of 𝑘𝑎𝑝𝑝𝟏0  and 𝛼𝑎𝑝𝑝𝟏 at the higher frequency (shorter time scale) of 26.95 Hz 

for the first process are considered reliable as they are parameterised from the “best fit” 

simulations undertaken with kinetic parameters much slower than anticipated for a reversible 

process (Figure S1g). 

Figures 3 and S1 show the FTAC voltammetric comparison between simulated and 

experimental data at GC electrode as assessed heuristically. The experimenter in this exercise, 
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decided to achieve an almost perfect match for the AC harmonics on the reduction component 

for all processes, but this meant that for processes III, IV, V and VI the oxidative on reverse 

scan direction displayed a level of discrepancy which increased progressively towards the 

higher the order of the AC harmonic. Similarly, experiment- theory comparisons of the 

aperiodic DC component display progressively poorer agreement beyond processes I and II. 

Effectively, this is equivalent to the experimenter deciding to bias the parameterisation to the 

reduction components of the AC harmonics to give 𝑘𝑎𝑝𝑝𝟏0 = ≥0.10, 𝑘𝑎𝑝𝑝𝟐0 = 0.080, 𝑘𝑎𝑝𝑝𝟑0 = 

0.053, 𝑘𝑎𝑝𝑝𝟒0 = 0.041, 𝑘𝑎𝑝𝑝𝟓0 = 0.012 and 𝑘𝑎𝑝𝑝𝟔0 = 0.002 cm s-1 at 8.98 Hz and 𝑘𝑎𝑝𝑝𝟏0 = 0.10, 𝑘𝑎𝑝𝑝𝟐0 = 0.084, 𝑘𝑎𝑝𝑝𝟑0 = 0.057, 𝑘𝑎𝑝𝑝𝟒0 = 0.045, 𝑘𝑎𝑝𝑝𝟓0 = 0.014 and 𝑘𝑎𝑝𝑝𝟔0 = 0.002 cm s-1 at 

26.95 Hz. A major virtue of this strategy is that the electrode kinetics for all processes are 

independent of frequency as required by the Butler-Volmer model. Kinetic values for 6th 

process were only determined from the 1st to 3rd harmonic AC components as the current 

magnitude in higher harmonics is very small. The experimenter could of course have chosen 

alternative heuristic data analysis strategies and tried to fit data to the average of the reduction 

and oxidation harmonic data, but this would be exceptionally tedious and experience [10] 

suggested the approach taken is the most reasonable one to be adopted in the present scenario. 

However, this highlights the subjectivity of the experimenter dependent outcome. 

Commonly, voltammetric data would be analysed by switching the potential after process I to 

parameterise this process, then after process II to parameterises process II knowing parameters 

for process I , and then after process III etc., rather than by switching the potential at a 

sufficiently negative value to encompass all six processes in one experiment. Close inspection 

of Figures 3 and S1, reveals an inequality in the reduction and oxidation component peak 

current magnitudes for the α-[S2W18O62]4−/5− and α-[S2W18O62]5−/6− processes which is not 

accommodated by the model of electron transfer. Furthermore, this asymmetry does not exist 
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when these processes I and II were examined individually by FTAC voltammetry [10] rather 

than when the potential was switched after all six reduction steps had been completed. All these 

subtle departures from ideality for the series of quasi-reversible process detected via visual 

inspection of results as required in the heuristic form of data analysis, imply the presence of 

complexity in the voltammetry which occurs even at a GC electrode at potentials more negative 

than process II. Furthermore, these modelling imperfections are unlikely to be accommodated 

fully by inclusion of ion-pairing in combination with very sluggish electrode kinetics which 

was proposed as a plausible explanation for the asymmetry in reduction and oxidation 

components found with α-[S2W18O62]5−/6− process at Pt electrode [10].    
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Table 3. Thermodynamic and electrode kinetic parametersa derived from heuristic and automated computer based comparison of simulated and 

experimental FTAC voltammetric data at GC, Au and Pt electrodes for the reduction of 2.5 mM α-[S2W18O62]4−  in CH3CN (0.50 M [n-

Bu4N][PF6]).  

(a) Reversible potentials:  

a Other Parameters used in the simulations are: 𝐴GC = 8.0 × 10-3 cm2, 𝐴Au = 8.1 ×10-3 cm2, 𝐴Pt = 8.0 ×10-3 cm2, ∆𝐸 = 80 mV, 𝐷 = 2.9 ×10-6 cm2 s-1, 𝑇 = 

295 K, 𝑣GC = 0.099 V s-1, 𝑣Au = 0.100 V s-1 and 𝑣Pt = 0.057 V s-1, 𝑓GC,Au and Pt = 8.98 and 26.95 Hz. 

Electrode f (Hz) 
Ru 

(Ω)b 

Simulation 

method 
 

𝐸app10  𝐸app20  𝐸app30  𝐸app40  𝐸app50  𝐸app60  

V vs Fc0/+ 

GC 

8.98 225 

Heuristic  -0.215 -0.592 -1.156 -1.539 -2.006 -2.344 

Automated 
Range -0.220 to -0.210 -0.596 to -0.585 -1.165 to -1.148 -1.543 to -1.531 -2.014 to -2.003 -2.354 to -2.337 

Est. -0.212 -0.589 -1.154 -1.537 -2.004 -2.349 

26.95 200 

Heuristic  -0.215 -0.592 -1.156 -1.539 -2.006 -2.344 

Automated 
Range -0.220 to -0.210 -0.599 to -0.585 -1.163 to -1.148 -1.544 to -1.530 -2.013 to -2.003 -2.354 to -2.337 

Est. -0.212 -0.588 -1.153 -1.535 -2.008 -2.345 

Au 

8.98 180 

Heuristic  -0.215 -0.593 -1.159 -1.540 -2.025 c 

Automated 
Range -0.224 to -0.210 -0.601 to -0.587 -1.164 to -1.151 -1.548 to -1.530 -2.040 to -2.015 -- 

Est. -0.212 -0.589 -1.158 -1.538 -2.030 -- 

26.95 180 

Heuristic  -0.215 -0.593 -1.159 -1.540 -2.025 c 

Automated 
Range -0.222 to -0.207 -0.601 to -0.585 -1.163 to -1.152 -1.550 to -1.532 -2.035 to -2.015 -- 

Est. -0.211 -0.588 -1.155 -1.539 -2.030 -- 

Pt 

8.98 200 

Heuristic  -0.218 -0.593 d c c c 

Automated 
Range -0.220 to -0.214 -0.596 to -0.589 -- -- -- -- 

Est. -0.218 -0.591 -- -- -- -- 

26.95 200 

Heuristic  -0.218 -0.593 d c c c 

Automated 
Range -0.220 to -0.214 -0.596 to -0.589 -- -- -- -- 

Est. -0.219 -0.592 -- -- -- -- 
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b varies due to slight variability in electrode arrangement c process is not observed due to lower negative potential limit d poorly defined. 

(b) Heterogeneous charge transfer kinetics:  

Electrode f (Hz) 
Simulation 

method 
 

𝑘app10  𝑘app20  𝑘app30  𝑘app40  𝑘app50  𝑘app60  

cm s−1 

GC 

8.98 

Heuristic  ≥0.10 0.080a 0.053a 0.041 0.012 0.002b 

Automated 
Range 0.070 to 0.140 0.045 to 0.090 0.035 to 0.065 0.030 to 0.055 0.008 to 0.014 0.0005 to 0.0050 

Est. 0.10c 0.064d 0.042d 0.047 0.013 0.002b  

26.95 

Heuristic  0.10 0.084a 0.057a 0.045 0.014 0.002b 

Automated 
Range 0.070 to 0.140 0.045 to 0.090 0.040 to 0.070 0.030 to 0.055 0.009 to 0.019 0.0005 to 0.0050 

Est. 0.099 0.060d 0.045d 0.045 0.014 0.0017b 

Au 

8.98 

Heuristic  0.053 0.039a 0.017 0.002b 0.0004b e 

Automated 
Range 0.035 to 0.065 0.025 to 0.045 0.009 to 0.025 0.0006 to 0.005 0.0001 to 0.0008 -- 

Est. 0.051 0.028d 0.013 0.0042b 0.0003b -- 

26.95 

Heuristic  0.054 0.039a 0.015 0.002b 0.0004b e 

Automated 
Range 0.035 to 0.065 0.025 to 0.045 0.009 to 0.025 0.0006 to 0.005 0.0001 to 0.0008 -- 

Est. 0.055 0.031d 0.015 0.0044b  0.0005b  -- 

Pt 

8.98 

Heuristic  0.039 0.012a 0.00001f e e e 

Automated 
Range 0.025 to 0.045 0.004 to 0.014 -- -- -- -- 

Est. 0.036 0.009d -- -- -- -- 

26.95 

Heuristic  0.037 0.011a 0.00001f e e e 

Automated 
Range 0.033 to 0.042 0.004 to 0.014 -- -- -- -- 

Est. 0.038 0.008d -- -- -- -- 

a determined from reduction component of data only b estimated from 1st to 3rd harmonic components c close to reversible limit so uncertainty substantial d 

derived from use of all data even though asymmetry is present in reduction and oxidation components e process is not observed due to lower negative potential 

limit f poorly defined.  
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(c) Charge transfer coefficients:  

Electrode f (Hz) 
Simulation 

method 
 𝛼app1 𝛼app2 𝛼app3 𝛼app4 𝛼app5 𝛼app6 

GC 

8.98 

Heuristic  a 0.60 0.60 0.55 0.53 0.50b 

Automated 
Range 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 

Est. 0.58c 0.48d 0.54d 0.41d 0.51 0.48b 

26.95 

Heuristic  0.60 0.60 0.60 0.55 0.53 0.50b 

Automated 
Range 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 

Est. 0.49d 0.59 0.57d 0.51d 0.51 0.51b 

Au 

8.98 

Heuristic  0.60 0.60 0.47 0.50b 0.50b e 

Automated 
Range 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 -- 

Est. 0.58 0.60 0.41d 0.42b 0.60b e 

26.95 

Heuristic  0.60 0.60 0.47 0.50b 0.50b e 

Automated 
Range 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 -- 

Est. 0.64 0.64 0.47 0.41b 0.47b e 

Pt 

8.98 

Heuristic  0.57 0.50 0.50f e e e 

Automated 
Range 0.40 to 0.70 0.44 to 0.60 -- -- -- -- 

Est. 0.57 0.53 e e e e 

26.95 

Heuristic  0.57 0.50 0.50f e e e 

Automated 
Range 0.50 to 0.67 0.44 to 0.65 -- -- -- -- 

Est. 0.56 0.52 e e e e 
 

a too close to reversible limit to be determined b estimated from 1st to 3rd harmonic components, c near reversible limit so uncertainty substantial d all data used 
e process is not observed due to lower negative potential limit f poorly defined. 
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Table 4. Least square (LS) values obtained from the automated computer-based comparison 

of simulated and experimental FTAC voltammetric data for the reduction of 2.5 mM α-[S2W18O62]4− in CH3CN. 

 

All heuristically estimated 𝑘𝑎𝑝𝑝0  and 𝛼𝑎𝑝𝑝  values at Au and Pt electrode are considered as 

reliable in the context that their magnitudes lie significantly below the reversible limit, even 

with the lower frequency (f = 8.98 Hz) data sets. Thus, significantly slower electrode kinetics 

apply at these metal electrodes than at GC for all processes. Again, if the data analysis in the 

heuristic approach is biased to obtain an excellent fit to the reduction component of the data 

set, with discrepancies in the oxidation component, then parameterisation the Au electrode 

gives 𝑘𝑎𝑝𝑝𝟏0 = 0.053, 𝑘𝑎𝑝𝑝𝟐0 = 0.039 cm s-1, 𝑘𝑎𝑝𝑝𝟑0 = 0.017, 𝑘𝑎𝑝𝑝𝟒0 = 0.002 and 𝑘𝑎𝑝𝑝𝟓0 = 0.0004 cm s-1 at 8.98 Hz and 𝑘𝑎𝑝𝑝𝟏0 = 0.054, 𝑘𝑎𝑝𝑝𝟐0 = 0.039 cm s-1, 𝑘𝑎𝑝𝑝𝟑0 = 0.015, 𝑘𝑎𝑝𝑝𝟒0 = 0.002 and 𝑘𝑎𝑝𝑝𝟓0 = 0.0004 cm s-1 at 26.95 Hz. Thus, all rate constants determined heuristically 

are significantly smaller than those obtained at GC electrodes when calculated on the same 

basis. 

Consistent with this conclusion of slower kinetics at the Au electrode, it can be noted that 

electrode kinetic estimations for the 4th and 5th processes were based solely on a comparison of 

1st to 3rd AC harmonic components of experimental and simulated data versus 1st to 6th at GC 

electrode, because the current magnitudes of higher harmonics are too small and the 6th 

Electrode f (Hz) 

LS (%)  

0.50 M [n-Bu4N][PF6] 

LS (%) 

0.10 M [n-Bu4N][PF6] 

I II III IV V VI I II III IV V VI 

GC 
8.98 79 63 69 87 70 53 85 68 74 90 75 82 

26.95 80 62 61 86 71 51 83 67 76 91 74 73 

Au 
8.98 81 62 74 43 47  85 69 90 47 53  

26.95 80 60 68 41 46  84 67 72 48 51  

Pt 
8.98 91 58     93 61     

26.95 85 55     89 60     
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harmonic not detectable above background noise. Significant asymmetry also appears in higher 

harmonic AC component data at Au electrode as at GC. Agreement between experimental and 

simulated data at Au electrode is displayed in Figures S2 and S3.  

Electrode kinetics at the Pt electrode (𝑘𝑎𝑝𝑝𝟏0 = 0.039, 𝑘𝑎𝑝𝑝𝟐0 = 0.012 and 𝑘𝑎𝑝𝑝𝟐0 = 0.00001 cm 

s-1 at 8.098 Hz and 𝑘𝑎𝑝𝑝𝟏0 = 0.037, 𝑘𝑎𝑝𝑝𝟐0 = 0.011 and 𝑘𝑎𝑝𝑝𝟐0 = 0.00001 cm s-1 at 26.95 Hz) 

(see Figure S4) are even slower than at Au electrodes. 𝑘𝑎𝑝𝑝0  was again estimated in the heuristic 

approach from the reduction component of the AC harmonics due to asymmetry as noted in 

the earlier report [10].  

With the computer assisted data optimisation approach, theory-experiment comparison was 

confined to the 2nd to 6th harmonics where influence of background current is negligible. Unlike 

the heuristic method, parameters were derived from use of all data, as in reference [10], so 

parameter values estimated may differ from those estimated by heuristic analysis that 

emphasise the oxidation component of the data set. However, to save substantial computational 

time in estimation of up to 18 parameters, estimates of their values obtained heuristically were 

still used to minimise range of the parameter space search needed in the automated data 

optimisation method. Significantly, implementation of this strategy meant that up to six sets of 𝐸𝑎𝑝𝑝0  as well as six sets of 𝑘𝑎𝑝𝑝0  and 𝛼𝑎𝑝𝑝 parameter values or 18 parameter values as applies 

at a GC electrode can now all be conveniently and efficiently derived in one data optimisation 

exercise to give results summarised in Table 3.  

Typically, the data optimisation methods are applied automatically and lead a best fit outcome 

according to the model used to mimic experimental data. The outcome of a report of LS values 

is not greatly informative with respect to detecting systematic errors, although strategies to 

detect over and under parametrisation are available, and the method could be supported by 
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machine learning [49, 50]. In this sense this method has significantly less “intelligence” 

compared to the heuristic method where an experimenter can use their discretion and 

judiciously modify the data analysis strategy as was done in this case. 

𝐸𝑎𝑝𝑝0  values estimated for all processes are essentially independent of the parameterisation 

method. In contrast, calculated 𝑘𝑎𝑝𝑝0  and 𝛼𝑎𝑝𝑝 values differ when asymmetry is present in the 

reduction and oxidation data sets in the higher order AC harmonics. As expected, the data 

optimisation method essentially “averages” outcomes of the reduction and oxidation data sets 

to produce the “best fit” to the full data set whereas in the heuristic form of analysis, data 

analysis is deliberately biased to achieving the “best fit” to the reduction component of the data 

set. The outcome is that automated data optimisation method accommodates the asymmetry by 

fitting theory to a lower average current than for the heuristic method, and consequently 

produces lower estimates of 𝑘𝑎𝑝𝑝0  and different values of 𝛼𝑎𝑝𝑝 as shown in data presented in 

Table 3. However, the estimated 𝑘𝑎𝑝𝑝0  values maintain close to frequency independence. For 

example, at the GC electrode, 𝑘𝑎𝑝𝑝𝟐0 = 0.064 and  𝑘𝑎𝑝𝑝𝟑0 = 0.042 cm s-1 with a frequency of 

8.98 Hz, versus 𝑘𝑎𝑝𝑝𝟐0 = 0.060 and  𝑘𝑎𝑝𝑝𝟑0 = 0.045 cm s-1 at 26.95 Hz. Parallel observations 

are made with the modelling with Au and Pt electrodes. Attempts to mimic the asymmetry 

found in experimental data in the automated parametrization exercise, but not in the heuristic 

approach also leads to data analysis dependent 𝛼𝑎𝑝𝑝 values. For example, at the GC electrode, 𝛼𝑎𝑝𝑝𝟐 = 0.48, 𝛼𝑎𝑝𝑝𝟑 = 0.54 at 8.98 Hz using automated data optimisation versus 𝛼𝑎𝑝𝑝𝟐 = 

0.60, 𝛼𝑎𝑝𝑝𝟑 = 0.60 obtained heuristically.  

LS values for automated computer-based comparison of simulated-experimental data (see table 

4) are driven by windowing the potential (that encompasses six, five and three reduction 

processes at GC, Au and Pt electrode, respectively) for each reduction process. LS values for 
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reduction processes at more negative potential regions at GC and Au electrodes probe the 

departure of experimental data from the theory, where data comparisons at GC show the better 

agreement than Au electrode. In contrast, LS values ~ 60% for II process at Pt electrode 

suggest that agreement is poor in the theory-experimental comparison, which is consistent with 

previous findings [10].  

 

Figure 3. Heuristic comparison of simulated (red line) and experimental (blue line) AC 

voltammetric data for the α-[S2W18O62]4−/5−/6−/7−/8−/9−/10− processes obtained with ΔE = 

80 mV, f = 8.98 Hz and ν = 0.099 V s-1 derived from reduction of 2.5 mM α-[S2W18O62]4− in 

CH3CN containing 0.50 M [n-Bu4N][PF6] at GC electrode. (a) DC component, (b-g) 1st to 6th 

harmonic components. Other parameters given in Table 3 and text. 
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3.3 FTAC voltammetric parameterization of the α- [𝐒𝟐𝐖𝟏𝟖𝐎𝟔𝟐]𝟒−/𝟓−/𝟔−/𝟖−/𝟗−/𝟏𝟎− 

reduction processes in CH3CN (0.10 M [n-Bu4N][PF6]) 

A lower concentration (0.10 M) of [n-Bu4N][PF6] supporting electrolyte also was used to 

investigate whether the lower impact of ion-pairing predicted to present relative to the 0.50 M 

electrolyte studies described above had a significant impact [10].  
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Table 5. Electrode kinetic parametersa derived from heuristic and computer based automated comparison of simulated and experimental FTAC 

voltammetric data at GC, Au and Pt electrodes for the reduction of 2.5 mM α-[S2W18O62]4− in CH3CN containing 0.10 M [n-Bu4N][PF6].  

(a) Reversible potential:  

Electrode f (Hz) Ru
b Simulation 

method 
 

𝐸app10  𝐸app20  𝐸app30  𝐸app40  𝐸app50  𝐸app60  

V vs Fc0/+ 

GC 

8.98 625 

Heuristic  -0.232 -0.608 -1.178 -1.563 -2.046 -2.409 

Automated 
Range -0.238 to -0.226 -0.614 to -0.600 -1.182 to -1.170 -1.567 to -1.554 -2.050 to -2.036 -2.414 to -2.399 

Est. -0.233 -0.604 -1.172 -1.557 -2.040 -2.406 

26.95 580 

Heuristic  -0.232 -0.608 -1.178 -1.563 -2.046 -2.409 

Automated 
Range -0.236 to -0.224 -0.612 to -0.599 -1.184 to -1.172 -1.569 to -1.556 -2.052 to -2.038 -2.411 to -2.394 

Est. -0.230 -0.606 -1.181 -1.561 -2.044 -2.401 

Au 

8.98 600 

Heuristic  -0.232 -0.606 -1.174 -1.566 -2.083 c 

Automated 
Range -0.239 to -0.225 -0.612 to -0.599 -1.180 to -1.168 -1.570 to -1.548 -2.093 to -2.073 -- 

Est. -0.232 -0.601 -1.174 -1.562 2.076 -- 

26.95 

 
580 

Heuristic  -0.232 -0.606 -1.174 -1.566 -2.083 c 

Automated 
Range -0.236 to -0.223 -0.612 to -0.599 -1.180 to -1.168 -1.570 to -1.550 -2.093 to -2.073 -- 

Est. -0.230 -0.603 -1.173 -1.563 2.074 -- 

Pt 

8.98 602 

Heuristic  -0.233 -0.606 d c c c 

Automated 
Range -0.238 to -0.228 -0.612 to -0.600 -- -- -- -- 

Est. -0.232 -0.604 -- -- -- -- 

26.95 552 

Heuristic  -0.233 -0.606 d c c c 

Automated 
Range -0.238 to -0.228 -0.612 to -0.600 -- -- -- -- 

Est. -0.231 -0.605 -- -- -- -- 

a Other Parameters used in the simulations are: 𝐴GC = 8.0 × 10-3 cm2, 𝐴Au = 8.1 ×10-3 cm2, 𝐴Pt =8.0 ×10-3 cm2, ∆𝐸 = 80 mV, 𝐷 = 6.3 ×10-6 cm2 s-1, 𝑇 = 295 

K, 𝑣GC = 0.099 V s-1, 𝑣Au = 0.100 V s-1 and 𝑣Pt = 0.057 V s-1, 𝑓GC,Au and Pt = 8.98 and 26.95 Hz.  
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b varies due to slight variability in electrode arrangement c process is not observed due to lower negative potential limit d poorly defined. 

(b) Heterogeneous charge transfer kinetics:  

Electrode f (Hz) Simulation 

method 

 𝑘app10  𝑘app20  𝑘app30  𝑘app40  𝑘app50  𝑘app60  

cm s−1 

GC 

8.98 

Heuristic  ≥0.19 0.14a 0.058a 0.055 0.031 0.02 

Automated 
Range 0.12 to 0.25 0.090 to 0.165 0.035 to 0.065 0.043 to 0.068 0.023 to 0.042 0.010 to 0.030 

Est. 0.18b 0.11c 0.046c 0.062 0.031 0.018 

26.95 

Heuristic  0.18a 0.13a 0.060 0.056 0.034 0.024 

Automated 
Range 0.12 to 0.25 0.090 to 0.165 0.040 to 0.070 0.043 to 0.068 0.023 to 0.042 0.010 to 0.030 

Est. 0.16c  0.11c 0.062  0.062 0.036  0.025  

Au 

8.98 

Heuristic  0.11 0.11a 0.024 0.0018d 0.0003d e 

Automated 
Range 0.07 to 0.16 0.07 to 0.16 0.016 to 0.030 0.0007 to 0.005 0.0001 to 0.0008 -- 

Est. 0.119 0.087c 0.026 0.0045d 0.0005d -- 

26.95 

Heuristic  0.11 0.11 0.020a 0.0018d 0.0003d e 

Automated 
Range 0.07 to 0.16 0.07 to 0.16 0.016 to 0.030 0.0007 to 0.005 0.0001 to 0.0008 -- 

Est. 0.119 0.10 0.029c 0.0047d 0.00047d -- 

Pt 

8.98 

Heuristic  0.077 0.022a 0.00001f e e e 

Automated 
Range 0.060 to 0.095 0.012 to 0.030 -- -- -- -- 

Est. 0.075 0.017c -- -- -- -- 

26.95 

Heuristic  0.075 0.021a 0.00001f e e e 

Automated 
Range 0.060 to 0.095 0.012 to 0.030 -- -- -- -- 

Est. 0.072 0.016c -- -- -- -- 

a determined from reduction component of data only b near reversible limit so uncertainty substantial c derived from use of all data even though asymmetry is 

present in reduction and oxidation components d estimated from 1st to 3rd harmonic components e process is not observed due to lower negative potential limit f 

poorly defined.  
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(c) Charge transfer coefficient:  

Electrode f (Hz) Simulation 

method 

 𝛼app1 𝛼app2 𝛼app3 𝛼app4 𝛼app5 𝛼app6 

GC 

8.98 

Heuristic  a 0.60 0.70 0.64 0.60 0.50 

Automated 
Range 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 

Est. 0.64b 0.55 0.60c 0.63 0.57 0.57c 

26.95 

Heuristic  0.55 0.58 0.60 0.60 0.60 0.50 

Automated 
Range 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 

Est. 0.67c 0.51c 0.49c 0.53c 0.43c 0.53 

Au 

8.98 

Heuristic  0.60 0.60 0.55 0.50d 0.50d e 

Automated 
Range 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 -- 

Est. 0.57 0.65 0.57 0.42d 0.60d -- 

26.95 

Heuristic  0.60 0.60 0.52 0.50d 0.50d e 

Automated 
Range 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 0.40 to 0.70 -- 

Est. 0.64 0.60 0.59 0.41d 0.45d -- 

Pt 

8.98 

Heuristic  0.57 0.50 0.50f e e e 

Automated 
Range 0.40 to 0.70 0.44 to 0.60 -- -- -- -- 

Est. 0.60 0.55c -- -- -- -- 

26.95 

Heuristic  0.58 0.50 0.50f e e e 

Automated Range 0.50 to 0.67 0.44 to 0.65 -- -- -- -- 

 Est. 0.56 0.52 -- -- -- -- 

a too close to reversible limit to be determined b near reversible limit so uncertainty substantial c all data used d estimated from 1st to 3rd harmonic components e process is not 

observed due to lower negative potential limit f poorly defined. 
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Table 5 summarises the thermodynamic and electrode kinetic parameters obtained using the 

same heuristic and computer supported data optimisation protocols applied above using 0.50 

M [n-Bu4N][PF6] as the supporting electrolyte cases. Clearly, as expected and as revealed from 

comparison of data in Tables 3 and 5, the uncompensated resistance has increased with use of 

the lower 0.10 M supporting electrolyte concentration. There is also a negative shift in 𝐸app0 with 0.10 M of [n-Bu4N][PF6], 𝐸app𝟏0 = -0.232, 𝐸app𝟐0 = -0.608, 𝐸app𝟑0 = -1.178, 𝐸app𝟒0 = 

-1.563 V, 𝐸app𝟓0 = -2.046 and 𝐸app𝟔0 = -2.409 V vs Fc0/+ (versus 𝐸𝑎𝑝𝑝𝟏0 = -0.215 V, 𝐸𝑎𝑝𝑝𝟐0 = -

0.592 V, 𝐸𝑎𝑝𝑝𝟑0 = -1.156 V, 𝐸𝑎𝑝𝑝𝟒0 = -1.539 V, 𝐸𝑎𝑝𝑝𝟓0 = -2.006 V and 𝐸𝑎𝑝𝑝𝟔0 = -2.344 V vs 

Fc0/+ in the case of 0.50 M [n-Bu4N][PF6]) were used in heuristic simulations. Agreement 

between simulated and experimental data that correspond to each reduction process also is 

improved as demonstrated by higher LS values (see Table 4) from automated data optimisation 

results and visual inspection of heuristic comparison of experimental and simulated data shown 

Figure 3 versus Figure 4 at the GC electrode. The values of 𝑘𝑎𝑝𝑝𝟏0 , 𝑘𝑎𝑝𝑝𝟐0 , 𝑘𝑎𝑝𝑝𝟑0 , 𝑘𝑎𝑝𝑝𝟒0 , 𝑘𝑎𝑝𝑝𝟓0  

and 𝑘𝑎𝑝𝑝𝟔0  generally increase on use of the lower electrolyte concentration. For example, 𝑘𝑎𝑝𝑝0 values of ≥0.10, 0.080, 0.053, 0.041, 0.012 and 0.002 cm s-1 with 0.50 M electrolyte 

present increase to ≥0.19, 0.14, 0.058, 0.055, 0.031 and 0.02 cm s-1 for the six processes 

detected at the GC electrode according to heuristically derived data at 8.98 Hz (see Tables 3 

and 5).   

Analogous electrolyte dependence is found at Au (Figures S6 and S7) and Pt electrodes (Figure 

S8) to that at the GC one. For example, according the heuristic method of data analysis, the 𝑘𝑎𝑝𝑝10 , 𝑘𝑎𝑝𝑝20  and 𝑘𝑎𝑝𝑝30  values increase from 0.053, 0.039 and 0.017 cm s-1 to 0.11, 0.11 and 

0.024 cm s-1 respectively at the Au electrode using data collected at 8.98 Hz on decreasing the 

supporting electrolyte concentration from 0.50 M to 0.10 M. However, it should be noted that 

the 4th and 5th processes at this electrode are very slow and display pronounced departures from 
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Butler- Volmer prediction at both concentrations of [n-Bu4N][PF6] in both FTAC and DC 

voltammetry (Figures S2, S3, S6 and S7). 

While decreased, some residual asymmetry remains in the reduction-oxidation components of 

the higher order AC harmonics (see Figures 4, S5, S6, S7 and S8) obtained with 0.10 M 

electrolyte concentration. This leads to smaller but nevertheless still detectable systematic 

differences in electrode kinetic evaluations being detected in heuristic versus automated data 

optimisation methods.  
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Figure 4. Heuristic comparison of simulated (red line) and experimental (blue line) AC 

voltammetric data for the α-[S2W18O62]4−/5−/6−/7−/8−/9−/10− processes obtained with ΔE = 

80 mV, f = 8.98 Hz and ν = 0.099 V s-1 derived from reduction of 2.5 mM α-[S2W18O62]4− in 

CH3CN containing 0.10 M [n-Bu4N][PF6] at GC electrode. (a) DC component, (b-g) 1st to 6th 

harmonic components. Other parameters given in Table 5 and text. 
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3.4. Origin of departures from the Butler- Volmer model of electron transfer  

There are a series of observations that emerge from studying the electrode kinetics of up to six 

well resolved processes that encompass over a 2V potential range when reduction of α-[S2W18O62]4− occurs in CH3CN containing [n-Bu4N][PF6] as the supporting electrolyte. These 

six one electron processes can be modelled as α-[S2W18O62]4−/5−/6−/7−/8−/9−/10− electron 

transfer reactions using the Butler- Volmer relationship. Indeed, it is access to this wide 

potential reduction range feature involving an overall large change in charge from 4- to 10- that 

is possible with POMs and also very informative in understanding electrode and electrolyte 

dependent nuances in the voltammetry that are summarised in points (a) to (e) listed below. 

(a) The heterogeneous charge transfer rate constant decreases as each electron transfer 

process is encountered at a progressively more negative potentials (𝑘𝑎𝑝𝑝𝟏0 > 𝑘𝑎𝑝𝑝𝟐 0 > 𝑘𝑎𝑝𝑝𝟑0 > 𝑘𝑎𝑝𝑝𝟒0  > 𝑘𝑎𝑝𝑝𝟓0  > 𝑘𝑎𝑝𝑝𝟔0  ). Thus, the [S2W18O62]4−/5− process is reversible or 

close to reversible while the α-[S2W18O62] 9−/10− process is kinetically very sluggish. 

(b) Non-conformance to the Butler-Volmer model progressively increases with respect to 

the process order as in (a). Thus, processes I and II that are close to reversible complying 

well to predictions of this model, whereas slow processes III to VI that occur at more 

negative potentials display a significant level of non-ideality. However, interestingly 

while the α-[S2W18O62]4−/5−/6−  processes conform very well with the Butler-Volmer 

model when the potential is switched immediately after the α- [S2W18O62] 5−/6− 

process, the level of agreement decreases somewhat when the potential is switched at 

very negative potentials after the α-[S2W18O62] 9−/10−process. 

(c) 𝑘𝑎𝑝𝑝0  increases as the [n-Bu4N][PF6] electrolyte concentration is decreased from 0.50 

to 0.10 M. 
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(d) 𝑘𝑎𝑝𝑝0  values are highest at GC electrodes, and smallest at Pt, with values at Au being 

intermediate between GC and Pt. The level of conformance with the Butler-Volmer 

model also follows the order GC > Au > Pt.  

(e) The non-conformance of data with the Butler-Volmer model translated into apparently 

data analysis method dependent values of 𝑘𝑎𝑝𝑝0 . 

In principle, the fact that the level of non-conformance to the Butler-Volmer model for all 

process increases significantly when the voltammetric experiment incudes the potential region 

where [S2W18O62]7−  and further reduced forms are generated suggests that surface 

accumulation of this reduced POM or a decomposition product may lead to electrode 

modification that causes electrode blockage. If indeed this does occur, then the resultant mass 

change during the voltammetry can be measured by the EQCM technique via a change in the 

oscillation frequency of the quartz crystal working electrode [51]. In this study, the frequency 

(mass) of a gold quartz crystal working electrode was monitored during the course of a DC 

cyclic voltammetric experiment (v = 0.050 V s-1 ) undertaken with 1.0 mM α-[S2W18O62]4− in 

CH3CN (0.50 M [n-Bu4N][PF6]) over the potential region where five reduction processes occur 

at this electrode surface (Figure 5a).   

Figure 5. EQCM data obtained for the reduction of 1.0 mm α-[S2W18O62]4− in CH3CN (0.50 

M [n-Bu4N][PF6]) at a scan rate of 0.050 V s-1 with an Au quartz crystal electrode over the 
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potential region where five (black) α- [S2W18O62]4−/5−/6−/7−/8−/9−  and initial two α-[S2W18O62]4−/5−/6−  (red) processes occur. (a) DC cyclic voltammetry (current versus 

potential) and (b) change frequency (∆𝑓 ) of the gold quartz crystal versus potential.  

 

As shown in Figure 5b, a negative frequency shift consistent with a mass increase is evident as 

in the study with [n-Bu4N]4[PW11O39{Sn(C6H4)C≡C(C6H4)(N3C4H10)}] POM [17]. This mass 

increase commences at potentials corresponding to the onset of the 2nd α-[S2W18O62]5−/6− 

reduction process. The frequency change (mass increase) then continues until the α-[S2W18O62]6−/5−/4− oxidation processes occur where frequency change a small amount of 

mass loss is detected. Apparently, accumulation of α-[S2W18O62]7−  itself, further reduced 

forms or their decomposition products occurs at a gold electrode. Probably, the same scenario 

applies at GC and Pt electrodes, but with electrode dependent characteristics. This surface 

accumulation phenomenon is not included in the modelling but would explain the asymmetry 

found in the reduction and oxidation AC components. Since this accumulation continues to 

increase at potentials where α-[S2W18O62]7−  and even higher negative charge containing 

species are generated, enhanced departures in experimental versus simulated data comparisons 

are anticipated to progressively increase for the α-[S2W18O62]6−/7−, α-[S2W18O62]7−/8−, α-[S2W18O62]8−/9− and α-[S2W18O62]9−/10− processes which occur at more negative potentials 

and longer times after the onset of the α-[S2W18O62]6−/7− process.  

Results of 10 consecutive voltammetric experiments encompassing either reduction processes 

I and II or I, II and III at GC, Au and Pt electrodes in CH3CN (0.50 M [n-Bu4N][PF6]) with 1.0 

mM α- [S2W18O62]4−  are displayed in Figure 6, without polishing the electrode between 

experiments. If the potential range is limited to processes I and II, then each cyclic 

voltammetric experiment 1 to 10 remains essentially unchanged (Figures 6i-a, 6ii-a and 6iii-a). 
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In contrast, when process III is included (see Figures 6i-b,c, 6ii-b,c and 6iii-b,c) each 

experiment displays a progressively enhanced level of change from peak (liner diffusion 

controlled) to sigmoidal shape (radial diffusion controlled) as occurs in the voltammetry of 

metalloproteins or metalloenzymes [52-54] or with surface active diazonium modified POMs 

[17] when denaturation/decomposition and consequently surface blocking occur.  

 

Figure 6. Repetitive cycling of the potential in voltammetry of 1.0 mM α-[S2W18O62]4− in 

CH3CN (0.50 M [n-Bu4N][PF6]) at (i) GC, (ii) Au and (iii) Pt electrodes without polishing the 

electrode after the first cycle. (a) and (b) represent the first two and three one-electron transfer 

processes, respectively and (c) represent the 1st and 10th experiments for three one-electron 

transfer processes.  
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In a previous study, Richardt et al reported that only two well resolved rotating disc electrode 

voltammograms were observed at a GC electrode when 1.0 mM *-[S2W18O62]4− is reduced 

in CH3CN (0.10 M Bu4NClO4) [11]. The absence of processes at a more negative potential was 

postulated due to surface blocking by accumulation of a product of the 2nd process at the higher 

current densities associated with rotating disc electrode voltammetry. The 3rd process was 

detectable with the addition of 5% water which was proposed to supress the product formation 

from the 2nd process. In contrast, RDE voltammetry in this work (CH3CN/0.50 M [n-

Bu4N][PF6]) with a higher electrolyte concentration and a lower POM concentration allow six 

processes to be detected at a GC electrode (Figure 7a) with half wave potentials of -0.22, -0.61, 

-1.16, -1.54, -2.02, -2.37 V vs Fc0/+ for processes I, II, III, IV, V and VI, respectively. However, 

electrode blocking is more pronounced at Au and Pt electrodes, resulting in only 4 (Figure 7b) 

and 2 processes (Figure 7c) instead of the 6 obtained at a GC electrode.  

 

Figure 7. Rotating disk electrode voltammograms for the reduction of 0.25 mM α-[S2W18O62]4− in CH3CN (0.50 M [n-Bu4N][PF6]) at (a) GC, (b) Au and (c) Pt electrodes, 

respectively. v = 0.050 V s-1, rotation rate 52.4 s-1. 

Based on evidence provided from the above DC voltammetric and EQCM experiments, it is 

apparent that surface accumulation and electrode blockage accompanies generation of the three 

electron reduced α-[S2W18O62]7− and further reduced forms with the order of impact on the 
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subsequent voltammetry being Pt > Au > GC. As a consequence of adsorption, well defined Pt 

electrode electrochemistry is restricted to first two process, with the third process being ill-

defined. The voltammetric impact at the Au electrode by surface modification is the 

introduction of asymmetry in the reduction-oxidation components, which is less extreme at the 

GC electrode and even more extreme in the case of the Pt electrode.  

An understanding that the origin of the asymmetry in some of the voltammograms is based on 

surface interaction of a product of reduction, advises that undertaking data analysis for 

estimation of 𝑘𝑎𝑝𝑝0  on the reduction component of the data set, as was done in the heuristic 

form of data analysis, is justified. Thus, the experimenter biased method used in this study 

generates what can be considered to be superior estimates of the electrode kinetic parameters. 

Based on this conclusion, the automated data optimisation analysis approach could be restricted 

to only the reduction data set to generate a new set of 𝐸𝑎𝑝𝑝0 , 𝑘𝑎𝑝𝑝0  and 𝛼𝑎𝑝𝑝 values that as might 

be anticipated equate almost exactly with those generated via heuristic analysis. The approach 

we have adopted recently [10] to parameterisation of complex problems in using a heuristic 

data analysis method prior to implementation automated data optimisation methods is again 

demonstrated in this study to be highly valuable. The downside is that the heuristic approach 

is exceptionally tedious and time consuming for the experimenter. The challenge now is to 

implement artificial intelligence/ machine learning/ pattern recognition into data optimisation 

methods used in voltammetry that contain knowledge of the experimenter’s experience in as 

has been implemented for simple problems [49, 50]. 

In POM electrochemistry, the role ion-pairing must be significant. In this study, ion pairing 

between highly charged oxidised α-[S2W18O62]4− and reduced species α-[S2W18O62]𝑛− (n = 

5 to 10) and cation ([𝑛 − Bu4N]+) of supporting electrolyte ([n-Bu4N][PF6]) will be enhanced 

the more negative the charge on the POM. Accordingly, the electron transfer process should 
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be represented by a square-scheme mechanism which incorporates the coupling of ion-pairing 

with electron transfer [10, 48]. This mechanism also provides an explanation as to why 𝑘𝑎𝑝𝑝0  

decreases with an increase in supporting electrolyte concentration as the [n- Bu4N]+ 

concentration is decreased from 0.50 M to 0.10 M. The combination of stronger ion pairing in 

the reduced relative to oxidised for a very sluggish POM processes as in a square reaction 

scheme could in its own right explain the asymmetry in reduced and oxidised components of 

FTAC voltammetric data as noted in reference [10]. However, this study reveals that surface 

interaction features also contribute to and may even be the dominant contributor to this 

phenomenon. A positive shift in thermodynamically based 𝐸𝑎𝑝𝑝0  also is evident (see table 2) 

with the higher 0.50 M concentration of supporting electrolyte ([n-Bu4N][PF6]), which is a 

consequence of enhanced ion-pairing differences between oxidised and reduced forms of each 

redox couple. Supporting electrolyte concentration dependence of ion pairing also has been 

established in previous studies of the electrochemistry of POMs [10, 45]. 

The influence of the double layer region which contains a very high concentration of [n-Bu4N]+ 

at the very negative potentials where processes V and VI occur also could be an important 

contributor to the increasingly sluggish electron transfer kinetics found as more electrons and 

hence negative charges are added to the POM. The electrolyte concentration and potential 

dependent effect are related to the point of zero charge (PZC) which in turn is electrode material 

dependent [39]. In this study, 𝑘𝑎𝑝𝑝0  for all processes at all electrode materials increase when the 

[n-Bu4N][PF6] supporting electrolyte concentration decreased from 0.50 M to 0.10 M, because 

the diminution of the ion-pairing effect that is probably magnified significantly for all reduction 

processes that occur at more negative potentials than the PZC.  

It has been well established that oxidised forms of negatively charged POMs can adsorb 

spontaneously at carbon, Au and Pt electrodes [55-59]. The combination of very negative 
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potentials where [n-Bu4N]+ concentrations in the double layer region are considerably higher 

than in bulk solution, extensive reduction leads to high charges on the POMs may even provide 

scenarios where the solubility product is exceeded at the solution-electrode interface leading 

to precipitation of POM or specific adsorption to give a chemically modified electrode which 

partially blocks the electrode and alters the mass transport thereby leading to departure from 

theoretical predictions based Butler-Volmer electrode kinetics and linear diffusion for POM 

processes occurring at negative potentials as found in this and other studies [17]. Unfortunately, 

corrections for the double layer effect were not possible as the PZC value at GC, Au and Pt 

electrodes has not been established, although potentials more negative than the onset of process 

II should be more negative than the PZC and hence provide conditions favouring of a [n-Bu4N]+ 

dominated double layer region. Studies by Fawcett et al [23] on double layer at the mercury 

electrode/acetonitrile interface demonstrated the strong electrolyte cation 

(tetraalkylammonium, TAA+) distribution in the electrode-solution double layer interfacial 

region at a far cathodic potential which is far from the PZC. As a consequence, large double 

layer capacitance at more negative potential compared to minimum at or close to PZC was 

evident. These findings should be relevant to our study, and the α-[S2W18O62]9−/10− process 

at negative potential close to the solvent limit should be influenced more by the double layer 

effect compared to α-[S2W18O62]4−/5−  process near to the PZC resulting the progressive 

increase in complexity for processes at more negative potential than α-[S2W18O62]5−/6− 

process.  

5 Conclusion 

Electron transfer kinetics for the reduction processes of α-[S2W18O62]4− were determined by 

FTAC voltammetry using heuristic and computer-assisted automated data analysis approaches 

where GC carbon electrode possessed rapid kinetics than the other two metal electrodes (e.g., 
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Au and Pt). Increased kinetic values were observed at all electrodes when the concentration of 

[n-Bu4N][PF6] change from 0.50 to 0.10 M, which probably is the result of availability of the 

more free species (α-[S2W18O62]4−, α-[S2W18O62]5−  or higher negative charge containing 

reduced species) at lower cation concentration. Increased departure from ideality was observed 

in the theory-experimental comparison when wide potential used that encompasses all six 

rather than initial two processes. Ion-pairing between POM (α-[S2W18O62]4−) or reduced POM 

species (α-[S2W18O62]𝑛−, n = 5 to 10) and cation ([n-Bu4N]+) of the supporting electrolyte 

could be more influential on reduction processes at more negative potential resulting in the 

progressive asymmetry in reduced and oxidised components of FTAC voltammetric data. 

Improved agreement between experimental and simulated data was observed with lower 

concentration of supporting electrolyte ([n-Bu4N][PF6]), which is a consequence of diminished 

ion-pairing demonstrated by negative 𝐸𝑎𝑝𝑝0  shift. Results of EQCM experiments at a gold 

quartz crystal electrode and 10 consecutive DC cyclic voltammetric experiments at GC, Au 

and Pt electrodes demonstrate that surface accumulation of reduced species also contributes to 

and may even be the dominant contributor to these non-idealities. This surface accumulation 

starts at potential after 2nd process and continues to increase at higher negative charge 

containing POM species, which can explain the progressive departures in experimental versus 

simulated data comparison that encounter for the reduction processes at more negative 

potential. Another driving factor for progressive complexity is double layer capacitance, which 

would be larger at more negative potential and more influential for α-[S2W18O62]9−/10− 

process than α-[S2W18O62]4−/5− process near to the PZC.  
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Figure S1. Heuristic comparison of simulated (red line) and experimental (blue line) AC 

voltammetric data for the α-[S2W18O62]4−/5−/6−/7−/8−/9−/10− processes obtained with ΔE = 

80 mV, f = 26.95 Hz and ν = 0.099 V s-1 derived from reduction of 2.5 mM α-[S2W18O62]4− 

in CH3CN containing 0.50 M [n-Bu4N][PF6] at GC electrode. (a) DC component, (b-f) 1st to 

5th harmonic components. (g) The 6th harmonic for a reversible process (black line) is also 

shown for comparison with the experimental one. Other parameters given in Table 3 and text.  
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Figure S2. Heuristic comparison of simulated (red line) and experimental (blue line) AC 

voltammetric data for the α-[S2W18O62]4−/5−/6−/7−/8−/9− processes obtained with ΔE = 80 

mV, f = 8.98 Hz and ν = 0.100 V s-1 derived from reduction of 2.5 mM α-[S2W18O62]4− in 

CH3CN containing 0.50 M [n-Bu4N][PF6] at Au electrode. (a) DC component, (b-g) 1st to 6th 

harmonic components. Other parameters given in Table 3 and text.  
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Figure S3. Heuristic comparison of simulated (red line) and experimental (blue line) AC 

voltammetric data for the α-[S2W18O62]4−/5−/6−/7−/8−/9− processes obtained with ΔE = 80 

mV, f = 26.95 Hz and ν = 0.100 V s-1 derived from reduction of 2.5 mM α-[S2W18O62]4− in 

CH3CN containing 0.50 M [n-Bu4N][PF6] at Au electrode. (a) DC component, (b-g) 1st to 6th 

harmonic components. Other parameters given in Table 3 and text.  
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Figure S4. Heuristic comparison of simulated (red line) and experimental (blue line) AC 

voltammetric data for the α-[S2W18O62]4−/5−/6−/7− processes obtained with ΔE = 80 mV, f  

(i) = 8.98 and (ii) = 26.95 Hz and ν = 0.057 V s-1 derived from reduction of 2.5 mM α-[S2W18O62]4− in CH3CN containing 0.50 M [n-Bu4N][PF6] at Pt electrode. (a) DC component, 

(b-g) 1st to 6th harmonic components. Other parameters given in Table 3 and text. 
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Figure S5. Heuristic comparison of simulated (red line) and experimental (blue line) AC 

voltammetric data for the α-[S2W18O62]4−/5−/6−/7−/8−/9−/10− processes obtained with ΔE = 

80 mV, f = 26.95 Hz and ν = 0.099 V s-1 derived from reduction of 2.5 mM α-[S2W18O62]4− 

in CH3CN containing 0.10 M [n-Bu4N][PF6] at GC electrode. (a) DC component, (b-f) 1st to 

5th harmonic components. (g) The 6th harmonic for a reversible process (black line) is also 

shown for comparison with the experimental one. Other parameters given in Table 5 and text.  
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Figure S6. Heuristic comparison of simulated (red line) and experimental (blue line) AC 

voltammetric data for the α-[S2W18O62]4−/5−/6−/7−/8−/9− processes obtained with ΔE = 80 

mV, f = 8.98 Hz and ν = 0.100 V s-1 derived from reduction of 2.5 mM α-[S2W18O62]4− in 

CH3CN containing 0.10 M [n-Bu4N][PF6] at Au electrode. (a) DC component, (b-g) 1st to 6th 

harmonic components. Other parameters given in Table 5 and text. 
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Figure S7. Heuristic comparison of simulated (red line) and experimental (blue line) AC 

voltammetric data for the α-[S2W18O62]4−/5−/6−/7−/8−/9− processes obtained with ΔE = 80 

mV, f = 26.95 Hz and ν = 0.100 V s-1 derived from reduction of 2.5 mM α-[S2W18O62]4− in 

CH3CN containing 0.10 M [n-Bu4N][PF6] at Au electrode. (a) DC component, (b-g) 1st to 6th 

harmonic components. Other parameters given in Table 5 and text.  
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Figure S8. Heuristic comparison of simulated (red line) and experimental (blue line) AC 

voltammetric data for the α-[S2W18O62]4−/5−/6−/7− processes obtained with ΔE = 80 mV, f  

(i) = 8.98 and (ii) = 26.95 Hz and ν = 0.057 V s-1 derived from reduction of 2.5 mM α-[S2W18O62]4− in CH3CN containing 0.10 M [n-Bu4N][PF6] at Pt electrode. (a) DC component, 

(b-g) 1st to 6th harmonic components. Other parameters given in Table 5 and text. 
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ABSTRACT 

The power of Fourier transformed large amplitude alternating current voltammetry (FTACV) 

has been applied to parameterise the reduction of the phospho-tungstate 

[PW11O39{Sn(C6H4)C≡C(C6H4)(N3C4H10)}]4- polyoxometalate (KW
Sn[N3C4H10]

4-/5-/6- 

processes) at glassy carbon (GC), gold (Au) and platinum (Pt) electrodes in acetonitrile (0.10 

M [n-Bu4N][PF6]). Same data analysis protocol also has been applied to parameterise the 

surface confined processes of KW
Sn[-]

4--grafted diazonium derivative at GC electrode. The 

thermodynamics (𝐸0) and heterogeneous electron-transfer kinetics (𝑘0  and α) were estimated 

using the Butler-Volmer relationship. FTACV provides access to significantly more detailed 

mechanistic information related to non-conformance to the theory than widely used DC 

voltammetric methods, especially with the more intricate surface confined electrochemistry. 

Parameterisation, the level of agreement and systematic variations between experimental and 

simulated data were established by both an experimenter controlled heuristic method and by a 

computationally efficient data optimisation approach that employed parameter space searches 

restricted in scope by knowledge of the heuristically based   estimations. The first electron 

transfer process for both acetonitrile soluble KW
Sn[N3C4H10]

4- and surface confined KW
Sn[-]

4- 

is always significantly faster than the second. The electrode dependence order is   𝑘𝑮𝑪0 > 𝑘𝐀𝐮0 > 𝑘𝐏𝐭0  for the KW
Sn[N3C4H10]

4-/5- process. The relatively slower electrode kinetics found for 

reduction of KW
Sn[N3C4H10]

4- as compared to some other monomeric Keggin POMs may be 

due to the long organic chain hindering the approach of the POM to the electrode surface, 

although differences in ion-paring and other factors also may play a role. Subtle, but systematic 

differences identified in comparisons of experimental and simulated voltammetry give rise to 

apparently data analysis method dependent parameterisation and are discussed in terms of 

nuances not accommodated in the modelling. In the solution phase voltammetry, data obtained 

by electrochemical quartz crystal microbalance and other techniques are consistent with solid 
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adhering to and modifying the electrode surface following reduction of KW
Sn[N3C4H10]

4- to 

KW
Sn[N3C4H10]

5-. Kinetic and thermodynamic dispersion present in the heterogeneous KW
Sn[-

]4--grafted electrode are probable causes of non-ideality detected in the surface confined 

voltammetry of this material. Thus, FTACV gives valuable insights into what is needed to 

provide a more realistic description of the polyoxometalate/electrode interface in 

polyoxometalate electrochemistry by revealing subtle nuances that are often overlooked.  

Keywords: Polyoxometalate electrochemistry, electrografting, Fourier transformed 

alternating current voltammetry, electrode kinetics and thermodynamics, parameterisation, 

mechanistic nuances. 
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1. Introduction 

Nano-sized metal oxoanions, known as polyoxometalates (POMs), are an important class of 

inorganic clusters that are usually constructed from early transition metals. Their ability to 

undergo an extensive series of electron transfer reactions when dissolved in solution or attached 

to electrode surfaces 1-4 has made these anions valuable in applications of electrochemistry in 

diverse fields such as electrocatalysis 5-7, electrosynthesis 8, biosensing 9-10 and energy storage 

11-12. Glassy carbon (GC) has been available as an electrode material 2, 13-15 for over half a 

century. Much of the recent solution phase and surface confined POM electrochemistry has 

been reported at this electrode surface to improve selectivity in electroanalysis or to overcome 

slow electron-transfer kinetics found with use of conventional metal electrodes 16-17. The main 

techniques for electrode modification are largely based on electrostatic 18-20 or covalent 

attachment 2-3, 21-22. 

The electrode kinetics of POMs with Keggin and Dawson structures have been reported 

in studies in solution phase 23-25 and with spontaneously adsorbed forms 26-28. Relevant to this 

study, functionalization of POMs has recently been introduced to provide a reactive terminal 

diazonium group that facilitates surface anchoring to the electrode 2-3, 22, 29. In the present study, 

the thermodynamics (reversible formal potentials, E0 values) and electrode kinetics 

(heterogeneous charge transfer rate constant k0 at E0 and charge transfer coefficient, 𝛼 values) 

of the solution soluble Keggin POM functionalized with a protected diazonium, [n-

Bu4N]4[PW11O39{Sn(C6H4)C≡C(C6H4)(N3C4H10)}] ([n-Bu4N]4K
W

Sn[N3C4H10], Figure 1a) is 

initially explored via modelling based on the reactions given in Eqns. 1 and 2. This precursor 

is then converted to the diazonium derivative [n-Bu4N]3[PW11O39{Sn(C6H4)C≡C(C6H4)N2
+}] 

([n-Bu4N]3K
W

Sn[N2
+], (Figure 1b) which is then subsequently grafted onto the GC electrode as 

KW
Sn[-]

4--grafted (Figure S1). Thus, the thermodynamics and electrode kinetics for reduction 
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of KW
Sn[-]

4- is evaluated according to Eqns. 3 and 4 using  modelling relevant to  this surface 

confined material.  

KWSn[N3C4H10]4−(soln) +  e− ⇆  KWSn[N3C4H10]5−(soln)                     (1) 

KWSn[N3C4H10]5−(soln) +  e− ⇆  KWSn[N3C4H10]6−(soln)                     (2) 

KWSn[−]4−(grafted) +  e− ⇆  KWSn[−]5−(grafted)                                     (3) 

KWSn[−]5−(grafted) +  e− ⇆  KWSn[−]6−(grafted)                                     (4) 

  

 

Figure 1. Structural representation of (a) the precursor functionalized phosphotungstate POM 

KW
Sn[N3C4H10]

4- used in solution phase electrochemical studies and (b) KW
Sn[N2

+]3- used for 

grafting to a GC electrode via the terminal diazonium group. 

 

Electrografting of the related diazonium functionalized POMs 

[PMo11O39{Sn(C6H4)C≡C(C6H4)N2
+]3- 2 and [PW11O39{Ge(C6H4)C≡C(C6H4)N2

+)}]3- 3 has 

been used to prepare chemically modified GC or silicon surfaces. Studies of the electron 

transfer kinetics of the functionalized POM grafted onto GC or silicon have been reported by 

traditional DC cyclic voltammetry 3, 22 using the separation in the peak reduction and oxidation 

potentials for the first one electron reduction process as a function of scan rate with reference 

to Laviron theory 30 used for quantification. Electrode kinetic studies with the solution soluble 

[PW11O39{Ge(C6H4)C≡C(C6H4)(N3C4H10)}]4- (KW
Ge[N3C4H10]

4-) also have been undertaken 

by linear sweep voltammetry which are based on comparison of the dependence of the 

reduction peak potential on scan rate 31. Thus, parameterisation in these studies with solution 
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soluble and surface confined POMs is derived from analysis of peak potentials. This very 

restricted use of only one or two data points selected from the extensive current-potential 

profile collected experimentally, means that information related to the shape of the 

voltammogram does not form part of the quantitative data analysis protocol, which minimises 

prospects for identifying nuances or non-idealities associated with the voltammetry.   

In this study, the more sophisticated technique of Fourier transformed alternating 

current voltammetry (FTACV) is introduced to characterize the reduction of KW
Sn[N3C4H10]

4- 

in the solution phase at GC, Au and Pt electrodes and KW
Sn[-]

4- grafted onto a GC electrode. 

This method allows all data in very extensive sets collected in the experiments to be used in 

the parameterisation exercise, thereby allowing subtle departures from the theory predicted 

using the Butler-Volmer electron transfer model to be more readily detected. The 

thermodynamic and electrode kinetic parameters associated with reduction of KW
Sn[N3C4H10]

4- 

in solution and surface confined KW
Sn[-]

4- are estimated with FTACV by comparing theoretical 

predictions based on MECSim 32 software derived simulated data with experimental data using 

both experimenter based heuristic and computationally supported data optimisation methods. 

Manual comparisons of simulated and experimental data are undertaken in the heuristic 

approach and the decision as to when the best fit data has been achieved is made by the 

experimenters on the basis of their expertise in voltammetry and data analysis. Knowledge 

from the tedious heuristic approach helps establish the range of variables that have to be 

searched in the computer assisted data optimisation approach 33-34. Unlike the outcome of the 

heuristic approach, parameters derived from the data optimised analysis approach are 

independent of experimenter bias. However, an experienced electrochemist may more readily 

detect systematic departures of experimental data from theoretical predictions than by routinely 

implemented automated computational assessment as indeed applies in this study. 
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2. Experimental Section 

2.1. Reagents and solvents. The functionalized Keggin POM, [n-

Bu4N]4[PW11O39{Sn(C6H4)C≡C(C6H4)(N3C4H10)}] ([n-Bu4N]4K
W

Sn[N3C4H10]) was prepared 

by a literature method 35. Ferrocene (Fc, 98%, Sigma-Aldrich), Al2O3 (Buehler), trifluoroacetic 

acid (Sigma-Aldrich), diethylether (Merch-KGaA, Germany, 99.5%), dimethylformamide 

(DMF) and ethanol (96%, Merck) were used as provided by the manufacturer. Acetonitrile 

(CH3CN, 99.9%, Sigma-Aldrich) was dried over molecular sieves. Tetrabutylammonium 

hexafluorophosphate ([n-Bu4N][PF6], 98%, Sigma-Aldrich) and tetrabutylammonium bromide 

(Bu4NBr, 98%, Sigma-Aldrich) were recrystallized from hot ethanol 36 and isopropanol 

(C3H8O, 99.5% Merck), respectively.  

2.2. Synthesis of [n-Bu4N]3[PW11O39{Sn(C6H4)C≡C(C6H4)(N2
+)}] ([n-

Bu4N]3K
W

Sn[N2
+]). 40.9 mg of [n-Bu4N]4K

W
Sn[N3C4H10] (0.010 mmol) was dissolved in 2 mL 

of dried acetonitrile. 3.8 μL of trifluoroacetic acid (C2HF3O2, 0.050 mmol) was then added with 

stirring at room temperature for 10 minutes. A brown solid was removed by filtration of the 

yellow solution and 64.5 mg of Bu4NBr was added to the filtrate. The required product was 

precipitated by mixing the filtrate with diethyl ether and collected, dried and stored under 

vacuum.  

2.3. Electrochemical instrumentation and procedures. CH Instruments 700E and 

home built FTACV 37 electrochemical workstations were used to undertake DC cyclic and 

FTAC voltammetric experiments, respectively. In the FTACV, a sinusoidal wave having an 

amplitude (ΔE = 80 mV) and frequency (f) of 9.02 Hz was superimposed onto the DC ramp. 

Resolution of the AC current-time data into aperiodic DC and AC harmonics was undertaken 

using Fourier transform based mathematical tools as described elsewhere 37. All voltammetric 

experiments were carried out in a standard 3-electrode electrochemical cell at 22±2o C under 
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an inert environment achieved by conducting the experiments inside a dry box. Before grafting 

and prior to each electrochemical experiment, the GC electrode was polished on a polishing 

pad with an aqueous aluminium oxide (Al2O3, 0.3 µm) slurry, washed sequentially with water 

and acetone, and then dried under N2. The same pre-treatment procedure also was applied to 

the Au and Pt electrodes. Pt wire and Pt wire inside a capillary tube were employed as counter 

and quasi-reference electrodes, respectively. 

The electroactive areas (A) of the bare electrodes with a nominal diameter of 1.0 mm 

were estimated from the dependence of the peak current (𝐼P𝑜𝑥) for the reversible Fc0/+ oxidation 

process on scan rate using a 1.0 mM Fc solution in CH3CN (0.10 M [n-Bu4N][PF6]) and the 

Randles-Sevcik equation (Eq. 5) 38 with a known diffusion coefficient (D = 2.4 × 10-5 cm2 s-1) 

for ferrocene 39. That is, values of parameters such as number of electrons transferred (n), A, 

scan rate (v), D, bulk concentration (C), temperature (T), Faraday’s constant (F) and the 

universal gas constant (R) contained in Eq. 5 were assumed to be known and with mass 

transport occurring by liner diffusion 40. On this basis, A = 8.0 × 10-3 cm2 for GC, A = 8.1 × 

10-3 cm2 for Au and, A = 8.0 × 10-3 cm2 for Pt. 

𝐼p = 0.4463𝑛𝐹𝐴(𝑛𝐹𝐷𝑣 𝑅𝑇⁄ )1 2⁄ 𝐶                                                                 (5) 

The value of diffusion coefficient of Kw
Sn[N3C4H10]

4- of 6.3 × 10−6 cm2 s-1 was 

calculated from the dependence of the  peak current (𝐼P𝑟𝑒𝑑 ) on v and use of the Randles-Sevcik 

equation 38 for reduction of  a 0.50 mM POM solution in CH3CN containing 0.10 M [n-

Bu4N][PF6] as the supporting electrolyte.  

In order to establish if spontaneous adsorption of KW
Sn[N3C4H10]

4- occurs and may be 

the origin of some discrepancies detected between simulated and experimental solution phase 

voltammetric data, freshly polished GC, Au and Pt electrodes were dipped into an acetonitrile 
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solution containing 0.50 mM KW
Sn[N3C4H10]

4- and 0.10 M [n-Bu4N][PF6] for at least five 

minutes. Electrodes were removed from the solution, sonicated in acetonitrile, rinsed carefully 

with acetone and dried under a nitrogen flow. Voltammetric experiments were then undertaken 

with these electrodes placed in CH3CN containing only 0.10 M [n-Bu4N][PF6] electrolyte to 

detect the possible presence of surface attached POMs that had been adsorbed at open circuit 

potential. Analogous experiments were undertaken after the potential of the electrodes had been 

held at a value between the two KW
Sn[N3C4H10]

4-/5-/6- processes for 0, 60, 120 or 180 s to 

ascertain if POM surface confinement occurred after reduction of KW
Sn[N3C4H10]

4- to 

KW
Sn[N3C4H10]

5-. 

Electrochemical quartz crystal microbalance (EQCM) experiments used to detect mass 

changes accompanying the voltammetry were undertaken with a 13.7 mm diameter (A = 0.205 

cm2) gold coated    quartz crystal (oscillation frequency = 8.0 MHz) electrode using a CH 

Instruments 400B electrochemical workstation that supports EQCM experiments. The 

reference and counter electrodes in the EQCM measurements were again Pt wires. 

Calibration of the potential of the Pt quasi-reference electrode was undertaken by 

reference to the IUPAC recommended Fc0/+ process 41 under conditions of cyclic voltammetry 

and assuming its reversible potential is equal to the mid-point potential (average of oxidation 

and reduction peak potentials). 

2.4. Electrografting of GC electrode surface. Grafting of the diazonium derivative 2 

to the GC electrode surface was achieved via cyclic voltammetry (see Figure S2) of 1.0 mM of 

KW
Sn[N2

+]3- in CH3CN (0.10 M [n-Bu4N][PF6]) on a freshly polished GC electrodes over the 

potential range of −0.3 and −1.050 V vs Fc0/+ with a scan rate of  0.100 V s-1. Six cycles of 

potential were used to achieve close to a monolayer coverage. The grafted electrode was 

ultrasonicated in DMF and then CH3CN (5 min each) to remove loosely attached material and 
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dried under nitrogen. This surface grafted electrode was then used as the working electrode in 

subsequent voltammetric experiments in CH3CN with 0.10 M of [n-Bu4N][PF6] present as the 

supporting electrolyte. 

2.5. Theoretical analysis of AC voltammetry. All simulations were undertaken with 

the Monash University Simulation package MECSim 32. Details of the theory used for 

simulation of solution phase FTAC voltammetry with mass transport by linear diffusion as 

applies to Eqns. 1 and 2 are available in the literature 42. Simulation of the diffusionless surface 

confined voltammetry of the grafted POM was undertaken as described in the literature 43-44. 

In both scenarios, the Butler-Volmer model of electron transfer applied to a quasi-reversible 

process was used. This requires the incorporation of three (𝐸0, 𝑘0, 𝛼) parameters for each 

electron transfer step, with units of 𝑘0 being cm s-1 and s-1 for the solution soluble and grafted 

cases respectively. Neither thermodynamic nor kinetic dispersion that can occur with surface 

confined reactions 45-46 were included in the simulation.  

Ion-pairing chemistry reactions coupled to electron transfer were assumed to be 

diffusion controlled and hence reversible and subject to a solely thermodynamic description. 

On this basis, the unknown ion-pairing equilibrium constants effectively have been combined 

with the 𝐸0 which implies that reported 𝐸0, 𝑘0, 𝛼 values represent only apparent or 𝐸𝑎𝑝𝑝0 , 𝑘𝑎𝑝𝑝0  

and 𝛼𝑎𝑝𝑝 values. No double layer correction was applied to the electrode kinetics.  

For the surface confined process, the Langmuir adsorption isotherm model was used. 

This adsorption isotherm implies that all surface confined grafted POM moieties present in 

monolayer or sub-monolayer coverage are electrochemically identical in their behaviour and 

act independently of each other. Use of the Langmuir relationship also requires that no 

dissolution of surface bound POM occurs during the course of the voltammetric experiment. 
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The surface concentration (Г) of KW
Sn[-]

4- in moles cm-2 was calculated from the charge Q in 

coulomb transferred during the first surface confined reduction process as given by Eqn. 6. 

Г = 𝑁 𝐴⁄ = 𝑄 𝑛𝐹𝐴⁄                                                                                           (6) 

where N is number of moles of the electroactive species. 

Modelling uncompensated resistance (Ru) via Ohm’s law required the inclusion of this 

parameter in the simulations. The value of Ru used assumes a simple RuCdl time constant applies 

at potentials prior to the onset of POM reduction. Other parameters present in the simulation 

model such as AC amplitude, frequency, DC scan rate, electrode area, temperature were 

assumed to be accurately known. 

Double layer capacitance (Cdl) was evaluated from the background current in the 

potential region of the fundamental harmonic of the FTACV response (Figure S3) where 

faradaic current is absent. A non-linear model was used to model the potential dependence of 

Cdl as in Eqn. 7 47 

Cdl(t) = c0 + c1E(t) + c2E(t)2 + c3E(t)3 + c4E(t)4                                                 (7) 

In this equation, the nonlinearity of the capacitor is defined by the coefficients c0, c1, 

c2, c3, and c4 and the time dependant potential is designated by E(t). However, it will emerge 

that the background current, particularly at the POM modified electrode, exhibits even more 

complicated behaviour than predicted by this model, although conveniently, second and higher 

order AC harmonics are essentially devoid of background current, as predicted by the model. 

As in previous papers 48-49, automated computationally supported comparison of 

experimental and simulated data in the data optimisation exercises were undertaken using a 

least squares (LS) function (Eqn. 8) to estimate 𝐸0, 𝑘0 and 𝛼 values obtained with the best fit 
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of theory to experimental data. Here, only the 2nd to 6th harmonics were employed for 

optimisation so the influence of background current present in the aperiodic DC and 

fundamental harmonic could be ignored in the optimisation exercise. 

LS = [1 − (∑ √∑ [(𝑓ℎexp(𝑡i)−𝑓ℎsim(𝑡i))2]𝑁𝑖=1 ∑ 𝑓ℎexp(𝑡i)2𝑁𝑖=16ℎ=2 ) /5] × 100%                          (8) 

where 𝑓exp(𝑡i) and 𝑓sim(𝑡i) characterize the experimental and simulated functions, 

respectively, h is the order of an individual AC harmonic component and N is the number of 

data points.  

3. RESULT AND DISCUSSION 

3.1. DC cyclic voltammetric studies for the solution soluble and surface confined 

POMs. Figure 2 shows a DC cyclic voltammogram at a GC electrode for reduction of 

KW
Sn[N3C4H10]

4- over the potential range of about -0.1 to -1.7 V vs Fc0/+. No reduction response 

associated with the side chain is evident prior to the KW
Sn[N3C4H10]

4-/5- process observed at 

about -1.4 V vs Fc0/+. 

 

 

 

 

Figure 2. DC Cyclic voltammetry of KW
Sn[N3C4H10]

4- in CH3CN (0.10 M [n-Bu4N][PF6]) at a 

scan rate of 0.100 V s-1 with a GC electrode over the potential range of  about -0.10 to -1.7 V 
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vs Fc0/+ which  covers the region where grafting with the diazonium derivative (red marked 

area) and the first   KW
Sn[N3C4H10]

4-/5- process occur. 

DC Cyclic voltammograms for a 0.50 mM KW
Sn[N3C4H10]

4- solution and the surface 

confined grafted KW
Sn[-]

4- at a GC electrode recorded over a wider potential range than in 

Figure 2 are provided in Figure 3. In the former case, three reduction processes are observed at 

a GC electrode (Figure 3i-a). The first two, which are assigned to KW
Sn[N3C4H10]

4-/5- and 

KW
Sn[N3C4H10]

5-/6- processes and are of interest in this study, are well defined and chemically 

reversible since the magnitudes of the ratios of the reduction to oxidation peak currents are 

close to unity. Consequently, their mid-point potentials, (𝐸oxp + 𝐸redp
)/2, can be equated to the 

reversible potential, 𝐸0, values of -1.390 and -1.843 V vs Fc0/+, respectively. These processes 

also can be classified as essentially reversible or close to reversible in the electrochemical sense 

since their peak-to-peak separation (𝐸Pred - 𝐸Pox) values of ~60 mV, uncorrected for IRu drop, 

are close to the theoretically predicted value of 56.4 mV for a reversible one-electron transfer 

process at 22o C 38. The third most negative process at about -2.4 V vs Fco/+ at the GC electrode 

is chemically irreversible and not considered further.  

Interestingly, the shapes of the processes for reduction of KW
Sn[N3C4H10]

4- detected at 

Au (Figure 3ii) and Pt (figure 3iii) electrodes differ significantly from those at the GC electrode. 

The first process at these metal electrodes is assigned as quasi-reversible by traditional forms 

of analysis of DC cyclic voltammograms on the basis of their much larger (𝐸Pred-𝐸Pox) 

separations but identical mid-point potentials relative to values of these parameters at the GC 

electrode. In contrast, the second KW
Sn[N3C4H10]

5-/6- process at the Au electrode is observed at 

a significantly more negative potential (mid-point potential approximately -1.94 V) than at the 

GC electrode while this process is ill-defined at Pt, indicating additional complexity relative 
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the quasi-reversible assignment scenario. Thus, modelling these processes with the Butler-

Volmer relationship will not be appropriate.  

With the grafted GC electrode, the cyclic voltammetry (Figure 3i-b), contains KW
Sn[-

]4-/5- and KW
Sn[-]

5-/6- reduction processes with mid-point potentials of -1.450 V and -1.922 vs 

Fc0/+, respectively The shapes of both these diffusionless processes are symmetrical unlike 

those for the diffusion-controlled solution phase reactions, as expected theoretically. The 

germanium analogue of the tungsten, KW
Ge[-]

4- 3 grafted GC electrode also exhibits two well 

resolved symmetrically shaped reduction processes.  

 

Figure 3. DC cyclic voltammetry of KW
Sn[N3C4H10]

4- at a bare (i-a) GC, (ii) Au and (iii) Pt 

electrodes and (i-b) at a KW
Sn[-]

4--grafted GC electrode at a scan rate of 0.100 V s-1 in CH3CN 

(0.10 M [n-Bu4N][PF6]). 

 

A summary of Δ𝐸p(𝐸oxp − 𝐸redp
) and 𝐸0 values determined by DC cyclic voltammetry 

for dissolved KW
Sn[N3C4H10]

4- and grafted  KW
Sn[-]

4-  are provided in Table 1 and compared 

with those for related polyoxomolybdate [PMo11O39{Sn(C6H4)C≡C(C6H4)(N3C4H10)}]4- 

(KMo
Sn[N3C4H10]

4-) 2 and polyoxotungstate KW
Ge[N3C4H10]

4- 3 compounds. 
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Table 1. Summary of DC cyclic voltammetric data obtained at a scan rate of 0.100 V s-1 

in CH3CN (0.10 M [n-Bu4N][PF6]).   

 

a Converted to Fc0/+ scale  38, 50 when required 

b Well-removed from GC value (see text for further details)  

c Approximate value 

d Ill defined 

e v < 0.3 V s-1 

 

In terms of electrode kinetics, the following qualitative conclusions might be made from 

data in Table 1. The Δ𝐸p1 value of 63 ± 2  mV at a GC electrode for the KW
Sn[N3C4H10]

4-/5- 

reduction processes in solution phase at a scan rate of 0.100 V s-1 approaches the theoretically 

predicted value for  Δ𝐸p of 56.4 mV for a reversible one-electron process. The difference may 

be attributed to the presence of a small amount of Ohmic IRu drop, so that on this DC time scale 

this process may be regarded as reversible, within experimental error. Δ𝐸p2 is slightly larger 

for the second process (Δ𝐸p2 = 67 ± 2 mV) implying that 𝑘10 >  𝑘20 and that the second 

process is quasi-reversible rather than reversible. The much larger Δ𝐸p values for the KW
Sn[-]

4-

/5- process at Au and Pt than at GC electrodes implies that 𝑘𝐺𝐶0 >  𝑘𝐴𝑢 0  >  𝑘𝑃𝑡 0 .  

POM type Electrode 
𝐸𝑎𝑝𝑝𝟏0

 𝐸𝑎𝑝𝑝𝟐0  𝐸𝑎𝑝𝑝𝟏0
 𝐸𝑎𝑝𝑝𝟐0  Δ𝐸𝑃1 Δ𝐸𝑃2 

V vs SCE V vs Fc0/+ a mV 

KW
Sn[N3C4H10]

4- 

Bare-GC   -1.390 -1.843 63 67 

Bare-Au   -1.400 -1.94b 103 310 c 

Bare-Pt   -1.400 c d 310 c d 

Grafted-GC 

(KW
Sn[-]

4-) 
  -1.450 -1.922 13 37 

KW
Ge[N3C4H10]

4- 

Bare-GC -0.990 -1.460 -1.300 -1.770 65±5 65±5 

Grafted-GC 

(KW
Ge[-]

4-) 
-1.010 -1.500 -1.310 -1.800 30 60 

KMo
Sn[N3C4H10]

4- 

Bare-GC -0.500 -0.920 -0.810 -1.230 -- -- 

Grafted-GC 

(KMo
Sn[-]

4-) 
-0.550 d -0.860 d 72 e d 
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The D value of 6.3 × 10−6 cm2 s-1 for [KW
Sn[N3C4H10]

4-
 was estimated from the DC 

voltammetric peak reduction current for the KW
Sn[N3C4H10]

4-/5- process at a GC electrode as 

described in the Experimental Section. The D value for the germanium analogue in CH3CN is 

reported to be 9.3 × 10-6 cm2 s-1 3. 

The first reduction process at the KW
Sn[-]

4--grafted GC electrode in contact with CH3CN 

(0.10 M [n-Bu4N][PF6]) has a Δ𝐸p1 value of 13 2 mV at a scan rate of 0.100 V s-1 which 

differs slightly from the value of  zero predicted theoretically for a reversible process 51. On 

the other hand, the much larger value of Δ𝐸p2 of 37±2 mV is well removed form that predicted 

for the reversible value implying a much slower electron transfer rate for this process, relative 

electrode to the first one. 

The 𝐸0 values 2 KMo
Sn[N3C4H10]

4- in solution phase and for the KMo
Sn[-]

4- grafted-GC 

and are considerably less negative than for the W derivatives studied in this paper (Table 1). 

This is usually the case in POM electrochemistry and is attributed to the significantly lower 

position of the LUMO energy  for a Mo based POM compared to its W analogue, also noting 

that the HOMO-LUMO gap is ~2 eV for molybdates which is smaller than ~2.8 eV for 

tungstates 52. The potentials for the germanium analogues of the tin derivatives in both solution 

and surface confined (grafted electrode) phases are considered to be similar when uncertainties 

in conversion of literature data reported vs SCE to the Fc0/+ scale are taken into account. This 

reflects the fact that this change of a single side chain atom is less significant in terms of redox 

thermodynamics than when all W are replaced by all Mo in the polyoxometalate core 

framework. Differences in values of 𝐸𝟏0   and 𝐸𝟐0   are very similar for all compounds in both 

solution soluble and grafted cases, again as might be expected.  
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In three experiments undertaken in this study, the POM surface coverage, Г, was 

estimated from the charge calculated  from DC  voltammetric experiments to be  6.2 × 10−11, 

8.8 × 10−11 and 10 × 10−11 mol cm-2 which approaches the value estimated for a monolayer 

of immobilized polyoxomolybdate analogue, KMo
Sn[-]

4- 2 on a GC electrode, although it is 

noted that multilayer formation could arise by aryl radicals reacting with already grafted aryls 

53. 

3.2. FTACV voltammetric characterization of the KW
Sn[N3C4H10]

4-/5-/6- processes. 𝐸0, 𝑘0 and α values were quantified by comparison of experimental and simulated FTACV 

data modelled by use of the Butler Volmer relationship, although from now on they will be 

referred to as 𝐸𝑎𝑝𝑝0  , 𝑘𝑎𝑝𝑝0  and 𝛼𝑎𝑝𝑝 since they neglect ion-pairing and are regarded as apparent 

values (see above).  

The 𝑘𝑎𝑝𝑝0 , and 𝛼𝑎𝑝𝑝 values associated with the KW
Sn[N3C4H10]

4-/5-
 process in acetonitrile 

containing 0.10 M [n-Bu4N][PF6] at the bare GC electrode were initially determined using 

heuristic form of data analysis of the FTACV data obtained with 0.20 mM KW
Sn[N3C4H10]

4-. 

In this exercise, 𝐸𝑎𝑝𝑝0  = -1.390 V, derived from the mid-point potential in DC cyclic 

voltammetry (see above), was employed as a known rather than estimated parameter value. 

Simulated data containing variable combinations of  𝑘𝑎𝑝𝑝0 , and 𝛼𝑎𝑝𝑝 were compared with 

experimental data and adjustments to simulated data constantly undertaken until the 

experimenter decided that the “best fit” had been achieved. Parameters reported by this tedious 

and subjective method are included in Table 2.  

A comparison of the FTACV experimental voltammetry for 0.20 mM KW
Sn[N3C4H10]

4- 

at a GC electrode and the simulated voltammetry achieved heuristically as the “best fit” in this 

work is shown in Figure 4i. Good, but not perfect agreement between experimental and 
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simulated data for the third and higher order AC harmonics is evident in this outcome of the 

data analysis exercise undertaken by the experimenter. Clearly the background current is not 

perfectly matched in either the DC, or fundamental or second harmonic AC responses. 

Additionally, the experimental faradaic responses are not quite as symmetrical with respect to 

reduction and oxidation components as the ones simulated using the Butler-Volmer model. In 

the heuristic form of data analysis, and to address this asymmetry issue, matching of reduction 

component was chosen in the simulation-experimental comparisons to obtain the “best fit” and 

enumerate the 𝑘𝑎𝑝𝑝0 , and 𝛼𝑎𝑝𝑝 parameters. This achieved an almost perfect fit of this set of data 

for all the higher order harmonics based on visual inspection. The assumption made by the 

experimentalist in choosing this modus operandi is that non-ideality in the modelling is 

negligible in the data derived at short times from the reduction component of the experiment 

with features not accommodated in the model having a small impact at longer experimental 

times relevant to data collected in the oxidation component. Support for implementing data 

analysis based on this hypothesis is provided below, but clearly a different experimentalist may 

have chosen to undertake a different approach in the heuristic method and generate apparently 

different values of 𝑘𝑎𝑝𝑝0 , and 𝛼𝑎𝑝𝑝 .   
The values of 𝑘𝑎𝑝𝑝0  and  𝛼𝑎𝑝𝑝 must be regarded as unreliable when determined by 

FTACV or any other method when they lie at or very close to the reversible limit where 

Nernstian rather than Butler-Volmer theory may be more appropriate. With 0.20 mM 

KW
Sn[N3C4H10]

4-, the heuristically estimated 𝑘𝑎𝑝𝑝0  value of 0.058 cm s-1 and 𝛼𝑎𝑝𝑝 of 0.50 at 

9.02 Hz are derived from good agreement of experimental results with simulated data that lie 

well below that predicted for a simulated reversible process (Figure 4i) so modelling on the 

basis of a kinetically controlled quasi-reversible reaction is concluded to be appropriate.  
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Figure 4. Heuristic comparison of simulated (red) and experimental (blue) FTAC voltammetric 

data for the KW
Sn[N3C4H10]

4-/5- process, obtained with (i) 0.20 and (ii) 0.50 mM 

KW
Sn[N3C4H10]

4- in CH3CN (0.10 M [n-Bu4N][PF6]) at a bare GC electrode. ΔE = 80 mV, f = 

9.02 Hz and ν0.20 mM = 0.078 V s-1 and ν0.50 mM = 0.075 V s-1. (a) DC component, (b to g) 1st to 

6th harmonic components where parameters used in the simulations are given in Table 2, (i-g) 

comparison of experimental data with that for the 6th harmonic component simulated for a 

reversible process (black). 
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Heuristic electrode kinetic parameterisation using a higher concentration (0.50 mm) of 

Kw
an [N3C4H10]

4- also was investigated by the FTACV technique as shown in Figure 4ii, and 

again emphasising the reduction component of the data. Discrepancies associated with 

modelling of the background current are now relatively less important at the higher POM 

concentration, but asymmetry not predicted in the faradaic reduction and oxidation components 

is slightly more pronounced than with the lower 0.20 mM POM concentration. Nevertheless, 

results presented in Table 2 on the basis of heuristic analysis with incorporation of judgemental 

input from an experienced electrochemist show that as theoretically required, the electrode 

kinetic parameters are concentration independent as theoretically predicted. This outcome also 

implies that IRu drop has been correctly modelled. 

 

Table 2. Electrode kinetic parametersa derived from heuristic and computer-based 

comparison of simulated and experimental FTACV data at 9.02 Hz at a bare GC, Au and 

Pt electrode for the KW
Sn[N3C4H10]

4-/5- process in CH3CN (0.10 M [n-Bu4N][PF6]).  

 

a Other parameters used in the simulations are: AGC = 8.0 × 10-3 cm2, AAu = 8.1 × 10-3 cm2, APt = 8.0 × 

10-3 cm2, ΔE = 80 mV, D = 6.3 ×10-6 cm2 s-1, T = 295 K, ν0.20 mM = 0.078 V s-1 and ν0.50 mM = 0.075 V s-1
 

with GC electrode, νAu and Pt = 0.078 V s-1, f = 9.02 Hz.  

E
le

ct
ro

d
e 

Conc 

(mM) 

Simulation 

method 

Ru 

(Ω)b  
𝐸𝑎𝑝𝑝0  

V vs Fc0/+ 
𝑘𝑎𝑝𝑝0  (cm s-1)  𝛼𝑎𝑝𝑝  LS % 

GC 

0.20 

Heuristic 

510 

 -1.390 0.058 c 0.50  

Automated 
Range -1.395 to -1.385 0.040 to 0.095 0.40 to 0.70  

Estimated -1.390 0.075 d 0.42 84 

0.50 

Heuristic 

599 

 -1.390 0.056 c 0.50  

Automated 
Range -1.397 to -1.385 0.045 to 0.095 0.40 to 0.70  

Estimated -1.391 0.075 d 0.42 87 

Au 0.20 

Heuristic 

521 

 -1.390 0.016 0.50  

Automated 
Range -1.396 to -1.387 0.005 to 0.030 0.40 to 0.70  

Estimated -1.394 0.014 0.43 75 

Pt 0.20 

Heuristic 

511 

 -1.390 0.009 to 
0.031e 0.43 

 

Automated 
Range -1.395 to -1.386 0.002 to 0.040 0.40 to 0.70  

Estimated -1.394 0.022 0.43 69 
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b vary due to slight difference in electrode arrangement in cell.  

c determined from analysis of the reduction component of data only. 

 d derived from use of all data even though asymmetry is present in reduction and oxidation components. 

 e apparently harmonic dependent kinetics.  

 

Parameter values estimated from the heuristic data analysis exercise allow the search 

of parameter space to be constrained efficiently and sensibly so as to minimise the 

computational time required in automated data optimisation analysis. Thus, 𝐸𝑎𝑝𝑝0  = -1.395 to -

1.385 V, 𝑘𝑎𝑝𝑝0  = 0.040 to 0.095 cm s-1, 𝛼𝑎𝑝𝑝 = 0.40 to 0.70 ranges were used for example in 

simulations undertaken in the computer aided data optimisation procedure for the first 

reduction process with 0.20 mM KW
Sn[N3C4H10]

4- obtained by FTACV at a frequency of 9.02 

Hz. The ranges of parameters and resolution used for all simulations are included in Table 2. 

In this data optimisation exercise, least squares comparison of the experimental and simulated 

voltammograms, as was the case with the heuristic method, was restricted to the 2nd to 6th 

harmonics that contain negligible influence from the background current. Normally, the 

automated method, unless trained to be an intelligent expert system, would find the “best fit” 

based on lest squares outcomes using all data. Best fit values for 𝐸𝑎𝑝𝑝0 ,  𝑘𝑎𝑝𝑝0  𝑎𝑛𝑑 𝛼𝑎𝑝𝑝 

parameters found via this automated computer assisted method using all data and not just data 

for the reduction component as used in the heuristic method of analysis are summarised in 

Table 2. While agreement between simulated and experimental FTAC voltammetry is again 

excellent, close inspection confirms that the small level of asymmetry is still not 

accommodated by theory. Variation in how the asymmetry is accommodated in the modelling 

lead to the data analysis dependent electrode kinetic parameters contained in Table 2. In 

particular, the data optimisation method using all data produces an 𝛼𝑎𝑝𝑝 value of about 0.42 

which is a result of the attempting to mimic the asymmetry, whereas an 𝛼𝑎𝑝𝑝value of 0.50 is 
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deduced via heuristic analysis by confining data analysis solely to the reduction component. 

Furthermore, the automated method provides a slightly larger value of 𝑘app0  of around 0.075 

relative to the value of 0.058 cm s-1 obtained via the heuristic approach. Significantly, 

restricting the data optimisation analysis to just the reduction component generates parameter 

values almost identical to those reported heuristically. It will emerge from studies descried 

below, that weighting data analysis in this manner can be justified and indeed having 𝛼𝑎𝑝𝑝value 

of close to 0.50 via this approach is intrinsically satisfying for the KW
Sn[N3C4H10]

4-/5- process 

which should not involve significant structural change. This study illustrates the value of 

initially using heuristic approaches to enhance prosects of detecting potential modelling 

imperfections. 

Both of the KW
Sn[N3C4H10]

4-/5-/6- processes at GC electrode in solution phase also were 

parameterised using experimental data collected over a potential range that is sufficiently large 

to accommodate both reactions (Figure 5). Values derived from both heuristic (reduction 

component only) and automated data optimisation (all data used with parameter space ranges 

selected from heuristic results) from 0.20 and 0.50 mM solutions of KW
Sn[N3C4H10]

4- are 

summarized in Table 3. Any influence of the cross redox reaction given in eqn. 9 was neglected 

in this modelling since this reaction adds complication in the simulation unless artificial 

intelligent include in the modelling.  

KWSn[N3(C4H10)]4− +  KWSn[N3(C4H10)]6− ⇆  2 KWSn[N3(C4H10)]5−            (9) 

Clearly, the second KW
Sn[N3C4H10]

5-/6- process is kinetically slower than first 

KW
Sn[N3C4H10]

4-/5- process (e.g. 𝑘𝑎𝑝𝑝10  = 0.056 cm s-1 versus 𝑘𝑎𝑝𝑝20  = 0.020 cm s-1 for heuristic 

analysis for 0.20 mM POM data). This outcome is consistent with the suggestion based on the 

larger DC cyclic voltammetric peak-to-peak separations for the second process, where ∆𝐸𝑃2 = 



 

Chapter 5 

192 

 

67 mV > ∆𝐸𝑃1 = 63 mV (see Table 1). As would be anticipated, the asymmetry not predicted 

by theory again leads to data analysis method dependent elected kinetic parameter values. 

However, parameter estimates for the first process are independent of whether the data are 

collected independently of the second process or simultaneously with the second process. 

𝑘app0  for the solution soluble Ge analogue of the Sn derivative at a GC electrode in 

CH3CN has been reported 3 to be 0.064 cm s-1 ( αapp  assumed to be 0.50)  for the 

KW
Ge[N3C4H10]

4-/5- process via analysis of a plot of reduction peak potential versus scan rate 

obtained under conditions of linear sweep voltammetry 54 and hence similar to that for the 

KW
Sn[N3C4H10]

4-/5- process. 

The 𝑘app0  value for the KW
Sn[N3C4H10]

4-/5 process is about three times slower than that 

for the α-[S2W18O62]
4-/5- process at a GC electrode under the same conditions 55. The long 

diazonium chain in the structure of KW
Sn[N3C4H10]

4- may influence the rate of electron transfer 

kinetics by restricting the distance of closest approach of the POM to the electrode surface and 

lead to slower electrode kinetic than for the fully symmetrical α-[S2W18O62]
4- POM, although 

differences in ion-paring and other factors also may play a role.   
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Figure 5. Heuristic comparison of simulated (red line) and experimental (blue line) AC 

voltammetric data for the KW
Sn[N3C4H10]

4-/5-/6- process, obtained with (i) 0.20 mM and (ii) 0.50 

mM KW
Sn[N3C4H10]

4- in CH3CN (0.10 M [n-Bu4N][PF6]) at a bare GC electrode. ΔE = 80 mV, 

f = 9.02 Hz and ν0.20 mM = 0.071 V s-1 and ν0.50 mM = 0.080 V s-1. (a) DC component, (b-g) 1st to 

6th harmonic components. 
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Table 3. Electrode kinetic parametersa derived from the heuristic and computer-based 

comparison of simulated and experimental FTACV data at 9.02 Hz at a bare GC 

electrode for the KW
Sn[N3C4H10]

4-/5- and KW
Sn[N3C4H10]

5-/6- processes in CH3CN (0.10 M 

[n-Bu4N][PF6]). 

a Other parameters used in the simulations are: AGC = 8.0 × 10-3 cm2, ΔE = 80 mV, D = 6.3 ×10-6 cm2 s-

1, T = 295 K, ν0.20 mM = 0.071 V s-1, ν0.50 mM = 0.080 V s-1, f = 9.02 Hz.  

b vary due to slight differences in the electrode arrangement. 

 c determined from reduction component of data only  

d derived from use of all data. 

 

FTACV studies on the KW
Sn[N3(C4H10)]

4-/5- process at Au and Pt metal electrodes also 

were undertaken. As stated above, the electrode material dependence predicted on basis of 

peak-to-peak separations obtained in DC cyclic voltammetry (Table 1) is 𝑘𝐺𝐶0 >  𝑘𝐴𝑢 0  >  𝑘𝑃𝑡 0 , 

as reported with other POMs 25. However, as at GC, FTACV data analysis of the voltammetry 

at the metal electrodes reveals nuances in the mechanisms relative to predictions based on a 

simple one-electron quasi-reversible process. Comparisons of simulated and experimental data 

for FTACV based on heuristic analysis are provided in Figure S5 for Au and Figure S6 for Pt, 

while parameters that are obtained from the heuristic and computer supported forms of data 

analysis used in this study are summarised in Table 2. Clearly, agreement between 

Conc 

(mM) 

Simulation 

method 
Ru 

(Ω)b  
𝐸𝑎𝑝𝑝10  𝐸𝑎𝑝𝑝20  𝑘𝑎𝑝𝑝10  𝑘𝑎𝑝𝑝20  𝛼𝑎𝑝𝑝1  𝛼𝑎𝑝𝑝2  

LS 

% V vs Fc0/+ cm s-1 

0.20 

Heuristic 

510 

 

 -1.390 -1.843 0.056c 0.020c 0.50 0.50  

Automated 

Range -1.395 

to -

1.386 

-1.847 

to -

1.840 

0.040 

to 

0.095 

0.005 

to 

0.045 

0.40 

to 

0.70 

0.40 

to 

0.70 

 

Estimated -1.387 -1.845 0.071d 0.023d 0.42 0.42 81 

0.50 

Heuristic 

599 

 -1.390 -1.843 0.056c 0.016c 0.50 0.50  

Automated 

Range -1.395 

to -

1.386 

-1.847 

to -

1.839 

0.040 

to 

0.085 

0.005 

to 

0.045 

0.40 

to 

0.70 

0.40 

to 

0.70 

 

Estimated -1.387 -1.846 0.072d 0.018d 0.43 0.43 80 
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experimental and simulated data at Au and Pt are poorer than at the GC electrode. Furthermore, 

electrode kinetic parameters are even more strongly dependent on the method of data analysis. 

Assuming the Butler-Volmer model is valid, the kinetics at GC (𝑘𝑎𝑝𝑝10 = 0.058 cm s-1) 

are faster than at Au (𝑘𝑎𝑝𝑝10  = 0.016 cm s-1) based on the heuristic approach and use of only the 

reduction component. However, there is significant uncertainty as to whether this model is even 

appropriate for analysis of data obtained with the Pt electrode. With Au, and unlike theoretical 

predictions, the oxidation current component is larger than reduction one as for GC case, but 

even more pronounced and a mismatch in background current in DC and fundamental harmonic 

components is evident. In the case of Pt, excellent agreement between experiment and theory 

is provided for the third harmonic (𝑘𝑎𝑝𝑝10  =0.013 cm s-1) in Figure S6ii based on heuristic 

estimation, but use of this same rate constant to model lower and higher harmonics respectively 

overestimates and underestimates the current magnitudes significantly. That is, apparently 

harmonic dependant kinetics in the range of 0.0095 to 0.031 cm s-1 are observed at the Pt 

electrode (shown in Figure S6i) when best fits applied consecutively to fundamental to sixth 

harmonic AC data. Theoretically, of course, the rate constant should be harmonic independent. 

Modelling with Marcus-Hush theory as an alternative to the Butler-Volmer model was 

considered but did not produce superior fits to data. At Pt, the background current in DC 

aperiodic and fundamental harmonic components predicted theoretically also differ from that 

determined experimentally. Harmonic dependent location of potentials of peaks also are 

evident in theory-experiment comparisons. Finally, it is noted that even the shape of a 

conventional DC cyclic voltammogram at the Pt electrode does perfectly match theoretical 

predictions as also noted with the  Fc0/+ process at boron diamond electrodes when sp2 graphite 

impurity provided complexity in the response 48. Differences in experimental and theoretical 

data based on the Butler-Volmer model with mass transport by linear diffusion at Pt are so 
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profound that parameterisation on this basis is not highly significant. Clearly, the voltammetry 

of KW
Sn[N3(C4H10)]

4-/5- and KW
Sn[N3(C4H10)]

5-/6- processes are more complex than predicted at 

all electrodes used, with the extent of non-ideality being in the order Pt > Au > GC.    

3.3. Origin of discrepancies of experimental data and predictions based on Butler-

Volmer electrode kinetic model. Variable levels of non- conformance to the Butler-Volmer 

model of electron transfer were detected in the solution phase FTAC voltammetry of 

KW
Sn[N3C4H10]

4- at GC, Au and Pt electrodes. One possible explanation for the anomalous 

behaviour is that reduction of KW
Sn[N3C4H10]

4- to KW
Sn[N3C4H10]

5- leads to modification of the 

electrode surface which could alter the shape and other characteristics of the voltammetry in a 

time or potential dependent manner not accommodated by the theory. 

In principle, surface interaction of KW
Sn[N3C4H10]

4- or KW
Sn[N3C4H10]

5- with the 

electrode surface should lead to a mass change during the course of the voltammetry which can 

be detected by the EQCM method via a change in the oscillation frequency of an Au coated 

quartz crystal electrode 56. Accordingly, the frequency (mass) change of a gold crystal working 

electrode was monitored during DC cyclic voltammetry undertaken in CH3CN (0.10 M [n-

Bu4N][PF6]) with and without 0.50 mM KW
Sn[N3(C4H10)]

4- at a scan rate of 0.050 V s-1 over 

the potential range covering the region where grafting (Figure 6i-b) occurs with the diazonium 

derivative KW
Sn[N2

+]3- at a GC electrode (see above) as well as  the first KW
Sn[N3(C4H10)]

4-/5- 

process (Figure 6i-a).  Although we have not prepared a grafted Au electrode in this study, 

Gooding et al 57-59 for example have shown that Au also provides an excellent surface for 

diazonium grafting.  
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Figure 6. EQCM data obtained for 0.50 mM KW
Sn[N3C4H10]

4- at a scan rate of 0.050 V s-1 with 

an Au quartz crystal electrode over the potential range covering the region where grafting (b) 

occurs with diazonium derivative and the first KW
Sn[N3C4H10]

4-/5- process (a) occurs. (i) cyclic 

voltammetry (current versus potential) and (ii) frequency versus potential.  (----) 0.50 mM 

KW
Sn[N3C4H10]

4- in CH3CN (0.10 M [n-Bu4N][PF6]).  (----) 0.10 M [n-Bu4N][PF6]. ∆𝑓 = gold 

quartz crystal frequency change. 

 

Figure 6 displays the EQCM (i) current and (ii) frequency responses as a function of 

potential for an Au coated quartz crystal electrode in contact with CH3CN (0.10 M [n-

Bu4N][PF6]) in the presence and absence of 0.50 mM of KW
Sn[N3C4H10].  As shown in Figure 

6ii, the frequency of oscillation of the Au coated quartz crystal remains constant in the absence 

of KW
Sn[N3C4H10]

4-. In contrast, with 0.50 mM KW
Sn[N3C4H10]

4- present, and as shown in 

Figure 6ii-a the frequency decreased (mass increased) significantly at potentials more negative 
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than the onset of the KW
Sn[N3C4H10]

4-/5- process and continued to decrease upon reversing the 

scan direction until reduction of KW
Sn[N3C4H10]

4- ceased. Prior to the onset of reduction of 

KW
Sn[N3C4H10]

4- minimal frequency (mass) change is detected (Figure 6ii-b). Clearly, 

irreversible surface attachment of a KW
Sn[N3C4H10]

4- reduction product occurs at a gold 

electrode and presumably also at GC and Pt electrodes, but to differing extents. This surface 

modification phenomenon is not present in the modelling, but since it is derived from a 

KW
Sn[N3C4H10]

5- reduction product, larger departures in simulated data are expected the more 

negative the potential or the longer the time since the onset of the KW
Sn[N3C4H10]

4-/5- process. 

Use of only the reduction component of data to achieve superior conformance to the simulated 

data with GC and Au electrodes as implemented in the heuristic form of FTACV data analysis 

is consistent with this concept. 

Spontaneous, electrostatically induced adsorption of POMs often occurs at carbon and 

metal electrodes 60. This phenomenon can be detected by so called dipping experiments. Figure 

S7 shows the results obtained by dipping GC, Au and Pt electrodes in a 0.50 mM solution of 

KW
Sn[N3C4H10]

4- for at least 5 minutes, removing the electrodes from the solution, sonicating 

in CH3CN, drying and placing the electrode in fresh CH3CN electrolyte (0.10 M [n-

Bu4N][PF6]) solution. No well-defined, surface confined symmetrically shaped, diffusionless 

voltammetry of adsorbed KW
Sn[N3C4H10]

4- is evident, as occurs with other POMs 61, nor is there 

evidence of a grafted POM derivative (see below). However, substantial modification of the 

background charging current response is evident at Au and Pt electrodes, indicating their 

electrode surfaces have been modified, but not by attachment of KW
Sn[N3C4H10]

4-. 

In order to seek evidence for product interaction with the surface, the electrode potential 

for a 0.50 mM KW
Sn[N3C4H10]

4- solution was held at -1.750 V vs Fc0/+ for 0, 60, 120, and 180 

seconds at the GC, Au and Pt electrodes before commencing cyclic voltammetry. At this 
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potential KW
Sn[N3C4H10]

4- is reduced to KW
Sn[N3C4H10]

5- under bulk electrolysis conditions. If 

surface confined KW
Sn[N3C4H10]

5- accumulated then stripping current would be expected as 

occurs in stripping voltammetry 62. However as shown in Figure 7, no stripping oxidative 

responses are found at any electrode surface.  

Figure 7. Cyclic voltammetry of 0.50 mM KW
Sn[N3C4H10]

4- in CH3CN (0.10 M [n-Bu4N][PF6]) 

at a scan rate of 0.050 V s-1 with (a) GC, (b) Au and (c) Pt electrode ((e) magnified CV of 

KW
Sn[N3C4H10]

4-/5- process) when hold the potential at -1.750 V for 0 (black), 60 (red), 120 

(blue) and 180 (green) s, respectively. (d) first 2 cycles with Pt electrode without hold time. 

 

However, at the Pt electrode ( Figure 7c) and (e) it is particularly noticeable that  the  

peak-to-peak separation increases with each cycle of potential  (∆𝐸0 sec = 156 mV, ∆𝐸60 sec = 

200 mV, ∆𝐸120 sec =  219 mV and ∆𝐸180 sec =  221 mV), the mid-point potential shifts 

positively ( 𝐸0 sec𝑚 =  -1.408, 𝐸60 sec𝑚 =  -1.382, 𝐸120 sec𝑚 =  -1.370 and 𝐸180 sec𝑚 =  -1.363 V). 

Furthermore, the shape of the KW
Sn[N3C4H10]

4-/5- process changes to a more sigmodal one and 

the background or charging current increases significantly. The KW
Sn[N3C4H10]

4-/5- process was 



 

Chapter 5 

200 

 

less effected in these extended electrolysis experiments at GC and Au electrodes. Cleary, 

electrode fouling which is most severe with the Pt electrode occurred during the 

KW
Sn[N3C4H10]

4-/5- process. 

Results of 10 consecutive voltammetric experiments (Figure 8) at each of the GC, Au 

and Pt electrodes, with no electrode polishing in between each cycle show even more clearly 

how surface accumulation of a KW
Sn[N3C4H10]

5- decomposition product gradually facilitates 

transition from a peak to a sigmodal shaped response. This change in shape is fully analogous 

to what happens in the voltammetry of metalloproteins or metalloenzymes upon denaturation 

63-65. Progressive electrode blockage by denatured electroinactive metalloprotein, generates an 

expanding array of electroactive sites while electrochemistry from residual intact 

metalloprotein occurs predominantly by radial (sigmoidal shape response) than by linear 

diffusion (peak shaped response). In the case of the POM used in this study, accumulation of 

an unknown surface confined product accompanies the initial one-electron reduction, with the 

impact order being Pt> Au > GC. It is plausible that reduction to KW
Sn[N3C4H10]

5- lowers the 

stability of the organic side chain which becomes detached from the POM and provides a 

pathway for formation of an array of electroinactive sites of unknown composition. 

Apparently, degradation is more rapid at the Au and Pt electrodes than at GC. Once the 

electrode is surface modified, the capacitance and other characteristics change progressively 

with time to give array electrode type behaviour. This nuance implies that the second 

KW
Sn[N3C4H10]

5-/6- process at Au and Pt electrodes in particular are far more distorted that the 

initial KW
Sn[N3C4H10]

4-/5- process. Thus, accordingly, electrode kinetic FTACV data analysed 

via the Butler -Volmer model assuming linear diffusion for mass transport should indeed 

coincide most closely with the modelled data when applied solely to the initial reduction 

component of the data rather than when using all data that includes the more distorted oxidation 

component. Effectively, the mass transport model is changing form linear to radial diffusion 
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during the course of the FTACV experiment when fully linear diffusion is assumed throughout 

in the modelling. However, it should be noted that as expected, repolishing the electrode after 

10 experiments restores the voltammetric characteristics shown for the initial one.  

 

Figure 8. Ten consecutive DC cyclic voltammetric experiments at (a) GC, (b) Au and (c) Pt 

electrodes without polishing the electrode after each experiment. (d), (e) and (f) represent the 

1st and 10th experiments at GC, Au and Pt electrodes, respectively.  

3.4. FTACV voltammetric characterization of the grafted KW
Sn[-]4-/5-/6- processes 

at a GC modified electrode in CH3CN. Thermodynamic and kinetic parameterisation based 

on FTAC voltammetry with a sinusoidal perturbation having an amplitude of 80 mV, a 

frequency of 9.02 Hz and an underlying DC scan rate of (0.052 to 0.086 V s-1) also was applied 

to FTACV data obtained with the KW
Sn[-]

4- modified GC electrode. As in the solution phase 

exercise described above, more detailed information was expected to emerge than from 

analysis with the widely used DC voltammetric method 39, 43, 66-69. The initial simulations used 

to mimic experimental data for the first reduction process obtained with a KW
Sn[-]

4--grafted GC 
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electrode in contact with CH3CN (0.10 M [n-Bu4N][PF6]) solution via heuristic data analysis 

assumed the values of 𝐸𝑎𝑝𝑝0  = -1.450 V (mid-point potential of DC experiment),  with Ru = 518 

 and Г = 8.8 × 10-11 mol cm-2 being known parameters. The outcome of this exercise is shown 

in Figure 9i. As for the solution phase studies with KW
Sn[N3C4H10]

4-, simulation-experiment 

agreement with the second and higher harmonics is good, but background current estimation 

for the DC is poor. Values for 𝑘𝑎𝑝𝑝0  and 𝛼𝑎𝑝𝑝  estimated heuristically with this close to 

monolayer surface coverage were 40 s-1 and 0.46 respectively for this first KW
Sn[-]

4-/5- process. 

As for the solution soluble scenario described above, estimated 𝑘𝑎𝑝𝑝0  and 𝛼𝑎𝑝𝑝  values are 

regarded as reliable in the sense that they are derived from simulated data that lie well below 

that predicted for a reversible process simulated with a very large value of 𝑘𝑎𝑝𝑝0  and an   𝛼𝑎𝑝𝑝 

value of 0.50 (Figure 9i-g). 
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Figure 9. “Best fit” heuristic comparison of simulated (red) and experimental (blue) FTAC 

voltammetric data obtained for the first reduction process at a KW
Sn[-]

4--grafted GC electrode 

in contact with CH3CN (0.10 M [n-Bu4N][PF6]). (i) Г = 8.8 × 10-11 mol cm-2 and (ii) Г = 6.2 × 

10-11 mol cm-2, ΔE = 80 mV, f = 9.02 Hz, νi =0.082 V s-1 and νii =0.052 V s-1. (a) DC component, 

(b-g) 1st to 6th harmonic components. Other Parameters used in simulations are given in Table 

4. Figure (i-g) is comparison of experimental data with that for the sixth harmonic component 

simulated for a reversible process (black). 

The outcome from a second experiment- simulation exercise with a lower, presumably 

sub-monolayer coverage, (Г  = 6.2 ×  10-11 mol cm-2) is displayed in Figure 9ii and gave 
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heuristically estimated values of 𝑘𝑎𝑝𝑝0  = 38 s-1 and 𝛼𝑎𝑝𝑝 = 0.46. Again, good theory-experiment 

agreement was achieved for the second and higher harmonic components that are essentially 

devoid of background current 68, 70 with relatively poorer agreement for the DC component 

again attributed to limitations in modelling of the background current for a KW
Sn[-]

4--grafted 

GC electrode. Many POMs 71-75, including those mixed with carbon materials form 

supercapacitors. Hence, pseudo-capacitance arising from this origin and not accommodated in 

the model used to mimic the background plausibly is present.  

Computer aided data analysis was also applied to parameterise the experimental data 

for the FTAC voltammetry of KW
Sn[-]

4--grafted GC electrode in CH3CN (0.10 M [n-

Bu4N][PF6]). In this data optimisation approach, and as with solution phase studies with 

KW
Sn[N3C4H10]

4-, 𝐸app0  now was assumed to be an unknown rather than known parameter. 

Also, electrode kinetic values determined heuristically again were used to select and constrain 

the parameter space range surveyed. Examination of results of parameterisation by both 

heuristic and automated methods are summarised in Table 4 and are in excellent agreement. 

 

Table 4. Parametersa derived from the heuristic and computer-based comparison of 

simulated and experimental FTACV data at 9.02 Hz at KW
Sn[]4--grafted GC electrode for 

the KW
Sn[-]4-/5- process in CH3CN (0.10 M [n-Bu4N][PF6]). 

a Other parameters used in the simulations are: AGC = 8.0 × 10-3 cm2, ΔE = 80 mV, T = 295 K, νi = 0.082 

V s-1, νii = 0.052 V s-1 and f = 9.02 Hz.  b vary due to slight difference in electrode arrangement in cell. 

Г 

(× 10-11 mol cm-2) 

Simulation 

method 

Ru 
(Ω)b  

𝐸𝑎𝑝𝑝0  

V vs Fc0/+ 
𝑘𝑎𝑝𝑝0  (s-1)  𝛼𝑎𝑝𝑝 

 

LS 

% 

8.8 i 
Heuristic 

518 

 -1.450 40 0.46  

Automated 
Range -1.455 to -1.446 25 to 50 0.40 to 0.70  

Estimated -1.451 41 0.48 82 

6.2 ii 
Heuristic 

585 

 -1.450 38 0.46  

Automated 
Range -1.455 to -1.446 25 to 45 0.40 to 0.65  

Estimated -1.448 35 0.48 84 
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Analysis of both the first and second processes at the KW
Sn[-]

4--grafted GC electrode 

simultaneously in one experiment and with Г = 10 × 10-11 mol cm-2, (see Figure 10) gave the 

results summarized in Table 5. The second process (𝑘𝑎𝑝𝑝20  = 18 s-1) is kinetically slower than 

first (𝑘𝑎𝑝𝑝10  = 37 s-1) according to this analysis of the FTAC voltametric data. This conclusion 

is consistent with the greater separation in DC cyclic voltammetric peak-to-peak values for the 

two processes where ∆𝐸𝑃2 = 37 mV > ∆𝐸𝑃1 = 13 mV (Table 1).   

 

Figure 10. “Best fit” heuristic comparison of simulated (red) and experimental (blue) FTAC 

voltammetric data for the reduction of a KW
Sn[-]

4--grafted GC electrode in contact with CH3CN 

(0.10 M [n-Bu4N][PF6]). Г = 10 × 10-11 mol cm-2, ΔE = 80 mV, f = 9.02 Hz and ν =0.086 V s-

1. (a) DC component, (b-g). Other parameters used in simulations are given in Table 5. 
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Table 5: Parametersa derived from the heuristic and computer based comparison of 

simulated and experimental FTACV data at 9.02 Hz at KW
Sn[-]4--grafted (Г = 10 × 10-11 

mol cm-2) GC electrode for the KW
Sn[-]4-/5- and KW

Sn[-]5-/6- processes in CH3CN (0.10 M 

[n-Bu4N][PF6]). 

a Other parameters used in the simulations are: AGC = 8.0 × 10-3 cm2, ΔE = 80 mV, T = 295 K, ν = 0.086 

V s-1, f = 9.02 Hz.  

 

There are again discrepancies between experimental and simulated faradaic current 

data, this time mainly due non-idealities arising from the presence a highly heterogeneous 

rather than uniform homogeneous grafted electrode. The cartoon in Figure S8a displays all 

grafted POMs in a fully uniform configuration. However, it is well known that all grafted POM 

moieties need not be located at the same angle to the flat surface. Furthermore, as in Figure 

S8b, grafting of aryl radicals to already grafted arrays leading to multi-layer formation cannot 

be excluded, nor can interactions with non-grafted POMs. In accordance with probability of 

non-ideality, it is noted that simulated AC voltammograms have very sharp valleys and peaks 

with current in between approaching zero. In contrast, in the experimental data the current does 

not approach close to zero in between these valley and peak features. Rather, the experimental 

response in all harmonics is more smeared out than in simulated data. This is indicative of 

thermodynamic and/or kinetic dispersion with a range 𝐸app,   0 𝑘app0  and 𝛼app  existing and 

associated with variability of the distances of the POM redox active framework from the GC 

surface 46, 76.  

Simulation 

method  
𝐸𝑎𝑝𝑝10  𝐸𝑎𝑝𝑝20  𝑘𝑎𝑝𝑝10  𝑘𝑎𝑝𝑝20  𝛼𝑎𝑝𝑝1  𝛼𝑎𝑝𝑝2  LS % 

V vs Fc0/+ s-1 

Heuristic  -1.450 -1.920 37 18 0.45 0.46  

Automated 

Range -1.454 to 

-1.445 

-1.924 to 

-1.914 
10 to 60 5 to 35 

0.40 to 

0.70 

0.40 to 

0.70 

 

Estimated -1.447 -1.915 40 16 0.48 0.49 77 
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In a DC cyclic voltammetric studies of KW
Ge[-]

4- and KMo
Sn [-]

4- to a GC electrode, 

Proust and Kanoufi et al 2-3 used the Laviron method 31 derived from so-called trumpet plots of 

the reduction and oxidation peak potentials in DC as a function of scan rate to probe the 

electrode kinetics of these POMs. In their work, considerable departure from theory also was 

noted, with the goodness of fit to the theory being scan rate dependent. For example, analysis 

of data in selected scan rate regimes, gave 𝑘𝑎𝑝𝑝10  values of 800 (KW
Ge[-]

4-/5-) and 500 s-1 (KMo
Sn 

[-]4-/5-). The second process in these studies was even more anomalous having DC cyclic 

voltammetric peak currents very much smaller than the first process, with a dependence on 

residual water and adsorption of loosely bound as well as grafted material being reported. 

Under the very dry conditions used in this study and with heavily sonicated grafted electrodes, 

the second process for reduction for grafted KW
Sn[-]

4- mimics behaviour expected for a quasi-

reversible process with 𝑘𝑎𝑝𝑝0  𝑠lightly less than about 20 s-1 which again  is well below the 

anticipated value for reversible process (Figure 9i-g). In the studies based on DC cyclic 

voltammetry with related compounds 2-3, only the experimental peak potential data were 

compared with theoretical predictions. In this work, slow scan rate data are reported to be 

independent of potential and hence consistent with a fast reversible process on these relatively 

long time scales. However, these slow scan rate data are anomalous relative to the model in the 

context that oxidation and reduction branches are separated by well in excess of 10 mV, which 

is a characteristic on quasi-reversibility or other non-ideality. In this FTACV study, the entire 

shape and current magnitudes is considered and evidence for kinetic and/or thermodynamic 

dispersion is reported.  

Modification of theory 77 to accommodate interaction between surface confined redox 

active moieties sometimes is introduced by employing  a Frumkin type isotherm as an 

alternative to Langmuir one used in this study. In this way interactions between surface 

confined moieties are modelled. Clearly quantitative studies with surface confined POMs 
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grafted to an electrode are fraught with difficulty. In principle, thermodynamic and kinetic 

dispersion could have been included in the modelling undertaken in this study along with use 

of a Frumkin isotherm and indeed are probably needed. However, this introduces another 

problem in that containing a unique mathematical solution now becomes daunting with so 

many extras parameters to be evaluated. Heuristically, the inverse problem would be intractable 

and data optimisation plagued with lengthy computational times with prospects for numerous 

localised minima and over- or under parametrisation being high. Thus, we have used the 

simplest possible model and note that uncertainties are present in reporting electrode kinetic 

parameter values by either FTACV or DC voltammetric methods. Nevertheless, it is apparent 

that use of all data rather than just peak potentials is in principle superior in a statistical sense 

in terms of undertaking experiment-theory comparisons with a pre-selected model. In 

particular, with grafted moieties present or potentially present from precursors and with 

substantial POM ion-pairing not included in the model, it is now evident that not only do all 

the parameters such as 𝐸app,   0 𝑘app0  and 𝛼app estimated as well as the model itself will usually 

contain unknown levels of uncertainty. Ultimately, sophisticated forms of Bayesian (78 and 

references cited therein) or other forms of statistics applied to even more extensive data sets 

than collected in this FTACV study will be needed to determine which model or models 

actually provide the best fit to the data; a far from trivial task. 

4. Conclusion 

The thermodynamics and electron transfer kinetic parameters associated with the reduction of 

dissolved KW
Sn[N3C4H10]

4- at GC, Au and Pt electrodes and the surface confined diazonium 

derivative KW
Sn[-]

4- grafted onto a GC electrode have been derived from FTACV experiments 

in CH3CN containing 0.10 M of [n-Bu4N][PF6] as the supporting electrolyte. Both 

experimenter-based heuristic and computer aided data optimisation approaches have been used 
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to compare experimental and simulated data to provide additional knowledge than could be 

gleaned by sole use of either method. Discrepancies in experimental and theoretical electrode 

kinetic data derived using the Butler-Volmer relationship are detected and explained for both 

dissolved and grafted examples. In solution phase voltammetry, anomalies in the shape of the 

KW
Sn[N3(C4H10)]

4-/5- process relative to theoretical predictions are evident in the oxidative scan 

of potential. EQCM experiments at a gold quartz crystal electrode and other experiments at 

conventional GC, Au and Pt electrodes are indicative of the origin of the non-ideality being 

accumulation of an unknown surface confined product that accompanies the initial one-

electron reduction, with the order in impact being Pt > Au > GC. Confining data analysis to 

just the reduction component of the FTACV data set minimises the impact of the introduction 

of radial diffusion and array like behaviour that are not accommodated in the modelling and 

establishes that 𝐸𝑎𝑝𝑝0  values for the KW
Sn[N3C4H10]

4-/5- process are independent of electrode 

material as required theoretically and that 𝑘𝑎𝑝𝑝𝑮𝑪0
> 𝑘𝑎𝑝𝑝𝑨𝒖0

> 𝑘𝑎𝑝𝑝𝑷𝒕0
 with 𝛼 being close to 0.50 

at all electrodes. The same electrode material dependency on 𝑘𝑎𝑝𝑝0  has been reported for other 

POMs such as α-[S2W18O62]
4- 49 and [SVW11O40]

3- 25.  The impact of accumulated material 

from decomposition of KW
Sn[N3C4H10]

5- following the initial electron transfer step has such a 

profound effect on the second KW
Sn[N3C4H10]

5-/6- process that parameterisation of Au and Pt 

electrode data was not attempted. However, at GC, parameterisation remained viable and 

revealed that  𝑘𝑎𝑝𝑝𝟐0  for the second process is significantly less than 𝑘app10 for the first. This 

same order, 𝑘app10 > 𝑘app20 , also applies to reduction of grafted KW
Sn[-]

4-. However, 

discrepancies in experimental and simulated FTACV data with this surface confined POM are 

attributed predominantly to the presence of thermodynamic and kinetic dispersion arising from 

heterogeneity in the grafted GC surface. The relatively sluggish electrode kinetics encountered 

in the dynamic electrochemistry of KW
Sn[N3C4H10]

4- may be due to the long organic chain 
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hindering the approach of the POM to the electrode surface, although differences in ion-paring 

and other factors also may play a role.  

As might be anticipated, 𝐸0 values for both solution soluble KW
Sn[N3C4H10]

4- and the 

surface confined KW
Sn[-]

4- derivative are similar. The thermodynamics for the POMs are mostly 

controlled by the transition metal in the core framework. Thus, very similar 𝐸𝑎𝑝𝑝0 values are 

found when either Sn or Ge side chains are attached to W based frameworks while much less 

negative 𝐸𝑎𝑝𝑝0  values are found with Mo-functionalized POMs.  
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Figure S1. Schematic representation of electrochemical grafting of KW
Sn[N2

+]4- onto a GC 

electrode.  

 

 

 

 

 

 

 

 

Figure S2. Grafting of KW
Sn[N2

+]4- onto a GC electrode by cyclic voltammetry in CH3CN 

containing 0.10 M [n-Bu4N][PF6]. v = 0.100 V s-1. 
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Figure S3. Estimation of background capacitance current from fundamental harmonic of the 

FTACV experiment. (a) Selection of points (i, ii, iii and iv) where no faradaic current is present.                     

(b) background current estimated by fourth order polynomial fit. 

 

Figure S4. Comparison of simulated (red) data obtained using parameters deduced from 

automated data optimisation and experimental (blue) FTAC voltammetric data for the 

KW
Sn[N3C4H10]

4-/5-/6- processes, obtained with (i) 0.20 mM and (ii) 0.50 mM KW
Sn[N3C4H10]

4- 

in CH3CN (0.10 M [n-Bu4N][PF6]) at a bare GC electrode. ΔE = 80 mV, f = 9.02 Hz and ν0.20 

mM = 0.071 V s-1, ν0.50 mM = 0.080 V s-1. (a) DC component, (b-g) 1st to 6th harmonic components. 
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Figure S5. Heuristic comparison of simulated (red) and experimental (blue) FTAC 

voltammetric data for the KW
Sn[N3C4H10]

4-/5- process obtained with 0.20 mM KW
Sn[N3C4H10]

4- 

in CH3CN (0.10 M [n-Bu4N][PF6]) at an Au electrode. ΔE = 80 mV, f = 9.02 Hz and ν =0.078 

V s-1. (a) DC component, (b-g) 1st to 6th harmonic components. 
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Figure S6. Heuristic comparison of simulated (red) and experimental (blue) AC voltammetric 

data for the KW
Sn[N3C4H10]

4-/5- process, obtained with 0.20 mM KW
Sn[N3C4H10]

4- in CH3CN 

(0.10 M [n-Bu4N][PF6]) at a Pt electrode. ΔE = 80 mV, f = 9.02 Hz and ν =0.078 V s-1. (a) DC 

component, (b-g) 1st to 6th harmonic components. In this data analysis exercise, in (i), use of 

apparently harmonic dependent kinetics provides excellent fits  (𝑘har𝟏0 = 0.095, 𝑘har𝟐0 = 0.010, 𝑘har𝟑0 = 0.013, 𝑘har𝟒0 = 0.020, 𝑘har𝟓0 = 0.026 and 𝑘har𝟔0 = 0.031) and in (ii) an excellent fit of the 

3rd harmonic but not other  harmonics is achieved with 𝑘0 = 0.013 cm s-1. 
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Figure S7. Cyclic voltammetry at a scan rate of 0.100 V s-1 in CH3CN (0.10 M [n-Bu4N][PF6]) 

following dipping experiments with KW
Sn[N3C4H10]

4- using (a) GC, (b) Au and (c) Pt electrodes 

(see text for details). (-----) plots represent dipping experiments with KW
Sn[N3C4H10]

4- . (-----) 

plots are for electrolyte only. 

 

 

Figure S8. Grafted KW
Sn[-]

4- ideal monolayer (a) and multilayer (b) on a GC electrode surface. 
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ABSTRACT 

One electron reduced [ZnIIClVV
12O32Cl]4-, [CuII(MeCN)VV

12O32Cl]3-, 

[CoII(MeCN)VV
12O32Cl]3- and two electron reduced [FeIIIClVV

12O32Cl]4- were characterized by 

electrochemistry and electron paramagnetic resonance (EPR) and visible-near infrared (Vis-

NIR) spectroscopy. Controlled potential reductive bulk electrolysis has been used to generate 

the one electron reduced species of [ZnIIClVV
12O32Cl]4-, [CuII(MeCN)VV

12O32Cl]3- and 

[CoII(MeCN)VV
12O32Cl]3- and the two electron reduced species of [FeIIIClVV

12O32Cl]4- in high 

yield which were confirmed by RDE voltammetry at a GC electrode and insitu Vis-NIR 

spectroscopy. EPR data obtained at liquid nitrogen temperature of frozen glasses suggest that 

electron density of two electron reduced [FeIIIClVV
12O32Cl]4- and one electron reduced 

[CuII(MeCN)VV
12O32Cl]3- resides on the Fe and Cu in FeIII/II and FeII/I and CuII/I based process, 

respectively. On the other hand, the electron is delocalised onto the V framework upon one 

electron reduction of [ZnIIClVV
12O32Cl]4-. In the case of [CoII(MeCN)VV

12O32Cl]3-, at least 

some of the added electron resides on V, but requires EPR spectrum at liquid helium (4 K) 

temperature to clarify if electron density also resides on the Co atom. 

Keywords: Transition metal functionalized polyoxometalates, bulk electrolysis, 

spectroelectrochemistry, electron paramagnetic resonance.  
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1. Introduction: 

The electrochemistry of the metal oxygen clusters known as polyoxometalates (POMs) is 

exceptionally rich and has been investigated [1-6] extensively in the field of both fundamental 

and applied science [1, 7-9] due to their extensive range of redox potentials [10, 11] and the 

higher degree of electronic adaptability. Reduced species are also of fundamental and applied 

interest as they can act as reductive electro-catalysts [12-15]. The so-called Keggin POM [16] 

represented by the formula [XM12O40]
n- where M and X represent addenda atom and 

heteroatom, respectively is widely found with vanadium (V), molybdenum (VI), and tungsten 

(VI) addenda atoms and phosphorus, sulphur and halide heteroatoms [17-19]. Different 

orientations of the {M3O13} building blocks in the Kegging structure (see Figure 1a) give the 

five different Keggin isomers [20] designated as α, β, γ, δ and ε forms. Furthermore, numerous 

structural variations leading to significant changes in redox chemistry, catalytic activity and 

other properties have been achieved by replacing one or more addenda atoms with another 

metal [21, 22]. In voltammetric experiments, POMs based on VV, MoVI or WVI almost 

invariable contain a series of well-defined usually reversible reduction (VV/IV, MoVI/V, WVI/V). 

If the replacement metal atom (e.g., FeIII) in a vanadium POM framework is redox active, then 

ambiguity may exist when reduction occurs, as to whether the FeIII or VV metal atoms are 

reduced to FeII or VIV respectively. Alternatively, of course the electron could be delocalised 

over all or part of the POM framework, making specific assignment of redox levels of particular 

metal atoms inappropriate.  

 

The issue of assignment of redox levels in POM electrochemistry has arisen in a recent debate 

related to reduction of an Fe(III) functionalized vanadium based Keggin type POM. In their 

initial report, it was proposed [23] on the basis of experimental voltammetric and EPR evidence 

and density functional theory (DFT) support that the two initial reversible one electron 

https://en.wikipedia.org/wiki/Molybdenum
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reduction processes were iron based. Sproules then suggested that this results should be 

reinterpreted [24]. He proposed both these processes were vanadium rather than iron based, a 

conclusion that was challenged [25] on the basis that there were imperfections in the version 

of DFT he relied upon for his assignments and misunderstanding in his re-analysis of the EPR 

data.  

In the conclusion of the rejoinder to Sproules publication [24], it was concluded that additional 

work was still needed to provide improved clarity on the assignment of the reduction processes 

with respect to changes in metal redox levels. In order to achieve this goal, attention is now 

given to voltammetric and EPR studies on related vanadate POMs, where metal atoms that are 

either electroinactive (e.g. Zn(II)) or electroactive (Cu(II)) are substituted into the vanadium 

Keggin POM. The concept behind this new study is for example that it is implausible that 

Zn(II) could be reduced to Zn(I) implying that the initial reduction process for this substituted 

POM should be vanadium based. In contrast, Cu(II) can be easily reduced to Cu(I), implying 

initial reduction for this POM is more likely to be associated with CuII/I rather than VV/IV 

electrochemistry. 

The [n-Bu4N]+ salt of the dodecavanadate chloride-templated cluster, (DMA)2[V12O32Cl]3- 

represented as {VV
12} (Figure 1a) (DMA= dimethylamonium [(CH3)2NH2]

+) acts as precursor 

for the synthesis of a family of vanadium POMs substituted by a transition metal. Two metal 

binding sites in this cluster are selectively blocked by DMA placeholder cations [22]. The 

mono-functionalized vanadate oxide cluster [n-Bu4N]n(DMA)[{TM(L)}VV
12O32Cl] (L = 

ligand; Cl or CH3CN) (Figure 1) again as [n-Bu4N]+ salts are obtained [22] by replacing only 

one of the DMA cations from the dodecavanadate cluster. Selective incorporation of Zn(II) or 

Fe(III) into the dodecavanadate [21], (DMA)2[V
V

12O32Cl]3- structure occurs by replacing one 

DMA placeholder cation to give the zinc(II) and iron(III) functionalized species [23] [n-
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Bu4N]3(DMA)[ZnIIClVV
12O32Cl] {ZnIIVV

12} and [n-Bu4N]3(DMA)[FeIIIClVV
12O32Cl] 

{FeIIIVV
12}, respectively (Figure 1b) where chloride acts as a ligand. Analogously, replacement 

of one DMA placeholder cation with Cu(II) and Co(II)  gives  [n-

Bu4N]2(DMA)[CuII(MeCN)VV
12O32Cl] {CuIIVV

12}, [n-Bu4N]2(DMA) 

[CoII(MeCN)VV
12O32Cl] {CoIIVV

12}, (Figures 1c and d), respectively, where acetonitrile 

(MeCN) acts as a ligand. 

 

 

Figure 1. The metal-functionalized vanadates {(TM)VV
12} (TM= Cu(II), Co(II), Fe(III), 

Zn(II)) obtained by replacing one DMA cation in (a) {VV
12} with a transition-metal cation TM, 

giving {FeIIIVV
12 and ZnIIVV

12 (b)} (b, ligand Cl-), {CuIIVV
12 (c)} and {CoIIVV

12(d)} (c and d, 

ligand CH3CN). Colour Scheme; V teal, O red, Cl large green, N blue, C small black, H small 

light grey, Cu large magenta, Co large yellow, Fe and Zn large maroon.   

 

 

The group of transition metal (e.g., Cu, Co, Zn) functionalized vanadium POMs synthesized 

from the precursor, (DMA)2[V
V

12O32Cl]3- are now subjected to electrochemical experiments 

using transient cyclic and steady state voltammetry along with bulk electrolysis to generate 

one-electron reduced species for Zn(II), Cu(II) and Co(II) and two-electron reduced species for 

Fe(III) functionalized vanadium POM accompanied by visible-near infrared (Vis-NIR) and 
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electron paramagnetic resonance (EPR) spectroscopic characterisation. Cyclic voltammetry 

[26] was used to establish the reversible potentials of the electron transfer processes undertaken 

in the reduction of [VV
12O32Cl]5-, [CuII(MeCN)VV

12O32Cl]3-, [CoII(MeCN)VV
12O32Cl]3- and 

[ZnIIClVV
12O32Cl]4- in acetonitrile (0.10 M [n-Bu4][PF6]) where the charges provided by the 

DMA+ placeholder cation is removed so charges on the POM framework are readily compared. 

Steady-state voltammetry at a rotating disc electrode (RDE) was introduced to establish yields 

of the reduced species produced by bulk electrolysis. Vis-NIR and EPR spectroscopic 

characterization before and after the one electron reduction of Zn2+, Cu2+ and Co2+ 

functionalized vanadium POMs by bulk electrolysis was used to examine the degree of 

delocalization of the electron on the reduced transition metal functionalized POM framework. 

Studies with the Fe(III) derivative [n-Bu4N]3(DMA)[FeIIIClVV
12O32Cl], or with the placeholder 

cation removed to reveal the charge on the framework represented as [FeIIIClVV
12O32Cl]4-, have 

also been repeated to confirm that previous findings [23] are reproducible with a newly 

synthesised sample. 

2. Experimental section: 

2.1. Reagents and Solvents 

[n-Bu4N]3(DMA)2[V
V

12O32Cl], [n-Bu4N]3(DMA)[ZnIIClVV
12O32Cl], [n-

Bu4N]3(DMA)[FeIIIClVV
12O32Cl],  [n-Bu4N]2(DMA)[CuII(MeCN)VV

12O32Cl] and [n-

Bu4N]2(DMA) [CoII(MeCN)VV
12O32Cl] were synthesised  according to literature methods [21, 

22] and provided by Professor Carsten Streb (Ulm University, Germany). Ferrocene (Fc, 98%, 

Sigma-Aldrich), Al2O3 (Buehler), acetonitrile (CH3CN, 99.9%, Sigma-Aldrich) and ethanol 

(99%, Merck) were used as received from the manufacturer. Tetrabutylammonium 

hexafluorophosphate ([n-Bu4][PF6]) was purchased from Sigma-Aldrich and recrystallized 

from hot ethanol [27]. 
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2.2. Electrochemical Instrumentation 

Cyclic voltammetric experiments were undertaken with a CHI 760E electrochemical 

workstation. All experiments were executed at 22±2o C in a 3-electrode electrochemical cell 

(1.5 ml Eppendorf centrifuge tube). Oxygen was removed by purging with N2 for at least 10 

minutes before each measurement. A glassy carbon (GC) disk with a nominal diameter of 1.0 

mm, (eDAQ) was employed as the working electrode and was polished with an aqueous Al2O3 

slurry (0.3 µm), rinsed sequentially with water and acetone, and then dried under N2, prior to 

use. Platinum (Pt) wires were used as both the reference and auxiliary electrode. The effective 

electroactive areas (A) of the macrodisk working electrode was determined from the peak 

current for oxidation of 1.0 mM Fc to Fc+ in CH3CN (0.10 M [n-Bu4][PF6]) and use of Randles-

Sevcik relationship [26] (see Eqn. 1) with a known diffusion coefficient (D) of 2.4 × 10−5 cm2 s−1 for Fc under the conditions used [28]. 

𝐼p = 0.4463𝑛𝐹𝐴(𝑛𝐹𝐷𝑣 𝑅𝑇⁄ )1 2⁄ 𝐶                                                                       (1)  

In this Equation, Ip, n, C, and A denote the oxidation peak current, number of electrons 

transferred (n =  1), bulk solution concentration, and electrode area, respectively. The 

determined area of the GC electrode was 8.0 × 10−3 cm2.  

2.2.1 Bulk electrolysis: 

One electron reduced [ZnIIClVV
12O32Cl]4-, [CuII(MeCN)VV

12O32Cl]3- and 

[CoII(MeCN)VV
12O32Cl]3- and two electron reduced [FeIIIClVV

12O32Cl]4- species were obtained 

by bulk electrolysis of 10 mL of 1.0 mM solutions of the POM in CH3CN (0.10M [n-Bu4][PF6]) 

in an H-shaped electrolysis cell with coulometric monitoring using the same instrumentation 

as for the voltammetry. Large surface area glassy carbon (GC) plate and Pt-gauze were used as 

the working and auxiliary electrodes respectively and separated from each other by a fine 
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porosity glass frit in the H-Cell. Ag wire in contact with CH3CN (0.10 M [n-Bu4][PF6]) 

contained in a salt bridge was used as the reference electrode and placed in the same 

compartment as the working electrode.  

2.2.2 Steady State Voltammetry:  

Both the parent transition metal functionalized POMs and the one electron reduced species 

were studied by steady state voltammetry at a GC (3mm diameter) rotating disk electrode. 

Rotation rates of 52.4, 105, 157, 209, 262 and 314 s-1 were maintained by the BAS-M 1005 

electrode rotator and experiments undertaken in conjunction with the electrochemical 

workstation as for the transient voltammetry. Ag wire in a glass frit containing 0.10 M [n-

Bu4][PF6] in CH3CN was used as reference electrode and Pt wire as the counter electrode. This 

form voltammetry is independent of potential and scan direction and so can readily differentiate 

between reduction and oxidation process which is difficult to achieve by transient cyclic 

voltammetry [29].  

2.2.3 Vis-NIR Spectroelectrochemistry:  

The in situ Vis-NIR spectroelectrochemistry was performed in an Oriel Instaspec II linear diode 

array detector (LDA) in combination with the CHI 760E electrochemical workstation used in 

other electrochemically based experiments. In most visible-near infrared 

spectroelectrochemical experiments, Visible-near infrared light passes through the solution. In 

these experiments, light reflected from a platinum disk working electrode (3 mm diameter) 

surface was detected as shown in the schematic representation displayed in Figure 2. Ag wire 

(2 mm diameter) and a platinum ring were used as pseudo-reference and counter electrodes, 

respectively, and experiments conducted in an airtight SEC cell (details described in reference 

[30]) where nitrogen pressure can be easily maintained.   
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Figure 2. Schematic representation of the experimental arrangement used for Visible-near 

infrared spectroelectrochemical experiments. Concept taken from reference. [26] 

 

2.2.4 EPR spectroscopy: 

EPR spectra were measured with a Bruker EleXys E 500 continuous wave X band spectrometer 

controlled by Linux-based XEPR software and use of a standard cylindrical cavity (ER 

4102ST).  Liquid nitrogen was used to maintain the sample temperature at 77 K. Samples were 

frozen to liquid nitrogen temperature in the EPR sample tube before it was inserted into the 

EPR cavity. A microwave frequency counter (EIP 548A) was used to measure the microwave 

frequency. The g-values were estimated by calibration  with reference to the F+ line in CaO (g 

= 2.0001 ± 0.0001) [31]. Spectra were detected as the absorption and simulated with the 

Sophe-Xepr View software [32]. Uncertainties in the g-values calculation were assessed as ± 

0.002. One electron reduced [ZnIIClVV
12O32Cl]4-, [CuII(MeCN)VV

12O32Cl]3-, 

[CoII(MeCN)VV
12O32Cl]3- and two electron reduced [FeIIIClVV

12O32Cl]4- species were 

prepared by controlled potential bulk electrolysis. 
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3. Results and Discussion: 

3.1 Cyclic voltammetry of transition metal functionalized vanadium POMs: 

Figure 3 displays DC cyclic voltammograms for the one electron reduction of 0.5 mM 

[VV
12O32Cl]5-, [FeIIIClVV

12O32Cl]4-, [ZnIIClVV
12O32Cl]4-, [CuII(MeCN)VV

12O32Cl]3- and 

[CoII(MeCN)VV
12O32Cl]3- in CH3CN (0.10 M [n-Bu4][PF6]) obtained at a GC electrode using 

a scan rate of 0.100 V s-1. For the all vanadium POM, this reduction has to be vanadium based. 

Thus the initial well-defined process shown in Figure 3a with a mid-point potential, Em of -

0.542 V vs Fc0/+ calculated from the average of the reduction and oxidation peak 

potentials, (𝐸Pred + 𝐸Pox)/2, and equated to the reversible formal potential, 𝐸0, must involve 

reduction of VV. The peak-to-peak separation (𝐸Pred - 𝐸Pox) or Δ𝐸p value of 78 mV and the unity 

magnitude ratio of reduction and oxidation peak currents imply that this is a chemically and 

electrochemically reversible one electron VV/IV reduction process (Eqn. 2).  

[VV12O32Cl]5− +  e−  ⇌  [VIV12O32Cl]6−                                              (2) 
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Figure 3. Cyclic voltammograms obtained at a scan rate of 0.100 V s-1 for the first one electron 

reduction of 0.5 mM (a) [VV
12O32Cl]5-, (b) [FeIIIClVV

12O32Cl]4-, (c) [ZnIIClVV
12O32Cl]4-, (d) 

[CuII(MeCN)VV
12O32Cl]3- and (e) [CoII(MeCN)VV

12O32Cl]3- in CH3CN (0.10 M [n-Bu4][PF6]) 

at GC electrode.  

 

Figure 3b shows that the cyclic voltammogram for the one-electron reduction of 

[FeIIIClVV
12O32Cl]4- is well-defined and chemically reversible with 𝐸10 = 0.44 V and ∆𝐸p1 = 

75 mV. According to the previous work from this laboratory, this reaction converts Fe(III) to 

Fe(II) to give the analogues of the Zn(II), Cu(II) and Co(II) POMs. A further two one electron 

transfer process are observed at more negative potentials (Figure S1a) as reported in reference 

[23].  

[ZnClV12O32Cl]4- in principle, also provides an example of a POM where it is anticipated that 

any initial reversible one electron reduction process should be VV/IV based. It is highly unlikely 

that ZnII can be be reduced to ZnI. Reduction to the zinc metallic state is difficult and, in any 

case, would give rise to a two electron rather than one electron reduction process.   

 

 

 

 

 

Figure 4. Structure of zinc functionalized vanadium [ZnIIClVV
12O32Cl]4- POM  with a DMA+  

placeholder [21] (left) and representation of location of Zn relative to POM framework (right) . 

Zinc is coloured deep brown, Oxygen red and Vanadium teal. 
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As shown in the Figure 4, in the structure of [ZnIIClVV
12O32Cl]4-, the centrally situated 

heteroatom Zn has four surroundings oxygen ligands. The chloride ligand sits above a POM 

cage framework constructed form 12 octahedral MO6-units linked to one another by 

neighbouring oxygen atoms with the placeholder located below the POM framework. The Zn2+ 

functionalized POM differs from the Cu2+ and Co2+ functionalized POMs considered below 

because chloride acts as ligand rather than MeCN. This means that the charge on the Zn2+ POM 

is more negative by one unit than for the [CuII(MeCN)VV
12O32Cl]3- and 

[CoII(MeCN)VV
12O32Cl]3- POMs, but not as negatively charged as [Vv

12O32Cl]5-. The charge 

can have a significant impact on the 𝐸0 value.  

The cyclic voltmmogram (Figure 3c), as for [FeIIIClVV
12O32Cl]4- gives a well-defined 

chemically reversible process with an 𝐸0 value of -0.123 V vs Fc0/+ derived from (𝐸Pred + 𝐸Pox)/2. The Δ𝐸p value of 93 mV is consistent with a quasi-reversible one-electron reduction 

process. Scanning the potential to more negative values reveals a second one-electron reduction 

process (see Figure S1b) with 𝐸0 and Δ𝐸𝑝 values of -0.67 V vs Fc0/+ and 105 mV respectively. 

A series of complex processes are evident at even more negative potentials.  

In the case of [CuII(MeCN)VV
12O32Cl]3-, both the CuII and VV metal centres are in principle 

electroactive and could be reduced to CuI or Cu(metal) and VIV respectively. In contrast with 

[ZnIIClVV
12O32Cl]4- , [CuII(MeCN)VV

12O32Cl]3- has a lower charge, which is likely to facilitate 

reduction. Figure 3d displays a cyclic voltammogram for [CuII(MeCN)VV
12O32Cl]3- for the 

initial well-defined quasi-reversible one electron process with 𝐸0 and Δ𝐸p values of -0.101 V 

vs Fc0/+ and 81 mV (scan rate of 100 mV s-1), respectively.  

The current magnitude of the 2nd process (Figure S1c) is silghtly smaller than the first which 

followed by a series of more complex processes in the very negative potential region as applies 
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for all POMs. The voltammetry of [CuII(MeCN)VV
12O32Cl]3- does not define the redox level of 

the Cu and V metals in the reduced forms.  

[CoII(MeCN)VV
12O32Cl]3- has the same formal charge and a similar structure to that 

[CuII(MeCN)VV
12O32Cl]3-. However, while Co(I) is a known redox state [33], it is far less 

accessible electrochemically than CuI so a VV/IV process is more likely than CoII/I. The cyclic 

voltammogram for [CoII(MeCN)VV
12O32Cl]3- shown in Figure 3e exhibits the now familiar 

initial well-defined quasi-reversible one electron reduction process which in this case has an 𝐸0 value of -0.144 V vs Fc0/+ (Δ𝐸p =  78 mV), along with a series of complex reduction 

processes at more negative potentials. 

In summary, under conditions of cyclic votammetry at a GC electrode, all POMs examined 

showed chemically reversible one electron charge transfer processes at a GC electrode with a 

scan rate of 100 mV s-1. At more negative potentials, the degree of complexity varies with the 

identity of the POM. The peak currents for first process for all POMs are linearly dependent 

with ν1/2 over the scan rate range of 0.05 to 1.0 V s-1 (Figure S2), indicating that the mass 

transport process is diffusion control. D values calculated from the slopes of these liner plots 

and use of the Randles-Sevcik equation (see Eqn. 1) are 4.0 × 10-6, 3.1 × 10-6, 4.0 × 10-6, 5.7 × 10-6 and 6.0 × 10-6 for [VV
12O32Cl]5-, [FeIIIClVV

12O32Cl]4-, [ZnIIClVV
12O32Cl]4-/5-, 

[CuII(MeCN)VV
12O32Cl]3-/4- and [CoII(MeCN)VV

12O32Cl]3-/4-, respectively. However, this 

equation strictly only applies to a reversible process rather than quasi-reversible ones as found 

for the POMs of interest in this study. Accordingly, D values are probably slightly 

underestimated. Table 1 summarises the voltammetric data for all compounds. 
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Table 1. Summary of voltammetric parameters obtained from the reduction of 0.5 mM 

[VV
12O32Cl]5-, [FeIIIClVV

12O32Cl]4-, [ZnIIClVV
12O32Cl]4-, [CuII(MeCN)VV

12O32Cl]3- and 

[CoII(MeCN)VV
12O32Cl]3- in CH3CN (0.10 M [n-Bu4][PF6]) at a scan rate of 0.100 V s-1. 

 

 

 

 

 

 

 

 

a Uncertainty in 𝐸𝑎𝑝𝑝0  is ± 5 mV                                                                           

b Uncertainty in Δ𝐸P is ± 2 mV 

c further processes present at more negative potentials region  

d calculated from the from the slop of the graph (I/µA vs v1/2, see Figure S2) by using Randles-

Sevcik equation 

 

3.2 Bulk electrolysis for the one electron [ZnIIClVV
12O32Cl]4-, [CuII(MeCN)VV

12O32Cl]3- 

and [CoII(MeCN)VV
12O32Cl]3- and two one electron [FeIIIClVV

12O32Cl]4- reduction 

processes: 

Whilst, the initial one electron reduction processes are chemically reversible on the cyclic 

voltammetric timescale, this may not be the case under the much longer experimental times 

used in exhaustive controlled potential electrolysis undertaken to obtain bulk concentrations of 

the one electron reduced transition metal functionalized vanadium POMs. Constant potentials 

of -0.25, -0.20 and -0.23 V vs Fc0/+ and 0.15 V vs Fc0/+ were applied to synthesize the one 

electron reduced [ZnIIClVV
12O32Cl]4-, [CuII(MeCN)VV

12O32Cl]3- and 

[CoII(MeCN)VV
12O32Cl]3- and two electron reduced [FeIIIClVV

12O32Cl]4-, respectively. In all 

cases, the charge calculated by coulometric analysis [34] of the current-time data and use of 

POM 
𝐸𝑎𝑝𝑝0 (1st, 2nd…. nth) 𝛥𝐸𝑃(1st, 2nd…. nth) Dd 

Va vs Fc0/+ mVb cm2 s-1 

[VV
12O32Cl]5- -0.542, c 78, c 4.0 × 10-6 

[FeIIIClVV
12O32Cl]4- 0.44, 0.02, c 75, 83, c 3.1 × 10-6 

[ZnIIClVV
12O32Cl]4- -0.123, -0.670 c 93, 105, c 4.0 × 10-6 

[CuII(MeCN)VV
12O32Cl]3- -0.101, c 81, c 5.7 × 10-6 

[CoII(MeCN)VV
12O32Cl]3- -0.144, c 78, c 6.0 × 10-6 
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Faraday’s law was 0.95 +/- 0.05 C and hence close to the theoretical value predicted for a one 

electron reduction process. The solution colour changed from initially light yellow to yellowish 

green, deep yellow to yellowish green and yellow to yellowish green at the conclusion of 

exhaustive reductive bulk electrolysis of [ZnIIClVV
12O32Cl]4-, [CuII(MeCN)VV

12O32Cl]3- and 

[CoII(MeCN)VV
12O32Cl]3- respectively.  

3.3 Rotating disc electrode voltammograms of POMs before and after bulk electrolysis: 

Figure 5 shows the steady state voltammograms obtained at a GC rotating disc electrode (RDE) 

using a rotation rate of 157.08 s-1 for 0.10mM [ZnIIClVV
12O32Cl]4-, [CuII(MeCN)VV

12O32Cl]3- 

and [CoII(MeCN)VV
12O32Cl]3- in CH3CN (0.10 M [n-Bu4][PF6]) before and after  one electron   

bulk electrolysis.   For, [ZnIIClVV
12O32Cl]4- and [CoII(MeCN)VV

12O32Cl]3- almost full chemical 

reversibility is achieved on the bulk electrolysis timescale as the limiting current magnitudes 

for reduction, IL, which is negative before bulk electrolysis and that for oxidation current which 

is positive after bulk electrolysis are almost the same (≥ 90%). Furthermore, the potentials at 

IL/2 or so called half-wave potentials, E1/2, are similar for oxidation after and reduction before 

bulk electrolysis as expected for a close to reversible process. In the case of 

[CuII(MeCN)VV
12O32Cl]3- only about 63% of product is stable on this timescale as noted by 

the magnitude of the IL value after bulk electrolysis being only about half that before bulk 

electrolysis. Consistent with this conclusion, essentially 100% of both [ZnIIClVV
12O32Cl]4- and 

[CoII(MeCN)VV
12O32Cl]3- could be recovered by bulk oxidative electrolysis of the initially one-

electron reduced POM, but only about 60% of [CuII(MeCN)VV
12O32Cl]3-.    
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Figure 5. Steady state voltammogram obtained by rotating disc electrode voltammetry prior to 

(blue) and after one electron bulk reductive electrolysis of (a) [ZnIIClVV
12O32Cl]4-, (b) 

[CuII(MeCN)VV
12O32Cl]3- and (c) [CoII(MeCN)VV

12O32Cl]3-. Scan rate = 0.02 V. Rotation rate 

= 157.08 s-1, POM concentration = 0.1 mM.   

 

Plots of IL vs ω1/2 for the reduction of all POMs were linear over the rotation rate range of 52−

314 s-1 as predicted by the Levich equation [28] confirming mass transport-controlled reactions 

are occurring in the limiting current region [29]. The slopes of these plots and use of the Levich 

equation gave diffusion coefficient values of 4.5 × 10-6, 5.5 × 10-6 and 6.1 × 10-6 (see Table 

2) for [ZnIIClVV
12O32Cl]4-/5-, [CuII(MeCN)VV

12O32Cl]3-/4- and [CoII(MeCN)VV
12O32Cl]3-/4-, 

respectively which are consistent with the values that obtained by linear sweep voltammetry 

and Randles-Sevcik equation. The RDE data are summarised in Table 2. 

 

Table 2. Summary of RDE voltammetric data obtained from reduction of 0.1 mM 

[ZnIIClVV
12O32Cl]4-, [CuII(MeCN)VV

12O32Cl]3- and [CoII(MeCN)VV
12O32Cl]3- in CH3CN (0.10 

M [n-Bu4][PF6]) at a scan rate of 0.02 V s-1 and rotation rate of 157.08 s-1. 

POM 
E1/2(red) E1/2(ox) IL(red) IL(ox)  ( IL(ox)/ IL(red)) Db 

Va vs Fc0/+ µA % recovery cm2 s-1 

[ZnIIClVV
12O32Cl]4- -0.115 -0.11 -3.5 3.1 88 4.5 × 10-6 

[CuII(MeCN)VV
12O32Cl]3- -0.09 -0.09 -4.1 2.6 63 5.5 × 10-6 

[CoII(MeCN)VV
12O32Cl]3- -0.135 -0.13 -3.8 3.4 93 6.1 × 10-6 
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a Uncertainty in 𝐸1/2 is ± 5 mV                                                                           

b calculated from the from the slop of a plot of IL/µA vs ω1/2 (see Figure S3) and use Levich 

equation 

 

3.4 In situ Visible-near infra-red (Vis-NIR) spectroelectrochemistry of the one electron 

reduction of [ZnIIClVV
12O32Cl]4-, [CuII(MeCN)VV

12O32Cl]3- and 

[CoII(MeCN)VV
12O32Cl]3-: 

The Vis-NIR spectral changes observed during the electrochemical reduction of the transition 

metal functionalized POMs are shown in Figure 6. As noted in the bulk electrolysis section 

presented above, colour changes accompanying the one electron reduction detected visually 

were minor. Consequently, and as expected, absorbances in the visible region of the spectrum 

are small as are changes accompanying reductions. In case of [ZnIIClVV
12O32Cl]4-/5-, absorption 

in the visible and near infrared region (Figure 6a) increases slightly due to enhanced d-d metal 

to ligand transition [35]. The spectral changes accompanying reduction of 

[CuII(MeCN)VV
12O32Cl]3- and [CoII(MeCN)VV

12O32Cl]3- are far more substantial. One electron 

reduction of [CuII(MeCN)VV
12O32Cl]3- generates a band in the visible region at 622 nm (Figure 

6b) and one in the near infra-red region at 1060 nm (with a shoulder at lower wavelengths). All 

bands diminish/increase in intensity during the course of the one electron reduction, with an 

isosbestic points detected at 646 and 960 nm. Reduction of [CoII(MeCN)VV
12O32Cl]3- also 

generates a band in the near infrared region of 1060 nm as with [CuII(MeCN)VV
12O32Cl]3- and 

again a shoulder is present at lower wavelengths as are isosbestic points at 658 and 937 nm. In 

all cases, changes are reversible as when the potential is switched to oxidation, original 

spectrum of the POM is recovered.  
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Figure 6. In situ spectroelectrochemical experiments displaying the Vis-NIR spectral changes 

accompanying the one electron reduction of 1.0 mM (a) [ZnIIClVV
12O32Cl]4-, 

[CuII(MeCN)VV
12O32Cl]3- and [CoII(MeCN)VV

12O32Cl]3- in CH3CN (0.10 M [n-Bu4][PF6]). 

Blue (----) and red (----) represent the initial and last absorption spectrum, respectively. Arrow 

sign stand for the direction of absorption band.  

 

3.5 EPR spectroscopic characterization of the one electron reduced [ZnIIClVV
12O32Cl]4-, 

[CuII(MeCN)VV
12O32Cl]3- and [CoII(MeCN)VV

12O32Cl]3- and two electron reduced 

[FeIIIClVV
12O32Cl]4- POMs:  

EPR spectra were obtained on one and two electron reduced POMs prepared as in the bulk 

electrolysis experiments at a GC electrode in CH3CN (0.1M [n-Bu4][PF6]) described above. 

However, these solutions were transferred to an EPR tube and then frozen in liquid nitrogen. 

Hence, the EPR spectra were recorded on glass samples at 77K rather than in solution phase at 

22 0C used for other measurements. In principle, analysis of the EPR spectra may provide 

knowledge as to where the electron resides on the reduced POM.   
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The EPR spectra obtained at 77 K from frozen glasses of the two electron reduced 

[FeIIIClVV
12O32Cl]4- and one electron reduced [ZnIIClVV

12O32Cl]4-, [CuII(MeCN)VV
12O32Cl]3- 

and [CoII(MeCN)VV
12O32Cl]3- are shown  in Figures 7-10, respectively.  

The EPR spectra of the parent and two electrons reduced [FeIIIClVV
12O32Cl]4- are similar to 

that reported in previous work [23] (see Figure 7) which were associated to the electrons being 

localized on to Fe atom rather than V framework to give FeII and then FeI centres.  

 

Figure 7. EPR spectrum of (a) 1 mM parent [FeIIIClVV
12O32Cl]4- and (c) two electron reduced 

[FeIIIClVV
12O32Cl]4- in frozen CH3CN (0.10 M [n-Bu4][PF6]) solution at 77 K. Spectrometer 

settings: microwave frequency 9.4473 and 9.4501 GHz for parent and two electron reduced 

species; microwave power 5.024 mW; modulation amplitude 0.4 mT. 

 

The EPR spectrum of one electron reduced all vanadium POM [VV
12O32Cl]5- has been reported 

[23] and also is included in Figure 8. This POM has a high degree of symmetry with DMA+ 

groups in both capping positions (see Figure 1a). Furthermore, this POM reduction process has 

to be a VV/IV one and hence provides a reference EPR spectrum for assignment in reduced 

transition metal substituted POMs that are of interest in this publication. However, the electron 

need not be, and probably is not localised on just a one of the twelve vanadium sites available 

in this POM framework. The experimental EPR spectrum of the one-electron reduced 
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[VV
12O32Cl]5- POM (Figure 8a), now conveniently represented as [VV

11V
IVO32Cl]6- is 

described in reference [23] as a single broad VIV resonance at ca. 345 mT (g =1.963). Hyperfine 

features would be expected to be generated from the hyperfine structure as a result of the 

interaction between unpaired electron and 51V nucleus (I = 7/2; 99.2 % abundance), but this is 

not observed. The lack of hyperfine was postulated in reference [23] to be indicative of the 

possible delocalization of unpaired electron which resides on a number of V sites. Moreover, 

parameters that used in the simulation shown in Figure 8a, especially isotropic hyperfine 

interaction is comparable with 84 x 10-4 cm-1 that assessed for the VIV ion in the [PVMo11O40]
4-, 

which suggest that delocalization of unpaired electron occurs over about three V sites. [36].      

Reduction of [ZnIIClVV
12O32Cl]4-, as for [VV

12O32Cl]5- should be vanadium based, to give what 

could be described as [ZnIIClVV
11V

IV
 O32Cl]5-. However, this POM has a significantly lower 

level of symmetry that for the all vanadium POM. Now, a zinc atom coordinated to oxygen 

and chloride lies in one capping position and a DMA+ in the other. From a purely electrostatic 

perspective, the electron could on average reside near the Zn2+ positively charged region. Thus, 

the presence of the Zn2+ metal could perturb the EPR spectrum, even though the electron 

remains fully located on the vanadium POM framework. A different distribution over the V 

framework is indicated as the g-value is 1.974 compared to the 1.963 for the 1-electron reduced 

[VV
12O32Cl]5-. A presented radical type signal also is superimposed on the broad line which 

have a g-value close to 2.003 [37]. However, this signal with a very narrow line width only 

represents around 1 % of the unpaired spins generated by reduction of [ZnIIClVV
12O32Cl]4- and 

probably represents an impurity.  
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Figure 8. EPR spectrum of one electron reduced (a) [VV
12O32Cl]5- and (b) [ZnIIClVV

12O32Cl]4- 

POM in frozen CH3CN (0.10 M [n-Bu4][PF6]) at 77 K. Experimental spectrum (black): (a) 

microwave frequency 9.4905 GHz; microwave power 5.024 mW; modulation amplitude 0.5 

mT and (b) microwave frequency 9.3241 GHz; microwave power 1.002 mW; modulation 

amplitude 0.4 mT. Simulated spectrum (red): (a) g-factor 1.978; (b) Lorentzian line shape 

width 100 × 10-4 cm-1; isotropic g-factor 1.963; isotropic hyperfine interaction 32 × 10-4 cm-1. 

 

In the case of [CuII(MeCN)VV
12O32Cl]3-, the one-electron reduction process could be 

associated with CuII/I or VV/IV redox chemistry. EPR simulations are of course dependent on the 

model used to mimic the experimental data. Thus, it is noted that while reasonably good 

agreement between experimental and simulated EPR data could be obtained by modelling with 

a single [CuII(MeCN)VV
12O32Cl]3- species,  significantly superior agreement was achieved by 

assuming the presence of CuII in two structurally similar sites of POM in an axial environment. 

The two g-values provided for this POM in the Table 3 prior to reduction correspond to the 

CuII in two sites. A comparison of the EPR spectrum obtained from of a 1.0 mM solution of 

[CuII(MeCN)VV
12O32Cl]3- in CH3CN (0.10 M [n-Bu4][PF6]) frozen to 77 K with simulated EPR 
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spectra based on the presence of two similar CuII sites is displayed in Figure 9. Simulations of 

the EPR spectra gave the spin Hamiltonian parameters listed in Table 3. 

 

 

 

 

 

Figure 9. EPR spectrum of 1 mM parent [CuII(MeCN)VV
12O32Cl]3- in frozen CH3CN (0.10 M 

[n-Bu4][PF6]) solution at 77 K. Experimental spectrum (black): microwave frequency 9.3277 

GHz; microwave power 1.002 mW; modulation amplitude 0.4 mT. Simulated spectrum 

(red): simulation parameters provided in the table 3. 

 

Table 3. CuII Spin Hamiltonian parameters obtained for 1.0 mM [CuII(MeCN)VV
12O32Cl]3- 

frozen solution in CH3CN (0.10 M [n-Bu4][PF6]). Hyperfine interaction parameters (A) are × 

10-4 cm-1; linewidths (σ) in G.  

Species g∥ g⊥ A∥ A⊥ σ 

[CuII(MeCN)VV
12O32Cl]3-  (site-1) 2.400 2.070 140 10 30 

[CuII(MeCN)VV
12O32Cl]3-  (site-2) 2.415 2.070 118 10 30 

 

The values of g∥ and A∥ are consistent with coordination by four oxygen atoms [38]. The 

relative concentration of site 1 was estimated to be 20% greater than that of site 2.   

The EPR spectrum of the 1.0 mM solution of [CuII(MeCN)VV
12O32Cl]3- in CH3CN, when 

frozen to 77 K after a one-electron reduction, also exhibited a weak resonance at g = 2.070, 

attributable to the perpendicular features of the same CuII spectrum as exhibited by the 
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unreduced solution. However, this resonance only had 3% of the intensity of that observed with 

the unreduced solution. This spectrum is consistent with a residual concentration of 

[CuII(MeCN)VV
12O32Cl]3- remaining from slightly incomplete bulk electrolysis. Significantly, 

there was no evidence for an EPR resonance attributable to VIV as was observed with frozen 

solutions of one-electron reduced [ZnIIClVV
12O32Cl]4-. 

 

Figure 10. EPR spectrum of (a) CH3CN (b) 1 mM [CoII(MeCN)VV
12O32Cl]3- and (c) one 

electron reduced [CoII(MeCN)VV
12O32Cl]3- in frozen CH3CN (0.10 M [n-Bu4][PF6]) solution 

at 77 K. Spectrometer settings: microwave frequency 9.451 GHz; microwave power 5.024 

mW; modulation amplitude 0.4 mT. 

 

With one electron reduction of [CoII(MeCN)VV
12O32Cl]3- it is possible that a formally CoII/I 

reduction process occurs, but it is far more likely that the process will be VV/IV. The EPR 

spectrum is shown in Figure 10c. Frozen solutions of unreduced 1.0 mM 

[CoII(MeCN)VV
12O32Cl]3- at 77 K gave the EPR spectrum shown in Figure 10b which are 

similar to that for the cavity with CH3CN (0.1 M [n-Bu4N][PF6]) given in Figure 10a. This 

response implies that [CoII(MeCN)VV
12O32Cl]3- is EPR silent at 77 K. In principle, an EPR 

feature for high spin Co(II) could be present, but typically, this requires much lower 

temperatures than 77K for detection [39]. For the one electron reduced 

[CoII(MeCN)VV
12O32Cl]3- a broad resonance, with a g-value of 1.961 is found, which lies close 
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to that of g = 1.963 found for the one-electron reduced [VV
12O32Cl]5- [23]. Interestingly, the 

intensity of this EPR signal is very weak and just above the cavity background signal (Figure 

10a) obtained for CH3CN (0.10 M [n-Bu4][PF6]). It is also of much lower intensity compared 

to the VIV EPR spectra obtained from one electron reduced [VV
12O32Cl]5- or [ZnClV12O32Cl]4-  

noting that at least 90% of the one electron reduced [CoII(MeCN)VV
12O32Cl]3- was formed by 

bulk electrolysis prior to freezing to 77 K for EPR experiments. However, while there is 

evidence for a VIV EPR resonance at 77 K, also resonances attributable to CoII or CoI was 

detected. Experiments at liquid helium (4 K) temperatures are needed to clarify the 

interpretation of the EPR spectrum for one electron reduced [CoII(Men)VV
12O32Cl]3-.  

4. Conclusion:  

Under transient voltammetric conditions (scan rate of 100 mV s-1) the transition metal 

functionalised vanadium POMs, [FeIIIClVV
12O32Cl]4-, [ZnIIClVV

12O32Cl]4-, 

[CuII(MeCN)VV
12O32Cl]3- and [CoII(MeCN)VV

12O32Cl]3- give well-defined quasi-reversible 

one-electron reduction reactions at a GC electrode in CH3CN (0.10 M [n-Bu4][PF6]) can be 

reduced in a series of steps. The fact that these initial processes are all well separated from 

those at more negative potential allows the generation of the one electron reduced species of 

these POMs by controlled potential bulk electrolysis yields are ≥ 90% for Zn and Co 

containing POMs and 63% for the Cu one as confirmed by RDE voltammetry at a GC electrode. 

Insitu Vis-NIR Spectroelectrochemistry shows simple change upon reduction of 

[ZnIIClVV
12O32Cl]4- and [CuII(MeCN)VV

12O32Cl]3- and formation of intervalence basis with  

reduction of [CoII(MeCN)VV
12O32Cl]3-. EPR spectra also were obtained from oxidized and one 

electron reduced form of [ZnIIClVV
12O32Cl]4-, [CuII(MeCN)VV

12O32Cl]3- and 

[CoII(MeCN)VV
12O32Cl]3- and two electron reduced [FeIIIClVV

12O32Cl]4- generated by bulk 

electrolysis in CH3CN (0.10 M [n-Bu4][PF6]) and then frozen to the glass state at 77 K. EPR 
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spectrum of the two electron reduced [FeIIIClVV
12O32Cl]4- implies that FeIII is reduced 

sequentially to FeII and then to FeI. The EPR data suggest that the electron on reduced 

[CuII(MeCN)VV
12O32Cl]3- resides on Cu in this CuII/I based process. In contrast, the electron is 

delocalised onto the V framework following the one electron reduction of [ZnIIClVV
12O32Cl]4- 

as it must with one electron reduced [VV
12O32Cl]5-. In the case of the one-electron reduced 

[CoII(MeCN)VV
12O32Cl]3-, EPR data imply that some of the electron density is located on the 

V framework. However, the intensity of the EPR signal is much suppressed relative to one 

electron reduced [ZnIIClVV
12O32Cl]4- and [VV

12O32Cl]5- POMs for similar concentrations. EPR 

spectra at liquid helium (4 K) temperature are needed for further clarification.  
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Figure S1. Cyclic voltammograms obtained at a scan rate of 0.100 V s-1 for the reduction 

processes of 0.5 mM (a) [FeIIIClVV
12O32Cl]4- (b) [ZnIIClVV

12O32Cl]4- and (c) 

[CuII(MeCN)VV
12O32Cl]3- in CH3CN (0.10 M [n-Bu4][PF6]) at GC electrode. 

 

Figure S2. Linear plot of peak reduction current versus square root of scan rate (ν1/2) for the 

reduction of (a) [ZnIIClVV
12O32Cl]4-, (b) [CuII(MeCN)VV

12O32Cl]3- and (c) 

[CoII(MeCN)VV
12O32Cl]3-. Experimental data point (   ) and linear regression fit (        ). 

 

Figure S3. Linear plot of RDE limiting current (IL) versus square root of rotation rate (ω1/2) 

for reduction of (a) [ZnIIClVV
12O32Cl]4-, (b) [CuII(MeCN)VV

12O32Cl]3- and (c) 

[CoII(MeCN)VV
12O32Cl]3-. Experimental data point (   ) and linear regression fit (        ). 
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Chapter 7 

Conclusions and Future Work 

7.1 Conclusions 

Nanosized oxoanion POM clusters constructed from high valent transition metals (e.g. 

vanadium, tungsten and molybdenum) are used in various fields such as materials science, 

capacitors, medicine, solar energy and catalysis. Access to quantitative electrochemical POM 

studies that enhance the understanding of electron transfer kinetics can facilitate further 

practical POM uses. In this study, the electron transfer kinetics associated with several Dawson 

and Keggin POMs have been examined by DC, FTAC voltammetry as well as other methods. 

Results in combination with EPR, Vis-NIR and EQCM experiments helped to clarify nuances 

in the kinetic findings.  

Features such as enhanced ability to resolve the impact of electrode kinetics and 

uncompensated resistant (Ru) and higher kinetic sensitivity make the FTACV technique 

superior to the widely used DC voltammetry in quantitative electrode kinetics POM studies.  

FTAC voltammetric experimental data have been compared with simulated data to determine 

the electrode kinetic parameters. Initial estimates of kinetic parameters (𝐸0, 𝑘0 and α) by a 

heuristic approach could introduce experimenter bias as simulation parameters are changed 

manually with the best fit decided by the experimenter. However, these manual estimates help 

to set the ranges of variables that are used in the computer-assisted data optimisation approach 

and provide parameters that are free of experimenter bias. In general, kinetic parameters 

obtained by both approaches are similar unless there are departures from the ideality in theory-

experiment comparisons. Findings suggest that electron transfer kinetics at GC electrode is 

faster than with Au and Pt metal electrodes, and the rate of the first α-[S2W18O62]
4-/5- process 
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is always faster than that of the second α-[S2W18O62]
5-/6- process in CH3CN (0.50 M [n-

Bu4N][PF6]). 

Without great care, the automated data analysis approach can provide false parameter values, 

such as where the kinetic estimation nears the reversible limit. In other cases where reduction 

and oxidation components are not symmetrical, which is readily detected in the heuristic 

method, automated estimates can be substantially different from the heuristic estimates as these 

are derived solely from the reduction component. Non-conformance with the Butler-Volmer 

model of electron transfer arises in the electrode kinetic parameterisation of the α-[S2W18O62]
4-

/5-/6- process especially at Pt electrodes. This can be explained by the combination of slow 

electrode kinetics and ion-pairing between the electrolyte cation and highly negatively charged 

POMs, α-[S2W18O62]
4- or reduced species α-[S2W18O62]

5-. Surface modification also may 

account for this anomalistic behaviour.  

Several electrode kinetic nuances were detected when a BDD electrode also was employed to 

parameterise the thermodynamics and electrode kinetics associated with the α-[S2W18O62]
4-/5-

/6- processes. An unusual kinetic pattern where the second α-[S2W18O62]
5-/6- process is 

apparently kinetically faster than the first α-[S2W18O62]
4-/5- process and harmonic dependent 

kinetics also are revealed with BDD. These non-idealities are removed upon removal of the sp2 

carbon-rich exposed edge of the BDD electrode. On the other hand, concentration dependent 

electrode kinetics at BDD electrode is attributed to the limited charge carrier density associated 

with BDD. 

α-[S2W18O62]
6-/7-/8-/9-/10- at a more negative potentials also have been parameterised, and again 

departures from the theoretical predictions of the Butler-Volmer model of electron transfer are 

detected; this may be the consequence of the enhanced impact of ion-pairing and electrode 
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material dependent surface interactions. Additionally, the influence of a double layer on 

processes at very negative potentials was more substantial.  

The electrochemistry of dissolved KW
Sn[N3C4H10]

4- along with its surface confined diazonium 

derivative KW
Sn[-]

4- and non-idealities associated with parameterisation also have been 

detected by FTAC voltammetry. The relatively slow electron transfer kinetics associated with 

KW
Sn[N3C4H10]

4-/5-/6- processes compared to α-[S2W18O62]
4-/5-6- processes in the solution phase 

(CH3CN/0.10 M [n-Bu4N][PF6]) may be due to the extended diazonium chain that restrains the 

approach of the active monomeric POM to the electrode surface. A series of conventional DC 

voltammetric experiments without polishing the electrode and EQCM measurements at a gold 

quartz crystal electrode reveal that the source of non-ideality may originate from the electrode 

surface accumulation of an unidentified product that accompanies the first KW
Sn[N3C4H10]

4-/5- 

reduction process. Nuances associated with surface-confined voltammetry may arise due to 

thermodynamic and kinetic dispersion resulting from heterogeneity in the grafted GC electrode 

surface. 

EPR and visible-near IR spectroscopy combined with conventional DC cyclic voltammetry 

have been used to characterise the one-electron reduced Zn(II), Cu(II) and Co(II) 

functionalized vanadium POMs as well as the two electron reduced FeIII derivatives. EPR data 

suggest that electrons added to [FeIIIClVV
12O32Cl]4- and [CuII(MeCN)VV

12O32Cl]3- reside on 

the Fe and  CuII centre, respectively. On the other hand, the reduction of the Zn derivative leads 

to electron transfer on the V framework. The very similar g-value of 1.961 for one-electron 

reduced [CoII(MeCN)VV
12O32Cl]3- compared to g-value = 1.963 reported for the one-electron 

reduced [VV
12O32Cl]5- suggests that at least some of the electron density resides on the V 

framework. However, the intensity of the EPR signal is much lower than for the one electron 
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reduced [ZnIIClVV
12O32Cl]4- and [VV

12O32Cl]5- POMs; hence, some electron density may also 

reside on Co as well. 

7.2 Future Work 

In Chapters 2 to 5, the MECSim simulation software package has been used to analyse the 

FTAC voltammetric data by adopting the Butler-Volmer model for the electron transfer 

processes. However, departures from theory are detected. Therefore, including ion-pairing 

phenomena into the theoretical data analysis, may qualitatively express the asymmetry in 

reduction and oxidation AC components, as POM may adsorb on the electrode surface 

specifically with KW
Sn[N3C4H10]

4-. This better modelling explains the non-conformance to the 

Butler-Volmer model and can provide a better understanding of thermodynamics, electrode 

kinetics, and mechanistic nuances associated with POM electrochemistry.  

In FTAC voltammetric data analysis, both experimenter-based heuristic and computer-assisted 

automated data analysis approaches have been used to parameterise the electrode kinetics and 

ensure chemically sensible values are reported. The automated method can unknowingly 

generate physically unreliable parameter values when for example a process is near a reversible 

limit. A future challenge is to avoid over parameterisation by the introduction of Bayesian 

interference or any other more sophisticated statistical method.  

In Chapter 6, absorption spectroscopy covering the visible-near infrared region was employed 

in conjunction with insitu bulk electrolysis of Fe(III), Zn(II), Cu(II) and Co(II) functionalized 

vanadium POMs. Further experiments are needed in the ultra-violet (UV) region where other 

absorption bands may be present. EPR spectroscopic measurements of one electron reduced 

[CoII(Men)VV
12O32Cl]3- at liquid helium (4 K) temperature may also clarify where the added 

electrons reside in this POM.   


