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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- [S W O ]  in 

acetonitrile ([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 described by the Butler-Volmer relationship are faster at GC 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-[S W O ]  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 

experiments reveal that adsorption of more extensively reduced species may modify the 

electrode surface and contribute to the asymmetry found in the reduction and oxidation 

components of the FTAC voltammetric data. Enhanced double layer effect at negative 

potentials also could explain why the level of non-ideality increases with reduction processes 

that occur at more negative potentials. The findings in this study are expected to apply to the 

voltammetric reduction of other very negatively charged polyoxometalates. 

Keywords: Fourier transformed alternating current voltammetry, polyoxometalate 

electrochemistry, electrode kinetics, non-idealitiy, ion-pairing, adsorption. 

 

 

 

 



 
 

3 
 

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) or 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 1-2. However, the electrons may be delocalised 

over all or part of POM framework rather than being localised on one metal centre 3-4. 

The structure of the so-called Wells-Dawson structure of the 𝛼  isomer of 

[S W O ] , which is of interest in this study, is provided in Figure 1. There are many 

possible isomeric forms of [S W O ]  5 but it is assumed the fully symmetrical 𝛼 structre 

remains intact during electrochemical reduction.  

 

 

 

 

 

Figure 1. The structure of the α isomer of [S W O ] . Red and yellow represent the 

tetrahedral sulphate units and the octahedral tungstate units, respectively. 
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[S W O ]  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 can be applied prior to the solvent limit 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 

[S Mo O ]  6. In aprotic ionic liquids, that have a wide potential range in the negative 

potential region, as needed for extensive reduction of [S W O ]4-, six well-resolved one-

electron reduction processes have been reported under voltammetric conditions at a glassy 

carbon (GC) electrode 7. The electrochemistry of [S W O ]  in the dry acetonitrile (CH3CN) 

with different supporting electrolytes 8-10, in the absence of deliberately added supporting 

electrolyte and in the presence of 5 (v/v) % water with and without acid also have been reported 

7, 9 using a range of electrode materials with stationary, rotated and channel electrode 

configurations. 

Table S1 summarises the formal reversible potentials (𝐸 ) derived from analysis of DC 

cyclic voltammograms for the α-[S W O ] / / / / / /  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 7. Thus, with respect to molecular solvents, the most negative 𝐸  values (-

0.437 V vs Fc/Fc+ for process I) were obtained in dichloromethane (least polar solvent used) 

whereas use of water (most polar solvent used) gives a much more positive 𝐸  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 𝐸  values. In general, 𝐸  values are also very positive with use of ionic 

liquids. Moreover, 𝐸  values become more positive with higher electrolyte concentration 

because of increasing ion-pairing differences between the electrolyte cation ([n-Bu4N]+) and 

oxidised (e.g. α-[S W O ] ) and reduced (e.g. α-[S W O ] ) forms. Not surprisingly, 
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the purity of solvent, particularly with respect to water content also is critical 7 with more 

negative 𝐸  values obtained in carefully dried CH3CN 7.  

The above survey of literature reports implies that all processes associated with DC 

cyclic voltammetry of α-[S W O ]  at stationary macrodisc electrodes are ideal or close to 

ideal chemically or electrochemically reversible processes. Nevertheless, close inspection of 

data reveals significant departures from ideality under some conditions. Thus, while six well-

resolved α-[S W O ] / / / / / /  processes have been reported at carbon based 

glassy carbon (GC) 8, 10 and boron doped diamond (BDD) 11 electrodes in acetonitrile under 

conditions of stationery electrode direct current (DC) cyclic voltammetry, it has been noted 

that only the first two are present at a rotating disc GC electrode 9. Furthermore, in a 

quantitative electrode kinetic evaluation of the first two α-[S W O ] / /  processes by 

large amplitude Fourier transform alternating current (FTAC) voltammetry at GC, Au, Pt 8 and 

BDD 11 disc electrodes anomalous behaviour with respect to conformance to the Butler-Volmer 

model of electron transfer was detected, particularly with respect to the α-[S W O ] /  

process at a Pt electrode. Anomalies with respect to theoretical predictions for simple one-

electron reduction processes also have been noted in other studies with this electrode material 

when POM reduction processes occur at fairly negative potentials 1, 12. Processes at Pt appear 

to have significantly 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 13-15, but rarely incorporated into parameterisation of the electrode kinetics, was 

hypothesized to be a possible contributing factor to discrepancies between Pt electrode 

experimental and simulated data 14.  

In addition to ion-pairing, another special issue that also may arise with the extensive 

series of α-[S W O ] / / / / / /  processes is that they encompass a very wide 
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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 16-17 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 close to 

the negative solvent limit may be far more important than would apply at potentials near to the 

point of zero charge. This means that the α-[S W O ] /  process at -0.24 V vs Fc0/+ 10 will 

encounter a very different double layer environment than that of the α-[S W O ] /  one 

at -2.32 V vs Fc0/+ 10. In this context, studies by Fawcett et al 18 on the impact of 

tetraalkylammonim electrolytes in dynamic electrochemical studies may be relevant. 

The above considerations raise issues concerning how to model the voltammetric 

reduction of very negatively charged POMs. Historically, most voltammetric (polarographic) 

studies with this class of compound were undertaken at the dropping mercury electrode 19. In 

recent times, use of mercury as an electrode material has been phased out due to toxicity and 

environmental concerns. In its place, GC often has been the electrode of choice for POM 

studies, because, like mercury, it provides access to a wide negative potential range. With this 

electrode material, many more examples of well-defined POM electrochemistry have been 

reported.20 However, even if POM processes may have the characteristics of close to reversible 

or quasi-reversible processes, parameterisation of every process in the α-

[S W O ] / / / / / /  series as a simple one-electron reduction process almost 

certainly has to be an oversimplification. For example, the α-[S W O ] /  reduction 

reaction therefore involves highly charged species and occurs at very negative potentials. The 

process, in addition to electron transfer, is therefore expected to involve changes in ion-pairing 

and suffer from double layer effects rather than being a simple outer sphere electron transfer 
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reaction, as commonly assumed. In order to establish the extent to which simple models of 

electron transfer are adequate for quantitative modelling, we have extended detailed electrode 

kinetic studies on the α-[S W O ] / /  processes to encompass all one-electron transfer 

processes available at GC, Au and Pt electrodes in acetonitrile containing 0.10 or 0.50 M [n-

Bu4N][PF6] by DC and FTAC voltammetry and other techniques. A progressively increasing 

level of departure of experimental data from that predicted by the Butler-Volmer model for a 

simple one-electron transfer process has been found 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 21-25, supercapacitor26 

and battery development 27-30, 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 − Bu N] [α − S W O ] was synthesized according 

to a literature method 31. 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 manufacturer. Tetrabutylammonium 

hexafluorophosphate ([n-Bu4N][PF6], 98 %, Sigma-Aldrich) was recrystallized 32 and used as 

the supporting electrolyte.  

2.2. Electrochemical Instrumentation and techniques. Conventional DC 

voltammetric measurements using stationary GC, Au or Pt working electrodes with Pt wires 

for both the auxiliary and quasi-reference electrodes were undertaken with a CHI-760E 

electrochemical workstation. FTAC voltammetric experiments with the same electrodes 

employed home-built 33 instrumentation using a sine wave perturbation having an amplitude 
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(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 was applied to the power 

spectrum using a rectangular window used for band filtering to generate the resolved aperiodic 

DC and AC harmonic components 34-35.   

Steady state rotating disc electrode (RDE) voltammetry of α-[S W O ]  in CH3CN 

(0.50 M [n-Bu4N][PF6]) at GC, Au and Pt electrodes was achieved with use of CHI 760E 

electrochemical workstation at a rotation rate of 52.4 s-1 generated by a BAS-M 1005 electrode 

rotator. In RDE experiments, 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.  

All voltammetric experiments were undertaken at 22±2o C. Oxygen was removed from 

solutions by purging with nitrogen gas for at least 10 min prior to each experiment. eDAC 

metal (Au and Pt) and GC disc working electrodes were polished with aqueous Al2O3 slurry 

before each voltammetric experiment. Sonication for 10 to 15 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. The IUPAC recommended Fc0/+oxidation process 36 was 

used to calibrate the potential of the Pt quasi-reference electrode. 

The Randles-Sevcik equation 37 (Eq 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 (D) of 2.4 × 10-5 cm2 s-1 for Fc 38. 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 of Fc, scan rate, absolute temperature, universal gas constant, Faraday’s constant 
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and electrode area, respectively. The estimated effective areas of the GC, Pt and Au electrodes 

determined by this method were 8.0 × 10-3, 8.0 × 10-3, and 8.1 × 10-3 cm2, respectively. 

𝐼 = 0.4463𝑛𝐹𝐴(𝑛𝐹𝐷𝑣 𝑅𝑇⁄ ) ⁄ 𝐶                                                   (1)       

Mass changes accompanying voltammetric experiments at a gold coated quartz crystal 

electrode (area = 0.205 cm2, oscillation frequency = 8.0 MHz) were detected by the 

electrochemical quartz crystal microbalance (EQCM) technique using CHI 400B 

instrumentation. The reference and auxiliary electrodes for the EQCM experiments and 

experimental procedures and conditions were the same as in voltammetry.  

2.3. Simulations. MECSim (Monash Electro-Chemistry Simulator) software 39 was used to 

simulate voltammetric data using a model based on a simple one-electron transfer process (Eq 

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  (𝐸 , 𝑘 , 𝛼)                                                            (2) 

The parameters 𝐸  (reversible formal potential),  𝑘  ( heterogeneous charge transfer rate 

constant) at  𝐸 , 𝛼  (charge transfer coefficient), D, Ru (uncompensated resistance) and Cdl 

(double layer capacitance) need to be introduced into the simulations in order to mimic 

experimental data. However, the extensive set of thermodynamically favoured cross redox 

reactions and ion-pairing reactions are neglected in the simulations. The RuCdl time constant 

technique available with the CHI electrochemical workstation was employed to determine Ru. 

In heuristic forms of data analysis, 𝐸  was derived from the average of the oxidation (Ep
ox) and 

reduction (Ep
red) peak potentials obtained from DC cyclic voltammetric experiments. The 

diffusion coefficient of α- [S W O ]  was estimated from the reduction peak current 
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associated with α- [S W O ] /  reduction process at a GC electrode and use of the 

Randles-Sevcik relationship 37 (Eq 1). Values determined were 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. A similar 

relative decrease in diffusion coefficient was also observed for ferrocene on increasing the 

electrolyte concentration, suggesting that the change in viscosity is the origin.     

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 40.  

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

In Eq 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 the initially used heuristic form of parameterisation, 

comparisons of the AC harmonic components of experimental and simulated data were 

undertaken visually by the experimenter. 𝐸  was assumed to be known and values of 𝑘  and α 

reported were derived from the experimenter’s assessment of the best match of experimental 

and simulated data. Most aspects of the computer assisted automated data analysis protocol 

used subsequently is described in detail elsewhere 8. Briefly, the experimental and simulated 

data are compared using a high resolution search of parameter space restricted to values near 

to those estimated heuristically and the least squares (LS) based “best fit” function given in Eq 

4 is used to estimate the optimised values of 𝐸 , 𝑘  and α. The subscript app is now applied to 

the 𝐸 , 𝑘  and α parameters to designate that a simple electron transfer scheme is used to 

approximate a more complete square one where ion-pairing is coupled to electron transfer. 41-

42 These values are a function of supporting electrolyte concentration. Minimisation of the 
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influence of non-faradaic current was achieved by analysing only the 2nd to 6th AC harmonic 

components in the automated form of parameterisation.  

LS = 1 − ∑
∑ ( ) ( )

∑ ( )
/5 × 100%               (4) 

In Eq 4, 𝑓 (𝑡 )  and 𝑓 (𝑡 )  symbolize the experimental and simulated functions, 

respectively and h and N represent the individual AC harmonic component and number of data 

points, respectively. The LS percentage fits were calculated independently for each of the α-

[S W O ] / / / / / /  processes using a visually identified potential windowed 

region where the process of interest occurs. This LS percentage fit includes data derived from 

both the forward and backward DC potential scan directions for the process of interest. In 

reference 8 a global LS value encompassing both the [S W O ] / /  processes was used. 

The tedious heuristic method was used initially to provide a good estimate of the 𝑘  

and α parameters. This dual data analysis strategy facilitates minimisation of the parameter 

space that needs to be searched in the automated 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 of data by an experienced 

experimenter than by relying exclusively on analysis of LS values 8. 

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-[S W O ]  

up to the CH3CN solvent limit were recorded at a scan rate of 0.100 V s  at GC, Au and Pt 

electrodes with 0.50 M and 0.10 M [n-Bu4N][PF6] as the supporting electrolyte (see Figure 2). 
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The more negative solvent reduction limit at GC allows six reduction steps to be observed that 

represent consecutive reduction of α- [S W O ]  to α- [S W O ] , then to α-

[S W O ] , α- [S W O ] , α- [S W O ] , α- [S W O ]  and finally to α-

[S W O ]  8, 10. The lower negative potential limit at the Au electrode restricts reduction 

to five steps, while the even less negative limit at the 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- [S W O ]  voltammetric reduction at Au shows a progressive 

decease in peak currents. At Pt electrodes, even the third process is barely seen and its shape 

differs relative to the initial two processes. These observations indicate probable complexity 

accompanying at least some α-[S W O ]  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-[S W O ]  in CH3CN (0.10 M [n-Bu4N][PF6]) at (a) GC (b) Au and (c) Pt electrodes. 

 

Table 1 summarises the mid-point potential Em = (𝐸 + 𝐸 )/2, which provisionally 

is equated to 𝐸 , and the peak-to-peak separation ΔEP = 𝐸 − 𝐸  values derived from  

DC cyclic voltammetry of α-[S W O ]  in CH3CN (0.50 and 0.10 M [n-Bu4N][PF6] at GC, 

Au and Pt electrodes. 𝐸  values at GC electrode appear at more positive potentials (𝐸 𝟏 = 

-0.215 V, 𝐸 𝟐 = -0.592 V, 𝐸 𝟑 = -1.156 V, 𝐸 𝟒 = -1.539 V, 𝐸 𝟓 = -2.006 V and 
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𝐸 𝟔 = -2.344 V) with the higher [n-Bu4N][PF6] supporting electrolyte concentration (0.50 

M) than with the lower one (0.10 M) ( 𝐸 𝟏 = -0.232 V, 𝐸 𝟐 = -0.608 V, 𝐸 𝟑 = -1.178 V, 

𝐸 𝟒 = -1.563 V, 𝐸 𝟓 = -2.046 V and 𝐸 𝟔 = -2.409 V). The same scenario also applies 

for most processes at Au and Pt electrodes, but 𝐸 values for well-defined processes are only 

independent of electrode material for processes I to IV (see Table 1). 𝐸  is a parameter that 

is assumed to be thermodynamically pinned and hence should be independent of electrode 

material, so this discrepancy with theoretical predictions based on simple electron transfer 

reactions is evident. Nevertheless, the positive 𝐸  shift 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 8, 43. 

Table 1. Summary of voltammetric parameters obtained from the reduction of 1.0 mM 

α-[S W O ]  in CH3CN (0.10 and 0.50 M [n-Bu4N][PF6]) at a scan rate of 0.100 V s-1.  

 

a Uncertainty in 𝐸  is ± 5 mV                                                                           

b Uncertainty in Δ𝐸  is ± 2 mV 
c Overlap with solvent reduction process occurs 
d Poorly defined process 
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𝐸 𝟏  𝐸 𝟐 𝐸 𝟑  𝐸 𝟒 𝐸 𝟓  𝐸 𝟔 𝛥𝐸  𝛥𝐸  𝛥𝐸  𝛥𝐸  𝛥𝐸  𝛥𝐸  

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 c 0.063 0.077 0.086 0.094 0.150 c 
0.10 -0.232 -0.606 -1.174 -1.566 -2.083 c 0.068 0.083 0.090 0.100 0.240 c 

Pt 0.50 -0.218 -0.595 d c c c 0.068 0.090 d c c c 
0.10 -0.233 -0.606 d c c c 0.070 0.100 d c c c 
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As previously noted 8 the value ∆𝐸 𝟏 = 60 mV obtained at v = 0.100 mV s-1 for the α-

[S W O ] /  process in CH3CN (0.50 M [n-Bu4N][PF6]) at a GC electrode is close to the 

theoretically predicted value of 56.4 mV 37 for a reversible one-electron process at 22 oC, 

signifying that process I can be regarded as reversible on this DC time scale. However, values 

of this parameter progressively increase upon more extensive reduction (∆𝐸 𝟐 = 0.074 V, 

∆𝐸 𝟑 = 0.078 V, ∆𝐸 𝟒 = 0.078 V, ∆𝐸 𝟓 = 0.079 V and ∆𝐸 𝟔 = 0.088 V). In general, the 

scenario (∆𝐸 𝟏 < ∆𝐸 𝟐 ⋯ < ∆𝐸 𝐧) also applies at Au and Pt electrodes, implying that 𝑘 𝟏 > 

𝑘 𝟐 ⋯ >  𝑘 𝐧 at all electrode materials if the processes truly conform to the Butler-Volmer 

model for simple quasi-reversible electron transfer reactions. Also noteworthy is the fact that 

Δ𝐸  values are significantly smaller at the GC electrode than at metal ones (Δ𝐸 𝟏 = 0.063 V, 

Δ𝐸 𝟐 = 0.077 V, Δ𝐸 𝟑 = 0.086 V, Δ𝐸 𝟒 = 0.094 V and Δ𝐸 𝟓 = 0.150 V at Au and Δ𝐸 𝟏 =

0.068 V and Δ𝐸 𝟐 = 0.090 V at Pt) which according to Butler-Volmer theory implies faster 

electrode kinetics at the carbon based electrode assuming that the IRu drop at all electrode 

materials are comparable or have a negligible impact. The very large Δ𝐸  values at Au for the 

α-[S W O ] /  and α-[S W O ] /  processes are indicative of very slow electrode 

kinetics if these are simple one-electron electron transfer reactions. 

In principle, studies by DC cyclic voltammetry over a wide range of scan rates 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 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, and extend those undertaken previously with the 
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α-[S W O ] / /6- processes 8. Other advantages of the FTAC voltammetry in quantitative 

electrode kinetic studies have been surveyed in several reviews 43-46. 

3.2. FTAC voltammetric parameterisation of the α-[𝐒𝟐𝐖𝟏𝟖𝐎𝟔𝟐]𝟒 /𝟓 /𝟔 /𝟖 /𝟗 /𝟏𝟎  

reduction processes in CH3CN (0.50 M [n-Bu4N][PF6]). The 𝐸 , 𝑘  and 𝛼  values 

associated with processes I and II have been established by FTAC voltammetry 8 with results 

and departures from ideality summarised in the Introduction. 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 processes displayed in Figure 2. Initially, results obtained for 

reduction of 2.5 mM α- [S W O ]  in CH3CN with a high supporting electrolyte 

concentration (0.50 M [n-Bu4N][PF6]) are considered.  

A summary of the heuristic parametrisation analysis outcome for FTAC voltammetric 

reduction of 2.5 mM α-[S W O ]  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 2. 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.  

As noted in reference 8, only lower limits of 𝑘 𝟏 could be determined at GC at the 

low frequency of 8.98 Hz (Figure 3) by the FTAC voltammetric method as this response lies 

at the reversible limit within experimental uncertainty. Thus, only the thermodynamic 

parameter 𝐸 𝟏 is needed to define this FTAC voltammetry. On the other hand, subsequent 

processes are significantly slower and even at this low frequency can be well-simulated with 
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electrode kinetic parameters that lie well below the reversible limit. However, the heuristically 

estimated values of 𝑘 𝟏 and 𝛼 𝟏 reported at the higher frequency (shorter time scale) of 

26.95 Hz for the first process are considered reliable as they were derived from the 

experimenter determined “best fit” simulation undertaken with kinetic parameters consistent 

with a quasi-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, 

as in previous work 8 decided to strive for an almost perfect fit for AC harmonic reduction data 

(negative DC potential scan direction). However, this meant that for processes III, IV, V and 

VI, the experimental oxidative component obtained on the reverse positive DC scan direction 

displayed a level of discrepancy which increased progressively the higher the order of the AC 

harmonic. Consistent with this outcome, experiment-theory comparisons of the aperiodic DC 

component display progressively poorer agreement beyond processes I and II. Effectively, in 

this data analysis approach, the experimenter has biased the parameterisation to the reduction 

components of the AC harmonics to give 𝑘 𝟏 =  ≥0.10, 𝑘 𝟐 =  0.080, 𝑘 𝟑 =  0.053, 

𝑘 𝟒 =  0.041, 𝑘 𝟓 =  0.012 and 𝑘 𝟔 =  0.002 cm s-1 at 8.98 Hz and 𝑘 𝟏 =  0.10, 

𝑘 𝟐 = 0.084, 𝑘 𝟑 = 0.057, 𝑘 𝟒 = 0.045, 𝑘 𝟓 = 0.014 and 𝑘 𝟔 = 0.002 cm s-1 at 

26.95 Hz. However, 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 the 

6th process were only determined from the 1st to 3rd harmonic AC components, rather than from 

the 1st to 6th harmonics used for processes I to V, as the AC 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 experience 8 suggested the approach taken is the most reasonable one to be 
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adopted. However, this highlights the subjectivity of the heuristic method of data analysis and 

the likelihood of experimenter dependent outcomes. 

Close inspection of Figures 3 and S1, reveals an inequality in the reduction and 

oxidation component peak current magnitudes for the α- [S W O ] /  and α-

[S W O ] /  processes. Furthermore, this form of asymmetry does not exist when these 

processes I and II were examined individually by FTAC voltammetry 8 rather than when the 

potential was switched after all six reduction steps had been completed. This represents another 

subtle departure from ideality for the series of quasi-reversible process detected via visual 

inspection of the voltammograms as required in the heuristic form of data analysis and implies 

that complexity at a GC electrode is introduced at potentials more negative than process II. 

Furthermore, it can be concluded that the origin of this modelling imperfection is 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 the α-[S W O ] /  process at a Pt electrode 8.    
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Table 2. 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-[S W O ]  in CH3CN (0.50 M [n-

Bu4N][PF6]).  

(a) Reversible potentials:  

a Other Parameters used in the simulations are: 𝐴 = 8.0 × 10-3 cm2, 𝐴 = 8.1 ×10-3 cm2, 𝐴 = 8.0 ×10-3 cm2, ∆𝐸 = 80 mV, 𝐷 = 2.9 ×10-6 cm2 s-1, 𝑇 = 
295 K, 𝑣 = 0.099 V s-1, 𝑣 = 0.100 V s-1 and 𝑣 = 0.057 V s-1, 𝑓 ,   = 8.98 and 26.95 Hz. 

Electrode f (Hz) 
Ru 
(Ω)b 

Optimisati
on  method 

 
𝐸app1

0  𝐸app2
0  𝐸app3

0  𝐸app4
0  𝐸app5

0  𝐸app6
0  

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 -1.5387 -2.0301 -- 

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 -0.599 to -0.592 -- -- -- -- 

Est. -0.219 -0.592 -- -- -- -- 
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b small differences due to slight variability in electrode arrangement c process is not observed due to less negative potential limit for solvent reduction. d poorly 
defined. 

(b) Heterogeneous charge transfer kinetics:  

Electrode f (Hz) 
Optimisation 
method 

 
𝑘app1

0  𝑘app2
0  𝑘app3

0  𝑘app4
0  𝑘app5

0  𝑘app6
0  

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 only from reduction component of data. 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 current magnitude asymmetry is present in reduction and oxidation components. See text for details. e process is not 

observed due to less negative potential limit for solvent reduction. f poorly defined.  
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(c) Charge transfer coefficients:  

Electrode f (Hz) 
Optimisation 
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 

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 
 

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 
in analysis. e process is not observed due to less negative potential for solvent reduction f poorly defined. 
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Table 3. 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-

[S W O ]  in CH3CN. 

 

All heuristically estimated 𝑘  and 𝛼  values at Au and Pt electrodes are considered 

to be reliable in the context that they lie significantly below the reversible limit, even with the 

lower frequency (f = 8.98 Hz). Thus, significantly slower electrode kinetics apply for all 

processes at these metal electrodes than at GC. 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 of data obtained from the Au 

electrode gives 𝑘 𝟏 = 0.053, 𝑘 𝟐 = 0.039 cm s-1, 𝑘 𝟑 = 0.017, 𝑘 𝟒 = 0.002 and 

𝑘 𝟓 = 0.0004 cm s-1 at 8.98 Hz and 𝑘 𝟏 = 0.054, 𝑘 𝟐 = 0.039 cm s-1, 𝑘 𝟑 = 0.015, 

𝑘 𝟒 = 0.002 and 𝑘 𝟓 = 0.0004 cm s-1 at 26.95 Hz. 

Consistent with the conclusion of slower kinetics at metal electrodes, it is noted that 

parameter estimations for the 4th and 5th processes at the gold electrode 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 harmonic is not detectable above background noise. Significant asymmetry also 

appears in the higher harmonic AC component data at the Au electrode as at GC. The level of 

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 86 74 85 71 85 70 90 91 87 90 89 82 
26.95 89 84 81 82 84 56 82 91 91 87 89 85 

Au 
8.98 85 81 78 53 41  88 85 80 67 44  
26.95 80 77 76 51 37  85 84 74 70 48  

Pt 
8.98 91 58     93 61     
26.95 85 55     89 60     
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agreement between simulated and experimental data obtained at the Au electrode is displayed 

in Figures S2 and S3.  

Electrode kinetics at the Pt electrode (𝑘 𝟏 = 0.039, 𝑘 𝟐 =  0.012 and 𝑘 = 

0.00001 cm s-1 at 8.098 Hz and 𝑘 𝟏 = 0.037, 𝑘 𝟐 = 0.011 and 𝑘 = 0.00001 cm s-1 at 

26.95 Hz) (see Figure S4) are even slower than at Au electrodes. 𝑘  was again estimated in 

the heuristic approach from the reduction component of the AC harmonics due to asymmetry 

in current reduction and oxidation components as noted in the earlier report 8.  

With the computer assisted data optimisation approach, theory-experiment 

comparisons were confined to the 2nd to 6th harmonics where the influence of background 

current is negligible. Unlike the heuristic method, parameters were now derived from use of all 

data, so parameter values may differ from those estimated by heuristic analysis that solely 

utilise the reduction component of the data set. Nevertheless, to save substantial computational 

time in estimation of up to 18 parameters, 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 𝐸  as well 

as six sets of 𝑘  and 𝛼  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 the results summarised in Table 2.  

Computer data optimisation methods lead to a best fit outcome according to the model 

used to mimic experimental data. LS values, which provide a measure of the agreement 

between modelled and experimental data, are provided in Table 3 for each of the processes 

parameterised by data optimisation at GC, Au and Pt electrodes. These data confirm that with 

0.50 M [n-Bu4N][PF6] as the supporting electrolyte, agreement for process I is highest with LS 
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values at about 90% at all electrodes and then progressively decreases to less than 50% in some 

cases as the extent of reduction increases. However, agreement at GC is always superior to that 

at Au and Pt electrodes. It is noteworthy that an experienced experimentalist is able to recognise 

systematic non-ideality in patterns of behaviour heuristically as found in this study and suggest 

models that might improve the agreement. In contrast data optimisation solely giving LS values 

as a number is not as helpful in this sense. Computer supported data optimisation as applied 

above, provides significantly less “intelligence” that available with the heuristic method where 

an experimenter can use their discretion and judiciously modify the data analysis strategy as 

was done in this case. To compete with the ability of the experimenter, data optimisation 

methods would need to be supported by machine learning 47-48.  

While 𝐸  Values estimated for all processes are essentially independent of the 

parameterisation method 𝑘  and 𝛼  values differ. 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 𝑘  and different values of 𝛼  as shown in data presented in Table 2. 

However, the estimated 𝑘  values maintain close to frequency independence. For example, 

at the GC electrode, 𝑘 𝟐 = 0.064 and  𝑘 𝟑 = 0.042 cm s-1 with a frequency of 8.98 Hz, 

versus 𝑘 𝟐 = 0.060 and  𝑘 𝟑 = 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 lead to data analysis dependent 𝛼  values. For example, at the GC electrode, 𝛼 𝟐 = 
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0.48, 𝛼 𝟑 =  0.54 at 8.98 Hz using automated data optimisation versus 𝛼 𝟐 =  0.60, 

𝛼 𝟑 = 0.60 obtained heuristically.  

 

Figure 3. Heuristic comparison of simulated (red line) and experimental (blue line) FTAC 

voltammetric data for the α-[S W O ] / / / / / /  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-[S W O ]  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 2 and text. 
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3.3. FTAC voltammetric parameterisation of the α-[𝐒𝟐𝐖𝟏𝟖𝐎𝟔𝟐]𝟒 /𝟓 /𝟔 /𝟖 /𝟗 /𝟏𝟎  

reduction processes in CH3CN (0.10 M [n-Bu4N][PF6]). Parameterisation using a lower 

concentration (0.10 M) of [n-Bu4N][PF6] supporting electrolyte also was used to investigate 

the impact of a lower level of ion-pairing predicted to be present relative to the 0.50 M 

electrolyte studies described above.  
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Table 4. 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-[S W O ]  in CH3CN containing 0.

(a) Reversible potential:  

Electrode f (Hz) Ru
b Optimisation  

method 
 

𝐸  𝐸  𝐸  𝐸  

V vs Fc0/+ 

GC 

8.98 625 
Heuristic  -0.232 -0.608 -1.178 -1.563 

Automated Range -0.238 to -0.226 -0.614 to -0.600 -1.182 to -1.170 -1.567 to -1.554 

Est. -0.233 -0.604 -1.172 1 -1.557 

26.95 580 
Heuristic  -0.232 -0.608 -1.178 -1.563 

Automated Range -0.236 to -0.224 -0.612 to -0.599 -1.184 to -1.172 -1.569 to -1.556 

Est. -0.230 -0.606 -1.181 -1.561 

Au 

8.98 600 
Heuristic  -0.232 -0.606 -1.174 -1.566 

Automated Range -0.239 to -0.225 -0.612 to -0.599 -1.180 to -1.168 -1.570 to -1.548 

Est. -0.232 -0.601 -1.174 -1.562 

26.95 

 
580 

Heuristic  -0.232 -0.606 -1.174 -1.566 

Automated Range -0.236 to -0.223 -0.612 to -0.599 -1.180 to -1.168 -1.570 to -1.550 

Est. -0.230 -0.603 -1.173 -1.570 

Pt 

8.98 602 

Heuristic  -0.233 -0.606 d 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 

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: 𝐴 = 8.0 × 10-3 cm2, 𝐴 = 8.1 ×10-3 cm2, 𝐴 =8.0 ×10-3 cm2, ∆𝐸 = 

K, 𝑣 = 0.099 V s-1, 𝑣 = 0.100 V s-1 and 𝑣 = 0.057 V s-1, 𝑓 ,   = 8.98 and 26.95 Hz.  
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b small differences due to slight variability in electrode arrangement c process is not observed due to overlap with solvent reduction process

(b) Heterogeneous charge transfer kinetics:  

Electrode f (Hz) Optimisation 
method 

 𝑘  𝑘  𝑘  𝑘  𝑘

cm s  

GC 

8.98 
Heuristic  ≥0.19 0.14a 0.058a 0.055 0.031

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

Est. 0.18b 0.11c 0.046c 0.062 0.0

26.95 

Heuristic  0.18a 0.13a 0.060 0.056 0.034

Automated 
Range 0.07 to 0.14 0.045 to 0.090 0.040 to 0.070 0.030 to 0.055 0.009 to 0.019

Est. 0.16c  0.11c 0.062  0.062 0.0

Au 

8.98 

Heuristic  0.11 0.11a 0.024 0.0018d 0.0003

Automated 
Range 0.07 to 0.16 0.07 to 0.016 0.016 to 0.030 0.0007 to 0.005 0.0001 to 0.0008

Est. 0.119 0.087c 0.026 0.0045d 0.0005

26.95 

Heuristic  0.11 0.11 0.020a 0.0018d 0.0003

Automated 
Range 0.035 to 0.065 0.025 to 0.045 0.009 to 0.025 0.0007 to 0.005 0.0001 to 

Est. 0.119 0.10 0.029c 0.0047d 0.00047

Pt 

8.98 

Heuristic  0.077 0.022a 0.00001f 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 

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 

present in reduction and oxidation components d estimated from 1st to 3rd harmonic components e process is not observed due to overlap with solvent reduction 

process. f poorly defined.  
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(c) Charge transfer coefficient:  

Electrode f (Hz) Optimisation 
method 

 𝛼  𝛼  𝛼  𝛼  𝛼  𝛼  

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 analysis of 1st to 3rd harmonic 
components. e process is not observed due to overlap with solvent reduction process. f poorly defined. 
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Table 4 summarises the thermodynamic and electrode kinetic parameters obtained 

using the same heuristic and computer supported data optimisation protocols applied above 

with 0.50 M [n-Bu4N][PF6] as the supporting electrolyte, but now with 0.10 M [n-Bu4N][PF6]. 

Clearly, as expected and as revealed from comparison of data in Tables 2 and 4, the 

uncompensated resistance has increased with the use of the lower 0.10 M supporting electrolyte 

concentration. There is also a negative shift in 𝐸 : with 0.10 M [n-Bu4N][PF6], 𝐸 𝟏 = -

0.232, 𝐸 𝟐 =  -0.608, 𝐸 𝟑 =  -1.178, 𝐸 𝟒 =  -1.563 V, 𝐸 𝟓 =  -2.046 and 𝐸 𝟔 =  -

2.409 V vs Fc0/+ versus 𝐸 𝟏 = -0.215, 𝐸 𝟐 = -0.592, 𝐸 𝟑 =  -1.156, 𝐸 𝟒 = -1.539, 

𝐸 𝟓 =  -2.006 and 𝐸 𝟔 =  -2.344 V vs Fc0/+ using 0.50 M [n-Bu4N][PF6]). Agreement 

between simulated and experimental data that correspond to each reduction process also is 

improved as demonstrated by higher LS values (see Table 3) 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 𝑘 𝟏, 𝑘 𝟐, 𝑘 𝟑, 𝑘 𝟒, 𝑘 𝟓 

and 𝑘 𝟔  generally increase on use of the lower electrolyte concentration. For example, 

𝑘 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 2 

and 4). This enhanced electron transfer kinetics could be at least partially attributed to the 

decrease in solvent viscosity at lower electrolyte concentration 49.   

Analogous electrolyte dependence is found at Au (Figures S6 and S7) and Pt electrodes 

(Figure S8) to that at GC. For example, according the heuristic method of data analysis, the 

𝑘 , 𝑘  and 𝑘  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 analysis of data collected at 8.98 Hz on 

decreasing the supporting electrolyte concentration from 0.50 M to 0.10 M. However, it should 
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be noted that the 4th and 5th processes at this electrode are very slow and display pronounced 

departures from Butler-Volmer prediction for a simple electron transfer process at both 

concentrations of [n-Bu4N][PF6] in both FTAC and DC voltammetry (Figures S2, S3, S6 and 

S7). 

While decreased, some residual current magnitude asymmetry not accommodated in 

the modelling remains in the reduction-oxidation components of the higher order AC 

harmonics (see Figures 4, S5, S6, S7 and S8) with 0.10 M electrolyte concentration. This leads 

to smaller but nevertheless still detectable systematic differences in electrode kinetic 

evaluations obtained by use of heuristic and automated data optimisation methods.  
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Figure 4. Heuristic comparison of simulated (red line) and experimental (blue line) FTAC 

voltammetric data for the α-[S W O ] / / / / / /  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-[S W O ]  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 4 and text. 

 

3.4. Origin of departures from the Butler-Volmer model of electron transfer. There 

are a series of non-idealities that emerge from modelling the electrode kinetics of up to six 
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well-resolved processes when reduction of α-[S W O ]  occurs in CH3CN containing [n-

Bu4N][PF6] as the supporting electrolyte. Indeed, as summarised in points (a) to (e) below, this 

wide potential reduction range feature involving an overall charge change from 4  to 10  is 

very informative in understanding electrode and electrolyte dependent nuances in modelling 

the voltammetry with the Butler-Volmer relationship. 

(a) The heterogeneous charge transfer rate constant decreases as each electron transfer 

process is encountered at a progressively more negative potentials (𝑘 𝟏> 𝑘 𝟐 > 

𝑘 𝟑> 𝑘 𝟒 > 𝑘 𝟓 > 𝑘 𝟔 ). Thus, the [S W O ] /  process is reversible or 

close to reversible while the α-[S W O ] /  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 with 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-[S W O ] / /   processes conform very well with the Butler-Volmer 

model when the potential is switched immediately after the α- [S W O ] /  

process, the level of agreement decreases when the potential is switched at very 

negative potentials after the α-[S W O ] / process. 

(c) 𝑘  increases as the [n-Bu4N][PF6] electrolyte concentration is decreased from 0.50 

to 0.10 M. 

(d) 𝑘  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 is translated into 

apparently data analysis method dependent values of 𝑘 . 
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In principle, the fact that the level of non-conformance to the Butler-Volmer model for 

increases significantly when the voltammetric experiment includes the potential region where 

[S W O ]  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 should be detected 

by the EQCM technique via a change in the oscillation frequency of the quartz crystal working 

electrode 50.  

 

Figure 5. EQCM data obtained for the reduction of 1.0 mm α-[S W O ]  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 

potential region where the five (black) α-[S W O ] / / / / /  or the initial two α-

[S W O ] / /  (red) processes occur. (a) DC cyclic voltammetry (current versus 

potential) and (b) change in frequency (∆𝑓 ) of the gold quartz crystal versus potential.  

 

In this study, the frequency (mass) change 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- [S W O ]  in CH3CN (0.50 M [n-Bu4N][PF6]) over the 

potential region where five reduction processes occur (Figure 5a). Little change in mass 

accompanies processes I and II (Figure 5b). However, as also shown in Figure 5b, a significant  
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negative frequency shift, consistent with a mass increase, is evident at potentials corresponding 

to the onset of the 3rd α-[S W O ] /  reduction process and continues until the potential 

direction is reversed and the α-[S W O ] / /  oxidation processes occur where a small 

mass loss is detected. Apparently, accumulation of α-[S W O ]  itself, further reduced 

forms or their decomposition products occurs at a gold electrode. Probably, a related scenario 

applies at GC and Pt electrodes, but with electrode material dependent characteristics. This 

electrode surface accumulation phenomenon is not included in the modelling but would explain 

the diminution in the oxidation AC current components and asymmetry. Since surface  

accumulation continues to increase at potentials where α- [S W O ]  and even higher 

negatively charged species are generated, departures in experimental versus simulated data 

comparisons are anticipated to progressively increase for the α- [S W O ] / , α-

[S W O ] /  and α-[S W O ] /  processes which occur at more negative potentials 

and at longer times after the onset of the α-[S W O ] /  process. A mass increase and 

electrode blockage also was reported on the basis of EQCM data at a gold electrode in a recent 

study on the reduction of the [n-Bu4N]4[PW11O39{Sn(C6H4)C≡C(C6H4)(N3C4H10)}] 12. 

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-[S W O ]  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). 

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 (linear diffusion 

controlled) to sigmoidal shape (radial diffusion controlled) as also occurs in the voltammetry 

of metalloproteins or metalloenzymes 51-52 or with surface active diazonium modified POMs 12 

when denaturation/decomposition and consequently surface blocking occur.  
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Figure 6. Repetitive cycling of the potential in voltammetry of 1.0 mM α-[S W O ]  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) encompass the potential region for processes I and II 

or I, II and III, respectively and (c) displays the 1st and 10th cycles of potential for processes I, 

II and III.  

 

In a previous study, Richardt et al reported that only the initial two well-resolved 

processes were observed when 1.0 mM *-[S W O ]  is reduced in CH3CN (0.10 M 

Bu4NClO4) 9 at a rotated GC electrode. The absence of processes at a more negative potential 

with use of this technique was postulated to be due to electrode blocking by formation of a 

surface confined product derived from the 2nd reduction process being more favourable at the 
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higher current densities associated with RDE voltammetry. The 3rd process was detectable with 

the addition of 5% water which was postulated to supress product accumulation. In contrast, 

RDE voltammetry in this work in CH3CN (0.50 M [n-Bu4N][PF6]) with a higher electrolyte 

concentration and a lower 0.25 mM 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 four (Figure 7b) or two well-defined 

processes (Figure 7c) respectively instead of the six obtained at the GC electrode.  

 

Figure 7. RDE voltammograms for the reduction of 0.25 mM α-[S W O ]  in CH3CN 

(0.50 M [n-Bu4N][PF6]) at (a) GC, (b) BDD, (c) Au and (d) Pt electrodes. v = 0.050 V s-1, 

rotation rate = 52.4 s-1. 

 

Based on evidence provided from DC voltammetry and EQCM experiments, it is 

apparent that significant surface accumulation and electrode blockage accompanies generation 

of the three-electron reduced α-[S W O ]  and further reduced forms with the order of 

impact being Pt > Au > GC. In contrast process I is not affected and process II only minimally 

modified by surface blockage. As a consequence of surface blockage, well-defined Pt electrode 

electrochemistry is restricted to first two process, with the third process being ill-defined. A 

voltammetric impact at the Au electrode of surface modification is the detection of asymmetry 
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in the reduction and oxidation current FTACV components, which is less extreme at the GC 

electrode and more extreme at the Pt electrode.  

An understanding that the origin of at least some the asymmetry in FTACV is based on 

product accumulation justifies the emphasis in data analysis for estimation of 𝑘  on the 

reduction component of the data set, as undertaken in the heuristic form of data analysis. Thus, 

this experimenter biased method generates what can be considered to be superior estimates of 

the electrode kinetic parameters. In principle, the automated data optimisation analysis 

approach also could be restricted to only the reduction data set to generate a new set of 𝐸 , 

𝑘  and 𝛼  values that would be anticipated to equate very closely with those generated via 

heuristic analysis. Using a heuristic data analysis method prior to implementation of automated 

data optimisation methods is again demonstrated 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 47-48. 

In POM electrochemistry, the role ion-pairing must be significant. In this study, ion 

pairing between highly charged α-[S W O ]  or reduced species α-[S W O ]  (n = 5 to 

10) and cation ([𝑛 − Bu N] ) of the supporting electrolyte ([n-Bu4N][PF6]) will be enhanced 

the more negative the charge on the POM. Accordingly, the electron transfer process should 

be represented by a square-scheme mechanism which incorporates the coupling of ion-pairing 

with electron transfer 8, 46. This mechanism also provides an explanation as to why 𝑘  

decreases with an increase in supporting electrolyte concentration as the [n- Bu N]  

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 
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scheme could in its own right explain the asymmetry in reduced and oxidised components of 

FTAC voltammetric data as noted in reference 8. 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 𝐸  also is evident (see Table 1) 

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 dependency of ion pairing also has been 

established in previous studies of the electrochemistry of POMs 8, 43. 

In this study, 𝑘  for all processes at all electrode materials increased when the [n-

Bu4N][PF6] supporting electrolyte concentration was decreased from 0.50 M to 0.10 M, which 

in part may be attributed to the diminution of the ion-pairing effect. The influence of the double 

layer region which contains a very high concentration of [n-Bu4N]+, particularly at the very 

negative potentials where processes IV, V and VI occur, also could be an important contributor 

to the increasingly sluggish electron transfer kinetics found as more electrons and hence 

negative charge are progressively 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 37. It has been well established that even the oxidised forms of 

negatively charged POMs can adsorb spontaneously at carbon, Au and Pt electrodes 53-56. The 

combination of very negative potentials where [n-Bu4N]+ concentrations in the double layer 

region are considerably higher than in bulk solution and extensive reduction leading to very 

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 of 

reduced POM 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 as found in this and other studies 12. It needs to be remembered that the solubility 
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products of [n-Bu4N]+ salts of [S W O ] , [S W O ]  or [S W O ]  for example 

have a [n-Bu4N]+  concentration term raised to the power 8, 9 and 10 respectively. In the 

presence of very high [n-Bu4N]+ concentrations at the electrode interface, precipitation 

(electrocrystallisation) of a POM salt onto the electrode surface is likely to be 

thermodynamically very favourable. 

Unfortunately, the PZC value at GC, Au and Pt electrodes has not been established, 

although at potentials more negative than process II should almost certainly be more negative 

than the PZC and hence provide conditions favouring a [n-Bu4N]+ dominated double layer 

region. However, studies by Fawcett et al 18 are available on the double layer at the mercury 

electrode-acetonitrile interface where the PZC is known. This work provides details of the 

potential dependence of the electrolyte cation (tetraalkylammonium) distribution in the 

mercury electrode-solution double layer interfacial region. As expected, the double layer effect 

leads to enhanced tetraalkylammonium concentration the more negative the potential is relative 

to the PZC.  Thus,  the α-[S W O ] /  process at very negative potentials  should be 

influenced more by the double layer effect compared to α-[S W O ] /  process which 

may be near to the PZC and there should be an electrode dependent progressive increase in 

complexity for processes the  more negative their reversible potential.  

 

4. CONCLUSION 

𝐸  (reversible formal potential), 𝑘  (heterogeneous charge transfer rate constant) at 𝐸  and 

𝛼 (charge transfer coefficient) for up to six α-[S W O ]  reduction processes have been  

determined in acetonitrile containing 0.50 or 0.10 M [n-Bu4N][PF] as the supporting electrolyte  

at GC, Au and Pt macrodisc electrodes by FTAC voltammetry using both heuristic and 

computer-assisted automated data analysis approaches. Under all conditions, the 𝑘  values 
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determined by use of the Butler-Volmer model of electron transfer lie in the order GC (close 

to reversible) >Au > Pt (sluggish kinetics) despite the fact that the density of states at Pt is 

significantly higher 44, suggesting an inner-sphere nature of these processes. 𝑘  values also 

increased on lowering the [n-Bu4N][PF6] supporting electrolyte concentration from 0.50 to 

0.10 M, due to the decrease in solvent viscosity at lower electrolyte concentration. This 

electrolyte dependent 𝑘  probably is also the result of a decrease in ion-pairing that is not 

included in the modelling 46. The level of agreement between simulated data derived from the 

Butler-Volmer relationship progressively decreased the more extensive the level of reduction 

in the α- [S W O ] / / / / / /  series of processes. This non-ideality led to 

differences in electrode kinetic values being reported when using heuristic experimenter 

controlled parameterisation and computer based automated data optimisation. EQCM 

experiments at a gold quartz crystal electrode and repetitive DC cyclic voltammetric 

experiments at GC, Au and Pt electrodes demonstrate that surface accumulation of reduced 

species detected as a mass increase also is a significant contributor to departures from the 

Butler-Volmer model with mass transport by linear diffusion. Surface accumulation becomes 

significant at the onset of the third reduction process and increases as the potential becomes 

more negative, which mimics the progressive departures in experimental versus simulated data 

comparisons that occur in the α- [S W O ] / / / / / /  reduction sequence. 

Another factor contributing to progressive complexity is the double layer effect, which is 

electrode material dependent and becomes larger the more negative potential is relative to the 

PZC. This effect can lead to very high [n-Bu4N]+ concentrations at the electrode-solution 

interface and is also expected to be more influential for α-[S W O ] /  process that 

occurs at very negative potentials than for α-[S W O ] /  process which is probably 

relatively close to the PZC.  It is even plausible that the solubility product for the [n-Bu4N]+ 
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salts of extensively reduced POMs is exceeded. The findings in this study are expected to apply 

to the reduction of other very negatively charged POMs. 
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