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ABSTRACT 

Fourier transformed large amplitude alternating current voltammetry has been 

used to determine the heterogeneous electron-transfer kinetics (k0 and α values) 

associated with the vanadium [SVW11O40]3-/4- (VV/IV) and tungsten [SVW11O40]4-/5- 

(WVI/V) processes at glassy carbon (GC), platinum (Pt), gold (Au) and boron-doped 

diamond (BDD) electrodes in dimethylformamide (DMF) containing 0.5 M 1-butyl-3-

methylimidazolium hexafluorophosphate as the supporting electrolyte. In comparison 

with those reported previously in DMF containing 0.5 M tetrabutylammonium 

hexafluorophosphate, the k0 values at Pt, Au and BDD electrodes, were found to 

increase 2 to 4 folds for the VV/IV process and 10 to 100 fold for the WVI/V process. 

However, at a GC electrode, the kinetics of the VV/IV process was too fast to be 

measured under the experimental conditions (frequency = 34 Hz) and the WVI/V process 

was found to be insensitive to the identity of the cation. The origins of these 

observations were attributed to the effects of ion-pairing, surface functional groups of 

GC and electrical double layer, as well as the inner-sphere nature of the WV/IV process.   
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INTRODUCTION 

Polyoxometalates, a large class of inorganic transition metal oxygen cluster 

compounds, have attracted significant interest for many decades due to their vast 

structural diversity and often-unexpected properties relevant to catalysis, 

electrochemistry, energy storage and optical materials [1-5].  

Electrochemical studies of POMs are extensive and the thermodynamic effects 

of cations and solvents have been widely reported [5-11]. In contract, quantitative 

studies of the heterogeneous electron transfer kinetics (i.e. electron-transfer rate 

constant (k0) and electron transfer coefficient (α)) at an electrode/electrolyte interface 

are relatively rare. In a recent study [12], we reported that for the Keggin-type silicon 

tungstate POMs ([α-SiW12 O40 ]4− and [α-SiW12O40]5−), significantly slower electron 

transfer kinetics are observed with a boron-doped diamond (BDD) electrode compared 

to glassy carbon (GC) one. This study was then extended to examine the cation effect 

on the electrode kinetics associated with the [α-SiW12O40]4-/5- and [α-SiW12O40]5-/6- 

processes in aqueous 1.0 M LiNO3, NaNO3, KNO3 and NH4NO3 electrolyte at a BDD 

electrode [13]. More recently [14], we showed that the electrode kinetics associated 

with the [SVW11O40]3-/4-/5- processes in dimethylformamide (DMF) containing 

tetrabutylammonium hexafluorophosphate ([Bu4N][PF6]) as the supporting electrolyte 

are extremely sensitive to the ionic strength (0.1 vs. 0.5 M [Bu4N][PF6]) and identity 

of the electrode material (Pt, Au, GC and BDD). 

In the above mentioned studies [12-14], it was found that many of the electron-

transfer processes exhibit relatively fast electron-transfer kinetics. In such cases and 

where the effect of uncompensated resistance is significant at a macroelectrode in non-

aqueous media, it is difficult to quantify the electrode kinetics reliably using direct 

current (DC) cyclic voltammetry [15, 16]. Under these circumstance, large amplitude 
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Fourier transformed alternating current (FTAC) voltammetry was employed [12-14] in 

quantitative investigations of fast (near-reversible) electrode kinetics. FTAC 

voltammetry is advantageous over DC cyclic voltammetric methods, as the higher order 

AC harmonic components generated by the large amplitude periodic perturbation 

exhibit negligible background (non-faradaic) current, and furthermore the effects of 

electrode kinetics can be more readily distinguished from uncompensated resistance 

[17-21]. 

In the past two decades, the rapid development in the field of ionic liquids (ILs) 

has produced a large class of new solvents/supporting electrolytes,[22-25] which have 

not been traditionally used for electrochemical applications. In this study, 1-butyl-3-

methylimidazolium hexafluorophosphate ([BMIM][PF6]), one of the most commonly 

used ILs,[22-25] was chosen as the supporting electrolyte in dimethylformamide 

(DMF). The electron transfer kinetics associated with the [SVW11O40]3-/4-/5- processes 

at BDD, GC, Pt and Au electrodes were determined using Fourier transformed large 

amplitude ac voltammetry. The structure of [SVW11O40]3- [26], as in 

[Bu4N]3[SVW11O40], is shown in Figure 1, which shows the location of the V and W 

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

processes in molecular solvent (electrolyte) media [14, 26]. The two initial processes, 

which are the focus for the current study, correspond to the reduction of VV to VIV (eq. 

1) and WVI to WV (eq. 2).  

[SV W O ] + e ⇌ [SV W O ]   (1) 

[SV W O ] + e ⇌ [SV W W O ]  (2) 
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Figure 1. The structure of [SVW11O40]3-. Color code: S (red), V (orange), W (yellow) 
[26]. 

While eqs.1 and 2 appear to represent simple electron transfer reactions, it 

should be noted that the electrode processes involve extensive ion-pairing reactions and 

hence are not strictly elementary reactions [13]. In this context, k0 should be more 

appropriately considered as 𝑘 . However, since the ion-paring reactions are not 

rate limiting, 𝑘  should still reflect the nature of the electrochemical electron 

transfer process. The electrolyte cation, [BMIM]+, used in this study is siginifcantly 

smaller than [Bu4N]+ used in our previous study [14] and hence probably exhibits 

stronger ion-pairing with [SVW11O40]3-. This factor is expected to have a significant 

impact on both the thermodynamics and kinetics associated with initial reduction of 

[SVW11O40]3- (eqs. 1 and 2).   

 

EXPERIMENTAL SECTION 

Chemicals. Dimethylformamide (DMF, 99.8%, Merck), acetonitrile (CH3CN, 

97%, Sigma-Aldrich), ethanol (96%, Merck), ferrocene (Fc, ≥98%, Sigma-Aldrich) and 

[BMIM][PF6] (99%, IoLiTec, Germany) were used as supplied by the manufacturer. 

[Bu4N][PF6] (98%, Wako) was recrystallized twice from ethanol before use as the 
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supporting electrolyte. [Bu4N]3[SVW11O40] was synthesized and purified according to 

literature procedures [26]. 

More other experimental details are the same as in a previous publication [14] 

and hence only need to be summarized in this study in the Supporting Information. 

 

RESULTS AND DISCUSSION 

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

Processes. Figures 2a and b show a comparison of the DC cyclic voltammograms 

obtained from [SVW11O40]3- in DMF containing 0.5 M [BMIM][PF6] and 0.5 M 

[Bu4N][PF6], respectively, at BDD, Pt, GC and Au electrodes with a scan rate of 0.1 V 

s‒1. In DMF (0.5 M [BMIM][PF6]), the reversible potentials for the VV/IV and WVI/V 

processes, 𝐸 , and 𝐸 , are 0.170 and -1.210 V (vs. Fc0/+), respectively, with a 

separation (ΔE0) of 1.38 V, while in DMF (0.5 M [Bu4N][PF6]), 𝐸  and 𝐸  are 0.100 

V and -1.460 V, respectively, with a separation of 1.56 V. Since [SVW11O40]3- and its 

reduced forms are highly negatively charged, ion-pair formation between the POM and 

electrolyte cation (X+) is expected to influence the thermodynamics of the overall 

electron transfer process. In the current case, the smaller [BMIM]+ cation[27] induces 

a much stronger ion-pairing effect than [Bu4N]+, which results in considerably more 

positive E0 values and a decreased potential gap between the VV/IV and WVI/V processes 

(i.e., ΔE0). 

The E0 and the peak-to-peak separation ΔEp (= Ep
ox – Ep

red) data determined by 

DC cyclic voltammetry at all of the investigated electrode materials in DMF containing 

either 0.5 M [Bu4N][PF6] or [BMIM][PF6] are summarised in Table 1. Interestingly, 

the ΔEp values associated with the WVI/V process in DMF containing 0.5 M 

[BMIM][PF6] are significantly smaller than those measured in DMF containing 0.5 M 
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[Bu4N][PF6] at BDD, Pt and Au electrodes. Given that the Ru effect is comparable in 

the two systems (e.g., at Pt, Ru = 253 and 330 Ω with [BMIM][PF6] and [Bu4N][PF6], 

respectively), a smaller ΔEp is indicative of a larger k0 value, as deduced using analysis 

based on the classical theoretical treatment of cyclic voltammetric i-E curves by 

Nicholson and Shain [28, 29]. This finding indicates that the WVI/V process is more 

facile when [BMIM][PF6] is the supporting electrolyte compared to [Bu4N][PF6], as 

will be quantitatively confirmed below. In addition, in some cases (eg. in DMF 

containing 0.5 M [BMIM][PF6] at the BDD electrode), significantly larger ΔEp values 

are associated with the WVI/V process than for the VV/IV process, implying the identity 

of the metal center also is significantly in terms of electrode kinetics. 

 

Table 1. DC cyclic voltammetric data derived from the reduction of 1.0 mM 

[SVW11O40]3- in DMF containing either 0.5 M [BMIM][PF6] or [Bu4N][PF6] with a 

scan rate of 0.1 V s-1 at BDD, Pt, GC and Au macrodisk electrodes. 

Electrode 
0.5 M [BMIM][PF6] 

𝐸 /Va (ΔEp)V/Vb 𝐸 /V (ΔEp)W/V ΔE0/Vc 

BDD 0.170 0.075 -1.215 0.093 1.385 

Pt 0.170 0.065 -1.210 0.071 1.380 

GC 0.170 0.062 -1.210 0.063 1.380 

Au 0.170 0.062 -1.210 0.062 1.380 

 0.5 M [Bu4N][PF6] 

BDD 0.100 0.076 -1.470 0.184 1.560 

Pt 0.100 0.074 -1.465 0.191 1.565 

GC 0.100 0.061 -1.460 0.066 1.570 

Au 0.100 0.062 -1.470 0.071 1.560 
a vs. Fc0/+. 
b ΔEp is the peak-to-peak separation of  the process. 
c ΔE0 is the difference in 𝐸  and 𝐸 . 
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Figure 2. DC cyclic voltammograms obtained from the reduction of 1.0 mM 

[SVW11O40]3− in DMF containing (a) 0.5 M [BMIM][PF6] and (b) 0.5 M [Bu4N][PF6] 

at (from top to bottom) BDD, Pt, GC and Au electrodes with a scan rate of 0.1 V s-1. 

Large Amplitude FTAC Voltammetry in DMF Containing 0.5 M 

[BMIM][PF6]. The k0 values associated with the VV/IV ( 𝑘 ) and WVI/V (𝑘 ) processes 

in DMF containing 0.5 M [BMIM][PF6] at BDD, Pt, GC and Au electrodes were 

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

= 9.02 Hz or 34.01 Hz) and scanning the DC potential over the range where both the 

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

used in the simulations to define all aspects of the electron transfer process (i.e., E0, k0, 

α, A, Ru, Cdl) were derived as described above and are provided in Table 2. Excellent 
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agreement between simulated and experimental data obtained for the reduction of 1.0 

mM [SVW11O40]3− is observed at all four electrode materials (see Figures 3 to 6) when 

using the parameters shown in Table 2. 

Shown in Figure 3 is a simulation-experiment comparison obtained at the BDD 

electrode. Using an AC perturbation frequency of 9.02 Hz, 𝑘 , αV, 𝑘  and αW values 

were determined to be 0.04 cm s-1, 0.57, 0.021 cm s-1 and 0.53, respectively. At a Pt 

electrode (see Figure 4), the 𝑘  value is too fast to measure at a frequency of 9.02 Hz 

(i.e., 𝑘  ≥ 0.2 cm s-1, a k0 value of 0.2 cm s-1 produces a peak current that is 90% of the 

simulated reversible value under these conditions, which is arbitrarily defined as the 

upper limit of detection) and therefore, a higher frequency (f = 34.01 Hz) AC 

perturbation was used to shorten the time scale of the measurement so that a higher 

kinetic sensitivity could be achieved. 𝑘 , αV, 𝑘  and αW were estimated to be 0.13 cm 

s-1, 0.55, 0.07 cm s-1 and 0.60, respectively. At a GC electrode (see Figure 5), the 𝑘  

value is even too fast to be determined when using a frequency of 34.01 Hz. In principle, 

a much higher frequency AC perturbation could be used to achieve a higher kinetic 

sensitivity, thereby allowing 𝑘  to be measured. Unfortunately, the iRu effect was found 

to become very significant at frequencies higher than 34.01 Hz and therefore, 𝑘  is 

defined as ≥ 0.40 cm s-1. Nevertheless, the WVI/V process was found to be far from 

reversible at a frequency of 34.01 Hz, and accordingly, 𝑘  and αW were determined to 

be 0.08 cm s-1 and 0.50, respectively. Finally, at an Au electrode (see Figure 6), a 

frequency of 34.01 Hz was used to measure 𝑘  and 𝑘  values of 0.16 and 0.18 cm s-1, 

respectively. αV and  αW were assumed to be 0.50 under these conditions (the 

voltmmetric characteristic were found to be insensitive to this parameter for these near-

reversible processes). 
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FTAC voltammetric data were also acquired with a lower concentration of 

[SVW11O40]3−, 0.20 mM, in order to lessen the influence of the iRu effect. The results 

obtained at BDD, Pt, GC and Au electrodes in DMF containing 0.5 M [BMIM][PF6] at 

the lower concentration are also summarized in Table 2. Comparisons of experimental 

and simulated data are presented in Figures S1 to S4 of the Supporting Information. As 

expected, since the iRu drop has been correctly accommodated in all simulations, the 

determined k0 values are essentially independent of the [SVW11O40]3− concentration. 

The concentration-independent k0 values also imply adsorption of the [SVW11O40]3-/4-

/5- species is not occurring to any significant extent under the investigated conditions. It 

should be noted that the capacitance coefficients reported in Table 2 show a slight 

frequency dependence, which implies that a simple RC circuit model is not strictly valid 

[30]. Therefore, in practice the capacitance coefficients were determined individually 

for each data set to achieve an excellent simulation-experiment agreements of the 

background at all frequencies studied.  

  



 11

 

 

Figure 3. Comparison of simulated (—) and experimental (—) FTAC voltammetric 

data obtained for the VIV/V and WVI/V processes in DMF containing 1.0 mM 

[SVW11O40]3- and 0.5 M [BMIM][PF6] at a BDD electrode with ΔE = 80 mV, f = 9.02 

Hz and ν = 0.138 V s‒1. (a) aperiodic DC component, (b-g) 1st to 6th AC harmonic 

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

reversible case (—). To obtain the simulated data, 𝑘  = 0.04 cm s-1, αV = 0.57, 𝑘  = 

0.021 cm s-1 and αW = 0.53 were used. Other parameters used in the simulations are 

provided in Table 2. 
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Figure 4. Comparison of simulated (—) and experimental (—) FTAC voltammetric 

data obtained for the VIV/V and WVI/V processes in DMF containing 1.0 mM 

[SVW11O40]3- and 0.5 M [BMIM][PF6] at a Pt electrode with ΔE = 80 mV, f = 34.01 

Hz and ν = 0.137 V s‒1. (a) aperiodic DC component, (b-g) 1st to 6th AC harmonic 

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

reversible case (—). To obtain the simulated data, 𝑘  = 0.13 cm s-1, αV = 0.55, 𝑘  = 

0.07 cm s-1 and αW = 0.60 were used. Other parameters used in the simulations are 

provided in Table 2. 
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Figure 5. Comparison of simulated (—) and experimental (—) FTAC voltammetric 

data obtained for the VIV/V and WVI/V processes in DMF containing 1.0 mM 

[SVW11O40]3- and 0.5 M [BMIM][PF6] at a GC electrode with ΔE = 80 mV, f = 34.01 

Hz and ν = 0.137 V s‒1. (a) aperiodic DC component, (b-g) 1st to 6th AC harmonic 

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

reversible case (—). To obtain the simulated data, 𝑘  ≥ 0.40 cm s-1, αV = 0.50, 𝑘  = 

0.08 cm s-1 and αW = 0.50 were used. Other parameters used in the simulations are 

provided in Table 2. 
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Figure 6. Comparison of simulated (—) and experimental (—) FTAC voltammetric 

data obtained for the VIV/V and WVI/V processes in DMF containing 1.0 mM 

[SVW11O40]3- and 0.5 M [BMIM][PF6] at an Au electrode with ΔE = 80 mV, f = 34.01 

Hz and ν = 0.137 V s‒1. (a) aperiodic DC component, (b-g) 1st to 6th AC harmonic 

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

reversible case (—). To obtain the simulated data, 𝑘  = 0.16 cm s-1, αV = 0.50, 𝑘  = 

0.18 cm s-1 and αW = 0.50 were used. Other parameters used in the simulations are 

provided in Table 2. 
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Table 2. Electrode kinetic parameters derived for the [SVW11O40]3-/4-/5- processes in 

DMF containing [SVW11O40]3− and 0.5 M [BMIM][PF6].a 

Electrode 

 

C 

(mM) 
𝐸  (V)b 𝐸  (V)b 

Ru 

(Ω) 

Cdl (c0, c1, c 2, c 3, c 4) 

(μF cm-2) 

𝑘  

(cm s-1) 
αV 

𝑘  

(cm s-1) 
αW 

BDD 1.0 0.170 -1.210 250 12.0, 0, 0, 0, 0 0.04 0.57c 0.021 0.53c 

0.20 0.170 -1.210 244 15.5, 2.0, -3.6, -3.1, -0.5 0.05 0.70c 0.02 0.50c 

Pt 1.0 0.170 -1.210 253 18.0, 0, 0, 0, 0 0.13 0.55c 0.07 0.60c 

 0.20 0.170 -1.210 260 12.6, -2.4, 0.6, 2.0, 0.8 0.13 0.50d 0.06 0.50c 

GC 1.0 0.170 -1.210 273 42.3, 0.5, 10.6, 10.8, 2.8 ≥0.4 0.50d 0.08 0.50c 

 0.20 0.170 -1.210 293 32.1, 9.9, 8.6, -9.3, -5.1 ≥0.2 0.50d 0.06 0.50a 

Au 1.0 0.170 -1.210 246 22.6, -6.3, 4.1, 7.1, 2.5 0.16 0.50d 0.18 0.50d 

 0.20 0.170 -1.210 273 20, 0.6, -1.3, -1.2, -0.8 0.18 0.50d 0.18 0.50d 
a Other parameters used in the simulations are: ΔE = 80 mV, D ([SVW11O40]3−) = D ([SVW11O40]4−) = D 
([SVW11O40]5−) = 2.0 × 10-6 cm2 s-1, T = 295 K and scan rate = 0.138 V s-1. The Electrode areas are 8.14 
× 10-3 cm2, 7.71 × 10-3 cm2, 7.45× 10-3 cm2 and 7.85 × 10-3 cm2 for BDD, Pt, GC and Au electrodes, 
respectively. The frequencies are 34.01 Hz for the studies with GC (in the presence of 1.0 mM 
[SVW11O40]3−), Pt and Au electrodes, and 9.02 Hz for the studies with GC (in the presence of 0.20 mM 
[SVW11O40]3−) and BDD electrodes. 
b vs. Fc0/+. 
c Calculated. 
d Assumed. 
 

Table 3 shows the kinetic parameters associated with the [SVW11O40]3-/4-/5- 

processes in DMF containing 0.5 M [BMIM][PF6] in comparison with those reported 

previously in DMF containing 0.5 M [Bu4N][PF6] [14]. As highlighted in our previous 

study [14], due to complexities associated with the WVI/V process at BDD, Pt and Au, 

the 𝑘  values at these three electrodes could not be determined using large amplitude 

FTAC voltammetry. Therefore, the kinetics of the WVI/V process at these electrodes 

were estimated by comparing the peak-to-peak separation in the experimental cyclic 

voltammograms with those obtained by simulation using the DigiElch digital 
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simulation software, taking into account the effect of Ru. These approximate 𝑘  values 

are also provided in Table 3.  

 

Table 3. Comparison of Electrode kinetic parameters associated with the [SVW11O40]3-

/4-/5- processes in DMF containing 0.5 M [Bu4N][PF6] or [BMIM][PF6]. 

Electrode 
[Bu4N][PF6] [BMIM][PF6] 

𝑘  (cm s-1)a 𝑘  (cm s-1) 𝑘  (cm s-1) 𝑘  (cm s-1) 

BDD 0.009 0.0008b 0.04 0.021 

Pt 0.035 0.0007b 0.13 0.07 

GC ≥0.50 0.10a ≥0.4 0.08 

Au 0.08 0.02b 0.16 0.18 
a Values are taken from  reference [14]. 
b Estimated from ΔEp using the DigiElch digital simulation software. 

 

Data in Table 3 clearly reveal that changing the electrolyte from [BMIM][PF6] 

to [Bu4N][PF6] has a strong influence onenhances the kinetics of the [SVW11O40]3-/4-/5- 

processes. For instance, when [BMIM][PF6] is the supporting electrolyte, 𝑘  was found 

to be 2 to 4 fold larger compared to [Bu4N][PF6] at the BDD, Pt and Auall electrodes 

except the GC electrode where (𝑘  was too fast to be measured at GC under all 

conditions). The WVI/V process was found to be even more sensitive to the supporting 

electrolyte cation, with 𝑘  being approximately 25-fold, 10-fold and 100-fold higher 

at the BDD, Au and Pt electrodes, respectively, when [BMIM]+ is used instead of 

[Bu4N]+. Interestingly, the WVI/V process was found to be relatively insensitive to the 

supporting electrolyte cation at GC, with 𝑘  values of 0.08 and 0.10 cm s-1 in DMF 

containing [BMIM][PF6] and [Bu4N][PF6], respectively. 

 Since [SVW11O40]3- and its reduced forms are highly negatively charged, ion-

pair formation between the POM and electrolyte cation (X+) are expected to influence 
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the kinetics of the overall electron transfer reaction through a square reaction scheme 

described below [31, 32].  

 

                                         A    +    e-                          B        (E1
0, k1

0)                         (7) 

 

                                  𝐾          X  +                               X+          𝐾  

 

                                     XA+    +    e-                         XB+        (E2
0, k2

0)                        (8) 

In the treatment above, the symbols A and B are used instead of [SVW11O40]3- and 

[SVW11O40]4-, 𝐾 =  
[ ][ ]

[ ]
 and 𝐾 =  

[ ][ ]

[ ]
 are the equilibrium constants for the ion-

pairing reactions involving either the oxidised or the reduced forms, E1
0 and E2

0 are the 

relevant formal potentials and; k1
0 and k2

0 are the formal electron transfer rate constants. 

It has been shown that the voltammetric responses associated with this process is 

identical to a simple one-electron transfer process if the ion pairing reactions are 

reversible on the voltammetric timescale. The 𝑘  associated with this process is 

a function of k1
0, k2

0, K1, K2 and [X+] [13]. The dependence of k0 on cation identity (Li+, 

Na+,  K+ and NH4
+) observed in a previous study [13] was attributed to this square 

reaction scheme.  However, this cannot explain the electrode material dependence of 

the k0 values or the dramatically different trends observed for the 𝑘  and 𝑘  values 

when changing the electrolyte, since the effect of the ion pairing is electrode material 

independent, and should be similar for both the VV/IV and WVI/V processes since K1 and 

K2 associated with each process are not expected to differ significantly. 

Another factor considered for the cation dependence of k0 is specific adsorption 

of [SVW11O40]3-, [SVW11O40]4- or [SVW11O40]5-, which would be electrode-material 

dependent. However, this phenomenon is expected to be concentration dependent, 
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whereas nearly identical 𝑘  and 𝑘  values are obtained at the two different 

[SVW11O40]3- concentrations, as previously mentioned. Furthermore, excellent 

agreement between the experimental data and simulation over all harmonics based on 

a simple model of electron transfer indicates that specific adsorption is not a significant 

factor under these conditions. 

Differences in the double layer is a possible cause of the large difference in 𝑘  

and 𝑘  values [33]. For example, if it assumed that the point of zero charge (PZC) is 

independent of the supporting electrolyte and positive of the WVI/V process, the fact that 

𝐸  is cation dependent (i.e., -1.21 and -1.46 V for [BMIM]+ and [Bu4N]+, respectively) 

means that the apparent k0 is predicted to be larger in [BMIM][PF6] compared to 

[Bu4N][PF6] if the double layer effect is significant. However, in the absence of 

knowledge of the PZC of each electrode material, in addition, the electrolyte 

dependence of PZC, the discussion about the double layer effect is necessarily tentative.  

The site of electron transfer may be assumed be at a plane coincident with the 

outer Helmholtz plane (OHP); the plane of closest approach for a non-specifically 

adsorbed molecules. Qualitatively, the cation dependence of k0 can be explained on the 

basis of the variation of the location of the OHP. Since the length of [BMIM]+ is 1.11 

nm, which is smaller than the diameter of [Bu4N]+, 1.26 nm [34], the thickness of the 

inner part of the double layer would be expected to be small when using [BMIM][PF6] 

as the supporting electrolyte. In addition, given the planar structure of the [BMIM]+ 

cation [34] it is likely that the center of charge can approach the electrode surface more 

closely than the spherical [Bu4N]+ ion. Thus, the larger k0 values when using 

[BMIM][PF6] as electrolyte may be attributable to a shift of the OHP (the site of 

electron transfer) to a region that is closer to the electrode surface. The WVI/V process 

is expected to be more sensitive to effects related to the size of the cation than to the 
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VV/IV process because it will be much further on the negative side of the VV/IV process. 

Hence, the cation concentration in the double layer is expected to be much higher in 

WVI/V potential region. Changes induced in the apparent electron transfer kinetics with 

electrolyte ion size/structure have been reported by Evans and co-workers[35, 36] in 

their investigation of the reduction of nitro compounds in aprotic organic media. In this 

case, k0 variation was attributed to a double layer effect and a dependence of the 

distance of electron transfer on the nature of the electrolyte media.  

Another possible explanation for the trends in k0 values for the VV/IV and WVI/V 

seen in Table 2 is that the electron transfer reaction for former process is outer-sphere 

and later inner-sphere. For example, the 𝑘  and 𝑘  values obtained in DMF containing 

0.5 M [Bu4N][PF6], a much larger 𝑘  value was obtained at Au compared to Pt, while 

𝑘  values were similar at both electrodes. For a nonadiabatic outer-sphere reaction, the 

electrode kinetics can depend on the electrode material because of variation in density 

of states (DOS) of the electrode material. This may explain why comparable 𝑘  values 

are obtained at Au and Pt electrodes, since their DOS values are similar (DOS (Pt) = 

1.46 × 1023 cm-3 eV-1 [12] and DOS (Au) = 1.7 × 1022 cm-3 eV-1)[12]. Clearly, the same 

dependence on electrode material does not apply for the WVI/V process. If the double 

layer is similar at these metallic electrodes, it is plausibly that the different electrode 

material dependence occurs because the WVI/V process is inner rather than outer sphere. 

This changing in nature of the electron transfer process also could explain why 𝑘  is 

more sensitive to the cation type than 𝑘  at BDD, Pt and Au electrodes. In an inner-

sphere reaction, the cation interacts with the electrode (e.g., through specific 

adsorption), thereby providing a ‘ligand bridge’ between the electrode and the anionic 

POM. Evidence for strong interaction between the POM and cation in solution is 

available from the strong cation depentance of the 𝐸 , 𝐸  and ΔE0 values. On this 
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basis, the [BMIM]+ ion may be expected facilitate a more facile, inner-sphere electron 

transfer process (WVI/V), due to its stronger interaction with the electrode surface and 

POM and a higher degree of electron delocalization associated with the imidazolium 

ring.  

It is also interesting to note that the electrode kinetics of the WVI/V process at 

the GC electrode are almost independent of the cation type. As pointed out in previous 

work, surface functional groups on a GC electrode may also play a critical role in 

electron transfer processes [14] and provide an alternative, kinetically facile inner-

sphere electron transfer pathway which is independent of the cation type present in the 

double layer. 

Finally, it is noted that the VIV/V process occurs at the sole V metal centre, while 

the WVI/V reduction may be delocalized over multiply metal centre. 

 

CONCLUSIONS 

The influence of the [BMIM]+ cation on the electrode kinetics associated with the 

[SVW11O40]3-/4-/5- processes in DMF has been established at GC, BDD, Pt and Au 

electrodes using large amplitude FTAC voltammetry. The reversible potentials of the 

VV/IV and WVI/V processes are more positive, with the potential gap being smaller when  

[BMIM][PF6] is used as the supporting electrolyte instead of [Bu4N][PF6]. These 

thermodynamic differences are attributable to ion-pairing effects between the POM and 

supporting electrolyte cation ([BMIM]+ vs. [Bu4N]+). Changing the supporting 

electrolyte from [BMIM][PF6] to [Bu4N][PF6] also increases 𝑘  2 to 4 fold at BDD, Pt 

and Au electrodes ( 𝑘  is too fast to measure on GC in both cases). Even more 

significant increases of 10, 25 and 100-fold are found for the WVI/V process at Au, BDD 

and Pt electrodes, respectively when [BMIM]+ is used while this process was found to 
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be insensitive to the identity of the cation at a GC electrode. Such distinct differences 

may be partially attributable to the “double layer effect”. However the strong electrolyte 

cation and electrode dependence imply that the WVI/V process is likely to occur via an 

inner-sphere pathway, instead of an outer-sphere one which may occur for the VIV/V 

reaction. 

 

SUPPORTING INFORMATION 

Details of experiments, simulations and data analysis. Figures S1 to S4 provide a 

comparison of the simulated and experimental FTAC voltammograms obtained from 

0.20 mM [SVW11O40]3- in DMF (0.5 M [BMIM] [PF6]) at BDD, Pt, GC and Au 

electrodes. 
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