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ABSTRACT 

The α-[S W O ] /  and α-[S W O ] /  polyoxometalate (POM) reduction processes 

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

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

voltammetry. The origins of subtle differences in experimentally derived and simulated data 

modelled using the Butler-Volmer relationship with ion-paring implicitly included, planar 

diffusion and a uniform surface are considered. Parameters estimated are the apparent 

heterogeneous electron-transfer kinetics (𝑘 ), apparent formal reversible potential (𝐸 ) 

and apparent charge transfer coefficient (𝛼 ). The electrode kinetic parameters, in contrast 

to theoretical predictions of the model employed, are dependent on frequency, POM 

concentration and data analysis method. Reasons for non-conformance to the model include 

the adsorption of POM on graphite-like sp2 bonded carbon impurities, limitations in the 

availability of charge carriers in BDD and the method of incorporating ion pairing when slow 

electrode kinetics apply. Masking of the sp2 carbon rich (edge) region of the BDD disk provided 

FTAC voltammetric data that complied much more closely with the simulated data. 

Nevertheless, data analysis still produces a concentration dependence in estimated 𝑘  values, 

which is considered in terms of the assumption of an infinite number of charge carriers. 

Conclusions derived from this study are likely to be generally applicable to electrode kinetic 

investigations at BDD electrodes.  

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

voltammetry, non-ideality, sp2 carbon impurity, electrode heterogeneity 
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1. INTRODUCTION 

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

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

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

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

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

as highlighted in the review articles 7-11. Although the pure sp3 diamond form of carbon is an 

electrical insulator and cannot be used as an electrode material, doping with sufficient boron 

(p-type dopant) enables metal-like conductivity to be achieved10. Properties of BDD electrodes 

that are attractive for use in electroanalytical chemistry include large potential windows (e.g. -

1.25 to +2.3 V vs. standard hydrogen electrode (SHE) in 0.5 M H2SO4)12, low capacitance, 

corrosion resistance in high temperature and pressure environments and biocompatibility8, 10-

11. Apart from the boron dopant concentration, the behaviour of polycrystalline BDD electrodes 

is governed by factors such as the presence of sp2 bonded carbon impurities, surface 

functionalization with H, O, F and non-uniform dopant levels across the surface caused by a 

variation in boron uptake by the different crystal facets 13-14. 

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

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

understand the factors that govern the electron transfer rate at polycrystalline BDD electrodes. 

In initial reports 15-21, the electrode kinetics were found to be significantly slower than at metal 

or GC electrodes. However, the heterogeneous nature of the electrode surface in terms of 

variable boron doping levels20 and the presence of sp2 bonded carbon content provides 

significant complexity in interpreting the data. The extent of sp2 bonded carbon content, which 

is thought to reside predominantly in grain boundaries, depends on the diamond growth 

conditions22. Obtaining minimal content sp2 bonded carbon is challenging with high levels of 
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boron doping. However, this has been achieved with micro-crystalline microwave chemical 

vapour deposited (MW-CVD) BDD23. Other sources of sp2 bonded carbon incorporation are 

also possible, primarily as a result of the BDD electrode processing technique 24. For example, 

it is common to use ns-laser micromachining to cut cylinders of BDD from the growth wafer 

in order to produce conventional disk-shaped electrodes. This process leaves behind a very thin 

layer of sp2 bonded carbon on the laser cut surface i.e. the sidewalls of the cylinder25. If 

unremoved, when the cylinder is embedded in glass or another insulating material, then 

preferential polishing of the inherently softer insulator can lead to a small amount of sidewall 

exposure and hence a sp2 bonded carbon rich edge (incorporating sidewall) region. The rate of 

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

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

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

diffusion layer overlap between these sp2 and sp3 bonded carbon regions 24. The equivalent of 

this dual electron transfer rate scenario has been examined theoretically by Tan et. al. 26.  

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

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

of heterogeneous BDD electrodes on the parameterisation of the electrode kinetics of the α-

[S W O ] / /  processes. The voltammetry of the polyoxometalate (POM) α-

[S W O ]  has been described quantitatively at metal and GC disk electrodes, but not at 

BDD27. In conventional aprotic organic solvents28-29 and ionic liquids30, at least six one-

electron reduction processes have been observed under DC voltammetric conditions at GC 

electrodes. Only the initial two are of interest in this study as those involving more extensive 

reduction contain increasing levels of complexity29. FTAC voltammetry was chosen for 

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

transfer kinetics and uncompensated resistance (Ru) 31.  

Electrode kinetic studies of quasi-reversible processes require undertaking a 

comparison of experimental results with theoretical data derived from simulation of a model 

selected to mimic the experimental data. To date, and in this study, modelling with BDD disk 

electrodes has been undertaken using the Butler-Volmer relationship and Fick’s Laws for 

planar diffusion to describe the electron transfer and mass transport processes respectively. 

This model also assumes a homogeneous electrode surface and no adsorption of oxidised or 

reduced species. The model predicts that the calculated heterogeneous electron-transfer 

kinetics (𝑘 ′) and charge transfer coefficient (𝛼′) parameters should be independent of AC 

harmonic, frequency, concentration of POM and method of data analysis. Significantly, 

dependencies on all these factors in the POM electrochemistry, under certain experimental 

regimes, requires that limitations in the modelling need to be interrogated in terms of BDD 

electrode heterogeneity, POM surface interactions, POM ion pairing and other factors not 

incorporated into the theory.   

2. EXPERIMENTAL 

2.1. Reagents and solvents. The α isomer of [n-Bu4N]4(α-[S2W18O62]) was synthesized as 

reported by Himeno et al 32 and kindly supplied by Professor Tadaharu Ueda (Kochi 

University, Japan). Al2O3 (0.3µm, Buehler), ethanol (99.5%, Ajax Finechem) and acetonitrile 

(CH3CN, 99.9%, Sigma-Aldrich) were used as supplied. Ferrocene (Fc, 98%, Sigma-Aldrich), 

was recrystallized from n-pentane (Merck, EMSURE). Recrystallized 33 tetrabutylammonium 

hexafluorophosphate ([n-Bu4N][PF6], 98% Sigma-Aldrich) was used as the supporting 

electrolyte.  
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2.2. Electrochemical instrumentation and procedures. Conventional DC cyclic 

voltammetric experiments were undertaken with a CHI 760E electrochemical workstation. AC 

voltammetry employed home built instrumentation 34. In FTAC voltammetric experiments, 

sinewave perturbations having a frequency (f) of 9.02 or 27.01 Hz and an amplitude (E) of 

80 mV were superimposed on to the DC ramp to generate the AC waveform. Fourier 

transformation of the total current-time data gave the power spectrum. Band filtering followed 

by inverse Fourier transformation led to resolution of the fundamental, and higher order AC 

harmonics and aperiodic DC component 34. All AC harmonics are presented in the envelop 

form and used for parametrisation 35-36.  

All voltammetric experiments were undertaken at 22±2 oC in a small volume 

electrochemical cell (1.5 ml) using a three-electrode arrangement. Two polycrystalline BDD 

macrodisk working electrodes were used. The BDD used in the fabrication of both electrodes 

was grown in the form of a thick freestanding wafer (removed from the growth substrate) using 

MW-CVD. The front (growth) face of the BDD wafer, used for electrochemical studies, was 

mechanically polished, and the required geometry cut out of the wafer using nanosecond (ns) 

laser micromachining. Working electrode one consisted of a (i) 1.0 mm diameter disk of BDD 

(Electroanalysis Grade minimal sp2 bonded carbon content BDD, ~3 × 1020 atoms cm-3 23, 

Element Six, Harwell, UK) laser cut (355 nm Nd:YAG 34 ns laser micromachinery; E-355H-

ATHI-O system, Oxford Lasers) from a 500 m thick BDD wafer and sealed in glass. Working 

electrode two comprised a 3.0 mm diameter disk of BDD sealed in Teflon (Windsor Scientific, 

UK). No information is available on the boron dopant density of this material, although as it is 

electrochemical grade it will have a boron content above the metallic dopant threshold (> 1020 

B atoms cm-3). For convenience, these electrodes will be described as glass-sealed BDD and 

Teflon-sealed BDD. A 2.0 mm × 1.9 mm edge plane graphite macro-electrode (EPG; RS 

Components, Australia) sealed in Teflon was also used as the working electrode. Prior to each 
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experiment, all electrodes were polished with 0.3 µm Al2O3 aqueous slurry, rinsed successively 

with water and acetone, and then dried under nitrogen flow. Sonication was applied after 

polishing for several seconds with the Teflon sealed electrodes. Sonication was avoided with 

the glass sealed electrode due to concerns about glass fragility. Pt wire and Pt wire inside a 

plastic capillary tube were used as auxiliary and quasi-reference electrodes, respectively. 

Oxygen was removed by purging with nitrogen for at least five minutes before each experiment.  

The electroactive area (A) of the working electrodes was estimated using the peak 

current (𝐼 ) for oxidation of 1.0 mM ferrocene (Fc) to ferrocenium (Fc+) in acetonitrile (0.10 

M [n-Bu4N][PF6]) and use of the Randles-Sevcik equation 37 and the known diffusion 

coefficient (D) value of 2.4 × 10-5 cm2 s-1 for Fc 37 in this electrolyte medium. Accordingly, 

the electroactive area of the glass-sealed BDD, Teflon-sealed BDD, GC and EPG electrodes 

were 8.9 × 10-3, 7.1 × 10-2, 8.0 × 10-3 and 3.8 × 10-2 cm2 respectively. The electroactive areas 

of the wax-treated BDD electrodes also were calculated using the Randles-Sevcik equation 

using the known D value of 2.9 × 10-6 cm2 s-1 for α-[S W O ]  27. The potential of the 

quasi-reference electrode was calibrated against the IUPAC recommended Fc /  process 38.  

2.3. Preparation of wax insulated BDD electrodes. The method of preparing the wax 

insulated BDD electrodes was based on that published by Li et. al 24. A cap (Figure S1a) with 

a small hole in the centre was made from melted wax and mounted on the top of a polished 

BDD electrode (Figure S1b) to ensure the edge of the original surface was not exposed to the 

solution in electrochemical experiments. Fabrication of the BDD-wax electrode was completed 

by wrapping with parafilm (Figure S1c and S1d) but leaving the hole uncovered so the BDD 

in the centre of the electrode can be exposed to solution. Both the wax and parafilm used are 

insoluble in CH3CN. 
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2.4. Surface attachment of α-[𝐒𝟐𝐖𝟏𝟖𝐎𝟔𝟐]𝟒  on EPG, wax treated and untreated glass- 

and Teflon-sealed BDD electrodes. Accumulation of α-[S W O ]  onto the EPG, glass- 

and Teflon-sealed BDD electrodes was achieved by dipping the freshly polished electrodes 

into a CH3CN solution containing 2.5 mM α-[S W O ]  and 0.50 M [n-Bu4N][PF6]. After 

five minutes, the electrodes were removed from the solution, washed thoroughly with acetone 

and dried under nitrogen flow. These surface modified electrodes were then used as working 

electrodes in electrochemical experiments in CH3CN (0.50 M [n-Bu4N][PF6]). 

3. SIMULATIONS AND DATA ANALYIS 

MECSim software39 was used to simulate the FTAC voltammetric data using the Butler-

Volmer model to describe the POM quasi-reversible electron transfer processes using the 

parameters contained in eqs 1 and 2. The BDD disk electrodes employed were assumed to be 

fully homogeneous on the FTAC voltammetric timescale which allows mass transport to be 

modelled according to Fick’s Laws for planar diffusion. The model used also assumes no 

interaction of oxidised or reduced POM with the BDD surface, and that there is an infinite 

number of charge carriers within the BDD electrode.    

[S W O ] + e ⇆ [S W O ]      (𝐸 , 𝑘 , 𝛼 )                                  (1)  

[S W O ] + e ⇆ [S W O ]      (𝐸 , 𝑘 , 𝛼 )                                  (2)  

As noted in reference 27, since 𝑘 ′ and 𝛼′ apply at the formal reversible potential 

(𝐸 ′), which implicitly incorporates ion-pairing into the Butler-Volmer relationship, these 

parameters are better described as 𝑘
′

 and 𝛼
′

 at 𝐸
′

 27, 40-41. Coupling of electron transfer 

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

electrode kinetics are slow, as often is the case with BDD electrodes, models that separate ion-

pairing and electron transfer may better describe the voltammetry 27. It will also emerge from 
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this study that there are several other reasons why the apparent (app) electrode kinetic subscript 

notation introduced in this study is appropriate at BDD electrodes.  

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

as A, D, Ru, double layer capacitance (Cdl), temperature (T), scan rate (v), bulk concentration 

(C), E and f are either known or determined separately. A was estimated using the method 

described in the Experimental Section (see Supporting Information). Ru was calculated from 

the RuCdl time constant by applying software provided with the CHI 760 E instrument to data 

obtained from the potential region just prior to the onset of the α-[S W O ] /  reduction 

process, which is devoid of faradaic current. In the heuristic form of data analysis, 𝐸  was 

estimated from the average of the reduction and oxidation peak potentials (
 

) derived 

from DC cyclic voltammetry (CV). The potential dependence of Cdl 42 was determined from 

the potential regions in the fundamental ac harmonic data that are devoid of faradaic alternating 

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

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

The frequency dependent polynomial coefficients were measured individually at each applied 

frequency (9.02 or 27.01 Hz) 43.  

In the heuristic form of data analysis, 𝑘  and 𝛼  values were varied manually until 

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

the judgement of the experimenter 18-19, 21. Although this data analysis method is exceptionally 

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

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

comparisons of experimental and simulated data 27. Furthermore, these estimates allow the 
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parameter space search range to be significantly restricted so that the computationally 

supported data optimisation method can be used in an efficient manner 27, 44.  

In the computationally supported (automated) data optimisation method, comparison of 

simulated and experimental data was achieved using the least squares (LS) function given in 

eq 4, where 𝑓 (𝑡 ) and 𝑓 (𝑡 ) are the experimental and simulated data, respectively and h 

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

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

components where the contribution from background current is minimal. 

LS = 1 − ∑
∑ ( ) ( )

∑ ( )
/5 × 100%                                             (4) 

 

4. RESULTS 

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

The BDD wafers used to prepare disc electrodes in this study were grown using the 

MW-CVD method, which minimises sp2 bonded carbon formation23. Laser cutting was used 

to prepare cylinders of BDD, which were then sealed in either Teflon or glass. As shown in 

Figure 1a, the DC cyclic voltammetry of α-[S W O ]  in CH3CN (0.50 M [n-Bu4N][PF6]) 

using the glass-sealed BDD electrode is similar to that obtained at a GC electrode 28 with six 

well-resolved one electron transfer processes evident prior to the solvent limit. However, as 

noted above, only the α-[S W O ] / /  processes are subjected to parameterisation. A 

comparison of the DC cyclic voltammetry obtained for these processes with the glass-sealed 

BDD and Teflon-sealed BDD electrodes presented in Figure 1b is based on the current density 

(i) to normalize the electrode area differences.  
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Figure 1. DC cyclic voltammetry for reduction of 1.0 mM α-[S W O ]  at a BDD electrode 

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

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

a potential range encompassing the α-[S W O ] / /  processes only. 

 

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

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

 

 
                                   

 

 

 

                                 

 

 

a Uncertainty in 𝐸  is ± 5 mV                                                                           

b Uncertainty in Δ𝐸  is ± 2 mV 

𝐸  values calculated from DC CV are summarized in Table 1. 𝐸  and 𝐸  

values are similar at both BDD electrodes to those reported at GC, Au and Pt electrodes27. This 

independence of electrode material is in accordance with theoretical predictions since 𝐸  is 

a thermodynamic parameter. Peak-to-peak separations (∆𝐸 = (𝐸 −  𝐸 )) obtained at a 

Electrode 

𝐸 𝟏 𝐸 𝟐 Δ𝐸  Δ𝐸  

V vs Fc0/+ a  

(Fc = Ferrocene) 
V b 

Glass-sealed BDD -0.211 -0.595 0.080 0.084 

Teflon-sealed BDD -0.214 -0.601 0.085 0.097 

Wax treated glass-sealed BDD -0.215 0.599 0.096 0.101 

Wax treated Teflon-sealed BDD -0.216 -0.600 0.095 0.106 
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scan rate of 0.100 V s-1 are also included in Table 1. Values of ∆𝐸 = 0.080 V and ∆𝐸 =

 0.084 V for the glass-sealed BDD are slightly smaller than those of ∆𝐸 = 0.085 V and 

∆𝐸 = 0.097 V found with the Teflon-sealed electrode. Larger ∆𝐸 values (Table 1) are found 

after the BDD electrodes were treated with wax, as described in the Supporting Information, 

to remove contributions to the voltammetry from sp2 bonded carbon edge effects introduced 

from the laser micromachining process 24. Assuming IRu drop is unimportant, the ∆𝐸  data, 

with application of the widely used Nicholson method 45 of electrode kinetic data analysis, 

imply that 𝑘  values at the glass-sealed BDD electrode are greater than at the Teflon-sealed 

BDD one, which in turn are greater than the 𝑘  values at both wax treated electrodes. 

Furthermore, all ∆𝐸  values are significantly larger than those of ∆𝐸 = 0.060 V and ∆𝐸 =

 0.063 V found at a GC electrode 27, implying that 𝑘  at BDD is significantly smaller than at 

GC. However, use of this two-point method of data analysis is simplistic. In depth 

understanding requires detailed comparisons of the full experimental data set with predictions 

based on simulated data, as undertaken in the FTAC voltammetric studies described below.   

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

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

electrodes. FTAC voltammetric data were obtained for the reduction of 2.5 mM α-

[S W O ]  in CH3CN (0.50 M [n-Bu4N][PF6]) at glass and Teflon-sealed BDD electrodes 

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

summarises the values of the 𝐸 , 𝑘  and 𝛼  for both electron transfer processes derived 

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

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

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

 
a Other parameters used in the simulations were: 𝐴  =  8.9 ×  10-3 cm2, 

𝐴  = 7.1 × 10-2 cm2, diffusion coefficient (D) = 2.9 × 10-6 cm2 s-1, 𝑇 = 295 K, 

𝑣  =  0.072 V s-1, 𝑣  =  0.076 V s-1, ∆𝐸 =  80 mV, 𝑓 =  9.02, 

27.01 Hz. 𝑅  = 155 and 120 Ω and 𝑅  = 101 and 80 Ω for 

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

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

to sixth AC harmonics (see text for details).  

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

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

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

Electr-
ode 

f 
(Hz) 

Parameterisat-
ion method  

𝐸  𝐸  𝑘  𝑘  
𝛼 𝛼

 
LS 
% V vs Fc0/+ cm s-1 

Glass-
sealed 

9.02 

Heuristic  -0.211 -0.595 0.010b 0.029b 0.52 0.52  

Automated 
Range 

Searched 

-0.216 
to  

-0.206 

-0.602 
to  

-0.592 

0.001 
to 

0.025 

0.005 
to 

0.050 

0.40 
to 

0.70 

0.40 
to 

0.70 73 

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

27.01 

Heuristic  -0.211 -0.595 0.010b 0.033b 0.50 0.53  

Automated 
Range 

Searched 

-0.215 
to  

-0.206 

-0.602 
to  

-0.592 

0.001 
to 

0.025 

0.001 
to 

0.050 

0.40 
to 

0.70 

0.40 
to 

0.70 
67 

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

Teflon-
sealed 

9.02 

Heuristic  -0.214 -0.601 0.007b 0.004b 0.52 0.50  

Automated 
Range 

Searched 

-0.216 
to  

-0.208 

-0.603 
to  

-0.594 

0.001 
to 

0.012 

0.001 
to 

0.010 

0.40 
to 

0.70 

0.40 
to 

0.70 
51 

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

27.01 

Heuristic  -0.214 -0.601 0.008b 0.004b 0.51 0.47  

Automated 
Range 

Searched 

-0.216 
to  

-0.204 

-0.603 
to  

-0.594 

0.001 
to 

0.012 

0.001 
to 

0.010 

0.40 
to 

0.70 

0.40 
to 

0.70 
47 

Estd. -0.211 -0.595 0.005c 0.003c 0.55 0.51 
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they are expected to be the most sensitive to variations in the electrode kinetics46-47 and also 

fully devoid of background current 48-49. Subsequently, simulations of the lower order (1st to 

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

𝛼  derived heuristically from the sixth harmonic and the predicted results compared with 

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

experimental data for the α-[S W O ] / /  processes undertaken in this manner for both 

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

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

area (A) = 8.9 × 10-3 cm2 and 𝑣 = 0.072 V s-1 for the α-[S W O ] / /  processes derived 

from reduction of 2.5 mM α-[S W O ]  in CH3CN (0.50 M [n-Bu4N][PF6]) at a glass-sealed 

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

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

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

 

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

voltammetric data obtained with ∆𝐸 = 80 mV, 𝑓 = (i) 9.02 and (ii) 27.01 Hz, 𝐴 = 7.1 × 10-2 

cm2 and 𝑣 = 0.076 V s-1 for the α-[S W O ] / /  processes derived from reduction of 
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2.5 mM α-[S W O ]  in CH3CN (0.50 M [n-Bu4N][PF6]) at a Teflon-sealed BDD electrode. 

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

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

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

 

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

transport by planar diffusion requires that 𝑘  and 𝛼  values derived from analysis of the 

sixth harmonic should also be valid for all other AC harmonics. However, agreement of 

simulated and experimental data using parameters derived from heuristic analysis of the sixth 

harmonic, deteriorated significantly and systematically when applied to the lower order 

harmonics, as shown in Figures 2 and 3. That is, at both the glass- and Teflon-sealed BDD 

electrodes, if the heuristic form of parameter estimation were to be applied individually to each 

harmonic, harmonic and frequency dependant 𝑘  values would be estimated for data 

obtained at either 9.02 or 27.01 Hz. Clearly, use of the Butler-Volmer model with mass 

transport by planar diffusion is not fully satisfactory for these BDD electrodes. Interestingly, 

whilst 𝑘
′

> 𝑘
′

 for GC and metal electrodes 27 as is the case with the Teflon-sealed BDD 

electrode (evaluated heuristically from the sixth harmonic data set) somewhat unexpectedly, 

for the glass-sealed BDD electrode, 𝑘
′

> 𝑘
′

.  

The 𝑘
′

 and 𝛼
′

 values obtained by the automated data optimisation approach differ 

from the heuristically estimated ones. In the automated approach, the software was 

programmed to find the best fit values of 𝐸
′

, 𝑘
′

, 𝛼
′

 from the second to sixth harmonics 

based on the minimization of the LS function. Lower percentages in LS signify poorer 

agreement between theoretical and experimental data. Since there is no experimenter based 

intelligence involved with the version of the automated method, unlike the experimenter 
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controlled heuristic method, 𝐸
′

, 𝑘
′

, 𝛼
′

 values reported in Table 2 simply represent a 

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

However, the fact that the LS values given in Table 2 are always significantly below 100% 

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

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

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

at the higher frequency where the process is less reversible. In all cases, 𝑘
′

 estimated by the 

automated data optimisation method is smaller than heuristically determined values. 

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

major origin of the departure of the experimental data from that predicted theoretically (Figures 

2 and 3) is hypothesised to be a consequence of electrode heterogeneity resulting from the sp2 

bonded carbon present at the BDD electrode edge due to laser cutting 24. To mask this 

imperfection, the edge regions of both electrodes were wax treated as described in the 

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

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

where sp2 bonded carbon incorporation from growth is negligible23, the wax-treated forms of 

the electrode were assumed to contain purely sp3 bonded carbon. Even though uneven boron 

doping will still be present (given the material is polycrystalline10) overlap of diffusion layers 

should in principle now allow data to be modelled using the Butler-Volmer and planar diffusion 

relationships and provide 𝐸
′

, 𝑘
′

, 𝛼
′

 values that are independent of AC harmonic and 

frequency. 

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

wax-treated glass-sealed BDD electrode is shown in Figure 4 for all harmonics, based on 

parameters estimated from analysis of the fourth harmonic. As in all heuristically based data 
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analysis exercises, the investigators in this study again used their experience to decide how to 

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

cm2) of the masked electrode is now much smaller than that of the untreated electrode (𝐴 = 8.9 

× 10-3 cm2) so are the current magnitudes of all AC harmonics. Thus, the starting point for the 

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

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

𝑘
′

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

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

magnitudes in reduction (negative DC potential scan direction) and oxidation (positive DC 

potential scan direction) data components could not be accommodated in the simulations. This 

asymmetry is not accommodated theoretically even by variation of 𝛼
′

. 

The approach, based on experience with heuristic data analysis involving equivalently 

slow electron transfer at Pt electrodes 27, was thus to estimate electrode kinetic parameters 

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

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

electron transfer or surface interactions, neither of which are included in the simulated data 27. 

Parameters obtained heuristically using this protocol are summarised in Table 3. Notably, while 

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

oxidation component data set (see Figure 4), estimates of 𝑘
′

and 𝛼
′

 for both of the α-

[S W O ] /  and α-[S W O ] /  reduction processes at the wax-treated BDD 

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

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

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

MW-CVD growth conditions employed 23. This agreement between theory and experiment also 
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implies that the kinetic dispersion due to the presence of different crystal facets is not detectable 

under these experimental conditions. 

Table 3. Parametersa obtained by heuristic and computational methods of data analysis 

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

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

sealed BDD electrode.  

 

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

BDD electrode, 𝐴 = 3.4 × 10-3 cm2, 𝐷 = 2.9 × 10-6 cm2 s-1, 𝑇 = 295 K, 𝑣 = 0.076 V s-1, ∆𝐸 =

 80 mV, 𝑓 = 9.02 or 27.01 Hz.  

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

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

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

 

 

f 
(Hz) 

Simulation 
method 

Ru 
(Ω)b  

𝐸  𝐸  𝑘 𝟏 𝑘 𝟐 
𝛼  𝛼  LS 

% V vs Fc0/+ cm s-1 

9.02 

Heuristic 

983 

 -0.211 -0.595 0.007c 0.005c 0.52 0.50  

Automated 
Range 

searched 

-0.214 
to          

-0.205 

-0.600 
to          

-0.590 

0.001 
to 

0.015 

0.001 
to 

0.015 

0.40 
to 

0.70 

0.40 
to 

0.70 74 

Estimated -0.209 -0.593 0.007d 0.003d 0.54 0.54 

27.01 

Heuristic 

1183 

 -0.211 -0.595 0.008c 0.005c 0.52 0.48  

Automated 
Range 

searched 

-0.214 
to          

-0.205 

-0.603 
to          

-0.590 

0.001 
to 

0.015 

0.001 
to 

0.015 

0.40 
to 

0.70 

0.40 
to 

0.70 73 

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

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

cm2 and 𝑣 = 0.076 V s-1 for the α-[S W O ] / /  processes derived from reduction of 

2.5 mM α-[S W O ]  in CH3CN (0.50 M [n-Bu4N][PF6]) at a wax-treated glass-sealed 

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

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

used in simulation are provide in Table 3. 

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

analysis using only the reductive component, was not available with the automated data 

optimisation, which uses and treats all data equally. Heuristically, 𝑘 𝟏 = 0.007 > 𝑘 𝟐 =
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 0.005 cm s-1 and 𝑘 𝟏 = 0.008 > 𝑘 𝟐 = 0.005 cm s-1 at 9.02 and 27.01 Hz, respectively. 

Using automated data optimisation, lower 𝑘  values are estimated at both frequencies for the 

α-[S W O ] /  process (𝑘 𝟐 = 0.003 cm s-1). These decreased 𝑘  values, as well as 

the still relatively low LS values of ~73%, are a consequence of inclusion of the oxidation 

component data set, which has a lower current magnitude than the reduction one. However, the 

difference between the 𝛼  values obtained by the heuristic and automated methods is now 

small (𝛼  = 0.52 and 𝛼  = 0.50 at 9.02 Hz versus 𝛼  = 0.54 and 𝛼  = 0.54 for 

heuristic and automated method, respectively) and the 𝐸  values remain robustly 

independent of data analysis or electrode format.  

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

𝑘  and 𝛼  values for the α-[S W O ] / /  processes in CH3CN (0.50 M [n-

Bu4N][PF6]) at the wax-treated Teflon-sealed BDD electrode also were obtained heuristically 

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

glass sealed BDD electrode. α-[S W O ]  concentrations of 2.5, 1.0, 0.50 and 0.25 mM 

were used with this electrode to ascertain if 𝑘  and 𝛼  are independent of concentration, 

as predicted theoretically. The values determined for these electrode kinetics parameters as 

well as 𝐸  are summarized in Table 4.  
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Table 4. Parametersa obtained by heuristic and computational methods of data analysis 

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

treated Teflon-sealed BDD electrode.  

 

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

BDD electrode, 𝐴 .  = 1.5 × 10-2, 𝐴 .  = 3.3 × 10-2, 𝐴 .  = 4.7 × 10-2, 𝐴 .  =

Conc. 
(mM) 

f 
(Hz) 

Simulation 
method 

Ru 
(Ω)b  

𝐸  𝐸  𝑘 𝟏 𝑘 𝟐 
𝛼 𝟏 𝛼 𝟐 LS 

% V vs Fc0/+ cm s-1 

2.5 

9.02 

Heuristic 

125 

 -0.216 -0.600 0.0050 0.0040 0.54 0.51  

Automated 
Range 

-0.225 
to 

-0.208 

-0.608 
to 

-0.592 

0.001 
to 

0.015 

0.001 
to 

0.015 

0.40 
to 

0.70 

0.40 
to 

0.70 
82 

Estd. -0.211 -0.596 0.0053 0.0043 0.53 0.53 

27.01 

Heuristic 

125 

 -0.216 -0.600 0.0052 0.0045 0.54 0.53  

Automated 
Range 

-0.223 
to 

-0.207 

-0.605 
to 

-0.590 

0.001 
to 

0.015 

0.001 
to 

0.015 

0.40 
to 

0.70 

0.40 
to 

0.70 82 

Estd. -0.213 -0.597 0.0057 0.0045 0.52 0.52 

1.0 

9.02 

Heuristic 

110 

 -0.216 -0.600 0.0072 0.0050 0.54 0.51  

Automated 
Range 

-0.223 
to 

-0.213 

-0.603 
to 

-0.591 

0.001 
to 

0.025 

0.001 
to 

0.015 

0.40 
to 

0.70 

0.40 
to 

0.70 
85 

Estd. -0.218 -0.600 0.0074 0.0045 0.55 0.53 

27.01 

Heuristic 

110 

 -0.216 -0.600 0.0075 0.0055 0.52 0.51  

Automated 
Range 

-0.222 
to 

-0.208 

-0.605 
to 

-0.590 

0.001 
to 

0.025 

0.001 
to 

0.015 

0.40 
to 

0.70 

0.40 
to 

0.70 85 

Estd. -0.213 -0.595 0.0071 0.0044 0.53 0.53 

0.50 

9.02 

Heuristic 

50 

 -0.216 -0.600 0.013 0.010 0.52 0.53  

Automated 
Range 

-0.219 
to 

-0.210 

-0.610 
to 

-0.593 

0.005 
to 

0.025 

0.005 
to 

0.025 

0.40 
to 

0.70 

0.40 
to 

0.70 
90 

Estd. -0.214 -0.597 0.012 0.009 0.57 0.59 

27.01 

Heuristic 

50 

 -0.216 -0.600 0.0135 0.011 0.52 0.52  

Automated 
Range 

-0.220 
to 

-0.211 

-0.607 
to 

-0.595 

0.005 
to 

0.025 

0.005 
to 

0.025 

0.40 
to 

0.70 

0.40 
to 

0.70 
85 

 
Estd. -0.214 -0.598 0.0125 0.010 0.56 0.58 

0.25 

9.02 

Heuristic 

123 

 -0.216 -0.600 0.019 0.012 0.52 0.52  

Auto-
mated 

Range 
-0.220 

to 
-0.212 

-0.603 
to 

-0.594 

0.005 
to 

0.030 

0.005 
to 

0.025 

0.40 
to 

0.70 

0.40 
to 

0.70 
92 

Estd. -0.215 -0.599 0.018 0.010 0.58 0.56 

27.01 

Heuristic 

123 

 -0.216 -0.600 0.020 0.012 0.53 0.53  

Automated 
Range 

-0.219 
to 

-0.212 

-0.604 
to 

-0.595 

0.005 
to 

0.030 

0.005 
to 

0.025 

0.40 
to 

0.70 

0.40 
to 

0.70 92 

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

s-1, 𝑣 .  = 0.073 V s-1, 𝑣 .  = 0.073 V s-1, ∆𝐸 = 80 mV, 𝑓 = 9.02 or 27.01 Hz. Estd. 

= estimated 

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

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

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

cm2). Both α-[S W O ] /  and α-[S W O ] /  still provided access to the aperiodic 

DC and first to sixth AC harmonics for simulation-experiment comparisons. As expected, 

𝐸 𝟏 = -0.216 V and 𝐸 𝟐 = -0.600 V again are close to the values estimated at GC, Au and 

Pt electrodes 27. With this masked electrode configuration, excellent simulated versus 

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

Figure 5 for reduction of 1.0 mM α-[S W O ] .  

Heuristically estimated 𝑘  values are now 𝑘 =  0.0072, 𝑘 =  0.0050 and 

𝑘 = 0.0075, 𝑘 = 0.0055 cm s-1 at 9.02 Hz and 27.01 Hz, respectively. 𝛼  and 

𝛼  were 0.54 and 0.51, and 0.52 and 0.51 at 9.02 and 27.01 Hz, respectively. These values 

of 𝑘  and 𝛼 , as with the wax treated glass-sealed BDD electrode, provide equally 

acceptable fits to all harmonics and are independent of frequency. However, a small, but 

reduced level of asymmetry not accommodated by Butler-Volmer theory again is found in the 

reduction and oxidation components for the second process. For this reason, with the wax-

treated Teflon-sealed BDD electrode, parameters derived from the automated data optimisation 

method still differ slightly from those obtained by the heuristic method (see Table 4).  

In a statistical sense, a substantial increase in the LS percentages to values approaching 

90%, when the sp2 bonded carbon rich edge is removed, reflects the significantly improved 
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agreement between theoretical and experimental data achieved at the wax masked electrode. 

Importantly, the 𝑘  values at both the wax-treated Teflon-sealed and glass-sealed BDD 

electrodes also are now similar. The only detail now not in agreement with simulations of the 

model based on Butler-Volmer theory is the dependence of 𝑘  on concentration. 𝑘  

increases as the concentration of α-[S W O ]  decreases, as shown by the data summarized 

in Table 4 and by results displayed in Figures S2, S3 and S4. For example, for the wax-treated 

Teflon-sealed BDD (heuristic analysis) frequency = 9.02 Hz, the 𝑘 𝟏  and 𝑘 𝟐  values 

increase from 0.0072 cm s-1 and 0.0050 cm s-1 to 0.013 cm s-1 and 0.010 cm s-1 on decreasing 

the concentration from 1.0 to 0.50 mM.  
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Figure 5. Heuristically based comparison of simulated (red) and experimental (blue) AC 

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

cm2 and 𝑣 = 0.073 V s-1 for the α-[S W O ] / /  processes derived from reduction of 

1.0 mM α-[S W O ]  in CH3CN (0.50 M [n-Bu4N][PF6]) at a wax-treated Teflon-sealed 

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

used in simulation are provide in Table 4.  

 

Given the difference in electrode kinetic parameters deduced by experimenter 

influenced heuristic and non-biased automated data optimisation, it is interesting to hypothesise 

which method more closely reflect the “true” values. The experimenter introduces intelligence 

into heuristic forms of data analysis. In principle, this should, and arguably does, in this POM 

study, lead to superior estimates of parameters, but without the highly valuable statistical 

support proved by data optimisation. To advance data analysis in voltammetry in a statistical 

framework, incorporation of machine learning and artificial intelligence may in the future 

advantageously accompany computer-supported approaches to data evaluation.50 

 

FTAC voltammetric data analysis at an EPG electrode. The presence of sp2 bonded carbon 

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

the reason why analysis of the electron transfer kinetics is compromised. High resolution 

transmission electron microscopy has revealed that the sp2 bonded carbon, which originates 

from the laser cutting procedure, consists of regions of both highly ordered and disordered 

graphite 25. To establish the electrode kinetics that apply at sp2 bonded carbon, FTAC 

voltammetric measurements of the α-[S W O ] / /  processes in CH3CN (0.50 M [n-

Bu4N][PF6]) at an EPG electrode were undertaken. As shown in Figure 6, excellent agreement 

between the simulated and experimental data for the DC and first to sixth harmonic components 
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was obtained at frequencies of 9.02 and 27.01 Hz. The 𝐸  and the kinetic parameters 

summarized in Table 5 using both heuristic and automated data optimisation methods which 

provide very similar parameter estimates at the EPG electrode. Significantly, the peak currents 

in the higher order harmonics for the second reduction process are now slightly larger than the 

first, a feature also found with the glass-sealed BDD electrode (Figure 2), prior to masking of 

the edge region with wax. This translates into 𝑘  being greater than 𝑘 , again a feature 

of the outcome of data analysis with the glass-sealed BDD electrode. 

 

Figure 6. Heuristically based comparison of simulated (red) and experimental (blue) AC 

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

cm2 and 𝑣 = 0.076 V s-1 for the α-[S W O ] / /  processes derived from reduction of 
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2.5 mM α-[S W O ]  in CH3CN (0.50 M [n-Bu4N][PF6]) at an EPG electrode. (a) DC 

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

harmonic component based on a reversible process (black line) where 𝑘 = 1000 cm s-1 was 

used to obtain simulated data. Other parameters used in simulation are provided in Table 5. 

Table 5. Parametersa derived from heuristic and computational data analysis for the 

reduction of 2.5 mM α-[𝐒𝟐𝐖𝟏𝟖𝐎𝟔𝟐]𝟒  in CH3CN (0.50 M [n-Bu4N][PF6]) at an EPG 

electrode. 

 

 

a Other parameters used in the simulations were: 𝐴 = 3.8 × 10-2 cm2, 𝐷 = 2.9 × 10-6 cm2 s-1, 

𝑇 = 295 K, 𝑣 = 0.076 V s-1, ∆𝐸 = 80 mV, 𝑓 = 9.02, 27.01 Hz. Estd. = estimated.  

b too close to reversible limit to be estimated  

 c too close to reversible limit to be reliably estimated (see text for details) 

 

At the EPG electrode, 𝑘 𝟏 and 𝑘 𝟐 were found by the heuristic method to be 0.06 

and ≥0.10 cm s-1, respectively at 9.02 Hz, with the kinetics for the second process being too 

close to the reversible limit to allow quantification. However, 𝑘 𝟐

′
 could be determined 

heuristically as 0.10 cm s-1 at the higher frequency of 27.01 Hz, which is similar to the value 

obtained at GC.27 On this shorter measurement timescale, 𝑘 𝟐 is now significantly below the 

f 
(Hz) 

Simulation 
method 

Ru 
(Ω) 

 
𝐸  𝐸  𝑘 𝟏 𝑘 𝟐 𝛼 𝟏 

𝛼 𝟐 
LS 
% V vs Fc0/+ cm s-1 

9 

Heuristic 

115 

 -0.215 -0.593 0.06 ≥0.10 b 0.55 0.56 b  

Automated 

Range 
searched 

-0.218 
to 

-0.212 

-0.596 
to 

-0.589 

0.045 
to 

0.090 

0.075 
to 

0.125 

0.40 
to 

0.70 

0.40 
to 

0.70 
 

Estd. -0.213 -0.593 0.065 0.107 c 0.59 0.58 c 84 

27 

Heuristic 

115 

 -0.215 -0.593 0.06 0.10 0.53 0.58  

Automated 
Range 

-0.216 
to 

-0.210 

-0.596 
to 

-0.590 

0.045 
to 

0.090 

0.075 
to 

0.135 

0.40 
to 

0.70 

0.40 
to 

0.70 
 

Estd. -0.213 -0.592 0.064 0.097 0.60 0.63 84 
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reversible limit, as indicated in Figure 6ii-g. Values determined by data optimisation are 

consistent with the heuristically based evaluations. The fact that 𝑘 > 𝑘  at the EPG 

electrode, as found with the glass-sealed BDD electrode, implies that it is graphite-like sp2 

bonded carbon, present at the edge of this BDD electrode, which contributes to the non-ideal 

behaviour. An explanation for why this outcome is not detected with the Teflon-sealed 

electrode is provided below. 

DC Cyclic voltammetry of surface confined α-[𝐒𝟐𝐖𝟏𝟖𝐎𝟔𝟐]𝟒  at EPG, wax treated and 

untreated glass- and Teflon-sealed BDD electrodes. POMs are known to adsorb irreversibly 

on GC and metal surfaces 27, 51-53. Due the BDD surface chemistry, low levels of surface 

adsorption are often observed (albeit species and surface termination dependant)11 relative to 

sp2 bonded forms of carbon. To test the extent to which α-[S W O ]  is adsorbed onto BDD 

and EPG, dipping experiments were undertaken following the procedure described in the 

Experimental Section in the Supporting Information. Figure S5 shows DC CVs obtained from 

surface-confined α-[S W O ]  with EPG, glass-sealed BDD and Teflon-sealed BDD 

electrodes with and without the wax treatment. Prior to this measurement, these electrodes had 

been dipped into a CH3CN (0.50 M [n-Bu4N][PF6]) solution containing 2.5 mM α-

[S W O ] , removed from this solution and placed in the background electrolyte solution. 

Two well-defined surface confined processes are present for each electrode configuration as 

describe by eqs 5 and 6.  

[S W O ]
( )

+  𝑒 ⇌  [S W O ]
( )

                  (5)  

[S W O ]
( )

 +  𝑒 ⇌  [S W O ]
( )

                 (6)  

The dipping experiments confirm that α-[S W O ]  spontaneously and irreversibly 

adsorbs onto the BDD electrode surfaces as shown previously with GC electrodes 27. However, 
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the current density (i /µA cm-2) at the BDD electrodes is much smaller than at the sp2 bonded 

carbon rich EPG electrode. The surface concentrations calculated for α-[S W O ]  are 2.3 

× 10-10, 3.3 × 10-11 and 1.1 × 10-12 mol cm2, respectively at the EPG, glass-sealed BDD and 

Teflon-sealed BDD electrodes. The surface concentration for α-[S W O ]  at GC is 1.2 × 

10-11 mol cm2 estimated from the DC cyclic voltammetric data published previously27. The 

adsorption of α-[S W O ]  on BDD, especially the glass-sealed one, was significantly 

supressed after wax treatment (Figure S5c). The double layer capacitance value determined at 

-0.10 V is ~ 10 F cm-2 on the masked BDD electrodes , which is close to that found on high 

quality BDD23. These results demonstrate that that sp2 bonded carbon rich edge of the BDD 

electrodes used in these studies is more prone to α-[S W O ]  adsorption than the central 

region, which consists of sp3-based BDD. Irreversible adsorption of α-[S W O ]  could be 

one possible origin of the concentration dependence of 𝑘  at BDD. However, the fact GC, 

displays a much greater level of adsorption than sp3-based BDD, but not concentration 

dependent 27, means other factors discussed below also need to be considered.  

5. DISCUSSION  

The thermodynamics and electrode kinetics associated with the α-[S W O ] / /  

processes have been investigated by FTAC voltammetry at BDD electrodes. With use of the 

Butler-Volmer model of electron transfer and planar diffusion, slower electron transfer kinetics 

are found for both electron transfer processes at BDD compared to EPG and GC. Slower 

electron transfer kinetics at BDD compared to GC have also been found for the reduction of 

other POMs19, 21. Smaller 𝑘  values at BDD, compared to other electrode materials, have also 

been elucidated for the [Ru(NH3)6]3+/2+ and FcTMA+/2+ processes and were attributed to the 

potential-dependant low density of states (DOS) of BDD21. However, for reduction of α-

[S W O ] , this correlation does not apply as although Pt has a DOS at least three orders 



30 
 

of magnitude higher than BDD20-21, the 𝑘  values at both electrodes are similar. 27 This 

suggests that the POM processes have an electrode dependent “inner-sphere” type character 

rather than being electrode independent and “outer-sphere” and that the POM-electrode 

interaction is a significant factor contributing to the 𝑘  value. Double layer effects, which 

are also predicted to be electrode material dependent 37, are probably less important.  

Clearly, an important feature of BDD electrodes complicating data analysis is the 

sp3/sp2 carbon ratio. For the POM used in this study, the sp3-bonded carbon in BDD gives rise 

to sluggish kinetics while the sp2 bonded carbon impurity provides much more facile kinetics 

54. Faster kinetics (Figure 6 and Table 5) at the sp2 bonded carbon based EPG, and GC, 

electrodes27 support this hypothesis. However, it should be noted that nature of the bonding 

differ considerably in these two forms of carbon55-57. The unexpected order 𝑘 <  𝑘  

found at the glass-sealed BDD electrode (Figure 2) as also found with the EPG suggests a high 

degree of graphite-like sp2 carbon present at the exposed edge of this electrode.  

Even though the BDD growth conditions such as time, pressure, temperature, gas 

composition (hydrogen to boron and carbon ratios) and addition of noble gas (argon) 58 have 

been controlled to minimise sp2 bonded carbon impurity levels, 10, 23 as noted in the 

Introduction, they are introduced at the sidewalls and edge of the BDD electrode during the 

laser cutting process 25. All or at least the vast majority of this sp2 bonded carbon content is 

masked when freshly sealed in a borosilicate glass capillary or a Teflon sleeve. However, the 

sp2 bonded carbon rich edges/sidewalls are prone to exposure when polished with abrasive 

material such as alumina powder in order to clean the electrode. This is because of the softer 

Teflon and glass sleeves are mechanically removed at the expense of the extremely hard BDD. 

Hence, the sp2 bonded carbon content on the exposed edge will vary from electrode to electrode 

and depend for example on the fabrication procedure and number of times the electrode has 

been alumina polished. This is no longer the case if the edges are masked, as in this study, or 
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thermal oxidation procedures have been employed, prior to sealing, to remove any sp2 bonded 

carbon25.  

Variable sp2 bonded carbon levels lead to non-conformance to the Butler-Volmer model 

of electron transfer for the α-[S W O ] / /  processes because only a single 𝑘
′

 value 

is included in the model to describe each electron transfer step, rather than two 𝑘
′

 values as 

required to model electron transfer at both the sp3 and sp2 bonded carbon regions26. In the 

present study, the Teflon-sealed BDD is larger in diameter than the glass-sealed one, so the 

edge to non-edge ratio is smaller and hence the impact of sp2-bonded carbon is less. The 

𝑘
′

> 𝑘
′

 outcome can also be seen as a fingerprint for appreciable levels of sp2 bonded 

carbon contributing to the BDD electrochemistry. 𝑘 = 0.06 <  𝑘 = ≥ 0.10 cm s-1 

values determined at the pure graphite (sp2 carbon) EPG electrode (Figure 6) are consistent 

with the hypothesis that the sp2 bonded carbon induced the 𝑘 <  𝑘  pattern at the glass-

sealed BDD. 

Upon masking the edge of the BDD electrodes with wax, significantly improved 

simulation-experiment agreement with FTAC voltammetric data is achieved for the α-

[S W O ] / /  processes in CH3CN (0.50 M [n-Bu4N][PF6]). 𝑘  values are now 

essentially frequency independent and close to being independent of the BDD electrode sealing 

and data analysis method employed. Nevertheless, a non-predicted feature of the model 

remains in that estimated 𝑘
′

 values decrease with increasing concentration. A similar 

observation has been reported for other studies using BDD electrodes 59-60. Such effects have 

been attributed to Ohmic drop,59 or a (potential-dependant) lower DOS for BDD compared to 

sp2 bonded carbon and metal electrodes.60 The latter will manifest as an Ohmic drop-like effect 

The more the electrode is challenged to turn over electroactive species, as occurs with the 
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higher POM concentration, the slower this process will become due to the limited charge carrier 

availability. Pt electrodes which have a higher electrical conductivity and DOS, do not exhibit 

this concentration effect27.  

To investigate the plausibility of charge carrier limitations contributing to the 

concentration dependence, FTAC voltammetric measurements on the oxidation of Fc to Fc+ 

(Fc = ferrocene), which is considered to be an “outer sphere” electron transfer process 61, were 

undertaken with a wax-sealed Teflon-coated BDD electrode in CH3CN (0.50 M [n-

Bu4N][PF6]). Fc concentrations of 0.10 and 1.0 mM were chosen to mimic the current densities 

produced with the [S W O ] / /  processes over the concentration range used in the 

POM study (see Table 4). Excellent FTAC voltammetric theory-experiment agreement was 

observed for both Fc concentrations (Figure S6 and Table S1) using a frequency of 27.05 Hz, 

and as for the POM electrochemistry, concentration dependant 𝑘
′

 values were obtained, 

specifically 0.042 and 0.030 cm s-1 for 0.10 and 1.0 mM Fc, respectively. With this Fc0/+ study, 

the electrode kinetics at BDD are again slower than at both GC and Pt for this “outer sphere” 

reaction 61. Nevertheless, the Fc0/+ process at BDD was still fast, and 𝑘
′

 for this process had 

to be quantified using a frequency of 27.05 Hz rather than 9.02 Hz. 

The strong redox state dependent ion pairing is also a factor that needs to be considered 

as a source of non-conformance to the simple electron transfer model employed in the 

simulations, particularly when coupled with slow electron transfer at BDD electrodes. 

Irreversible POM adsorption also can contribute to non-conformance. Both these phenomena 

could contribute to the asymmetry encountered in experimental reductive and oxidative data 

set components in the FTAC voltammetry at BDD electrodes that is not predicted by the 

simulations. There are numerous ways that adsorption and ion-pairing could impact on the 
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voltammetry so speculation on the quantitative details of the contribution of these phenomena 

is not warranted without access to significantly more information. 

 6. CONCLUSION 

Experimental data associated with the α-[S W O ] /  and α-[S W O ] /  

processes at glass-sealed BDD and Teflon-sealed BDD electrodes in CH3CN containing 0.50 

M [n-Bu4N][PF6] as the supporting electrolyte have been obtained using FTAC voltammetry. 

Neither process fully conforms with simulated data modelled using the Butler-Volmer 

relationship and planar diffusion using parameterisation derived from either experimenter   

heuristic or automated computer supported methods of data analysis. Furthermore, AC 

harmonic, frequency and POM concentration dependent 𝑘  and 𝛼  values were obtained 

in disagreement with the theoretical model.  

A major form of the discrepancy between modelled and experimental data is 

hypothesised to be a consequence of the presence of sp2 bonded carbon edge/sidewall rich 

region in the BDD electrodes, present as a consequence of the ns laser cutting process. Electron 

transfer kinetics are faster in this region than the central sp3 bonded carbon area of the electrode. 

By simply masking the edge of the BDD electrodes with wax, the harmonic and frequency 

dependence is removed, and concomitantly a significant improvement in agreement of 

simulated and experiment data is achieved. 𝑘  values calculated at the sp3 bonded carbon 

BDD electrode surface, after removal of the sp2 bonded carbon electrode region, are now 

similar for both the glass and Teflon sealed BDD electrodes but decreased in magnitude. The 

electrode kinetics at BDD are much slower than with sp2 bonded GC and EPG, but have a 

similar magnitude to Pt27. For the wax treated glass-sealed and Teflon-sealed BDD electrodes, 

and as applies with GC and metal electrodes 27, 𝑘  < 𝑘 . In contrast parameterisation 

with the untreated glass-sealed BDD electrode produced the inverse order 𝑘  > 𝑘 , which 
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also was found at EPG. This apparently anomalous feature at the glass not Teflon sealed 

electrode is attributed to a higher ratio of graphite-like sp2/sp3 bonded carbon for the smaller 

area glass-sealed BDD electrode. Importantly, parameterisation of the thermodynamic 

parameter 𝐸
′

 is robustly independent of the nuances in the electrode kinetic evaluations. 

Despite the improved conformance to the Butler-Volmer model of electron transfer 

with mass transport by planar diffusion, the wax-sealed BDD electrodes provided 

concentration dependent 𝑘  values for the α-[S W O ] / /  processes. Since the outer-

sphere Fc0/+ electron transfer processes also displays a concentration dependent 𝑘  value, a 

component of the residual non-conformance to the theory was attributed to the limited charge 

carrier density associated with BDD, which became progressively challenged as the 

concentration of electroactive species increased. Other plausible reasons for a concentration 

dependence identified are irreversible POM adsorption and non-separation of ion pairing and 

electron transfer that are not included in the modelling. The voltammetry of α-

[S W O ]  and other POMs are consistent with an “inner-sphere” process involving 

electrode surface dependent POM interactions. Weaker irreversible adsorption of POMs occurs 

at BDD, compared to sp2 bonded carbon with the extent of surface confinement deduced from 

stripping experiments being EPG > GC > BDD.  

To further advance understanding of the POM electrochemistry, substantially more 

sophisticated simulation models and data analysis methods will be needed. A major issue is 

that a considerable number of additional variables will need to be parameterised in the data 

analysis, meaning that decisions on whether a better fit to data is achieved cannot be based on 

LS values. Future prospects for modelling complex voltammetric mechanisms in machine 

learning and Bayesian frameworks have been considered in a recent opinion article by one of 

the authors50. Many of the conclusions related to deficiencies in modelling derived from this 
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study are likely to be applicable to electrode kinetic investigations to all electrode processes at 

BDD electrodes. Finally, it should be noted that subtle departures of experimental data from 

that predicated by the model used herein would not be readily detected if DC cyclic 

voltammetry had been used instead of the kinetically far more sensitive FTAC voltammetric 

method. 
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