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The Impact of Sinusoidal Amplitude on

Visualising Thermodynamic Dispersion

n

Fourier Transformed AC Voltammetry

Alister R. Dale-Evans,[#P! Nicholas D. J.
Lior Elbaz,!9 Alan M. Bond, !4 David J.

Mathematical models of voltammetric experiments com-
monly contain a singular point value for the reversible
potential, whereas experimental data for surface-confined
redox-active species is often interpreted to contain thermo-
dynamic dispersion, meaning the population of molecules
on the electrode possess a distribution of reversible poten-
tial values. Large amplitude ramped Fourier Transformed
Alternating Current Voltammetry (FTacV), a technique in
which a sinusoidal potential-time oscillation is overlaid onto
a linear potential-time ramp, is known to provide access to
higher order harmonic components that are largely devoid of
non-Faradaic current. Initially, a theoretical study reveals
that the use of very large amplitude sinusoidal oscillations
reduces the apparent effects of thermodynamic dispersion;
conversely, frequency can be varied to change the sensitiv-
ity of the measurement to kinetic dispersion. Subsequently,
FTacV measurements are used to probe a highly thermo-
dynamically dispersed surface-confined ferrocene derivative
attached to a glassy carbon electrode, with amplitudes rang-
ing from 25 to 300 mV and low frequency, which minimises
the impact of kinetic dispersion. The results from the exper-
imental study validate the theoretical predictions, demon-
strating that we can vary the amplitude in FTacV experi-
ments to tune in and out of thermodynamic dispersion.

Introduction

The electrochemistry of surface-confined redox active moi-
eties is of wide interest in diverse areas of science " includ-
ing the biochemical study of electron-transfer proteins and
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enzymes; [3-51 the chemical interrogation of electrocatalysis
related to sensing, oxygen reduction, hydrogen evolution,
and the electrochemical optimisation of batteries and fuel
cells.[6°13] The utility of the technique in its voltammetric
form has been well established and has facilitated key in-
sights. [14]

A quantitative understanding of surface-confined elec-
trode processes requires a comparison of experimental and
theoretical data to be undertaken in order to provide es-
timates of the values of parameters present in the theo-
retical model. In principle, the theoretical description of
an electrode process involving the diffusionless reduction of
a surface-confined material, [Ox]surf, to a surface-confined
product, [Red]surt, as in equation (1), is straightforward. [+l
Commonly, the electrode reaction is modelled by combining
the Nernst equation, if the electron-transfer process is re-
versible, or the Butler-Volmer equation, if electron-transfer
is not reversible, with the time-potential dependent surface
concentration of [Ox]surs and [Red]surt. (1:2] When using the
Butler-Volmer equation, the important parameters which
need to be estimated by extensive, ideally computer-aided,
data optimisation procedures are typically the reversible po-
tential (E°), the charge-transfer rate constant (k°) at E°,
and, if not known from independent measurements, the sur-
face coverage (I’ ).[1’2] Additionally, the charge transfer co-
efficient, a®, may be included in the optimisation; however
it is often pinned to 0.50.12

[OX]surf + e_‘:\[Red]surf (1)

When considering the surface-confined redox system given
in reaction (1), the theory is historically described by com-
bining the appropriate model for electron-transfer with a
Langmuir isotherm;®'% meaning that classically, the fol-
lowing is assumed: [1,15,16]

1. The surface-confined electroactive molecule layer is a
monolayer or less.

2. The orientations of surface-confined
molecules are all identical.

electroactive

3. Surface-confined electroactive molecules do not interact
with each other.

4. Variation of the surface chemistry to which the molecules
are attached is negligible.

5. Electron-transfer involving surface-confined electroac-
tive molecules only occurs at the electrode.

6. The ratio of the activities of the oxidised and reduced
forms of the surface-confined electroactive molecules

are given by the ratio of the surface concentrations of
[Ox]surt and [Red]surt-



These assumptions mean that for the resulting model,
the redox activity of all electroactive molecules in a surface-
confined voltammetric experiment can be described by a sin-
gle set of parameter values, i.e. we assume all electroactive
molecules have the same E°, k°, and a° values. However, if
any of the assumptions 1-6 are not applicable, the voltam-
metric experiment cannot be perfectly described by a single
set of these parameters.

In practice, surface-confined electrochemical data pre-
dicted by the simple model described above almost invari-
ably deviate from experimental behaviour. '3 In some
cases, this has been ascribed to dispersion which implies
there is a need to accommodate in a modified theory a
range of values for either one or both of the thermody-
namic driving force of the surface-confined molecules (E°)
and the electron-transfer reaction rate (k°); these two possi-
bilities are known as thermodynamic and kinetic dispersion,
respectively. The complications of this so-called ‘dispersion’
in the analysis of surface-confined voltammetry have been
recognised for some time. [17-22,28,29,32-36]

In protein film electrochemistry (PFE), kinetic disper-
sion has been proposed to originate from the proteins hav-
ing a range of orientations when confined to an electrode
surface, [1:379:24,26:32,34.37] T regultant variable distances of
the electron-transfer centres to the electrode surface intro-
duces a distribution in k° in a manner described by the
Marcus distance vs rate relationship, ! with centres closest
to the electrode surface having the highest rate constants for
electron-transfer. This can be observed in the k° dispersion
data in Figure 1 (a) which is from a study of a fluorophore
modified copper azurin protein and can be described by a
log-Gaussian distribution. 439 Similar distributions of k°
have been observed in metalloenzyme studies, particularly
of hydrogenases. 3%

Failure of any of assumptions 1-6 listed above could be
separately interpreted to result in kinetic and/or thermo-
dynamic dispersion. This is because any variation in the
ground state energy of one molecule versus another would
be expected to result in the molecules displaying different
electron-transfer energetics. As such, Patil et al 17 have at-
tributed the origin of thermodynamic dispersion in PFE as
arising from ‘a number of microenvironmental factors such
as imperfections in the electrode surface, lateral protein in-
teractions, variant structural perturbation and orientation
at the surface, dispersion in the supporting monolayer qual-
ity, and associated redox site-electrode coupling’. [17] Indeed,
in the dual electrochemical and spectroscopic study of a
fluorophore-modified azurin attached to a gold electrode
which generated the kinetic dispersion shown in Figure 1
(a), thermodynamic dispersion was also quantified; the dis-
persion in E values was attributed to changes across the
packing of the self-assembled monolayer, and was charac-
terised as Gaussian (Figure 1 (b)).*3% Additionally, Pala-
cios et al 38l report a distribution of E° values in their stud-
ies of single molecules confined to a surface. A recent tech-
nique developed by Wright et al.’”l, which uses scanning
electrochemical cell microscopy to simultaneously observe
the surface of an activated electrode and the changes in the
local voltammetric response of an attached molecule, may
ultimately illuminate the mechanism of thermodynamic dis-
persion on different electrode surfaces more precisely.

The impact of dispersion on surface-confined voltam-
metry has been presented for DC,[16] square wave, [39-41]
AC, 115 and square-wave voltacoulommetry, [41] and the pre-
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Figure 1. (a) Histogram of the distribution of experimentally de-
termined kO values and (b) histogram of the distribution of ex-
perimentally determined E° values for a surface-confined modified
azurin metalloprotein as reported by Salverda et al.3® (note the
x-axis in (a) scales to the power of 2).[3436] (c) N-(benzyl)propan-
3-(ferrocenyl)-amide functionalization. (d) Gaussian distributions
for thermodynamic dispersion in E° centred at 0 mV (Eﬂ) The
blue curve represents a high dispersion case, EQ = 50 mV, and the
red curve a low dispersion case, Eg = 20 mV. The shaded regions
encapsulate one standard deviation.

dicted impact is clearly technique-dependent. The incep-
tion of this present study came from the recognition of a
strong link between the impact of thermodynamic disper-
sion and the amplitude of the sine wave superimposed onto
the DC ramp in ramped-Fourier Transformed AC Voltam-
metry (FTacV). The theory and practicalities of FTacV are
covered in the literature. (42 Applying a high amplitude si-
nusoid will also increase the current magnitude; this is par-



ticularly advantageous for enabling access to Faradaic cur-
rent in higher-order harmonics. (431 In this work, we demon-
strate that varying the amplitude of the applied sine wave
in a FTacV experiment can be used to influence sensitiv-
ity to thermodynamic dispersion. We first investigate this
using simulated experiments before extending to FTacV ex-
perimental data gathered at multiple amplitudes for elec-
trode surfaces functionalised with the amide-tethered fer-
rocene derivative given in Figure 1 (c). A previous study 44l
has shown that the surface-confined ferrocene derivative is
a high thermodynamic dispersion system.

When considering the amide-tethered ferrocene fuction-
alised electrode surface, ideally all the ferrocene moieties
should be tethered to the electrode in the same way, so
that variation in the distance of these redox active centre
and the electrode should be minimised. However, the pol-
ished glassy carbon electrode surface to which the ferrocene
derivative are attached will not be perfectly smooth; teth-
ering will therefore occur at a range of angles, giving rise to
non-idealities and possible kinetic dispersion. Our theoret-
ical study therefore also explores how kinetic dispersion is
visualised in FTacV experiments.

Methods

A basic outline of the models used in this work is given here.
A detailed write-up can be found in the literature. 2234

In FTacV, the input applied potential is a combination
of a ramped DC signal Epc(t) and a sinusoidal AC signal
AFEsin (27 ft). The DC signal is defined as:

E (t) o Estart -+ 'Ut, for 0 S t < trcv (2)
Pe B Erev —v (t - trev) ] for t Z trev
Er v T star
troy = %ﬁkﬂ , (3)

where v is the DC scan rate (i.e. the rate of change of the
DC ramp), Fstare is the initial applied potential, and Frey
is the potential of scan direction reversal. Thus the input
signal for FTacV may be written as:

E(t) = Enc(t) + AEsin (27 ft), (4)

where f is the frequency of the applied wave in Hz and is
multiplied by 27 to convert to angular radians.

The potential seen by the working electrodes differs from
the input applied potential E(t) due to uncompensated re-
sistance R, which arises from the solution between the tip
of the reference and the working electrode and resistance of
the modified working electrode, resulting in an ‘ohmic drop’
(Rultot(t)) where Lot is the total current (the sum of the
Faradaic and capacitance currents), as defined below. This
results in: !

ER = E(t) - Itot(t)Ru, (5)
where Fr denotes the potential corrected for resistance.

In this work, the focus is on the impact of dispersion on
the surface-confined fast one-electron reversible reduction
reaction given in equation (1). For modelling purposes the
reaction is described by Butler-Volmer kinetics with inclu-
sion of ohmic drop. For one-electron reactions, this gives: [!

0
kred(t) =k exp (—% [ER(t) — EO]>, (6)

E(t) = k® exp ((1 — ao)% [Er(t) — EO]>, (7)
where the superscript 0 indicates standard conditions (in
instances where experiments are not performed under stan-
dard conditions, all these values instead become formal), F
is the Faraday constant, R is the universal gas constant,
T is the temperature in Kelvin, a is the symmetry factor
(also known as the charge transfer coefficient), and Er(t)
is the true (effective) potential seen by the working versus
reference electrode at time t.

Assuming a Langmuir isotherm, reaction (1) can be mod-
elled as follows. Initially, we let the proportion of surface-
confined species in reduced species (red) be Oyeq, and the
proportion of surface-confined species in the oxidised state
(ox) be Oox, with initial conditions Oreqa = 1 and BOox = 0.
The Ordinary Differential Equation (i.e. ODE) governing
the reaction’s behaviour is therefore given by:

dOcx
dt

Note d(_;—rtcd and ©,.q are redundant as Op.q = 1 — Oox, and
are therefore omitted.

The Faradaic current produced by the surface confined
system can be modelled as:

dOox
Iy =FSr 9
(= rsr (992, )
where F' is Faraday’s constant, S is the surface area of
the electrode, and I is the surface coverage in moles per
unit area. Since the total current is a combination of the
Faradaic and capacitance contributions:

= k(1 — Oox) — k" O0x. (8)

Itot == If + Ic, (10)

where I. is capacitive or background current, and is given
by:

dERr
I (11)

For experimental systems, FTacV is utilised to filter out
background current. For the purpose of the synthetic study
capacitance was neglected, i.e. I. = 0.

The approaches to modelling dispersion used in this work
are detailed in references(?*3% and are summarised below.
When thermodynamic and kinetic dispersion are present,
the E°, k°, and perhaps o’ parameters are no longer de-
scribed by a single value but instead are assumed to draw
from probability distributions which capture the degree of
dispersion.

If we assume that dispersion is present only on a single pa-
rameter, p, modelling may be undertaken by drawing from
a probability distribution ¢ (p). This distribution leads to a
total observed Faradaic current, Iqisp given by the expecta-
tion F Lot (¢, p)]:

I. = SCq

laisp = /A Lot (t,p) ¢ (p) dp (12)

In equation (12) A is the range of the integral. Equation
(12) may be easily extended for multiple dispersed parame-
ters by multiple integration. In the simulations undertaken
in the synthetic data study, thermodynamic dispersion is
drawn from the Gaussian distributions displayed in Figure
1 (d) where the standard deviations are 20 or 50 mV and



typically describe the experimentally observed dispersion in
E° measured for azurin (see Figure 1 (b))*! and used in a
previous simulated data study (23],

When approximating E[I(¢,p)] in this work, the Gauss-
Hermite quadrature is employed and we therefore assume
the underlying distribution ¢(p) is Gaussian. Note the
Gauss-Hermite quadrature below is given for a single pa-
rameter (i.e. E[I(t,p)]), but they can easily be combined
for multiple integrals and parameters, such as in equation
(12). Integrals of polynomial functions of degree 2n — 1
may be calculated exactly using Guass-Hermite quadrature
by discretising the function:

/ Texp (- f @)dx =Y wif (@) (1)
—o0 i=0

For the expectation value of a Gaussian distribution,
Eg [I(t,p)] may be written in the form:

Eq[I(t,p)] = /jo oxjﬁw exp <_ (I;U—QM) )I(p, t)dp.
(14)

where p and o are the mean and standard deviation of the
Gaussian distribution respectively. Applying the transfor-
mation p = 0+/2x + u to equation (14) gives:

oo

Ec [I(t,p)] = [m % exp (—m2)1 (a\/ﬁw + i, t) dx,
(15)

and applying equation (13) to this yields:

EDS %wi[ (ov2mi+put).  (16)

Equation (16) is a Hermite polynomial of degree Ny. z; and
w; are the weights for the polynomial and are calculated
using the Golub-Welsch algorithm. [45,46]

Modelling kinetic dispersion is slightly more complicated,
because of the use of a log.-Gaussian distribution. However,
as a log-Gaussian distribution gives a Gaussian distribution
when the log of the distribution is taken (hence the name
log-Gaussian), one can simply model a Gaussian distribu-
tion and take its antilog, as is done in this work. Therefore a
loge-normal distribution of Fr_n [I(t,p)] may be modelled
by taking the exponential of equation (16), with appropriate
values of o and p (in this work describing the distribution
on k):

EL_x[I(t,p)] ~ % %wil (exp (U\/ixi + p) ,t) . (17

Equation (17) has the added advantage of allowing the rela-
tionship of k2 and kﬂ (o and p in equation (17) respectively
for the electron-transfer rate constant k° ie. p = k°) to
the underlying Gaussian distribution to be seen more in-
tuitively. As is standard for loge-Gaussian distributions,
kg and kg refer to the loge of the values associated with
the underlying Gaussian distribution, i.e. a loge-Gaussian
distribution with k2 = 100 s~' and k2 = 2 57! refers to
an underlying Gaussian distribution with mean of log.(100)
and standard deviation of loge(2); this can be seen in Figure
S1.

This model was implemented in Python and thirty-two
bins were used for dispersion simulations in this study unless
otherwise stated.

Experimental Methods for FTacV
Measurements of
Surface-Confined Ferrocene

Experimental data were collected using a ferrocene deriva-
tive covalently attached to a glassy carbon working elec-
trode as shown in Figure 1 (¢). The preparation of the
N-(benzyl)propan-3(ferrocenyl)-amide functionalised sur-
face (synthesis and electrode immobilisation strategy) was
adapted from the literature, [***7! and is detailed in the SL.

Experiments on ferrocene-modified electrodes and
ferrocene-free ‘blank’ electrode controls reported in the
main paper were conducted in a pH 4.0 aqueous buffer
solution consisting of 15 mM each of MES, CHES, HEPES,
TAPS, and Na acetate with 2M NaCl supporting electrolyte
using a glassy carbon electrode with a geometric surface
area of 0.07 cm ™2, a scan rate (v) of 40.05 mVs™!, Esare
was -350 mV vs SCE, and FErey 725 mV vs SCE. The
applied amplitude, AF, covered the range 25 mV to 300
mV in 25 mV increments, and a frequency of ~8.95 Hz was
used (the voltammeter accounts for periodicity by varying
the applied frequency slightly when the amplitude is
varied, thus the applied frequency varies between 8.941 and
9.015 Hz). Pre-experiment and post-experiment constant
potentials of -350 mV were applied for 5 s. A Pt counter
electrode and a saturated calomel reference electrode (SCE)
were used to complete the three electrode cell arrangement.
All electrodes were placed in a water-jacketed all-glass
electrochemical cell (in-house design and construction) with
a thermostated water-circulator (Grant) used to maintain a
temperature of 298 K. Experiments were undertaken under
a nitrogen atmosphere in a glove box (O2 < 50 ppm),
FTacV measurements were conducted using in-house
built elsewhere. #3481 DCV
experiments described in the SI were undertaken using the
same experimental set-up but with a Ivium compactstat.e
potentiostat.

instrumentation described

Results and Discussion

Simulated Data Study

We began by exploring the impact of the applied ampli-
tude of FTacV experiments on models containing differ-
ent amounts of thermodynamic dispersion. Using the the-
ory presented in the Methods section, 8.88 Hz FTacV ex-
periments for a reversible surface-confined single electron-
transfer process (given in equation (1)) were simulated with
applied amplitudes of 50 mV, 150 mV, 300 mV, and 1000
mV. Simulations were initially completed with and without
the presence of thermodynamic dispersion and without the
presence of kinetic dispersion; other parameters are as given
in Table 1. Note that only Faradaic current is included in
these simulations. AC harmonics 1 to 7 derived from the
synthetic data obtained with k° = 10° s™' are produced
in Figure 2; Figures S2(a) and S3(a) show the equivalent
data, for a process with a singular k° value of 100 s~!. With
an experimentally unrealistically large amplitude of 1000
mV, it can be seen that for both the reversible (Figures 2
and S3(a)) and quasi-reversible (Figure S2(a)) cases that
the impact of thermodynamic dispersion is negligible in AC
harmonics 1 to 7.



Table 1. Modelling parameters used in the simulated data study.

Parameter Value Parameter Value Parameter Value
Eg 0.0 mV Fotart -500 mV FErov 500 mV
f 8.88 Hz v 22.35 mVs ! AFE 50/150,/300 mV
S 0.07 cn ™2 R, 0.0 Q2 Cyq 00F cm™2
r 1E-10 moles cm 2 a® 0.5 KD 100/10° s~ 1
T 298 K Eg 20/50 mV
— Non Dispersed — E2 =20 mV— EQ =50 mV
AE=50mV AE=150mV AE=300mV AE =1000mV
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Figure 2. The effect of the amplitude of the sine wave in 8.88 Hz FTacV (top labels) on simulations of harmonics 1-7 (top to bottom)
without (non-dispersed, black line) and with thermodynamic dispersion (yellow and blue lines) for a reversible process (ko/kg =105 s71).

Parameters that are not explicitly stated are as given in Table 1.

Closer scrutiny of Figure 2, Figure S2(a), and S3(a) re-
veals that the impact of thermodynamic dispersion increases
as the harmonic order increases; and the difference between
dispersed and non-dispersed models increases as the applied
amplitude of the sine wave of the simulated FTacV exper-
iment decreases (i.e. from right to left across Figure 2 and
Figure S2-S3(a)). The origin of the apparent decrease in
sensitivity to thermodynamic dispersion with increasing sine
wave amplitude can be mathematically understood by con-
sidering the proportion of oxidised molecules on the elec-
trode surface (©ox see Equation (8)). As the amplitude AE
becomes larger, the Faradaic signal becomes accessible for a
wider range of the applied DC component (or a greater time
period) of the applied FTacV protocol (see Figure 3 (a)). In

the presence of dispersion, a single value of E° is replaced
by a distribution of values defined by EB and E?, this addi-
tionally widens the region of the applied protocol for which
Faradaic signal is present. For low thermodynamic disper-
sion under sufficiently large amplitude, the Faradaic signal
range increase caused by dispersion becomes negligible. Fur-
thermore, in the presence of thermodynamic dispersion the
larger amplitude ensures a larger proportion of the distribu-
tion of E° defined by E2 and E? is accessible within each
sinewave oscillation (see Figure 3 (a)) and causes a simi-
lar amount of oxidation/reduction as for the non-dispersed
case. This is demonstrated in Figure 3 (b), (c), and (d)
for AE =50 mV, AE = 150 mV, and AE = 300 mV re-
spectively; the time period for which the ES = 0 mV and



E2 = 25 mV simulations overlap can be seen to be sig-
nificantly increased for the very high amplitude case. An
equivalent approach would be to consider the power spec-
trum; the bandwidth of each individual harmonic narrows
with increasing amplitude regardless of dispersion - this is
analogous to what we see in the time domain in Figure 2 and
Figure 3. This can be understood by considering the contri-
bution of the amplitude term (AE) from equation (4) and
the effect of dispersion on mid-point potential (E") in equa-
tions (6) and (7). This also clarifies why the current from
the high dispersion model decreases dramatically when sim-
ulated for a low amplitude FTacV experiment; in this case,
the signal becomes a sum of many sinewaves shifted from
one another in the frequency domain.

In the above and following study, a Gaussian distribution
of E° values was assumed. However, other distributions
are plausible. Nevertheless, given this explanation, the im-
pact of all thermodynamic distributions would be minimised
given sufficiently large amplitudes due to complete crossing
of the distribution being accessible for a larger proportion
of the applied protocol.

Simulations were then carried out to explore the impact
of applied FTacV amplitude on the appearance of data from
models including kinetic dispersion. Figure S2(b) shows
that the model is insensitive to kinetic dispersion for a re-
versible reaction, k2 = 10° s7! and f = 8.88 Hz, as one
would logically expect because when the timescale of the
measurement is slow relative to the kinetics of the reac-
tion the Butler-Volmer kinetics collapse to the Nernst equa-
tion, which is devoid of kinetics. In the quasi-reversible case
(modelled as k° = 100 s~ at a frequency of 8.88 Hz) sen-
sitivity to kinetic dispersion is tuned by the applied FTacV
amplitude (see Figure S2(c)). Contrasting the simulated ef-
fect of thermodynamic dispersion (Figure S2(a)) and kinetic
dispersion (Figure S2(c)) under these conditions and across
the dispersion ranges explored shows greater amplitude de-
pendence for thermodynamic dispersion. Furthermore, the
FTacV frequency can be decreased to minimise sensitivity to
kinetic dispersion, this is shown by comparing Figure S2 and
S3, when using a frequency of 1 Hz rather than a frequency
of 8.88 Hz to probe a process with k° = 100 s~! the sensi-
tivity to thermodynamic dispersion is not affected (contrast
Figure S2(a) and Figure S3(a)) however the sensitivity to
kinetic dispersion is significantly decreased (contrast Figure
S2(c) and Figure S3(b)) because decreasing the frequency
of the experiment has returned the system to equilibrium
conditions. Kinetic dispersion was therefore not considered
further in this study of amplitude dependence, as sensitiv-
ity to kinetic dispersion is better tuned by changing the
frequency in a FTacV experiment.

Experimental Study

We now turn our attention to experimental data obtained
for the reversible oxidation of the ferrocene derivative
N-(benzyl)propan-3(ferrocenyl)-amide confined to a glassy
carbon electrode (Figure 1 (c)). The necessary synthesis
and electrografting steps are detailed and illustrated in the
SI (Figures S4 - S20). On our in-house built potentiostat,
the maximum amplitude available is 300 mV. When using
such a high amplitude, the DC potential range over which
Faradaic current is present is large, as illustrated by the sim-
ulation shown in Figure S21. To maximise data usability,
it is important to have a region of non-Faradaic current on
either side of the Faradaic current regions for two reasons:

1) to separate out the Faradaic signals of the anodic and ca-
thodic sweep of the experiment, and 2) to have a sufficient
region free of Faradaic signal to use for a capacitance fitting
step if a two-step fitting approach, with capacitance first
fitted to the total current in the time domain, is used. [49,50]

Optimisation of the FTacV experimental parameters and
buffer system was first carried out to determine the neces-
sary DC ramp range required for 300 mV amplitude FTacV
experiments that interrogate the immobilised ferrocene sys-
tem. When a pH 7.0 buffer system was used, as in the
previous immobilised ferrocene FTacV study, 44 sybstan-
tial oxidative solvent breakdown was observed over the nec-
essary high voltage window (see Figure S22). Therefore,
in this work, we have employed a multi-component pH 4.0
buffer to avoid oxidative solvent breakdown. This experi-
mental optimisation highlights that it is not necessarily a
trivial matter to carry out FTacV experiments using very
large amplitude sine waves.

As is common on carbon based electrodes, a quinone-
attributed reversible, non-catalytic Faradaic electron-
transfer process is evident in control measurements on blank
electrodes, particularly at lower pH (Figure S23).[51756]
These surface reactions have been previously implicated
in the anomalous behaviour of redox proteins under slow
scan rate cyclic voltammetry conditions. 2! The quinone-
attributed signal was of low magnitude relative to the sur-
face confined ferrocene derivative (Figure S20) but is de-
tected in subsequent analysis (discussed in relation with
Figures 4, 5, and S23).

Figure 4 shows FTacV data collected for the same surface-
immobilised ferrocene ‘film’ across the amplitude range 25
to 300 mV, with the full data shown in Figure S24. In Figure
4 harmonics 1-3 are resolved using a ‘top hat’ filter and no
downsampling/decimation. Figure 4 clearly confirms that
as shown in the synthetic study, amplitude has a substan-
tial impact on the harmonic signals, with improved signal-
to-noise ratios being observed in the higher harmonics of
higher amplitude experiments. On closer inspection, signs
of the impact of dispersion can be seen to decrease with
increasing amplitude; for example, the definition of the har-
monics lobes can be seen to improve, and a reduction in
asymmetry is evident in the relative current magnitude of
the peaks obtained from the forwards and backwards DC
ramp directions. 23]

To simplify detection of the impact of sine wave ampli-
tude on thermodynamic dispersion, we adopted a heuristic
approach to data analysis by carrying out forward simu-
lations using the mathematical model given in the Meth-
ods. [Initially, we assume an ‘ideal’ system by which we
mean fully reversible, the absence of uncompensated resis-
tance, and no thermodynamic dispersion: k® = 10° s7!,
a® =05 Ry = 0.0 Q, Eg = 270.0 mV vs SCE (equiva-
lent to 510 mV vs SHE, see Figure S25; the estimated mid-
point potential was determined by averaging the inflection
points of the oxidative and reductive peaks in DCV). Addi-
tionally, a linear /Helmholtz capacitance model was utilised
(Cq = 1.5 x 107° F cm™ was heuristically estimated) for
all amplitudes simulated and a surface coverage estimated
from DC voltammetry (as detailed in the SI, Figure S26) of
I' = 1.17x107*° mole cm ™2 was used. Figure 5 (a) shows the
experimental data (black line) overlaid with the result of
this simulation (orange line) at both: (i) a sinusoidal ampli-
tude of AE = 50 mV (left) and (ii) AE = 300 mV (right).
The total current and harmonics 1 and 2 are shown. The
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Figure 3. (a) Shows the applied potential vs time of an FTacV experiment with either AE = 50 mV (blue), 150 mV (pink), or 300 mV
(black), while the yellow outline identifies the potential region containing 95% of the EO assuming Eg =0.0 mVand E2 = 50.0 mV.
The applied protocol uses f = 0.5 Hz. (b), (c), and (d) Contrast the proportion of oxidised molecules on the electrode surface (Oox see
Equation (8)) with (yellow) and without (black) thermodynamic dispersion (EQ = 25.0 mV) for a reversible process (k = 10° s~1) without
resistance or capacitance, under the three different amplitude conditions of: (b) AE = 50 mV, (c) AE = 150 mV, and (d) AE = 300 mV.
All parameters that are not explicitly stated are as given in Table 1.
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Figure 4. Experimental data for surface confined ferrocene. Top to bottom shows the absolute current magnitude for harmonics 1 to 3.
Left to right, the amplitude of the FTacV experiment varies from 25 mV to 300 mV as indicated in the column headings, with data at all
amplitudes collected presented in Figure S24. The black lines show measurements made on a ferrocene-functionalised electrode, the orange
data was collected post-removal of the ferrocene (by polishing) from the same electrode, and the blue lines show control measurements
made on a different, ferrocene free polished glassy carbon electrode which had never undergone any ferrocene surface modification. All
parameters used for these experiments are as detailed in the Methods section. Note, a ‘top hat’ filter has been used, and no decimation or
downsampling has been applied in the data processing.

idealised model with no dispersion is clearly not a good fit
to the experimental data at either amplitude. The model
consistently produces a higher intensity signal than for the

experiment at AE = 50 mV. In contrast, at AE = 300 mV
the simulated second harmonic can be seen to be a reason-
able match to the experimental data. However, the AE =
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Figure 5. Subplots comparing experimental data (black lines) for an amplitude of 50 mV (column 1-3) and 300 mV (column 4-6) with
simulations (@) assuming ideal conditions of no resistance, no thermodynamic dispersion, and reversible kinetics, (b) varying kinetics, (c)
varying resistance, (d) varying thermodynamic dispersion. Columns 1 and 4 show total current plots, columns 2 and 5 show harmonic 1,
and columns 3 and 6 show harmonic 2. No downsampling or decimation has been used for the data presented, and a ‘top-hat’ filter has
been used for harmonic selection. Unless otherwise stated in the legend of (a), (b), (c), and (d) the following redox reaction mathematical
model parameters were used k9 = 10° s~1, Ry = 0.0 Q, Eg = 270.0 mV vs SCE, Eg =0.0mV,a=0.5,Cq =15%x10"%F cm—2, and
I' = 1.17 x 10719 mol cm™2. Other model parameters are as defined for the experiment and are given in Section Experimental Methods
for FTacV Measurements of Surface-Confined Ferrocene. Note figures in columns 2, 3, 5, and 6 show absolute current magnitude (|current|

/ uA).

300 mV experiment can be seen to provide more signal than
the simulation in the first harmonic. This discrepancy is
likely to be at least in part attributable to Faradaic pro-
cesses related to quinone or other non-ferrocene electroac-
tive species on the polished carbon electrode surface. In
FTacV at 8.88 Hz the impact of slow current-generating
processes (k® < 10 s™') becomes negligible in the 2nd and
higher harmonics; Zhang and Bond 7 have theoretically
demonstrated that the contribution from catalytic reactions
diminishes in the higher harmonics and this has been experi-
mentally validated. [42] Accordingly, we interpret the current
in harmonic 1 of the AE = 300 mV experiment as arising
from contributions from both the immobilised ferrocene and
a slow, non-ferrocene electron-transfer process which does
not contributed to harmonic 2. As the model used in this
work does not account for this additional (putative quinone)
electron-transfer process, we cannot capture the enhanced
current from this process in harmonic 1 of the simulations.

To better understand the impact of amplitude, we then
systematically vary k° (Figure 5 (b)), Ry (Figure 5 (c)), and
EY (Figure 5 (d)) to assess their impact on the shape and
magnitude of total current and harmonics 1 and 2. From
these plots it can be seen that only thermodynamic disper-
sion mimics the extent of the observed experimental broad-
ening at both amplitudes. R, can be seen to have more

impact at higher amplitudes due to the larger total current
response. The impact of decreasing k° is very similar to
that of increasing Ry, with decreases in current magnitude
seen in both cases. Again, within the parameter range ex-
amined, broadening to the extent found experimentally is
not observed.

The potential separation between the two peaks of the
2nd harmonic in the forward DC ramp direction were mea-
sured for the experimental data in Figure 4 and simulations
with k° = 10° s7, R, = 0.0 Q, E2 = 0.0 mV, Cq = 0.0,
and E° = 270.0 mV. The results are shown in the black and
orange plots of Figure 6. This illustrates that the simulated
data is considerably narrower than the experimental data at
low amplitudes. The simulation of the idealised model be-
comes approximately the same as the data at AE = 150 mV
and is wider thereafter, this is because the experiment is not
an idealised fully reversible system free of resistance, ca-
pacitance, and dispersion, furthermore this is not the only
shape-informative metric one would consider when param-
eterising a model. A perfect model would provide a perfect
fit at all amplitudes.

Thermodynamic dispersion was then examined as shown
for FTacV experiments with applied amplitudes of 50, 150,
and 300 mV in Figure 7. To avoid complications due to
putative quinone signals, second and higher order harmon-



400 ]
= Experiment
> 0
E;=0mV

£ 300 - .
< == F;=70mV >
g 200 -+ E
2 >
(<)) c
n g

100 A 3

T T T
50 100 150 200
Amplitude (AE) / mV
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harmonic in the forward DC ramp direction (see red arrow in insert)
from the experimental data (black) shown in Figure 4 dispersion-
free simulations (orange) and simulation featuring thermodynamic
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Fcm~—2, ' = 1.18 mole cm—2, and Eg = 270 mV vs SCE.

ics are examined. In this exercise, parameters inferred in
prior work 4] were used: Ru ~ 500 2 and a« = 0.5. In
order to observe the impact of thermodynamic dispersion
independently of kinetics a value of k° = 10° s~* was cho-
sen (it should be noted that sensitivity to k° increases with
harmonic order, and so one should not assume all deviation
from the idealised model is attributable to thermodynamic
dispersion), and as above a surface coverage estimation of
1.17e-10 moles em™2 and Cq = 1.5 x 107° F cm™2. All
other model parameters were held at the experimental val-
ues given in Methods. Figure 7 shows that the experimen-
tal findings are consistent with the results of the simulated
data study above I) Significant levels of thermodynamic dis-
persion are needed to mimic harmonics 2 and 3 of the 50
mV amplitude ferrocene data. In contrast, a dispersion-free
model approximates harmonics 2 and 3 for the 300 mV am-
plitude ferrocene experiment. II) For the 300 mV amplitude
data, models that included thermodynamic dispersion bet-
ter mimic the higher harmonics (4-8). This is consistent
with the prediction from the theory that higher harmonics
are more sensitive to thermodynamic dispersion. III) Signal
magnitude and signal-to-noise ratios significantly increase
with amplitude. The 8" harmonic of the 300 mV data set
has a greater magnitude than the 2nd harmonic of the 50
mV data. Thermodynamic dispersion was then estimated as
E2 = 70.0 mV, as informed by Figure 7, and simulated with
k® = 10° s7", Ry = 0.0 Q, E = 0.0 mV, Cqi = 0.0, and
E° = 270.0 mV across the range of amplitudes for which
experimental data was collected. The potential separation
between the two peaks of the 2nd harmonic in the forward
DC ramp direction were calculated (green plot, in Figure
6) to compare to the equivalent metric for the experimen-
tal data (black) and simulation without dispersion (orange).
Thus, Figure 6 further supports the improved fit between
the experimental data and a model which includes thermo-
dynamic dispersion.

Conclusion
The technique of large amplitude FTacV, as an alter-

native to the widely used DCV, has been previously
shown to be highly valuable when employed in studies of

[44,50,58] [6,7,11-13]

surface-confined metalloenzymes catalysts,
and other species [8-10,12,13] hecause Faradaic current contri-
butions from rapid electron-transfer processes can be anal-
ysed devoid of contributions from slower processes by iso-
lating the higher order harmonic responses (4th and above)
that are accessed in experiments with amplitudes in the
region of 150 mV, and frequencies above approximately
5 Hz. This makes it possible to enhance the measure-
ment sensitivity and selectivity. However, previous FTacV
studies had still suffered the same “dispersion” problems
as other voltammetric measurements of surface-confined
species: [17722,28,29,32-36] generally, it is not possible to ac-
curately simulate the measurements using a minimal math-
ematical model with a single set of k and E values. This
then introduces significant uncertainty in the data analysis:
firstly, should a more complicated mathematical model of
the reaction include both thermodynamic and kinetic dis-
persion, or thermodynamic-only, or kinetic-only dispersion?
Furthermore, what is the correct form of the parameter dis-
tribution which should be included to account for disper-
sion? Commonly, a Gaussian distribution is utilised, but
recent work by Gaudin et al. [59] employing scanning elec-
trochemical cell microscopy showed two distinct activities
for hydrogen evolution on a MoSs electrode, demonstrating
bimodal dispersion is possible. In this paper and previous
work, ??1 we demonstrated that FTacV becomes insensitive
to kinetic dispersion at sufficiently low frequencies. Here,
we show that thermodynamic dispersion can be visualised
in lower amplitude (< 125 mV) FTacV experiments, but it
has reduced impact when amplitudes in the 150 to 300 mV
region are used.

Importantly, this study has taken a dual theoretical and
experimental approach. The simulated data study enabled
us to rapidly and simply explore a wide range of different
scenarios. Attempting to find experimental systems which
had wildly varying electron-transfer rates and a range of dif-
ferent kinetic and thermodynamic dispersion profiles would
have been extremely challenging, so the simulations have
enormous value in showing how different frequency and am-
plitude regimes exist in which thermodynamic and kinetic
dispersion can be either jointly or separately interrogated.
However, because an accurate model does not exist for non-
capacitive current, the simulated data was, by necessity,
over-simplified. Therefore, it was essential to investigate
the theoretical conclusions and extend the work to include
surface-immobilised ferrocene experiments. These measure-
ments highlighted key practical challenges that arise when
FTacV is attempted across a wide range of different am-
plitudes. Firstly, there are instrument limitations: while a
theoretical study could explore any range of input FTacV
amplitudes, we could only apply a maximum of 300 mV. Sec-
ondly, every solvent has a limited stability-window. In the
ferrocene-experiments, we identified a catch-22 scenario: the
optimal buffer pH for maximal solvent stability under high
amplitude conditions was the least optimal pH for minimis-
ing current contributions from a Faradaic electron-transfer
process arising from the glassy carbon electrode (a putative
quinine process). Thirdly, the computational simulations do
not include noise and fail to highlight the real-world limita-
tions of low amplitude measurements: the substantial drop
in signal seen at 50 mV versus 300 mV for the ferrocene
system (see Figure 7) means that it would not be trivial to
accurately model low amplitude and frequency data to con-
fidently extract thermodynamic dispersion parameters. It
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Figure 7. Experimental FTacV data for surface confined ferrocene on a glassy carbon electrode from Figure 4 (black lines) and simulations
with (yellow, light blue, green, and dark blue lines) and without (pink lines) thermodynamic dispersion. Top to bottom shows the absolute
current magnitude for harmonics 2 to 8. Left to right, the amplitude of the FTacV experiment varies: 50, 150, and 300 mV. The
following redox reaction mathematical model parameters were used k0 = 10° s—!, a = 0.50, Ry = 500 €, Eg = 270.0 mV vs SCE, and
I' = 1.17 x 10712 mol cm~—2. Sixty-four bins were used in the dispersion simulations in this figure. All parameters are as detailed in the

Methods section.

is particularly important to note that surface-confined pro-
teins and enzymes have significantly lower electrode-surface
coverages due to their macromolecular size. In these sys-
tems, the decrease in harmonic signal as a function of de-
creasing amplitude will be particularly acute and may set a
practical signal-to-noise limit that prevents a wide screening
of different FTacV amplitudes.

In future work, we will investigate the possibility of using
FTacV data collected at a range of amplitudes and frequen-
cies to construct a robust and minimised workflow for con-
fidently and accurately determining both thermodynamic
and kinetic dispersion parameters, including the shape of
the distributions. Such a quantitative approach was be-
yond the scope of this work because we will need to in-
clude additional measurement techniques (e.g. electrochem-
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ical impedance spectroscopy (EIS), and microscopy) to inde-
pendently verify parameter estimates, and utilise Bayesian
statistical analysis to accurately determine when a highly
parametrised model is necessary to fit the data versus when
a more complex model generates a better fit to the data
because it contains more variables (i.e. the model is over-
parameterised).

Finally, we note that there are many plausible expla-
nations for the phenomena which we model as thermody-
namic dispersion - the exact physicochemical origin has not
been determined for our ferrocene films. Further work will
therefore also involve understanding how variable amplitude
FTacV analysis can help provide insight into thermody-
namic and kinetic dispersion on a macroscopic scale that
is complementary to microscopic insights into the origins of



this phenomena.
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Experimental data for surface-confined redox-active species is
often modelled with thermodynamic dispersion. Considering the
experimental design of large amplitude ramped Fourier Trans-
formed Alternating Current Voltammetry (FTacV) using a dual
theoretical and experimental approach reveals that varying ex-
perimental sinusoidal amplitude may be used to tune in and out
of thermodynamic dispersion.
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