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Electrochemical signals are traditionally interpreted in the time domain, where overlapping faradaic and non-
faradaic currents, noise, and drift obscure frequency-dependent behaviour. This study introduces a frequency-
domain framework that complements time-domain analysis by decomposing voltammetric signals into their
harmonic components through Fourier methods.

Voltammetry . . . . . s .
Electrochemical sensors AC voltammetry provides experimental evidence of how increasing excitation frequency progressively sup-
Benzenediols presses faradaic clarity, while a modified Randles equivalent circuit model explains this response through the

interplay of charge-transfer, diffusion, and double-layer charging processes. Fourier series analysis of canonical
voltammetric techniques, including linear sweep, cyclic, differential pulse, and square wave voltammetry, shows
that waveform geometry uniquely defines harmonic structure. Fast Fourier transform analysis of practical data
reveals artefacts introduced by finite sampling, binning, and spectral leakage. These effects highlight the need for
conceptual awareness when interpreting experimental spectra. Quantitative spectral descriptors such as the
centroid, bandwidth, flatness, and low-frequency power fraction link waveform design directly to faradaic vis-
ibility and measurement clarity.

Frequency-domain analysis therefore establishes that electrochemical measurement is inherently frequency-
structured. By combining experimental data, equivalent circuit modelling and spectral metrics within a single
framework, this approach provides a general route to optimise waveform parameters, reduce capacitive inter-
ference, and improve interpretability across electrochemical techniques. Viewed more broadly, this perspective
reframes the process of the measurement itself, showing that time-domain signals are projections of an under-
lying spectral reality.

1. Introduction

Electrochemical measurements translate interfacial redox processes
into electrical signals. Conventional voltammetric techniques [1] such
as chronoamperometry, linear sweep (LSV), cyclic (CV) [2], differential
pulse (DPV) [3], and square wave voltammetry (SWV) [4] are inter-
preted in the time domain [5], where currents are plotted as functions of
time or potential. Although straightforward and intuitive, this repre-
sentation conceals how electrochemical systems respond to excitation
frequency. Faradaic and non-faradaic [6] currents overlap in time, while
external variables such as drift and noise further obscure their inde-
pendent contributions [7].

To visualise this hidden dimension, the present study applies AC
voltammetry (ACV) [8] to examine the frequency response [9] of an

electrochemical sensor based on 20 wt% Pt/C-modified Metrohm DS150
screen-printed electrodes. The electrode platform, previously optimised
for benzenediol detection [hydroquinone (HQ), catechol (CC), and
resorcinol (RS)], provides a reproducible and well-characterised system
in which faradaic and capacitive processes can be observed simulta-
neously. By superimposing a small sinusoidal perturbation onto a linear
potential sweep, ACV reveals how increasing excitation frequency pro-
gressively boosts capacitive currents and diminishes faradaic clarity.
These experimental observations form the empirical foundation of the
frequency-domain framework developed in this work.

The observed trends are rationalised using a modified Randles
equivalent circuit, which serves as the mathematical scaffold for inter-
preting frequency-dependent electrochemical behaviour. The circuit
partitions the system into discrete elements representing charge
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transfer, diffusion, and double-layer charging, linked through the solu-
tion resistance. This abstraction layer explains the competing influences
of faradaic and capacitive processes independent of specific analytes and
their unique redox mechanisms, and predicts the same frequency-
dependent trends evident in the ACV data.

Building on these results, the framework is extended through Fourier
[10] and spectral [11] analysis of canonical voltammetric waveforms.
Fourier decomposition demonstrates that each technique (LSV, CV, DPV,
and SWV) has a distinct harmonic [12] signature dictated by its wave-
form geometry. Comparing their spectra unifies these methods within a
single analytical language, showing how waveform design and param-
eter selection govern frequency content and consequently the quality of
electrochemical signals.

This approach differs fundamentally from electrochemical imped-
ance spectroscopy (EIS) [13], which probes steady-state systems under
small perturbations. Here, frequency-dependent behaviour is analysed
under dynamic scanning conditions, representative of real voltammetric
operation. The emphasis is therefore metrological rather than analytical:
the study characterises the structure of electrochemical signals rather
than the selectivity, sensitivity, or detection limits for the analytes,
which have been reported previously for the same benzenediol system
[14].

This study follows a reverse-signal logic: integrating experimental
ACV data, mathematical interpretation via the Randles circuit, and
spectral generalisation through Fourier analysis to reveal that electro-
chemical measurement is inherently frequency-structured. The resulting
framework provides a practical route to tune waveform parameters,
minimise capacitive noise, and improve interpretability across multiple
voltammetric techniques. The analysis mirrors this logic in practice,
tracing the signal path in reverse: from the measured output (ACV
spectra), through the system response (Randles circuit), to the input
design (waveform spectra). Fig. 1 (Graphical Abstract) schematically
presents a general overview of Fourier analysis.

Measurement 259 (2026) 119706

2. Foundations of Fourier analysis in electrochemical signal
decomposition

The Supplementary Information provides a brief theoretical exposi-
tion of the Fourier series and Fourier transforms. This section outlines
the mathematical framework with Egs. S1 through S10 offering a step-
by-step description of the essentials. These formulae elucidate the
decomposition of periodic and aperiodic functions into their constituent
frequency components, thereby offering insight into the analytical
methods used.

The Supplementary Information also examines the harmonic
decomposition of several commonly used waveforms, including the
square wave, triangular wave, sawtooth wave, and pulse train. This
analysis explores the harmonic content characteristic of each waveform
illustrating how specific frequency components shape their unique time-
domain profiles. Additionally, the rate at which harmonic amplitudes
decay with increasing frequency index is discussed, providing insight
into the spectral richness or smoothness of each waveform type.

Fig. 2 illustrates the process of spectral resolution via Fourier anal-
ysis. Any periodic waveform in the time domain is the sum of sinusoidal
components, each characterised by a distinct frequency and amplitude.
By extracting and plotting these amplitudes against their respective
frequencies, we obtain the spectrum of the original signal. One can
visualise this transformation geometrically in three dimensions, with
time on the x-axis, amplitude on the y-axis, and frequency on the z-axis.
Projecting this representation onto the time-amplitude (xy) plane re-
trieves the original waveform, while projection onto the frequency-
amplitude (yz) plane reveals its spectral composition.
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Fig. 1. (Graphical Abstract): Fourier analysis illustrated as the transformation of electrochemical time-domain signals into frequency-domain spectra. Faradaic and
capacitive components are separated through signal processing to enhance measurement clarity.
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Fig. 2. Fourier analysis illustrated as decomposition of a time-domain waveform into its frequency-domain spectrum. Sinusoidal components combine to reconstruct

the original signal.

3. Results and discussion

3.1. Response layer (output): AC voltammetry as a probe of frequency-
resolved faradaic and non-faradaic processes

To ground the framework experimentally, ACV probes electro-
chemical behaviour by superimposing a small sinusoidal perturbation
onto a linear potential sweep, enabling frequency-resolved observation
of the system response. Unlike EIS, which requires small perturbations
and steady-state conditions, ACV provides spectral insight during dy-
namic voltammetric scans. While wavelet-based methods can capture
non-stationary features, the Fourier-based framework adopted here of-
fers a simpler and broadly applicable route for analysing global
frequency-dependent behaviour using standard voltammetric protocols
under the assumption of linear time invariance (LTI).

3.1.1. Waveform structure and experimental parameters in AC
voltammetry

Fig. 3 shows the ACV potential waveform, composed of the sum of a
DC component (a linear sweep) and a sinusoidal AC component.

The small AC amplitude enables simultaneous analysis of faradaic
and non-faradaic responses. The frequency (f) of the superimposed sine
wave critically influences the relative contributions of the two re-
sponses. Maintaining a sufficiently slow scan rate allows the sinusoidal
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Fig. 3. AC voltammetry (ACV) waveform composed of a linear DC sweep and
superimposed sinusoidal perturbation.

perturbation to dominate the system response, thereby reducing the
influence of the underlying sweep and providing quasi-stationary con-
ditions consistent with piecewise-LTI behaviour.

3.1.2. Bengenediol detection under variable frequency: suppression of
capacitive currents to unmask faradaic signals

To investigate the frequency response of the electrochemical system
during benzenediol detection, we performed ACV with a scan rate of 10
mVs !, anAC amplitude of 10 mV (RMS), a potential step of 10 mV, and
voltage limits between 0 V to 1 V versus quasi-reference Ag electrode.
We examined the effect of varying the AC frequency from 3 Hz to 2000
Hz using this setup, and the results are shown in Fig. 4.

At lower frequencies, distinct oxidation peaks [15,16] are observed.
As frequency increases, the overall current rises. Notably, the back-
ground current (predominantly capacitive) increases proportionally
with applied frequency.

As a result, the faradaic oxidation peaks of the benzenediols become
progressively less prominent and are overwhelmed at higher frequencies
by the capacitive current. To further examine this degradation, the Fast
Fourier transform (FFT) [17] was applied to the ACV output data. The
resulting spectra, shown in Fig. 5a, display sharp, well-localised peaks at
the imposed excitation frequencies with no additional harmonic
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Fig. 4. AC voltammograms of benzenediols (1 mM catechol, 1 mM resorcinol
and 1 mM hydroquinone in 1 M HCl) from 3 Hz to 2000 Hz; increasing fre-
quency boosts capacitive current and progressively masks faradaic peaks.
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Fig. 5. (a) Fast Fourier transform spectra of ACV outputs, showing recovery of excitation frequencies and the absence of spurious harmonics, confirming linear time-
invariant behaviour. (b) Peak-to-RMS current ratios decline with frequency, reflecting reduced faradaic clarity. Inverse logarithmic fits are included to guide the eye.

components. The FFT thus faithfully recovers in the output stage the
exact frequencies introduced at the input, providing strong evidence of
LTI system behaviour. In parallel, the peak-to-RMS current ratio
(detailed in Eq. S15 in Supplementary Section 3.5.5) was calculated for
each analyte across the frequency range of 3 Hz to 2000 Hz. This ratio
quantifies signal prominence relative to background and, as shown in
Fig. 5b, decreases systematically with frequency, reflecting the pro-
gressive loss of faradaic clarity due to capacitive effects. Together, the
FFT spectra and the peak-to-RMS analysis reveal a consistent correlation
between excitation frequency and signal degradation, confirming the
utility of the frequency-domain framework for diagnosing the onset of
capacitive masking.

These results highlight the challenge of detecting faradaic processes
at high frequencies due to dominant capacitive currents. Selecting an
appropriate frequency is therefore critical to balance analyte sensitivity
and minimise interference from capacitive currents, allowing for a
clearer observation of the redox processes of interest. Although both
faradaic and capacitive processes are frequency-dependent, their rela-
tive dominance shifts with frequency, allowing selective enhancement
or suppression of signal components through tuning. These frequency-
dependent, qualitative trends indicate that the electrochemical cell it-
self imposes a structured response, largely independent of analyte
identity, and thus provide the experimental foundation for the frame-
work developed in the following sections.

3.2. Transfer function (system): modelling frequency-dependent
capacitive and faradaic current components

Building on the ACV output-stage observations, the next section
examines the electrochemical system through an equivalent circuit
model that translates these empirical frequency trends into a formal
description of interfacial behaviour.

To understand how frequency affects electrochemical currents, we
model the system using a modified Randles circuit, shown in Fig. 6. In
this equivalence, the charge transfer resistance (R.;) represents electron
transport across the electrode-electrolyte interface, encapsulating the
kinetics of redox reactions. The Warburg element [18] (Z,,) accounts for
semi-infinite linear diffusion of species to and from the electrode,
reflecting mass-transport limitations. The double-layer capacitance [19]
(Cqp) describes the charging and discharging of the interfacial electrolyte
layer, i.e. non-faradaic contributions. The solution resistance (Rg) rep-
resents the ionic conduction through the electrolyte. Taken together,

Fig. 6. Modified Randles equivalent circuit used to model the electrochemical
cell comprising a solution resistance (R;), a charge transfer resistance (R.) to
model electron transfer in series with a Warburg element (Zy,) to model mass
transport, and a double-layer capacitance (Cy), representing electrolytic
charging and discharging.

these circuit elements form a simplified analogue that captures the
essential processes of electron transfer, mass transport, and double-layer
charging. The Randles circuit is used here as a mechanistic abstraction
layer: it consolidates the frequency response into discrete components
agnostic of analyte-specific mechanisms, and enabling a general inter-
pretation of frequency effects across electrochemical systems. By
deconvolving charge transfer, double-layer charging and diffusion into
standalone frequency-dependent components, the Randles circuit for-
malises the empirical observations from AC voltammetry and establishes
the mathematical scaffold for spectral analysis.

The electrical double layer is formed at the interface between the
electrode and the electrolyte solution, emulating a capacitor that stores
charge. Double-layer charging and discharging contributes to the non-
faradaic (capacitive) current (I¢) through the Cy branch in Fig. 6. The
non-faradaic current from double-layer [20] charging increases pro-
portionally with the frequency of the applied AC signal, as shown in Eq.
(D).

Ic(w) = a)CdIVC(a)) (1)
where I (A) is the non-faradaic or capacitive current, V¢ (V) is the
voltage across the double layer, Cy (F) is the double-layer capacitance
and @ = 2xf (rad s™!) is the angular frequency [f (Hz) is the linear
frequency].
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Simplifying Eq. (1),
Ie(@) |« .1)

2o(@)—90" or g (1.2)

The faradaic current (Ir) through the path containing R and Zy in
Fig. 6 arises from electron transfer between the electrode and chemical
species leading to redox reactions. The rate of these reactions is influ-
enced by both the electrode potential and the kinetics of the electron
transfer. Reaction kinetics [21] and the diffusion [22] of reactants to the
electrode primarily govern the faradaic current, which also depends on
the frequency. However, its frequency dependence is different from that
of the capacitive current as shown in Eq. (2).

(@) = R Zw@)

(2

where, Ir (A) is the faradaic current, Vg (V) is the voltage across the series
combination of the charge transfer resistance R, (Q2) and the Warburg
impedance Zy (Q).

R represents the opposition to electron transport between the
electrode and the redox species and is frequency-invariant.

Zy represents the diffusion limitation, i.e., the resistance to mass
transport of the redox species to/from the electrode and is defined in
Egs. (2.1) and (2.2).

c

Zy| = ——
. T
£Zyw = —45 or — 2 (2.2)
where 6 (Q s7%%) is the Warburg coefficient.
When w—0, Zw>R,,
I, = Vrv/e 2.3)
c
Simplifying Eq. (2.3),
. T
2145 or (2.5)
When w— o0, Zyw<R,;,
Ve
I = YE (2.6)
IIF| R,
2Iz—0° 2.7

Fig. 7 visually consolidates the above equations on how redox and
capacitive current magnitudes vary with frequency. In physical terms,
these relations describe how diffusion-controlled faradaic currents
dominate at low frequencies, while capacitive charging increasingly
governs the response at higher frequencies, leading to the crossover
frequency highlighted at the intersection of the two current curves.

Egs. (1.1) through (2.7) and Fig. 7 show that:

1. The non-faradaic current increases proportionally with frequency. At
regimes where this current is dominant the phase should be tending
to 90° or 4. In electrochemical terms, this reflects the charging and
discharging of the double layer, which behaves as a capacitor. Within
physical limits, the capacitive charging and discharging current is
therefore a linear function of the excitation frequency.

2. Faradaic current increases with the square root of frequency at low
o, before becoming essentially frequency-invariant at higher values.
Electrochemically, this means that at low frequencies, the dominant
limitation is mass transport (diffusion of analyte to the electrode)
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Fig. 7. Log-log illustration comparing faradaic and capacitive current magni-
tudes as functions of frequency, based on the equivalent circuit model. High-
lights the crossover point where capacitive current begins to dominate and
guides optimal frequency selection.

which should be visible in the phase tending towards 45° or 4. As
frequency rises, diffusion constraints are progressively overcome
until charge transfer becomes the bottleneck, beyond which further
increases in frequency no longer influence the system which should
reflect in the phase tending to 0°.

This presents a trade-off: at low frequencies, faradaic signals are
diffusion-limited, whereas at high frequencies, capacitive currents
dominate and mask the faradaic response.

Together, these relationships confirm that both the amplitude and
the phase of the electrochemical system evolve predictably with exci-
tation frequency. The Randles circuit therefore provides a reliable
mathematical description of frequency-structured electrochemical
behaviour, linking current magnitude and phase to the dominant
transport and interfacial processes, and setting the stage for analysis of
how excitation waveforms themselves encode this frequency structure.

3.3. Excitation characterisation (input): spectral analysis of canonical
voltammetric waveforms

Having established the system’s frequency response, the discussion
now moves upstream to the input stage, where electrochemical tech-
niques operate by applying time-varying potential waveforms that each
carry their own frequency signature defined by shape, period and
symmetry. Together, these techniques can be viewed as a single meth-
odological family derived from LSV, with CV adding a reversed scan that
returns to the initial potential and cycles between the vertices, DPV
superimposing a train of rapid potential pulses onto a slow baseline LSV,
and SWV modulating the LSV with a square-wave signal, each producing
a distinctive harmonic distribution.

The measured output current is a function of both the input wave-
form and the electrochemical system’s frequency response. Conse-
quently, its spectrum reflects both the temporal evolution of the driving
signal and the system’s underlying transfer characteristics. Fourier
analysis provides a practical means to obtain the spectra of these input
signals, revealing how waveform design accentuates or attenuates spe-
cific frequency regions.

The relative amplitude and distribution of spectral components
determine how strongly different electrochemical processes are stimu-
lated. Recognising this intrinsic frequency structure clarifies the char-
acteristic strengths of each voltammetric approach: some favour
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mechanistic simplicity, whereas others gain sensitivity through delib-
erate modulation and sampling. Viewed in the frequency domain, these
diverse techniques converge into a unified description where differing
time-domain parameters coalesce into directly comparable information.

Figs. 8-11 summarise some examples of canonical voltammetric
waveforms and their corresponding spectra obtained using Fourier se-
ries (FS) decomposition, illustrating how waveform geometry de-
termines harmonic content and spectral distribution.

3.3.1. Linear sweep voltammetry: harmonic complexity in sawtooth
potential sweeps

For a LSV with the following parameters: Epegin = 0 V, Eeng =1V, and
scan rate = 10 mV s, Fig. 8 shows the waveform and the spectrum.

In LSV, the potential increases linearly between fixed vertices at a
constant rate. The corresponding spectrum reveals both odd and even
harmonics (fyp, 2fp, 3fp, ...) of the 10 mHz fundamental frequency along
with a strong DC component at 0 Hz, reflecting the waveform’s ampli-
tude asymmetry.

3.3.2. Cyclic voltammetry: odd harmonic dominance in triangular
waveforms

For a CV with the following parameters: Epegin = 0 V, Evertex1 = 1 V,
Evertexz = 0V, and scan rate =10 mVs %, Fig. 9 shows the waveform and
the spectrum.

In CV, the potential sweeps linearly between two limits and then
reverses to form a triangular profile. The corresponding spectrum con-
tains only odd harmonics (fo, 3fo, 5fo, -..) of the 5 mHz fundamental and
exhibits a faster decay of higher-order harmonics than LSV. A DC
component arises from amplitude asymmetry in the waveform.

3.3.3. Differential pulse voltammetry: harmonic complexity and sinc-
shaped spectra from pulse trains

For a DPV with the following parameters: Epegin = 0 V, Eeng = 1V,
scan rate = 10 mV s, pulse amplitude = 30 mV, pulse duration = 50
ms, voltage step = 10 mV, and pulse interval = 1 s, Fig. 10 shows the
waveform and the spectra.

In DPV, a linear potential sweep is combined with a high-frequency
pulse train, producing two distinct spectral components: a low-
frequency sawtooth and a high-frequency sinc-shaped (%) envelope.
The 5 % duty cycle used in this illustration introduces nulls at every
twentieth harmonic (fp, 20fy, 40fp, ...), consistent with the reciprocal
relation between duty cycle and harmonic spacing.
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3.3.4. Square wave voltammetry: high harmonic distortion from square
wave superposition on a linear sweep

For a SWV with the following parameters: Epegin = O V, Eeng = 1V,
scan rate = 10 mV s 7, square-wave amplitude = 30 mV, square-wave
period = 0.1 s (fundamental frequency = 10 Hz), and voltage step =
10 mV, Fig. 11 shows the waveform and the spectra.

In SWV, a linear potential ramp is superimposed with a square-wave
modulation, generating two spectral components: a low-frequency ramp
and a high-frequency square-wave contribution. The latter displays
harmonic peaks at odd integer multiples (fo, 3fo, 5fo, ...) consistent with
the 50 % duty cycle that suppresses even harmonics. SWV therefore
provides a useful mathematical contrast to the DPV example in this
study, where a 5 % duty cycle produced nulls at every twentieth har-
monic. The square wave’s slower harmonic decay yields stronger higher-
order contributions, while the waveform’s amplitude symmetry elimi-
nates the DC component.

3.3.5. Fast Fourier transform spectra of canonical voltammetric waveforms

The FS spectra presented earlier describe idealised, infinitely peri-
odic waveforms. To complement these, the FFT was applied to the same
canonical waveforms described in Sections 3.3.1 to 3.3.4. These quasi-
simulations illustrate how the signals would appear if the waveforms
were fed directly into a spectral analyser.

The simulated spectra in Fig. 12 highlight the practical challenges
that arise when moving from mathematical decomposition to empirical
analysis. The quality of the spectra depends critically on parameters
defined by the user, such as the sampling frequency and the bin reso-
lution. While oversampling can in principle improve fidelity, it also
generates redundant data and brings optimisation into the conversation.
Improper binning can introduce artefacts. For example, in CV, the FFT
spectrum exhibits weak even harmonics, which are absent from the FS
spectrum and result from finite sampling and binning artefacts. For DPV,
the FFT spectrum combines both contributions observed earlier: the low-
frequency sweep component and the high-frequency pulse train. These
appear as one spectrum with the sinc-shaped envelope of the high fre-
quency pulses being dominant, illustrating how composite waveforms
yield complex spectral distributions. In SWV, the FFT correctly shows
the absence of even harmonics, but lobes appear around the odd har-
monics due to binning artefacts, unlike the sharp lines observed in the
Fourier series decomposition.

Together, these examples illustrate the phenomenon of spectral
leakage [23], which arises because the FFT operates on finite, discrete
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Fourier series spectrum with odd harmonics only and slower decay.

signals rather than infinitely periodic, continuous ones. Unlike FS
analysis, which assumes perfect periodicity and yields clean harmonic
structure, the FFT outputs are susceptible to leakage, artefacts, and
noise. Recognising these differences highlights that the discrete, finite
nature of real signals broadens and redistributes spectral energy, yet the
underlying harmonic relationships revealed by Fourier-series analysis
remain embedded within experimental spectra. Without the knowledge

of these effects, practitioners may misinterpret the FFT outputs. By
placing the ideal mathematical FS results alongside the quasi-simulated
FFT spectra, this framework informs readers what features to expect and
what artefacts to avoid when applying spectral analysis in practice.
Fourier decomposition shows that canonical voltammetric waveforms
are inherently frequency-coded, while FFT artefacts can even collapse
distinct techniques into deceptively similar spectra. Quantitative
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Fig. 12. Fast Fourier transform spectra of canonical voltammetric waveforms: (a) linear sweep voltammetry, (b) cyclic voltammetry, (c) differential pulse vol-
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spectral descriptors are therefore essential for reliable discrimination
and design.

3.4. From waveform tuning to electrochemical measurement design: a
unified frequency-structured framework

ACV observations on capacitive and faradaic frequency dependence
offer a framework for optimising voltammetric parameters to enhance
faradaic signals and reduce capacitive interference. As discussed in
Section 3.3, although techniques such as LSV, CV, DPV, and SWV
operate in the time domain, their waveforms contain a spectrum of
frequency components that stimulate faradaic and non-faradaic pro-
cesses differently.

Across all voltammetric modes, frequency tuning governs the bal-
ance between diffusion-limited and capacitive-dominated regimes. In
LSV and CV, slower scan rates reduce capacitive background and
sharpen redox peaks, whereas excessively low rates lead to diffusion
limitation. In DPV and SWV, longer pulse widths, intervals, or longer
periods for square waves similarly suppress capacitive interference but
must be optimised to maintain adequate diffusion. Overall, parameter
selection represents a simple trade-off: too high a frequency amplifies
capacitive currents, too low a frequency restricts mass transport.

This frequency-dependent behaviour links waveform design directly
to measurement clarity and defines practical boundaries for each tech-
nique. For example, as seen from the SWV spectra in Section 3.3.4,
choosing 10 Hz as the fundamental frequency seems reasonable. How-
ever, ACV results show a significant difference between 3 Hz and 10 Hz.

At 10 Hz, RS oxidation is completely masked by the capacitive current,
while at 3 Hz it remains faintly visible. The peaks for HQ and CC, while
still visible at 10 Hz, are much better defined at 3 Hz. The square wave in
SWV introduces the fundamental frequency along with a cascade of odd
harmonics (30 Hz, 50 Hz, 70 Hz, ...), increasing total frequency content
and further exacerbating capacitive interference. At frequencies above
100 Hz, the peaks become only faintly discernible, blending into the
error margins and rendering them nearly indistinguishable from the
background. These results also show that an ACV frequency of 3 Hz
sufficiently overcomes diffusion limitations, revealing distinct oxidation
peaks over the capacitive background.

This frequency dependence also explains why different voltammetric
techniques display varying sensitivities to the same electrochemical
system. For instance, chronoamperometry effectively drives the excita-
tion frequency towards zero, thereby suppressing capacitive currents
almost entirely. DPV and SWV, on the other hand, introduce higher-
frequency components and thus more capacitive current than cyclic
voltammetry. Yet this apparent drawback is exploited at the output
stage: potentiostats sample the current signal at the end of each pulse (as
shown in the Supplement in Fig. S2), when the capacitive transient has
decayed, allowing the residual faradaic current to be captured with
sharper clarity. In this way, DPV can outperform CV in apparent sensi-
tivity, even though its underlying frequency content is less favourable.

To extend the qualitative comparison of Fourier series and FFT
spectra, we quantified waveform frequency characteristics using a set of
spectral descriptors. These metrics were computed for LSV, CV, DPV,
and SWV to characterise how signal energy is distributed across
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frequencies. Table 1 summarises four key spectral parameters: spectral
centroid, bandwidth, flatness, and low-frequency power fraction (below
30 Hz) comparing the theoretical FS and practical FFT data. Detailed
formulations are provided in Supplementary Eqgs. S11 to S14.

LSV and CV show extremely low centroids and bandwidths, while
DPV and SWV show relatively low centroids, and their bandwidths are
significantly wider due to the high-frequency components. The wave-
forms show generally flat spectra, and all demonstrate that most of their
power lies below 30 Hz, chosen as a conservative soft limit since the ACV
results show distinguishable peaks up to 50 Hz. Differences between the
theoretical (FS) and practical (FFT) values reflect spectral leakage and
finite sampling, as discussed in Section 3.3.5. The spectral metrics also
highlight the pitfalls of applying the FFT without sufficient rigour. The
practical spectra of both DPV and SWYV yield identical values across all
metrics, effectively implying that the two waveforms are the same. The
FS results, however, show that their spectral structures differ markedly,
demonstrating that uncritical use of the FFT can obscure essential dis-
tinctions between voltammetric techniques.

Collectively, these findings position spectral interpretation as a core
tool for selecting parameters, designing sensors, and understanding
mechanisms. Insights from ACV, which clearly showed how capacitive
currents can mask faradaic signals above certain frequencies, directly
inform the selection of time-domain parameters. By understanding that
lower frequency components limit diffusion and higher frequency
components tend to amplify capacitive effects, researchers can strate-
gically select parameters in LSV, CV, DPV, and SWV to enhance the
faradaic response. Careful time-domain parameter selection is essential
for achieving adequate sensitivity in frequency-dependent electro-
chemical sensing. Taken together, the empirical ACV results, circuit
model and waveform spectra converge on the same message: electro-
chemical measurement is inherently frequency-structured, and this
approach offers a practical route to tune experiments for faradaic clarity.

To support practical application, Table 2 summarises the key
frequency-domain features of common voltammetric waveforms and
offers guidance on parameter choices to enhance faradaic signal detec-
tion by aligning waveform design with spectral behaviour.

4. Limitations of Fourier analysis in electrochemistry

The framework presented here is metrological rather than analytical
in scope, addressing the structure and interpretation of electrochemical
signals generally, independent of the underlying system and its corre-
sponding specificities.

4.1. Noise

Electrochemical signals often contain noise from multiple sources
that Fourier analysis cannot fully eliminate [24]. While it can help

Table 1

Spectral metrics of canonical voltammetric waveforms. Values describe how
signal energy is distributed across frequencies and highlight their suitability for
resolving frequency-specific redox and capacitive behaviours.

Waveform Centroid Bandwidth Flatness  Low-
(mHz) (mHz) frequency
power
fraction:
Power below
30 Hz (%)
LSV Theoretical  9.36 22.93 0 100
Practical 4.42 24.13 0 100
cv Theoretical  2.07 2.77 0 100
Practical 0.75 1.95 0 100
DPV Theoretical 10.64 142.4 0 100
Practical 10.29 578.81 0 100
SWV  Theoretical  89.06 2137.61 0 99.92
Practical 10.29 578.81 0 100

Table 2
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Summary of waveform types, spectral characteristics, and tuning strategies for
improving faradaic signal clarity.

Technique = Waveform Spectral insight and Tuning guidance
model optimisation
LSV Sawtooth High low-frequency Lower scan rate to
wave power; moderate scanrate  reduce capacitive
balances redox clarity and ~ background
time resolution
cvV Triangle Narrowband, odd Lower scan rate to
wave harmonics; low centroid enhance peak
and flatness support definition
mechanistic
interpretation
DPV Sawtooth + Broad spectrum with Use longer pulse
pulse train clustered harmonics; width and interval
optimise pulse interval to for better resolution
preserve peak shape
swv Sawtooth + High centroid and Lower modulation
square wave flatness; reducing frequency to
frequency improves minimise
faradaic visibility background
interference
ACV Sawtooth + Spectral response depends ~ Adjust excitation

sine wave

on excitation; use peak-to-
RMS to select optimal

frequency to isolate
faradaic signal

frequency

identify certain noise frequencies, when noise overlaps with the signal of
interest, it can distort the spectra and hinder accurate interpretation of
electrochemical processes [25].

4.2. Non-ideal conditions and non-linearities

Fourier analysis assumes linear systems but electrochemical systems
can exhibit non-linear behaviour under non-ideal conditions [26]. Non-
linearities introduce spurious harmonics that complicate analysis [27].
Uncompensated resistance [28] and frequency-dependent capacitive
behaviour (capacitive dispersion) [29] contribute to these non-
linearities.

4.3. Complexity of electrode kinetics

Intricate multi-step mechanisms [30] in electrochemical reactions
often produce complex frequency responses. While Fourier analysis
provides valuable information, researchers often need complementary
techniques and modelling to decompose these complex responses and
fully understand the underlying kinetics.

4.4. Hardware considerations

The present analysis treats the electrochemical cell as a continuous-
time system, an assumption justified because electrochemical time
constants are far longer than the sampling intervals of modern poten-
tiostats. Although a fully discrete treatment using Z-transforms and
difference equations could, in principle, be applied, it lies beyond the
scope of this work. A comparison of analogue and digital signal modes
using the same potentiostat has been discussed elsewhere [31], where
quantisation and staircase inputs were shown to influence double-layer
charging. Under typical experimental conditions, treating the system as
continuous remains accurate and widely applicable. Fig. 13 illustrates
the practical distinction between analogue and digital CV waveforms,
where the exaggerated staircase shape of digital signals reflects quan-
tised sampling.

4.5. Time resolution and stationarity

Fourier analysis assumes stationary signals and involves a trade-off
between frequency and time resolution. Electrochemical systems are
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approximation.

generally stochastic and can be non-stationary, and researchers must use
specialised approaches [32] when applying Fourier analysis to systems
with time-varying signals. While Fourier analysis provides valuable
frequency-domain insights for stationary or quasi-stationary electro-
chemical signals, future studies could apply wavelet transforms [33] to
systems with significant non-stationarity, using localised time-
—frequency analysis to gain additional insights.

5. Broader applications and future work

Fourier and frequency-domain approaches extend well beyond
sensing [34] and can inform studies of corrosion [35], batteries [36],
fuel cells [37], and electrocatalysis, where frequency-dependent trans-
port and charge transfer also govern performance. Comparable behav-
iour has been observed in aniline electropolymerisation, where lower
scan rates produced porous, high-capacitance films while higher rates
yielded compact, resistive deposits [38]. Such examples highlight a
common principle: excessive high-frequency content prioritises non-
faradaic processes, whereas low-frequency components tend to
enhance functional efficiency. Extending the present framework to these
broader contexts could therefore support more rational design of elec-
trochemical systems and materials.

6. Conclusion

This study demonstrates that electrochemical measurement is
inherently frequency-structured. The behaviour of the electrochemical
interface cannot be fully understood in the time domain alone, and
frequency-domain analysis provides the complementary view required
to separate and quantify the intertwined faradaic and capacitive
processes.

AC voltammetry (ACV) established the experimental foundation for
this framework. By varying the excitation frequency, ACV revealed that
capacitive currents increase proportionally with frequency while fara-
daic currents become progressively masked. This behaviour was repro-
ducible across three benzenediols with distinct redox chemistries,
confirming that the phenomenon originates from the measurement
system rather than the analytes.

A modified Randles equivalent circuit provided the mathematical
basis for interpreting this response. Through its frequency-dependent
elements, which represent charge transfer, diffusion and double-layer
capacitance, the model explains how the relative magnitudes of
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faradaic and capacitive currents evolve with frequency. It defines the
balance between diffusion-limited and capacitance-dominated regimes
and clarifies the transition between them.

Fourier and spectral analysis of canonical voltammetric waveforms
extended these insights into a general framework. The harmonic struc-
ture of linear sweep, cyclic, differential pulse and square wave voltam-
metry links waveform geometry directly to frequency content and
therefore to the visibility of faradaic signals. Quantitative spectral de-
scriptors such as the centroid, bandwidth, flatness and low-frequency
power fraction provide practical metrics for comparing and optimising
waveform parameters.

Together, these three components form a coherent and logical
methodology for interpreting and designing electrochemical measure-
ments. The framework guides the optimal selection of time-domain
parameters to reduce capacitive interference, enhance faradaic visibil-
ity and improve measurement interpretability.

Although demonstrated here using benzenediol detection on Pt/C-
modified screen-printed electrodes, the principles are broadly appli-
cable to any system governed by convolved diffusion, charge-transfer
and capacitive processes. Extending frequency-domain analysis to
areas such as corrosion, electrocatalysis and energy storage can enable
better insights into electrochemical system behaviours.

In summary, frequency-domain analysis provides a unified and
robust approach to link electrochemical experimental design with
interfacial dynamics. The study traces this relationship in reverse, from
output spectra obtained by ACV, through system behaviour modelled by
the modified Randles circuit, to input spectra defined by waveform ge-
ometry. This reverse progression mirrors the logic of signal analysis,
connecting measurement, theory, and design within a single framework.
By combining ACV results, equivalent circuit modelling and Fourier
analysis, this work establishes a foundation for potential electro-
chemical methods that treat frequency not as a peripheral or specialist
variable but as an intrinsic coordinate of electrochemical behaviour.
Ultimately, this perspective reframes electrochemical measurement as a
spectral science, where time-domain measurements are understood as
projections of frequency-structured interfacial dynamics.
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7. Experimental section: catalyst, sensor, analyte, and
measurement setup

7.1. Catalyst preparation

The catalyst ink was prepared by dispersing 20 wt% Pt/C [platinum
nanoparticles (2-3 nm) on Vulcan XC-72R (20-50 nm) support] sourced
from FuelCellStore, in 0.995 ml of absolute ethanol. To this suspension,
5 pl of a 5 % Nafion solution in absolute ethanol (Sigma Aldrich) was
added as a binder. The suspension was then ultrasonicated using a 500
W probe at 25 % amplitude for 2 min to ensure uniform dispersion. The
ink was wused immediately to prevent particle settling and
agglomeration.

7.2. Sensor element fabrication

Sensor elements were fabricated using Metrohm DropSens DS150
screen-printed electrodes (SPE) with carbon working electrode (WE),
platinum counter electrode (CE), and silver reference electrode (RE).
The WE surface was cleaned with deionised water and ethanol, then
dried on a hot plate maintained at 55 °C. 10 pl of catalyst ink was
pipetted onto the WE on the hot plate to speed drying. Care was taken to
isolate the CE and RE from deposition spill-over. The fabricated sensor
elements were then stored in a dry, sealed container to prevent tarn-
ishing of the silver contacts and RE. Each 10 pl aliquot of ink contained
10 pg of catalyst (1 mg/ml), of which 20 % was Pt, resulting in a
theoretical metal loading of 2 pg per sensor element. Given the WE
diameter of 4 mm, this corresponds to a Pt loading of approximately 160
ng mm~2 on the WE surface.

7.3. Analyte solution preparation

Analyte solutions of various concentrations were prepared by
diluting stock solutions of each benzenediol. Catechol (CC), resorcinol
(RS) and hydroquinone (HQ), all of analytical grade purity (>99 %) and
purchased from Sigma Aldrich, were used. Stock solutions of each
benzenediol (50 mM) were created by dissolving the analyte in 1 M HCl
(prepared by diluting 37 % HCl) with stirring, aided by an ultrasonic
bath. Working solutions were prepared by diluting the stock with 1 M
HCI to reach target concentrations. For each measurement, 75 pl of the
analyte solution was carefully dispensed onto the SPE surface, ensuring
complete coverage of all three electrodes.

7.4. Instruments and electrochemical measurements

AC voltammetry (ACV) measurements were performed using a
PalmSens4 potentiostat with the following parameters: scan rate: 10 mV
s’l; Eac: 10 mV (root-mean-square value, RMS); Egtep: 10 mV; Epegin =
0V, Eeng = 1 V (all vs quasi-reference Ag); frequency range: 3 Hz to
2000 Hz.
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