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ABSTRACT: Electrocatalysts play a critical role in energy
technologies, but the development of active, efficient, and durable
catalysts is impeded by the lack of methodologies to deconvolute the
complex interplay between various aspects influencing the activity of
the catalysts, e.g., the number of active sites, turnover frequency, and
the reaction pathways. Fourier-transformed alternating current
voltammetry (FTacV) is an emerging tool for the analysis of
electroactive species and has been successfully applied to a variety of
reactions such as the oxygen reduction reaction, oxygen evolution
reaction, carbon dioxide reduction reaction, hydrogen evolution reaction, and hydrogen oxidation reaction. The harmonics
generated from FTacV measurements neatly detect underlaying processes not visible by other, more commonly employed
techniques for analysis of electrocatalysts, such as the rotating disc electrode and dc voltammetry. The harmonic components enable
separating overlapping processes based on differences in kinetics or linearity of response. This paper presents a review of FTacV
applied for the analysis of electrocatalysts. It highlights the importance of determining the electrochemically active site density
(EASD) to decipher the intrinsic activity of a catalyst and discusses the use of FTacV in dynamic determination of the EASD over
the course of a catalyst’s working life, as well as the use of FTacV to understand intricate catalytic processes.
KEYWORDS: electrocatalysis, active-site density, Fourier-transformed alternating current voltammetry, hydrogen evolution reaction,
oxygen reduction reaction, carbon dioxide reduction

1. INTRODUCTION
Electrocatalysts play a major role in sustainable energy
technologies, which are required to fight climate change and
reduce the environmental impact of fossil fuel based energy
production.1 Technologies such as fuel cells,2 electrolyzers,3

and water purification systems4 utilize electrocatalysis to
facilitate the necessary electrochemical reactions.5−8

Electrocatalysts reduce the activation energy of electro-
chemical reactions by interacting with the reacting species on
an active site. For example, in multistep reactions, adsorption
of the reactant and the reaction intermediates on the active
sites changes the reaction mechanism without influencing the
thermodynamics of the overall reaction, i.e., changing only the
rate of the reactions.9 The adsorption energies of different
intermediates in a multistep reaction on an active site influence
the activity of a catalyst and are a fundamental aspects of
heterogeneous electrocatalysis.9

The use of volcano plots, where the activity is plotted against
the adsorption energy of a single reaction intermediate,10

highlights the importance of quantifying the adsorption
energies.1,11 These energies govern the thermodynamics of
each elementary step, and their quantification enables the
construction of a free energy diagram at different electrode
potentials, leading to the possibility of uncovering the identity

of the potential determining step for the proposed reaction
scheme.12−15

Such free energy diagrams are oblivious to the activation
energies at equilibrium of the elementary steps, and thus these
parameters should also be found in order to gain a
comprehensive understanding of the activity of a catalyst.16−23

The intrinsic activity of catalysts is quantified by the number of
reacting molecules an active site transforms per unit of time,
termed the turnover frequency (TOF), which is a function of
the thermodynamics (governed by the adsorption energies of
the intermediates), as well as the kinetics of the elementary
steps (governed by the activation energies). To determine the
TOF, the number of available active sites, the electrochemi-
cally active site density (EASD) must be quantified. When
multiple active sites with different TOFs are present in a single
catalyst, the quantification of the number of sites, as well as the
TOF of each species of catalysts should be carefully
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determined.24 The resulting TOF is an average of the TOF of
the different reacting active sites, each having a different
surface concentration and a different TOF, as shown in eq 1:

=TOF TOF
j

j j
(1)

with θj being the fraction of sites of species j that are exposed
to the reactant. Thus, the ability to measure the EASD is
crucial to decipher the intrinsic activity of a catalyst and its
species if possible. Additionally, the dynamic determination of
the EASD of a catalyst over the course of the catalyst’s working
life is needed to determine degradation mechanisms and
develop more durable catalysts.

The use of electroanalytical methods for the analysis of the
activity of electrocatalysts has regained interest in the past
years. The lack of methodologies to deconvolute the intrinsic
activity of the active-sites (i.e., TOF) and the number of sites
impeded the design and development of novel, efficient, and
durable catalysts. In contrast to the ubiquitous cyclic
voltammetry (CV) and rotating disc electrode (RDE)
measurements that are widely employed for the analysis of
electrocatalysts, Fourier-transformed alternating current vol-
tammetry (FTacV) emerged in recent years as a powerful tool
for analysis of electroactive species.

The ability to exploit the high kinetic sensitivity and
selectivity provided by analysis of the higher harmonic
components generated in FTacV measurements was recog-
nized over 20 years ago by the Monash Electrochemistry
Group.25 Earlier versions were predominantly confined to
small amplitudes (≤10 mV) and examination of the
fundamental and second harmonics.26 Use of large sinewave
amplitudes, up to 300 mV, to study electrochemical reactions
is advantageous as multiple harmonics are generated in a single
experiment. The enhanced kinetic sensitivity of the higher-
order harmonic components to electrode kinetics allows
discrimination of fast reactions at or near the reversible limit
(generating multiple harmonics) from those at or near the
irreversible limit (generating few harmonics) and also of
background charging current which is absent or minimal in
third and higher-order harmonics, and thus have been applied
successfully to analyze mechanisms of electrochemical
reactions in diverse systems such as aqueous media,27−32

organic solvents,33−37 molten metals and salts,38−41 ionic
liquids,33,42−44 and fuel cells.45,46 FTacV is especially suited for
the analysis of many energy-related electrocatalysts and has
been applied to a variety of reactions such as the oxygen
reduction reaction (ORR),45 oxygen evolution reaction
(OER),47−49 carbon diox ide reduct ion react ion
(CO2RR),32,50,51 hydrogen evolution reaction (HER),52 and
hydrogen oxidation reaction (HOR),31 as well as other
catalytic reactions such as hydrazine oxidation,53 and nitrite/
nitrate reduction.49

The sensitivity of the FTacV technique to the kinetics of
electrochemical reactions enables retrieving invaluable exper-
imental data on the catalytic active site as well as on the
mechanism of the catalytic reaction. The elucidation of
mechanisms and quantification of reaction parameters from
FTacV measurements are facilitated by the in-house
developed, free-of-charge, numerical simulator, the Monash
Electrochemistry Simulator package (MECSim).54,55 It is
especially noteworthy, that by using BIOMEC, a Bayesian
inference and data optimization application developed for

MECSim by Gundry et al., statistical analysis of the extracted
parameters’ values becomes straightforward.56−58

Herein, we review the use of large amplitude FTacV for the
analysis of heterogeneous electrocatalysts and show the wide
range of scientific questions to which it can be applied. The
first section is written to familiarize the readers with the
harmonics generated from FTacV experiments and show how
they are influenced by the cell and input parameters. Next, the
use of FTacV for the analysis of heterogeneous electrocatalysts
will be overviewed. Special focus will be given to investigations
where FTacV was applied to uncover masked redox transitions,
determine the EASD of an electrocatalyst, and extract kinetic
and thermodynamic parameters of charge-transfer reactions.

2. FOURIER-TRANSFORMED ALTERNATING
CURRENT VOLTAMMETRY: A SHORT TUTORIAL

In the most common form of FTacV a sinewave is
superimposed on a potential ramp as illustrated in Figure 1

following eq 2, where E is the applied potential and Ei is the
initial potential. The scan rate, υ, should be low so the dc and
ac time scales do not overlap and is usually given in [V s−1], t is
the time given in [s], |E| is the amplitude given in [V], and ω is
the frequency given in [Rad s−1]. The amplitude (|E| in eq 2,
half the peak-to-peak value) of the sinewave needs to be large
enough to induce substantial nonlinearities in the currents that
arise from charge-transfer reactions as illustrated in Figure 2
where the effect of the applied amplitude on the current is
depicted for the case of a faradaic charge-transfer reaction
described by the Butler−Volmer phenomenological charge-
transfer model.59

= + + | |E t E vt E t( ) sin( )i (2)

Figure 3 illustrates the procedure for extracting the harmonic
components from the total current generated in FTacV
measurements, for the case of a charge-transfer reaction
followed by a chemical step, as an example of an electro-
catalytic reaction. The resulting current undergoes filtering to
discriminate between the current arising from charge-transfer
reactions and the non-faradaic background currents. This is
achieved by converting the experimental raw data, i.e., the total
current (Figure 3a) to the frequency domain via a Fourier
transform (FT) algorithm where individual harmonic

Figure 1. Illustration of the applied potential in an FTacV
measurement versus time. A sinewave potential with an amplitude
of |E| and a frequency of ω is superimposed on a potential ramp Edc =
Ei + vt (eq 2). Reprinted by permission of John Wiley & Sons −
Books from ref 8. Permission conveyed through Copyright Clearance
Center, Inc.
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components are distinguishable. Each harmonic is filtered
using a band-pass filter which nulls the contribution of other
harmonic components. The data is then converted back to the
time domain by applying an inverse FT algorithm (Figure 3b).
2N data points, where N is an integer, in the range of 14−20,
are used to utilize the fast FT algorithm.60

It is illuminating to consider in more detail the response of
the example given above and depicted in Figure 3 for an
electrocatalytic reaction in an FTacV measurement. The
reaction is as follows; in the first step, a faradaic charge-
transfer step occurs,

* + *FO Re (3)

where “*” indicates a surface-confined species, O* and R* are
the oxidized and reduces states of the surface-confined species,
respectively. We omit for convenience the coupled ion-transfer
step that balances the charge.61,62 Following the charge-
transfer step is a chemical step:

* + * +FR A O B (4)

where A and B are the reactant and product of the chemical
step found in solution, respectively. Thus, species A in solution
reacts with the reduced state of the surface-confined species
(R*), forming the oxidized state (O*) which is further reduced
back to R* by a charge-transfer step (eq 3), continuing the
catalytic cycle. The faradaic current due to the electron-transfer
step (eq 3) will be modified by the catalytic reaction described
by eq 4. The response of these reactions to a large-amplitude
potential sinewave superimposed on a potential ramp was
investigated by Zhang and Bond. They presented analytical
solutions for the aperiodic dc and higher harmonic
components for the case where the charge-transfer step (eq
3) is fast and follows the Nernst equation (i.e., thermodynami-
cally reversible).63 Their results showed that the harmonic
components are modified in a manner related to the order of
the harmonic and the rate constant of eq 4. They showed that
when the rate constant of eq 4 is very small, the faradaic
current due to the charge-transfer reaction (eq 3) is fully
resolvable in the third and higher order harmonic components
and is independent of the catalytic current. For catalytic
reactions showing faster kinetics, the magnitude of the current

Figure 2. Illustration of the effect of the amplitude of the sinewave on the generated current. a) Current (i) versus ac potential (E − E0) for the case
of a low amplitude potential sinewave (|E| = 0.002 V). In this case the response is linear with respect to the potential and the generated current is a
single sinewave at the applied frequency as depicted in b), where the applied potential (red) and generated current (blue) are plotted versus time.
c) Current versus ac potential for the case of a large amplitude (|E| = 0.040 V). In this case the response is nonlinear with respect to the potential
and the generated current no longer shows a response resembling a single sinewave as depicted in d), where the applied potential (red) and
generated current (blue) are plotted versus time. The generated current can be represented by a sum of sinewaves each with a frequency at a
multiple of the fundamental (applied) frequency, which are the harmonic components utilized in the FTacV data analysis. The simulation is for the
case of a reversible surface-confined electron-transfer process (O* + e− ⇌ R*) with a reversible potential E0. For more details on the model and
parameters used and other missing features please refer to ref 59. Parameters: frequency f = 10 Hz, scan rate, v = 0 s−1. Reprinted from ref 59 with
permission from Elsevier.
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in the harmonic components increased, with the effect
decreasing with the harmonic order. In contrast, if the
charge-transfer step (eq 3) is very slow, then the current in
third and higher harmonics will be negligible, independently of
the catalytic current.

In summary, if a process that has fast electrode kinetics
overlaps with one having slow electrode kinetics or which
behaves irreversibly because of a slow electron-transfer step
coupled to a fast chemical step, the higher order harmonic
components will essentially only contain information relevant
to the fast process. Since background current based on an ideal
double layer capacitance model is predicted to be devoid of
second and higher order harmonics, the use of the higher order
harmonics accessible in FTacV is often very attractive to
discriminate against overlapping irreversible processes and/or
background current in studies of electrocatalytic processes that
commonly have a reversible or close to reversible underlying
electron transfer reaction as in eq 3.

Next, the influence of the cell and experimental parameters,
i.e., uncompensated resistance (Ru), double layer capacitance
(Cdl), amplitude (|E|), and frequency ( f), on the harmonic
components is qualitatively analyzed below. Note that the
analysis is restricted to a charge-transfer reaction described by

eq 3 without a coupled chemical step. It is vital for any
practitioner wishing to use the technique to simulate a large
range of experiments with a diverse set of parameters to gain
intuition toward the output of the FTacV measurement. This
can be accomplished by experimenting with a program
designed in this work that was specifically developed for
newcomers.64 For a broader range of possible systems to
simulate please refer to the program recently published by
Friedman et al.65,66 which is an easy to use platform for data
analysis as well as simulation using the MECSim software
package. Table 1 summarizes available free of charge resources
for the data analysis of FTacV experiments.

2.1. Uncompensated Resistance. The uncompensated
resistance, arising from the resistance between the working and
reference electrodes, reduces the magnitude of the effective
sinewave amplitude (eq 4).67 This can distort the shape of the
higher harmonics and reduce the absolute magnitude of the
harmonic currents, as well as the relative current magnitude
between the harmonic components.68,69 Slow electron transfer
kinetics has the same effects on the harmonic currents,37

making the independent determination of the uncompensated
resistance highly desirable.70

Figure 3. Schematics of the extraction of the harmonic current from the total current measured during an FTacV measurement of a reversible
surface-confined electron-transfer process (O* + e− ⇌ R*) followed by a catalytic reaction (R* + A ⇌ O* + B), where “*” indicates a surface-
confined catalytic site, O* and R* are the oxidized and reduces states of the surface-confined species, respectively. A and B are the reactant and
product of the chemical step, respectively. a) Raw data from FTacV measurements. i, current; E, voltage. b) Analysis of the data using the Fourier
transform (FT) algorithm, which converts the current from the time domain to the frequency domain where it can be plotted as a power spectrum.
Each band in the power spectrum is a harmonic of the fundamental frequency at an integer multiple of the latter’s frequency. Each harmonic is
selected using a window filter (rectangles in b) while nulling the remaining data. c) Filtered dc current, d) fundamental, e) second, and f) third
harmonics after transformation back to the time domain via the inverse FT algorithm. The harmonic current is plotted versus the DC potential.
Simulated using DigiElch. Parameters: catalyst surface coverage ΓO* = 1 × 10−11 mol cm−2, reversible potential E0 = 0.00 V, electrode area A = 0.10
cm2, rate constant for catalytic reaction kcat = 1000 s−1 M−1, double-layer capacitance Cdl = 5 × 10−6 farad cm−2, frequency f = 10 Hz, amplitude |E|
= 0.080 V, scan rate v = 0.010 V s−1, and temperature T = 298 K. Reprinted with permission from ref 60. Copyright American Chemical Society.

Table 1. Summary of Free of Charge Resources Available for Analysis of FTacV Experiments and Simulations

Resource Name Resource Description Available to download at

Monash ElectroChemistry Simulator (MECSim) Digital simulation software package that can model a large variety of
electrochemical systems and mechanisms

http://www.garethkennedy.net/
MECSim.html

Bayesian Inference and Optimization for the
Monash ElectroChemical Simulator
(BIOMEC)

A platform for automatic parametrization and Bayesian inference of
electrochemical experiments simulated using the MECSim software
package

https://github.com/lukegun/
BIOMEC

Harmonic view (HRview) Software for analysis of FTacV experiments and simulations. Interfaces with
MECSim.

https://github.com/
friedmanariel/HRview?tab=
readme-ov-file

FTacV Surface Confiend Simulation
(FTacV_SC_Simulation)

Software developed for building intuition towards the harmonic components
generated in FTacV experiments

https://github.com/Snitkoff-
Sol/FTacV_SC_Simulation
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2.2. Double Layer Capacitance. In cases of high surface-
area electrodes, large capacitive currents are generated from
the electrode surface charging. The capacitive current adds to
the total current and increases the potential drop due to the
uncompensated resistance according to eqs 5 and 6, indirectly
influencing the magnitude and shape of the higher harmonics
as explained in section 2.1.

= +I t I t I t( ) ( ) ( )f ctot (5)

=E t E t I t R( ) ( ) ( ) ueff tot (6)

In eqs 5 and 6, Itot(t) is the total current in [A], If(t) and
Ic(t) are the faradaic and capacitive currents, respectively, both
in [A]. The applied potential, E(t), is described in eq 2, Eeff(t),
is the effective potential applied to the electrode, both in [V].
Ru is the uncompensated resistance in [Ohm]. Additionally,
the capacitive current may vary over the scanned potential
range,42 generating currents in harmonic components and
interfering with the data analysis. This effect is usually limited
up to the third harmonic, leaving the fourth and higher
harmonic components free of capacitive currents. The effect of
nonlinear capacitance is circumvented by empirically fitting the
fundamental harmonic component to a parametric function
and incorporating the outcome when simulating the experi-
ment.71

2.3. Sinewave Amplitude. The magnitude of the
harmonics is especially influenced by the amplitude of the
applied sinewave. Figure 2 shows the ac current generated
using small (Figure 2a and b) and large (Figure 2c and d)
sinewave amplitudes. The former is clearly sinusoidal while the
latter is more complicated. When performing a FT on a small
amplitude ac current, only a single harmonic component is
needed to obtain this signal (i.e., the fundamental harmonic),
while in the case of a large amplitude, due to the nonlinearity,
multiple sinewaves are needed to reconstruct the signal in the
frequency domain, giving rise to the sought-after harmonic
components. By increasing the amplitude of the sinewave,
higher harmonic components can be generated and larger
harmonic currents are obtained, signal-to-noise ratio.30

However, the capacitive current also increases with the
amplitude,30 and the potential drop increases due to the
increase in the total current, which, as mentioned above will in
turn, lower the harmonic currents and deform their shape.
Thus, the amplitude should be high enough such that the
harmonic components are formed and can be clearly analyzed
but should be as low as possible to reduce uncompensated
resistance effects. Typically, the amplitude is in the range of
80−250 mV. It is noteworthy that in the case where multiple
surface-confined species are present with close reversible redox
potentials, increasing the amplitude reduces the resolution as
the generated currents overlap.72,73

2.4. Sinewave Frequency. The probing time scale of the
measurement is determined by the frequency of the applied
sinewave. For a large amplitude sinewave, the sensitivity to the
kinetics of an electrochemical reaction is influenced by the
magnitude of the frequency. The higher the frequency, the
higher the kinetics that can be determined.69 For example, in
the case of a surface-confined single charge-transfer process
with a relatively slow charge-transfer rate, low frequency
measurements would suffice for the unambiguous determi-
nation of the rate constant. In contrast, in the case that the
reaction rate is fast, high frequencies are needed.69 Hence, if

the frequency will be too low, only a lower bound for the value
of the rate constant can be determined.29,74

An additional implication of increasing the frequency is the
rise of nonidealities. Kinetic dispersion, where the rate of the
charge-transfer reaction diverges between surface-confined
species,75 is of paramount importance and arises often in
surface-confined voltammetry. For example, in the case of
heterogeneous electrocatalysis where the reactant is in solution
and the catalyst is confined to the surface, increasing the
sinewave frequency may cause a decrease in the overlap
between diffusion layers of reactants in solution,76 which will
enhance the effect of kinetic dispersion. This point is
important for analysis of electrocatalysis as the kinetic
parameters extracted in the opposite case, i.e., low frequency
measurements, are always averaged out over the whole surface
as the diffusion layers of the reacting species overlap. In cases
where no catalysis occurs, at sufficiently low frequencies such
that the faradaic reaction is near the reversible limit, the
number of active-sites can be determined as well as other cell
parameters.77 The harmonic current is proportional to the
number of accessible electroactive species, but it cannot be
determined without simulations from measurements at
frequencies where the kinetics and the uncompensated
resistance have a large impact on the magnitude of the current
in the higher harmonics.

Beyond the ideal case of the surface-confined species
considered above, it is noteworthy to mention that there are
several interesting phenomena that influence the current’s
magnitude and shape of the harmonic components. Surface-
confined species may interact and show a non-Langmuirian
adsorption isotherm. This will cause changes in the harmonic
current similar to the broadening/narrowing of the redox
reaction peaks in dcV. Another interesting phenomenon occurs
when similar active sites reside in different environments on
the surface, affecting the kinetics and the thermodynamics of
the reaction. The effect of kinetic and thermodynamic
dispersion on the harmonic components has been thoroughly
investigated and experimentally determined for electroactive
surface-confined enzymes.78,79 It was found that the relative
current magnitude between the harmonic components
changed considerably, with the effect increasing with harmonic
order.75 This effect is important for electrocatalysis, as both of
the above phenomena impact the catalysis, as the elementary
steps are related via scaling relations between various adsorbed
species,11 and thus measuring and accounting for these effects
is crucial for fundamental understanding of the catalysis.

3. ANALYSIS OF ELECTROCATALYSTS USING FTACV
This section highlights the use of FTacV in unravelling
electrochemical processes, determining the EASD, and
quantifying intrinsic properties of catalytic reactions, as well
as determining kinetically relevant parameters and processes.
This review adds an additional perspective on the use of the
FTacV technique for analysis of electrocatalysts. For additional
aspects and applications of FTacV, there are several highly
recommended review articles available in the litera-
ture.25,27,54,60,80−82

3.1. Uncovering Faradaic Processes Not Visible under
dc Voltammetry. The ability of FTacV to discriminate
between processes with differences in kinetics or linearity of
response can be utilized to uncover faradaic processes not
visible when using dcV measurements.63 By varying the
frequency of the applied sinewave, different processes can be
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separated and quantified.69,77,83,84 Adamson et al.28 showed the
importance of increasing the frequency in order to discriminate
between the faradaic charge-transfer process of surface-
confined electrocatalysts and the catalytic current generated
in the presence of reactants. They tuned the hydrogen
evolution reaction (HER) electrocatalytic activity of NiFe-
hydrogenase enzymes by influencing the secondary coordina-
tion sphere of the outermost distal [Fe4S4]2+/+ electron entry/

exit site which transfers electrons between the surface of the
protein and the bimetallic NiFe active site. At a sinewave
frequency of 9 Hz, the separation between the catalytic and
noncatalytic current was not fully clear, and only when
increasing the frequency to 144 Hz was a clear noncatalytic
harmonic current obtained from the faradaic charge-transfer
reaction to the active site. This enabled the authors to extract

Figure 4. Uncovering faradaic processes not visible by dc voltammetry in CO2RR catalysts. a) dc and b) ac voltammograms obtained in 0.5 M
NaHCO3 aqueous electrolyte using a Sn(SnOx)-modified GC electrode and a bare GC electrode in the presence of CO2 and N2. a) dc
voltammogram showing the onset of the CO2RR. b) Fifth harmonic component extracted from FTacV measurements showing the detection of a
faradaic processes under CO2 turnover conditions. c) Fifth harmonic component extracted from FTacV measurements during CO2RR on a
Sn(SnOx)-modifed GC electrode with the concentration of CO2, decreasing from top (CO2 saturated solution) to bottom (N2 saturated solution).
Reprinted with permission from ref 32. Copyright American Chemical Society. d) Tafel plots and slopes for electrolysis data obtained with Bi plate
(black squares) Cu foam@Bi (blue triangles), and Cu foam@BiNW (red dots) electrodes. e) Fourth harmonic component extracted from FTacV
measurements obtained under CO2RR turnover conditions from Cu foam@BiNW (top, red), Cu foam@Bi (middle, blue), and Bi (bottom, black)
electrodes. Reprinted by permission of the Royal Society of Chemistry from ref 85. Permission conveyed through Copyright Clearance Center, Inc.
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the EASD and the TOF, which were later used for activity
comparison between different electrocatalysts.

FTacV has been extensivity applied to other electrocatalytic
systems as well. Zhang et al.32 utilized the high sensitivity of
the higher harmonics to probe the mechanism of the CO2RR
on a tin-oxide electrocatalyst. Their results show that under a
CO2 atmosphere two charge-transfer processes emerge in the
higher-order harmonic components, that were not observed
under an inert atmosphere (N2) nor under dcV conditions
(Figure 4a and b). The relation between the faradaic processes
in the harmonics and the presence of CO2 was further
confirmed by CO2 concentration dependent FTacV measure-
ments, that showed a reduction in the harmonic current as the
CO2 concentration was reduced (Figure 4c). The difference in
the rate of change in the harmonic current between the two
processes, as the CO2 concentration changed, led to the
conclusion that one process is due to CO2 and the other to the
formation of H2CO3 with both being adsorbed on the surface
of the electrode. By systematically analyzing the obtained
results, they concluded that the faradaic current is due to an
inner-sphere electron-transfer step to the adsorbed CO2, and
that the rate determining step is the protonation of the reduced
CO2 radical. A similar rate determining step was found by
Zhang et al.,50 when analyzing the CO2RR catalyzed by a
bismuth subcarbonate electrode using FTacV. In a follow up
work, the same group synthesized lattice-dislocated bismuth
nanowires grown on a copper foam as an electrocatalyst for the
CO2RR (Figure 4 d and e).85 By employing FTacV to analyze
and compare the reaction kinetics with different electro-
catalysts, it was shown that the rate determining step changes
from the protonation of the reduced adsorbed CO2

.− radical, as

is in the case of bismuth metal electrodes, to the reduction of
the protonated species when the lattice-dislocated bismuth
nanowire is used as a catalyst.

FTacV has been used to experimentally measure and
estimate the potentials at which electrochemical transitions
occur during catalytic reactions, an important and under-
utilized ability of such measurements which can be used to
compare theoretical calculations of adsorption energies of
intermediates with experimentally determined ones.10,48,86−89

For example, Guo et al.,90 investigated the OER electro-
catalytic activity of a graphene-cobalt nanocomposite catalyst
electrodeposited on an electrode in alkaline media (pH = 14).
By conducting FTacV measurements they were able to
distinguish between three faradaic processes at different
potentials, one of which has not been detectable under dc
conditions in earlier investigations due to the high catalytic
current occurring at the relevant potentials (Figure 5a).

FTacV has also been used to follow changes and emergences
of new processes occurring over the course of the lifetime of
catalysts. Liu et al.,91 showed an appearance of a faradaic
process during the aging of the Ni(OH)2 catalyst they
synthesized for the OER catalysis. They developed a method
for the electrodeposition of cobalt and nickel to form
nanostructures with the assistance of the Lindqvist ion,
[Nb6O19]8−, and applied the synthesized materials as catalysts
for OER electrocatalysis in alkaline media (pH = 14). It was
shown that for the Co(OH)2 catalyst three processes are seen,
similar to what has been found in an earlier work by Guo et
al.,90 while for the Ni(OH)2 catalyst no processes are seen
beyond what is visible from dcV measurements (Figure 5b and
c). Interestingly, it was found that an additional oxidation

Figure 5. Uncovering faradaic processes not visible under dc voltammetry in OER catalysts. a) Third, fourth, and fifth harmonic components
extracted from FTacV measurements obtained with a graphene cobalt nanocomposite modified electrode in aqueous 1 M NaOH electrolyte
showing three faradaic processes. Reprinted by permission of the Royal Society of Chemistry from ref 90. Permission conveyed through Copyright
Clearance Center, Inc. b) Dc and c) ac voltammograms obtained from a Ni−Nb modified GC electrode showing changes to the activity and redox
properties of the catalysts over time with an emergence of a new redox process as the activity increases. Reprinted with permission from ref 91.
Copyright American Chemical Society.
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processes emerges after aging the Ni(OH)2. This process is not
visible in the dcV measurements. The increase in the current of
this newly detected process occurs concurrently with a
decrease in the harmonic current of the faradaic process seen
with the pristine catalyst, and an increase in the catalytic
current, which led to the conclusion that the observed redox
process is the new formed phase of β-NiOOH, which is more
active than the γ-NiOOH phase present in the pristine catalyst.
In summary, FTacV can unravel faradaic processes that cannot
be detected using traditional dcV measurements.

3.2. Determination of the EASD. As mentioned in the
introduction, the intrinsic activity of a catalyst can be assessed
by its TOF, which is determined from the kinetic current and
EASD. In cases where a redox transition occurs and is directly
related to the active sites, e.g., hydrogen underpotential
deposition on Pt, the integrated charge under the redox
peaks can be used to determine the EASD. However, in many
systems, the redox transition peaks may be small or even
undetectable in dcV due to high capacitance or a catalytic
current that masks the redox transition. To address this
challenge, Zhang et al.,92 utilized FTacV to extract the number
of electroactive sites masked by the catalytic current of the
HER. They anchored an oxomolybdate on copper foam, which
exhibits HER activity over a large pH range, and used FTacV
to probe the redox transition of the Mo4+/3+ and Mo3+/2+

processes. The latter transition is crucial for the HER activity
and coincides with the onset of the HER. By comparing their
results with simulations, they estimated the surface coverage of
active sites and extracted the TOF of the catalytic reaction.
Similarly, Snitkoff-Sol et al.,45 employed FTacV to discriminate
the faradaic current from non-faradaic background currents to
measure the EASD of an ORR platinum-group metal-free
catalyst in situ during fuel-cell testing (Figure 6) by comparing
the harmonic components to simulations. They demonstrated
that it is possible to determine EASD during stability tests
using FTacV and enabled the monitoring of changes in the
number of active sites and TOF over time.

3.3. Determination of Reaction Parameters of the
Redox Reaction of the Surface Confined Species. The
quantification and analysis of the kinetic and thermodynamic
parameters of active-sites in surface-confined catalysts is crucial
for understating catalytic activity.93 Zouraris et al.94 developed
a methodology that employs theoretical calculations to provide
an initial estimate of the rate constant for an electron-transfer
reaction to surface-confined species. By conducting multiple
FTacV measurements at different frequencies and identifying

the range where the reaction exhibits quasi-reversibility, one
can extract an estimate of the rate constant from a simulated
plot of peak current vs the normalized rate constant (Figure
7a). Zouraris et al.95 used this methodology to estimate the
rate constant of a redox enzyme, lytic polysaccharide
monooxygenase, that was immobilized on an electrode. This
study demonstrated that this methodology is applicable for the
initial estimation of the kinetic parameters of redox reactions.

3.4. Determination of Kinetic and Thermodynamic
Parameters of the Catalytic Reaction. Understanding the
reaction mechanism of catalytic reactions is crucial to the
development of better catalysts. Voltammetry-based methods
have a strong record of successes in revealing catalytic
mechanisms.88,96−101 The use of the higher-order harmonic
components extracted from FTacV measurements for the
analysis of catalytic reactions has many advantages, such as the
high discrimination between linear and nonlinear processes,
and the tunability of the probing time scale. The high
sensitivity of the harmonics to changes in the kinetics increases
the identifiability of parameters and facilitates data analysis,70

making the FTacV technique especially suitable for integrating
microkinetic models and comparing the experimental harmon-
ic components to simulated ones. For example, Bonke et al.,48

employed FTacV with a simplified microkinetic model for the
OER to quantitively analyze the catalytic activity of CoOx,
MnOx, and NiOx electrocatalysts in 0.1 M borate buffer (pH =
9.2). They systematically varied the surface coverage of the
three catalysts, and by extensively analyzing the higher
harmonics extracted from FTacV measurements, they
determined the underlying faradaic charge-transfer processes
that control the rate of the OER with these catalysts for the
first time (Figure 7b). Their methodology, i.e., using a
microkinetic model and comparing the simulated harmonics
to experimental ones to extract kinetic parameters, can be used
to compare catalysts and to understand the nature of possible
differences in activity that may be too subtle to be discerned
from dcV measurements. The sensitivity of the higher
harmonics of the FTacV measurements can be utilized and
compared with detailed microkinetic models and may enable
the quantification of adsorption energies which are currently
mostly available through quantum mechanical calculations. It is
noteworthy that in a later work, King et al.,102 used the redox
potentials found for the different faradaic processes in the
FTacV measurements to guide in situ X-ray absorption
measurements of the OER on CoOx catalysts. Their results
confirm the estimated magnitudes of the rate constants found

Figure 6. a) In situ FTacV measurements conducted during fuel-cell stability tests were used to extract the electrochemical active site density
(EASD). b) EASD plotted versus time. c) The current density at 0.8 V extracted from IV measurements and the EASD found from the FTacV can
be used to find the average TOF. Reproduced with permission from ref 45.
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in the work of Bonke et al.48 highlighting the importance of
such endeavors. Vodeb et al. followed a similar methodology
and gained valuable insights on the catalysis of OER in acidic
media with precious metal catalysts.103 They compared
between different Ir-based catalysts, probing the kinetic and
thermodynamic reaction parameters by comparing the higher
harmonic components to a detailed microkinetic model

enabling them to draw mechanistic conclusions on the
differences in activity between the catalysts. Recently, Snitk-
off-Sol et al. investigated the ORR with a PGM-free catalyst.104

They extracted relevant reaction parameters by taking
advantage of the high kinetic sensitivity of the harmonic
components generated from FTacV measurements conducted
over a range of frequencies (Figure 7c). The reaction

Figure 7. Determination of kinetic and thermodynamic parameters. a) Methodology for determining thermodynamic and kinetic parameters of a
surface-confined redox species: Top, third harmonic components extracted from FTacV simulations for different frequencies (f) to determine the
reversible potential (E0) and principal peak current (Ip). The y-axis is the current divided by frequency and the x-axis is given by time multiplied by
the frequency. Middle, shift of the potential of the principal peak for the determination of the transfer coefficient. The y-axis is the peak potential of
the principal peaks versus the reversible potential and the x-axis is minus the logarithm of the frequency. Bottom, dependence of the normalized
principal peak height on the ratio of the heterogeneous rate constant (k0) to the frequency to estimate k°. The y-axis is the peak current of the third
harmonic simulated with a specific heterogeneous rate constant normalized to the peak current of the reversible case and the x-axis is the logarithm
of the ratio of the heterogeneous rate constant and applied frequency. Reprinted from ref 94 with permission from Elsevier. b) Comparison of
experimental (orange) and simulated FTacV data for OER catalyzed by CoOx catalysts. Reprinted with permission from ref 48. Copyright
American Chemical Society. c) Scheme of the reaction parameters found for the proposed reaction mechanism of the ORR on an iron-
phthalocyanine PGM-free catalysts. The harmonic currents depicted in the middle of the scheme are the fifth harmonic components measured at a
frequency of 0.98 Hz in the presence (red) and absence (black) of O2. Reproduced with permission from ref 104.
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parameters were found by comparing the harmonics to a
detailed microkinetic model and then were used to simulate
steady-state experiments which are much less sensitive to the
reaction parameters in the model compared to FTacV
measurements, strengthening the validity of the drawn
mechanistic conclusions.

4. CONCLUSIONS AND OUTLOOK
As the applications of electrocatalysis broaden toward new\old
domains such as electrification of the chemical industry, the
need for accurate, quantitative, and sensitive measures of the
underlaying mechanisms and roots of the catalytic activity
becomes acute. Although FTacV is well-established as a highly
sensitive electroanalytical technique, it is not yet widespread in
the electrocatalysis community. In this review we have
highlighted the exciting and unparalleled insights available
from the use of FTacV in the analysis of electrocatalytic
reactions. While more traditional techniques for analysis of
electrocatalysis, such as dcV, electrochemical impedance
spectroscopy, and steady-state rotating-disc (ring)- electrodes
are indispensable for catalytic activity analyses, the high kinetic
sensitivity of the harmonic components makes FTacV an
additional, highly suitable technique for fundamental mecha-
nistic investigations. Going forward, statistical analysis of the
reaction parameters extracted via model-experiment compair-
son of FTacV measurements will enable estimating inherent
errors in the models, providing insights into the extracted
parameters. This may eventually lead to the development and
application of hypothesis testing methods in the field of
electrocatalysis, where competing models are compared using
the tools of Bayesian inference, as well as the use of optimal
experimental designs to increase the validity of mechanistic
insights.
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