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Cyclic voltammetry
As an introduction into cyclic voltammetry, I would like to quote Molina et al.1 
in Recent Advances in Voltammetry: “Voltammetric measurements are easily (and 
cheaply!) carried out, and data rapidly accumulated. However, interpretation of the 
latter is often challenging, even to the well initiated especially if quantitative in-
formation is sought. In particular, until relatively recently, data analysis required 
the use of analytical equations confined by mathematical necessity to ‘model’ (or 
‘toy’) systems under well-defined conditions of transport, electrode kinetics, and 
mechanism. As such, the area was often limited to the study of experimental sys-
tems which were amenable to data analysis rather than being driven by the phys-
ico-chemical interest of the system. The switch from this to real systems has been 
triggered by the ability to accurately simulate the voltammetric problems dictated 
and driven by chemistry rather than constrained by what is theoretically possible.”

Most of the information in the first section of this chapter can be found in the 
standard text book on electrochemistry Electrochemical Methods – Fundamentals and 
Applications by Bard and Faulkner.2

Potentials and orbital energies

In analytical electrochemistry, a mo-
lecular orbital (MO) is probed with an 
electrical potential. Physically speak-
ing, MO energies can be reported 
versus vacuum in kcal/mol or kJ/mol. 
An electrical potential is very similar, 
although generally reported in volts 
versus a certain reference potential. 
The latter is done because the vacuum 
level is experimentally not well-ac-
cessible and potentials only exist as a 
difference (i.e. they’re not absolute; Fig-
ure 1). MO energies can be converted 
to electronvolts using a simple con-
version factor: 23 kcal/mol = 96 kJ/mol 
= 1 eV. Since we are concerned about 
the energy of single electrons, we sim-

Figure 1. Simplified scheme relating molecu-
lar orbitals to redox potentials.
Energies/potentials versus vacuum (EA = elec-
tron affinity; IE = ionization energy) and en-
ergies/potentials versus a reference molecule.
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ply use V instead of eV. An often confusing factor in electrochemical analysis is the 
use of different reference potentials (standard potentials of redox couples), such as 
NHE/SHE/RHE, SCE, Ag/Ag+ and Fc/Fc+, which are used because they are experi-
mentally well-accessible, stable and reproducible.

Electrochemical cell set-up

A minimal electrochemical set-up for conducting cyclic voltammetry consists of 
three electrodes: working, reference and counter. The electrochemical double layer 
at the working electrode is the ‘crime scene of electrochemistry’ (dixit Savéant) 
and all electrochemistry of interest happens in this small part of the solution – 
the remainder of the solution remains unaltered, and its functions to replenish 
the double layer with fresh analyte after a voltammetric scan. The reference elec-
trode determines the potential of the bulk solution and all potentials applied to 
the working electrode are referenced versus this reference potential. In practice, 
electrochemists often measure their molecule of interest against this reference elec-
trode, then measure a reference molecule (e.g. ferrocene) against this reference elec-
trode, and ultimately report the potentials of interest versus the reference molecule. 
The IUPAC standard recommends using the ferrocene/ferrocenium couple as the 
universal reference potential. The function of the counter electrode is to do whatev-
er needs to be done (any voltage, any current) to keep up with the redox chemistry 
at the working electrode. Solutions for cyclic voltammetry contain the molecule of 
interest (generally at around 1.0 mM concentrations) and electrolyte (at around 0.1 
M concentration) to minimize migration of charged species and to minimize solu-
tion resistance (vide supra).

Nernst equilibrium and fast electron transfer

The Nernst equilibrium is at the heart of every electrochemical system and thus 
at the heart of every electrochemical experiment. Considering a redox couple O + 
ne– ↔ R, it describes the relationship between the concentration of reduced [R] and 
oxidized [O] species with an electrochemical potential via:

E E RT
nF

O
R

= +0 ln [ ]
[ ]

Consider the redox couple O/R with a formal potential E0 = 0 V. A cyclic voltam-
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mogram is recorded by applying a linear voltage ramp to the working electrode 
(relative to the reference electrode). Near the working electrode a potential gradient 
develops and redox-active species will distribute according to the Nernst equation. 
In the case of infinitely fast diffusion and infinitely fast electron transfer, the cur-
rent response is simply the first derivative of the species distribution (Figure 2A),I 
since for every molecule that is oxizided/reduced one electron flows toward/away 
from the electrode surface, and therefore I(t) scales linearly with ∂[O]/∂t. In the 
more practical case where diffusion is not infinitely fast, species in bulk solution 
cannot attain the Nernst equilibrium fast enough and the resulting (diffusion-lim-
ited) cyclic voltammogram appears (Figure 2B). It can thus be seen that the typical 
shape of a cyclic voltammogram can be explained by an electrode potential that 
changes linearly with time, with species diffusing towards and away from the elec-
trode while maintaining a Nernstian distribution.

I  Cyclic voltammograms were historically represented with negative potentials to 
the right and cathodic currents were taken as positive, since early polarographic studies 
were mainly concerned with reduction chemistry. This potential axis convention is followed 
throughout the thesis, although cathodic currents are defined as negative currents accord-
ing to IUPAC standards.

Figure 2. The Nernst equilibrium and diffusion limitations during CV.
Simulated cyclic voltammograms and species concentration near the working electrode at 
(A) infinitely fast diffusion rate (arbitrary current) and (B) with diffusion constants DO = DR 
= 10–5 cm2/s for a Nernstian redox couple O/R with properties E0 = 0 V, α = 0.5, k0 = 1 cm/s, 
A = 1 cm2, ν = 1 V/s, [O] = 10–3 mol/L.
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Slow electron transfer

In cases where electron transfer from the electrode to the redox-active species (with 
standard heterogeneous rate constant k0) becomes slow enough to interfere with at-
taining the Nernst equilibrium, the cyclic voltammograms become skewed (Figure 
3). This phenomenon is called (electrochemical) reversibility and is completely un-
related to the (chemical) reversibility of the event. Fully reversible systems (Nerns-
tian redox couples) have – by definition! – a fast heterogeneous rate constant (k0 > 
0.3 ν1/2 cm/s; ν is scan rate in V/s), whereas fully irreversible systems (CVs showing 
no redox-activity in the return wave) have k0 < 2∙10–5 ν1/2 cm/s. The intermediate 
case is dubbed quasi-reversible. The reversibility of a system can be influenced by 
changing the scan rate, and an irreversible system can sometimes be forced into 
a (quasi-)reversible system by raising the scan rate (rates of up to 106 V/s can be 
attained with commercial potentiostats). This immediately implies that the revers-
ibility of a redox couple is not so much an inherent property of the redox couple, 
but merely a visual observation imposed by the constraints of the hardware used 
(potentiostat, electrode system).

Difficulties in the interpretation of cyclic voltammetry

When performing cyclic voltammetry, voltammograms with a shape similar to the 
one in Figure 3B are often encountered. From these CVs, peak potentials are some-
times determined and used as an estimate for the formal potential of the redox 
couple. Since the voltammogram in Figure 3B shows a redox couple with E0 = 0 

Figure 3. The effect of slow electron transfer on cyclic voltammograms.
Simulated cyclic voltammograms and species concentration near the working electrode for 
(A) quasi-reversible (k0 = 10–3 cm/s) and (B) irreversible (k0 = 10–6 cm/s) redox couple O/R.
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V whereas Ep,c = –0.51 V, a large error 
is easily introduced. Moreover, the ‘ir-
reversible shape’ of this voltammogram 
can also be due to chemical follow-up 
reactions (vide supra), leading to a vol-
tammogram with its peak potential 
shifting positively instead of negative-
ly (Figure 4). Care should thus be tak-
en when voltammograms deviate from 
the reversible case, and proper analyses 
should be undertaken to assure that the 
conclusions are indeed close to reality.

A more curious – but not rare – case 
is when seemingly similar voltammo-
grams are the result of radically differ-
ent phenomena. The voltammograms 
in Figure 5 show three different redox 
mechanisms with and without chemical 
follow-up reactions. The solid line indi-
cates the fully reversible (Nernstian) redox couple O/R as discussed before. The 
dashed and dotted lines both start with the same redox couple, but differ in the 
follow-up chemistry.

At a moderate scan rate of 1 V/s, both voltammograms look more or less similar 
(Figure 5A). The dotted line looks like a ‘quasi-reversible wave followed by an irre-
versible wave.’ The dashed line might even look like a ‘two-electron wave followed 
by a one-electron, irreversible wave.’ In reality, the dashed line shows a two-elec-
tron process with potential inversion – the second reduction is thermodynamically 
easier than the first – with the first redox process reversible and the second one 

Figure 4. ‘Irreversible’ CVs without an-
odic reoxidation wave.
(A) Simulated cyclic voltammograms 
for the redox couple O/R in the case of 
(solid) reversible and (dashed) irrevers-
ible system, and (dotted) the reversible 
system with a fast (103 s–1) and (chem-
ically) irreversible follow-up reaction.

Table 1. Redox and chemical equations for the CVs in Figure 5.

Processes Mechanism 1 (dashed) Mechanism 2 (dotted)

O + e– ↔ R 0 V (reversible) 0 V (reversible)

R + e– ↔ S +0.2 V (irreversible) –0.3 V (reversible)

S → T 100 s–1 -

inverted potential ordering normal potential ordering
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irreversible – a kinetic limitation! When changing the scan rate to 100 V/s it be-
comes intuitively clear what happens at the dotted line, but not at the dashed line. 
From these examples it follows that interpretation of cyclic voltammetric data ne-
cessitates proper analytical techniques.

Non-idealities arising from electrode capacitance and 
solution resistance

The ideal systems described in the previous section are often influenced by non-ide-
al system properties. An electrochemical cell can be well-described by a simple 
electrical circuit, where the ideal behavior (belonging to redox events) is described 
with a so-called Faradaic impedance Zf. However, the nature of the electrode and 
the electrochemical double layer can create a stray capacitance parallel to the Far-
adaic impedance. The effect of this double layer capacitance Cdl on the shape of a 
cyclic voltammogram is mainly visible in the baseline, which is raised by a factor 
Vbaseline = Cdlν, and is therefore of not much influence in the analysis of cyclic vol-
tammetric data. In practice, a large double layer capacitance is often observed at 
glassy carbon working electrodes.

The solution resistance depends on the nature of the electrodes, the solvent and 
the electrolyte, and it can be either very high or virtually absent. When cyclic 
voltammetry is used merely to abstract redox potentials from Nernstian redox cou-
ples close to the reference potential the effect is not so dramatic, since both anodic 

Figure 5. Similar CVs might be the result of different mechanisms.
Simulated cyclic voltammograms for the mechanisms in Table 1 at (A) 1 V/s and (B) 100 V/s.
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and cathodic waves are affected similarly. However, when studying more intricate 
systems e.g. by peak potential analysis (vide supra), it becomes clear that the de-
termination of accurate peak potentials is seriously hampered by uncompensated 
solution resistance. For this reason, most potentiostats are equipped with hardware 
feedback to compensate for solution resistance. In most cases it is possible to com-
pensate for more than 95% of solution resistance, yielding peak potentials that are 
within the error of measurement (typically 5 mV). Complete compensation (zero 
damping) is inherently impossible.

Mechanistic analysis

When trying to unravel a (catalytic) mechanism by cyclic voltammetry, often a 
complex puzzle has to be solved. Therefore, experiments have to be chosen with 
care and data treated systematically. More complex systems require more iterative 
procedures. That is, after experiments and data analysis, conclusions often have to 
be reevaluated by more experiments. From all available information in literature, 
a set of possible mechanisms can be compiled, which can then be systematically 
ruled out by experiment and simulation. Then, suitable experimental parameters 
can be varied in order to acquire information on the system. In general, the applied 

Figure 6. Effect of non-idealities and their compensation on CV.
(A) Analogous electrical circuit for a non-ideal electrochemical cell. (B) Simulated cyclic 
voltammograms for the redox couple O/R in the case of (solid) an ideal system, (dotted) a 
system with double layer capacitance Cdl = 100 μF and solution resistance Ru = 100 Ω, and 
(dashed) a system with 95% compensated solution resistance (Ru = 5 Ω).
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Figure 7. Stepwise analysis of electrocatalytic mechanisms.

Table 2. Influence of scan rate and concentrations on CV.

Influence Notes

Scan rate

The rate of heterogeneous charge 
transfer

Lower scan rates lead to more 
reversible systems

The relative rate between heteroge-
neous charge transfer and homo-
geneous reactions (both inter- and 
intramolecular)

Higher scan rates decreases the 
influence of follow-up reactions 
and thus lead to more ‘reversible’ 
systems

Analyte con-
centration

The reaction rate of bimolecular 
reactions

Analyte is e.g. a catalyst

Substrate 
concentration

The reaction rate of coupled (inter-
molecular) homogeneous reactions

Substrate is a molecule to be acti-
vated, e.g. by a catalyst
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logic is similar to the logic applied in kinetic analysis of homogeneous catalytic 
systems, and trends can be found by changing the parameter that has most influ-
ence on the property to be influenced.

In the actual experiments, individual behavior should be isolated as much as possi-
ble. For instance if there are multiple sequential waves, each wave can be analyzed 
separately, gaining information of the processes occurring at each wave. In the 
case of proton reduction where a pre-wave is followed with a catalytic wave, the 
pre-wave can first be studied in absence of acid. In presence of acid, the pre-wave 
can then be studied using the data obtained from the study in absence of acid. Then 
the catalytic wave can be studied, e.g. through simulation, by using all available 
information. Figure 7 shows a simplified scheme for the stepwise analysis of the 
catalytic response of a system under study.

Redox processes in absence of substrate

The elucidation of redox processes by proper analysis is well-summarized in the 
standard work Electrochemical Methods – Fundamentals and Applications by Bard and 
Faulkner (chapters 6 and 12).2 Through a scan rate and concentration dependent 
study, including digital simulation if necessary, it is generally possible to elucidate 
most common redox processes. Good reviews on (multi-)electron transfer processes 
were published by Evans, giving an overview of the possibilities and shortcomings 
of the available analysis techniques.3,4

Coupled homogeneous reactions

The reactivity of reduced or oxidized compounds with a substrate in solution can 
be studied systematically using cyclic voltammetry. In the 1960’s, a wide variety of 
mechanisms was studied theoretically, and analysis methods to determine which 
processes are occurring in solution have been thoroughly described in literature 
with the general theory for EC and CE mechanisms summarized by Savéant in 
1967.5 In the early 1980’s, Parker published a series of articles on qualitative mech-
anism analysis in linear sweep voltammetry (which is also applicable to cyclic vol-
tammetry), serving as a good starting point for the elucidation of electrode pro-
cesses.6,7 However, after these techniques were described, interest in electrocatalysis 
seems to have dropped to a minimum until the rise of sustainable small-molecule 
chemistry such as proton reduction and carbon dioxide reduction. In recent years, 
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these analysis techniques are resurfacing, with two papers describing peak poten-
tial analysis to elucidate competing proton reduction pathways for the Ni(PNPN)2 
catalyst system8,9 and one using similar analytical techniques to elucidate the cata-
lytic behavior of a Ni(aryldithiolene)2 proton reduction catalyst.10

Kinetic zones and zone diagrams

To study a (catalytic) redox system, it has to be known which kinetic zone the 
system is operating in. When put in catalysis terms, this question becomes: what 
is the rate-determining step (electron transfer or homogeneous reactions). Inher-
ent properties such as the mechanism and corresponding rate constants generally 
cannot be changed in a straightforward manner, whereas the system can be forced 
to operate in a different kinetic zone by changing either scan rate, analyte and/
or substrate concentration. The latter is often necessary, since analysis techniques 
have been developed for certain mechanisms given the kinetic zone, mostly those 
where homogeneous reactions are ‘rate determining’. For some zones, analysis is 
too complex to be useful, but often a system can be forced into a kinetic zone where 
analysis becomes straightforward.

Peak potential analysis

The main analytical technique to elucidate simultaneous electrode and solution 
processes is peak potential analysis. Since this method draws heavily on accurate 

Figure 8. Simulation of the EC mechanism.
Simulated voltammograms of a reversible redox couple (parameters as in Figure 2) followed 
by a homogeneous reaction with h molecules of substrate H. (A) Response at increasing 
amounts of substrate. (B) Response at different scan rates (10 equivalents of substrate).
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determination of peak potentials, it is mandatory that solution resistance is kept 
to a minimum and/or is properly compensated for (vide infra). Figure 8 visualizes 
the effect that a coupled homogeneous reaction can have on the appearance of a 
voltammogram. This so-called EC system is a (electrochemically) reversible redox 
couple (E) followed by a fast and (chemically) irreversible reaction (C) in solution 
with a substrate that can be added in known amounts. From the voltammograms 
it can be seen that the peak potential changes linearly with the logarithm of the 
parameter value (scan rate or concentrations). Therefore, when conducting the ex-
periments, it is advised to change the parameters logarithmically.

The properties of the O/R redox couple are well-known, i.e. they have first been 
accurately determined by cyclic voltammetric investigation by studying the current 
response in absence of substrate. Using peak potential analysis the forward rate 
constant and the order in substrate of the homogeneous follow-up reaction can 
be determined. From the cyclic voltammograms depicted in Figure 8, the cathodic 
peak potentials Ep,c can be extracted. Plotting these versus the logarithm of both 
substrate concentration and scan rate, visualizes their dependence (Figure 9). The 
substrate concentration dependence (Figure 9A) shows that at high concentrations 
the peak potential scales linearly with ln(ν), moving to a concentration-independent 
regime at low concentrations. This apparent switch in behavior arises from moving 
from a so-called kinetic zone (K) to a diffusion zone (D). In the K zone, the homo-
geneous reaction kinetics dominate the observed behavior, whereas in the D zone, 
heterogeneous transfer (and therefore diffusion, when the redox couple is revers-
ible) is the main contributor to the current response. Therefore, when determining 
the influence of substrate concentration on peak potential, only the right-most data 

Figure 9. Peak potential analysis.
Cathodic peak potential analysis of the voltammograms in Figure 8, depicting the kinetic 
regions (K). (A) Peak potential versus scan rate at various substrate concentrations. (B) Peak 
potential versus substrate concentration at various scan rates.
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points (K) in Figure 9B can be used.

To get a more in-depth understanding of the kinetic zones when studying e.g. an 
EC mechanism, it is most intuitive to look at the corresponding zone diagram (Fig-
ure 10). On the y-axis the equilibrium constant for the follow-up reaction K is plot-
ted, whereas on the x-axis the competition between heterogeneous charge transfer 
ν and the homogeneous forward rate constant k is shown, combined in the kinetic 
competition parameter λ = RT/F ⋅ k/ν. Counter-intuitively, it should be noted that 
the reaction constant k is in this case the sum of the forward and backward rate 
constant: k = kf + kb with K = kf / kb. In the zone diagram, two extreme zones can 
be identified: (1) the diffusion zone (DO and DE) where the follow-up reaction does 
not influence the shape of the voltammogram and (2) the kinetic zone KP where the 
follow-up reaction completely determines the shape of the voltammogram. To force 
the system into the KP zone, either (a) the scan rate can be changed to move over 
the x-axis exclusively or (b) the substrate concentration can be changed to move 
over the x-axis (through k) and the y-axis (through K) simultaneously.

The reaction order approach (published by Parker in the 80’s) is useful for deter-
mining the order in reactants for the chemical follow-up reaction. For (single) elec-
tron transfer followed by a homogeneous reaction (involving r molecules of R and 
h molecules of H; Figure 10), the following relationship holds (but only in the KP 
zone!) which gives a value of 12.9 mV for r = 1 at standard conditions:

Figure 10. Kinetic zone diagram for an EC reaction mechanism.11

The zone designations (e.g. DE) stem from the original articles which were written in French, 
and are replicated here for sake of consistency.



Chapter 2

— 42 —

∂

∂
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E RT
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1

This means that a scan rate dependent acquisition of voltammograms allows for 
the determination of the order in catalyst in the follow-up reaction. For the voltam-
mograms in Figure 8 with their peak potential variation in Figure 9, the variation 
with scan rate ∂Ep,c/∂lnν is 14 to 15 mV in the KP zone, and it follows that in this 
case the follow-up reaction is first order in R (r = 1). Similarly, the peak potential 
variation with substrate concentration gives the reaction order h in substrate H via:

∂

∂
⋅
∂

∂
=

E
H

E
hp c p c, ,

ln[ ] lnν

And therefore, to get the order in substrate in the follow-up reaction, a substrate 
concentration dependent study of the peak potentials allows for the determination 
of the order in substrate. In the current case, the peak potential variation with 
substrate concentration ∂Ep,c/∂ln[H] is 14 mV in the KP zone, and since it is now 
known that r = 1 and the variation ∂Ep,c/∂ln[H] is 14 mV in the KP zone, it follows 
that h = 1, and therefore the reaction is first order in substrate as well. Thus, the 
operating mechanism in the acquired voltammograms could very well be O + e– ↔ 
R coupled to R + H → P.

Estimation of kinetic parameters from zone 
transitions

Fortunately, it is possible to extract additional kinetic information from the peak 
potential variation diagram by using dimensionless kinetic parameters. Such a pa-
rameter is made up out of all kinetic parameters of interest, and therefore changes 
with the system under study. Since it was already identified that the operating 
mechanism is most probably an EC mechanism, the corresponding kinetic parame-
ter – measuring the competition between heterogeneous charge transfer (ν) and the 
homogeneous reaction rate k∙[H] – is:

λ
ν

= ⋅
RT
F

k H[ ]

On the x-axis of the kinetic zone diagram, the transition between the D and K zone 
is around log λ = 0 when the voltammogram changes from a ‘reversible’ shape into 
an ‘irreversible’ shape. Since this happens at a scan rate of around ν = 1000 V/s at 
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[H] = 10 mM substrate concentration (Figure 8B), the rate constant of our follow-up 
reaction can be estimated through:

log [ ]
[ ]

λ
ν

ν
= → ⋅ = → = = ⋅ −0 1 4 106 1RT

F
k H k F

RT H
s

This rough value for the rate constant of the follow-up reaction can then be used 
in digital simulation to accurately determine the rate constant and mechanism by 
fitting simulated voltammograms to experimental voltammograms. In this partic-
ular case, the rate constant was set to 106 s–1 during simulation, and the estimate 
of 4∙106 s–1 is close enough to the actual rate constant to be fine-tuned by a fitting 
procedure.

Mechanisms different from EC

Fortunately, not only the EC mechanism has been analyzed in this rigorous manner. 
Other common mechanisms such as CE and ECE (and all their variations) have also 
been well-described, as well as dimerizations, square scheme mechanisms, dispro-
portionation mechanisms, and so on. A thorough description of these mechanisms 
and their effect on voltammetric waves can be found in the reference work Elements 
of Molecular and Biomolecular Electrochemistry by Jean-Michel Savéant (Wiley).11

Electrocatalysis

Homogeneous follow-up reactions can also be catalytic, in the sense that after some 
electron transfers and homogeneous reactions, the starting species is regenerated 
with liberation of a reaction product. From this point on, the focus will be on pro-
ton reduction catalysis, but the concepts are general and can be extended to any 
(catalytic) reaction. We will also limit ourselves to cases where catalysis is rela-
tively fast, since these are the most interesting and easiest to study. Some general 
cases that are often encountered in literature will be discussed, with the general 
approach that can be undertaken to extract kinetic data from experiments.

Determination of the catalytic kinetic zone

To visualize what happens during electrocatalysis, a simple electrocatalytic mech-
anism (ECcat) is studied next, where one substrate molecule H is catalytically re-
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duced to form product P as in O + 
e– ↔ R followed by R + H → O + 
P. The redox couple O/R is the same 
as before, but the (chemically ir-
reversible) follow-up reaction now 
regenerates the neutral species O. 
Performing voltammetry at increas-
ing substrate concentration, the vol-
tammograms in Figure 11 are now 
obtained, where the peak current 
increases with increasing substrate 
concentration. The fact that this 
reaction is catalytic follows imme-
diately from the current increase, 
since multiple electrons are used in 
the catalytic wave, as opposed to the 
redox wave in absence of substrate 
where only one electron per catalyst 
molecule was transferred.

Visual inspection of the catalytic waves in Figure 11 and their comparison to the 
cyclic voltammograms in the zone diagram (Figure 12) identifies the kinetic zone 
for catalysis. Some general observations can be made immediately: a catalytic re-
sponse is observed, although the redox couple of the catalyst after substrate con-
sumption (KT; total catalysis) is not observed, meaning that catalysis is operat-

Figure 11. Electrocatalysis.
Simulated voltammograms of a reversible redox 
couple (parameters as in Figure 2 except k0 = 
105 cm/s) followed by a homogeneous catalyt-
ic reaction (kf = 106 M–1 s–1) with substrate H. 
Response at increasing amounts of substrate at 
1.0 V/s.

Figure 12. Zone diagram for electrocatalysis.11
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ing in the rightmost part of the zone diagram. The observed catalytic waves are 
S-shaped curves with some current hysteresis, indicating that there is non-negligi-
ble substrate consumption: zone K.

Some of the cases observed in the zone diagram allow for an analysis technique 
suited for that particular case. In the case of total catalysis (full substrate con-
sumption; KT), the catalytic peak potential can be used to extract the rate constant 
through Ep,cat = E0 - 0.409⋅RT/F + RT/2F⋅ln(RT/F⋅(k[O]2)/ν[H]) where E0 is the potential 
of the redox couple O/R. For catalytic systems in the KP zone with no interfering 
side-effects we can use the catalytic plateau current to extract kinetic data (vide in-
fra). For systems in the K zone and systems in the KP zone with interfering side-ef-
fects (catalyst decomposition, product inhibition, etc.) foot-of-the-wave analysis can 
be used (vide infra). For all other cases (transitional K/D zones), either working 
curves and/or digital simulation can be used to extract kinetic data from the vol-
tammograms. However, it is generally easier to force a system into the K zone than 
performing the analysis in an intermediate zone.

Extraction of kinetic data from the plateau current

If the current response shows a plateau (KP zone), the height of this plateau cur-
rent ipl can be used to extract kinetic data. It should be stressed that this method is 
quite approximate, since various assumptions are made when the equations were 
derived. To show where these approximations have their origins, a short derivation 
follows. The thickness of the reaction-diffusion layer (where catalysis takes place; 
Figure 12) is approximately equal to μ ≈ √(DO/k[H]) where DO is the diffusion con-
stant of the catalyst. The approximate amount of active catalyst molecules is then 
determined by the reaction-diffusion layer volume and the catalyst concentration 
and ncat,active ≈ μA[O] ≈ A[O]⋅√(DO/k[H]) where A is the electrode area. Under KP 
conditions, the plateau current is completely determined by kinetics through ipl = 
Fk[H]⋅ncat,active and therefore ipl ≈ FA[O]⋅√(DO/k[H]). When this equation is divided 
by the Randles-Ševčik equation, the well-known ‘DuBois’ formula12 is obtained to 
get a relation between the plateau current and the peak current of the catalyst in 
absence of substrate ipl/ip

0 – the reason for doing so, is to factor out the often un-
known diffusion coefficient DO. If the mechanism follows a simple ECcat mechanism 
(as discussed before), the kinetic constant k is simply the rate constant for the cata-
lytic reaction. In the case of multi-electron/multi-step catalysis, this ‘observed rate 
constant’ kobs is a function of the multiple rate constants as laid out in Table 3.13

It can thus be seen that in the KP region, it is straightforward to determine an 
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overall (or ‘observed’) rate constant k. In the case of a multi-step mechanism, the 
separate rate constants can be extracted from the overall rate constant, but only 
when the mechanism is known. In the case of interfering side-effects or in the case 
of partial substrate consumption (zone K), the plateau current cannot be attained. 
However, at the onset of the catalytic wave (the ‘foot of the wave’ or FOTW) 
side-effects are minimized, and kinetic data can be extracted by a somewhat more 
intricate mathematical treatment of the voltammograms.

Extraction of kinetic data by foot-of-the-wave (FOTW) analysis

Because it relates to the region of minimal side-effects, the foot of the catalytic 
wave can be analyzed to obtain kinetic information on the system.14 However, in 
contrast to plateau current analysis, the FOTW analysis requires knowledge about 
the redox potentials of the electron transfer steps in the catalytic cycle. Using these 
potentials, the foot of the wave can be used to reconstruct a hypothetical plateau 
current that would have been obtained in the case of no side-effects. This hypo-
thetical plateau current value is then analyzed as described in the previous section.

The catalytic voltammograms in Figure 11 operated in zone K (kinetic with partial 
substrate consumption). To make analysis easiest as possible, the system can some-
times be forced into the KP zone. From the zone diagram, it follows that either (a) 

Table 3. Kinetic expressions for common catalytic mechanisms.
In all cases, when k1 » k2 (or vice versa), the lowest rate constant will determine the kinetics 
and k = min(k1; k2).

Mechanism k Reaction scheme

EC k O + e– ↔ R, then R + H → O + P (k)

EECC k
k
k k

k

1

1

2 2

1

1 1

1
+ ⋅

+

O + e– ↔ R and R + e– ↔ R’, then
R’ + H → R’’ (k1) and R’’ + H → O + P (k2)

ECCE
O + e– ↔ R, then R + H → R’ (k1) and
R’ + H → R’’ (k2), then R’’ + e– ↔ O + P

ECEC
k

k
k

1

1

2

1+
O + e– ↔ R, then R + H → R’ (k1), then
R’ + e– ↔ R’’, then R’’ + H → O + P (k2)
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raising the substrate concentration, (b) lowering the catalyst concentration or (c) 
increasing the scan rate could force the system into KP. Since the substrate con-
centration is already close to its maximum, we will try raising the scan rate and 
lowering the catalyst concentration. In Figure 13 it is shown that both methods can 
be used to force the system into KP, yielding catalytic plateau currents (normalized 
to the catalyst concentration) of ipl/[O] = –300 A/M.

In some cases the system cannot be forced into the KP zone, e.g. when the potentio-
stat cannot attain the required scan rate or when side effects cannot be suppressed. 
Still, the voltammograms from the K zone can be used to extract kinetic data by 
FOTW analysis, since the redox potential of the couple O/R is known (E0 = 0 V). 
From the voltammograms obtained at 1.0 mM catalyst concentration at 0.1 and 1.0 
V/s scan rate, the potentials E on the x-axis are transformed to a dimensionless 
variable ξ through:

ξ =
+ −( )








1

1 0exp F
RT

E E

To show how FOTW analysis also yields the same plateau values when proper KP 
waves are subjected to the same analysis, we will also analyze the voltammogram 
with 0.1 mM catalyst and the voltammogram at 1000 V/s. In Figure 14 it can be 
seen that these latter voltammograms (obtained after forcing the system into the 
KP zone) show a straight line. The voltammograms from the K zone show deviation 
from linearity at ξ > 0.2. The ‘foot of the wave’ is captured in the linear portion 

Figure 13. Changing kinetic zones in electrocatalysis.
Forcing the system from Figure 11 (at 1000 equivalents substrate) into the KP zone. (A) Pla-
teau currents are attained at very high scan rates. (B) Plateau currents are attained at only 
10x lower catalyst concentration.
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of the FOTW analysis. By taking the 
tangent of the line between 0 < ξ < 
0.2, a hypothetical plateau current of 
ipl/[O] = –300 A/M is obtained, identi-
cal to the plateau current that could 
be taken directly from the voltammo-
grams at high scan rate or low cata-
lyst concentration. From this plateau 
current, we can then immediately 
access the observed rate constant k 
through ipl/[O] ≈ –FA√(DOk[H]), which 
can be further broken down (if the 
mechanism is known) by the formu-
lae in Table 3.

Rational benchmarking of molecular electrocatalysts

Using the aforementioned methods, the kinetic parameters of a catalyst can be 
well-accessed, yielding values for the maximum turnover frequency via TOFmax = 
n∙k∙[H] in the case of an n-electron catalytic process. However, the turnover fre-
quency is very intimately linked to the overpotential of catalysis η, with increas-
ing TOF at increasing η and vice versa. For this reason, Savéant and Artero have 
outlined a ‘rational benchmarking approach’ to compare electrocatalysts with only 
one figure of merit, which has the form of a Tafel-like plot.15 Additionally, foot-
of-the-wave analysis can be used to qualitatively assess the nature of side-effects 
present in the system under study. This is important to assess the stability (or TON) 
of a catalyst under operating conditions.14 Combining these methods, it is now pos-
sible to determine the most important properties of an electrocatalyst: TON, TOF 
and η.

Figure 14. FOTW analysis of the voltammo-
grams in Figure 13.
Y-axis shows (hypothetical) plateau current 
divided by catalyst concentration. X-axis 
shows the dimensionless parameter ξ.
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Supramolecular association constants 
from cyclic voltammetry

Equilibrium constants for the association of neutral supramolecular host and guest 
species can be determined by spectroscopic titration and subsequent non-linear re-
gression analysis.16,17 Association constants between a reduced/oxidized host and a 
neutral guest can be determined using cyclic voltammetry. The scheme in Figure 15 
lays down the relationship between redox potentials of bound and unbound host H 
and the supramolecular equilibria. This relationship is similar to the square scheme 
often seen in electron transfer/proton transfer schemes. Thus, if the redox poten-
tials of the bound host EHG can be measured, the ionic association constant can be 
calculated from the square-scheme relationships in Figure 15.

However, when the redox potentials EHG cannot be measured (e.g. due to weak asso-
ciation or bad solubility), the association constants can still be calculated, provided 
the shift in potential is substantial and the guest concentration is in excess over the 
host concentration. The measured half-wave potential is observed at concentrations:
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Now, if we measure the half-wave potential after adding guest at concentration [G]0 
we get:
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Figure 15. Neutral and ionic supramolecular equilibria, their association constants and 
the redox potentials of the free and bound host molecules.
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And the anionic and cationic association constants can be calculated via:
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Applying this method to the association of pyridine to ZnTPP and its reduced and 
oxidized forms, we record cyclic voltammograms of ZnTPP at increasing pyridine 
concentrations. The resulting CVs and resulting (half-wave) potential shifts  are 
given in Figure 16. In this case, it can be seen that at pyridine concentrations great-
er than 40 mM the actual redox potentials of the HG system are found, and the 
simple square scheme relation can be used to extract the ionic association con-
stants (using Ka = 6.9∙103 M–1)18 as Ka

+ = 7.61⋅105 M–1 and Ka
– = 1.40⋅102 M–1. However, 

in the case that the redox potentials do not converge at excess guest concentration, 
the second method can be used to reliably extract the association constant from 
any point on the graph.

Figure 16. Electrochemical titration to determine equilibrium constants.
Cyclic voltammetric titration of pyridine (1, 2, 4, 10, 20, 40, 80 equivalents) into a 1.0 mM 
solution of ZnTPP in CH2Cl2 at a glassy carbon electrode. Potentials are unreferenced.
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