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1. Introduction

This review aims to highlight the most recent contributions to the
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studies, mainly well-defined and peak-shaped responses where unde-
sirable effects are greatly minimized. Therefore, these techniques are
very valuable in mechanistic and kinetic quantitative studies making
use of the broad theoretical framework available.

The common feature of the voltammetric techniques considered in
this review is that the applied potential difference remains constant
over a period of time (so-called potential pulse) and afterwards the po-
tential difference is set to a different constant value, either in the poten-
tial region of the faradaic process under study or outside this region to
recover the initial equilibrium conditions (see Figs. 1 and 2). The current
response is recorded at the end of the potential pulses so the effects as-
sociated with the double layer charging are greatly reduced. Based on
this, a variety of electrochemical techniques have been designed with
different voltammetric waveforms and treatments of the system re-
sponse. Attending to the perturbation, the number of potential pulses
applied before recovering the equilibrium conditions is a commonly-
employed classification criterion. Thus, in single-, double- and triple-
pulse techniques the equilibrium is regained after one, two and three
consecutive potential pulses, respectively, whereas in multipulse tech-
niques equilibrium conditions are only retrieved at the end of the
experiment.

Double- and multi- pulse techniques are the most widely employed
and this review is devoted to them, including conventional and
recently-developed methods. In the first part, special attention will be
paid to simple diagnosis criteria, experimental methodologies and
easy-to-implement solutions for kinetic, mechanistic and mass trans-
port studies. This will include analytical solutions, from which the elec-
trochemical behaviour of the system can be analyzed a priori, as well as
semi-analytical solutions that also allow the system to be simulated
without special computational skills. Lastly, the use of numerical
methods will be considered for situations complicated by the (electro)
chemical kinetics, the electrode geometry, the heterogeneity of the elec-
trode surface or the resistivity of the medium.

2. Double potential pulse techniques
2.1. Double pulse chronoamperometry (DPC)

Under appropriate conditions DCP is very valuable for the simulta-
neous study of the diffusivity and reactivity of both the reactant and
product electroactive species, especially when the product is not stable
in the working solution. For simplicity, it is convenient to avoid the in-
fluence of the electrode kinetics so the first potential pulse is usually
set at values corresponding to limiting current conditions for the
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reactant and the second pulse to limiting current conditions of the
electrogenerated product. Under these conditions, a rigorous analytical
solution has been deduced for electron transfer processes without
chemical complications at (hemi)spherical electrodes of any size [1].
This solution has clearly shown that, in the most interesting situation
where only the reactant species is initially present in the electrolyte so-
lution, the response in DPC is not sensitive to the diffusion coefficient of
the product at macroelectrodes, whereas at ultramicroelectrodes the
current in the second pulse is too small. From both behaviours, the op-
timum conditions for the simultaneous determination of the diffusion
coefficients have been established in the range 2.0>ry/+/Da71>0.8 [2],
where Dy is the diffusion coefficient of the reactant species.

DPC with limiting current potentials is also suitable for studying
coupled homogeneous chemical reactions where the product species
participates. A simple analytical solution has been obtained for the
(pseudo)first-order EC mechanism in DPC at (hemi)spherical electrodes
of any size that yields accurate results when the chemical process is fast
enough [3].

2.2. Reverse pulse voltammetry (RPV)

In RPV a series of double potential pulses are applied where the
product is always generated in the first under diffusion-controlled con-
ditions, the potential of the second is set at different values (E;) and the
current recorded at the end of this pulse (L) (see Fig. 1). Thus, the ther-
modynamics and kinetics of the electron transfer can be studied from
the position and shape of the RPVgram: I, vs E,. A rigorous analytical so-
lution is available for simple electron transfer processes at spherical
electrodes of any radius and for any reversibility degree [4]. For homo-
geneous follow-up reactions, a solution for the (pseudo)first-order
E;eyC mechanism in RPV at (hemi)spherical electrodes has been de-
duced for the quantification of fast chemical kinetics [3]. RPV in combi-
nation with microelectrodes is reported to be useful in the study of
processes where the product is “assimilated” by the electrode, like
amalgamation at mercury droplets [5]. Thus, the appearance of an atyp-
ical peak in the RPVgram as a consequence of the depletion of the spe-
cies inside the electrode provides a simple diagnostic criterion.

2.3. Differential double pulse voltammetry (DDPV) and additive differential
double pulse voltammetry (ADDPV)

In DDPV the duration of the second pulse is much shorter than the
first (71/7, = 50 — 100) and the potential values of both pulses are var-
ied within the potential region of interest, the difference between them
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Fig. 1. Perturbation (upper graphs) and signal (lower graphs) of the double pulse techniques considered in this review.
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Fig. 2. Perturbation (upper graphs) and signal (lower graphs) of the multipulse techniques considered in this review.

(pulse amplitude, AE = E,—E; ) remains constant along the experi-
ment (Fig. 1). The DPVgram corresponds to the plot Al = I, —/; versus
a potential-axis. Traditionally, the E; -value has been chosen as the
potential-axis, though our group recently proposed using the arithmetic
average: E1, = (E; + E1)/2 [6].

ADDPV is an extension of DDPV where two DDPV experiments are
performed with the same technique parameters but different pulse am-
plitude signs. The resulting A/ vs E; curves for AE>0 and AE<Q are
summed and as a result, the characteristic ADDPV signal is obtained
that shows a maximum, a minimum and a null current potential, £,
(Fig. 1). The latter is the most interesting feature of this method since
it can be measured more accurately than peak or half-wave potentials.

Simple analytical equations for DDPV and ADDPV with macro-
electrodes and spherical microelectrodes have been obtained for the de-
termination of diffusion coefficients and formal potential of reversible
one-electron processes [ 6], determination of the formal potentials of re-
versible multi-electron transfers [7,8], electrode kinetic studies [9,10],
identification and characterization of coupled chemical reactions (in-
cluding (pseudo)first-order catalytic, CE and EC mechanisms [11,12])
and amalgamation processes [5]. DDPV has also been applied in the
study of reversible ion transfers through liquid/liquid interfaces [13].

3. Multipulse techniques

In multipulse techniques a series of potential pulses are applied and
the initial equilibrium conditions of the system are regained only at the
end of the experiment. This enables us to decrease the experimental
time but makes the theoretical treatment more complex. In spite of
this, analytical solutions have been derived recently for some common
mechanisms and electrode geometries, including non-uniformly acces-
sible electrodes, like microdiscs, that had been addressed so far by
means of numerical methods (Section 4). An “intermediate” approach
is employed by Lovric's, Mirceski's and Gulaboski's groups where the in-
tegral solutions resulting from Laplace transforms are evaluated numer-
ically, mainly making use of the standard step-function method. The
electrochemical response is obtained as a system of recursive formulae
that will be referred hereon to as semi-analytical solutions, which are
easier to implement than “pure” numerical methods though they do
not enable a priori analysis of the system as analytical solutions do.

It is worth mentioning the lack of universal and unambiguous names
for the different pulse techniques. The recovery of equilibrium

conditions at stationary electrodes can be time-consuming, especially
in the case of macroelectrodes. Therefore, multipulse “versions” of
existing (single- and) double-pulse polarographic techniques were de-
signed. Nevertheless, the same term has been often employed to refer
to both the double pulse and the multipulse “modes”. Whereas the lat-
ter are the most frequently available in commercial potentiostats,' the
modelling of the former is easier. As discussed in a recent paper [14],
this situation can lead to inappropriate data analysis since only in the
DMPV of reversible processes when 7, < < 77 or when microelectrodes
are employed (steady state voltammetry) do the responses in double
pulse and multipulse techniques coincide. To distinguish clearly be-
tween them, here we use the nomenclature proposed in [14].

3.1. Differential multi pulse voltammetry (DMPV)

As mentioned, DMPV can be viewed as the multiple “version” of
DDPV and it is by far the most frequent in commercial potentiostats
referred to as differential pulse voltammetry.

3.1.1. Analytical solutions

The analytical expressions deduced for single and multiple revers-
ible electron transfers in [15] and for the (pseudo)first-order Ee,C’
mechanism in [16] at planar, spherical and disc electrodes can be partic-
ularized easily for the potential-time perturbation applied in DMPV.

3.1.2. Semi-analytical solutions

The effects associated to the electrode kinetics and the adsorption of
the reactant species on the DMPVgram of one-electron transfers at pla-
nar electrodes can be considered from the recursive formulae reported
in [17].

3.2. Staircase voltammetry (SCV) and differential staircase voltammetry
(DSCV)

True linear sweep or cyclic voltammetries cannot be applied in mod-
ern digital potentiostats, the real perturbation corresponding to SCV
(see Fig. 1) with small potential steps. DSCV is an interesting variant
of SCV that makes the determination of formal potentials more accurate.

! The implementation of single- and double-pulse techniques (as well as any other
potential-time perturbations) by the user is possible and increasingly more easily in mod-
ern potentiostats.
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3.2.1. Analytical solutions

Analytical expressions for both SCV and SCV at planar, spherical and
disc electrodes have been deduced for single and multiple reversible
electron transfers [15,18] and for the (pseudo)first-order E,,C’ mecha-
nism [16].

Electroactive monolayers have also been considered and an analyti-
cal solution for the study of two-electron processes has been reported as
a recursive expression [19]. Solutions for the quantification of the
electrocatalytic activity of electroactive monolayers by (pseudo)first-
order and second-order catalytic reactions are given in [20] and [21],
respectively.

3.2.2. Semi-analytical solutions

Different two-electron transfer mechanisms of surface-bound
electroactive species were studied by Gulaboski et al. [22] in staircase
voltammetry. These include the EE, (pseudo)first-order ECE and
(pseudo)first-order EEC’ mechanisms.

3.3. Square wave voltammetry (SWV)

SWV is the most popular pulse technique and widely considered for
mechanistic and kinetic studies as complementary to cyclic voltamme-
try. The theory of common solution-phase and surface-bound redox
systems at planar and (hemi)spherical electrodes is well established
and can be found in [23-26].

3.3.1. Solution-phase systems

3.3.1.1. Analytical solutions. For multiple electron transfers, analytical so-
lutions for the SWV curves have been deduced [27,28] for any electrode
geometry (including planar, disc and (hemi)spherical electrodes) when
the electrochemical steps are reversible; these allow accurate determi-
nation of formal potentials and therefore of the thermodynamic stability
of the electroactive species. Solutions for the (pseudo)first-order E;e,C’
mechanism have also been reported [29].

3.3.1.2. Semi-analytical solutions. A new strategy for the study of the elec-
trode kinetics of one-electron processes at planar and (hemi)spherical
electrodes at a constant scan rate has been developed by Mirceski
et al. [30,31]. This approach is based on the analysis of the variation of
the peak potential and current of the SWV curves with the pulse ampli-
tude. The use of the half-peak width has also been explored in [32].

A solution for two-electron processes at planar electrodes is avail-
able and has been applied to SWV in direct and reverse scan modes
[33]. The latter is a modification of conventional SWV experiments
where the scan starts at potentials where the electrode reaction is con-
trolled by mass transport.

Mechanisms where the electron transfer reaction at planar elec-
trodes is complicated by coupled chemical reactions have also been ad-
dressed following the semi-analytical approach mentioned above: the
ECeE mechanism where the chemical reaction is always at equilibrium
[34], electron transfers followed by the dimerization of the product [35]
and the (pseudo)first-order catalytic mechanism of the second kind
[36].

3.3.2. Surface-bound systems

3.3.2.1. Analytical solutions. Solutions for the study of the (pseudo)first-
order [20] and second-order [37] electrocatalysis by a redox couple
immobilized at (hemi)spherical microelectrodes have been obtained.

Molina's group has proposed two new multipotential pulse
techniques for the study of electroactive monolayers called square
wave voltcoulometry (SWVC) [38-41] and differential staircase
voltcoulommetry (DSVC) [42], based on the analysis of the difference
of converted charge signals obtained between two successive half-
cycles. These techniques were applied to the study of quasi-reversible
and reversible one-electron processes [38,40], (pseudo)first order
electrocatalysis with the catalyst confined at the electrode surface [38,
39] and two-electron reversible processes [41,42].

3.3.2.2. Semi-analytical solutions. The constant scan rate [30,31] and half-
peak width [32] strategies have also been applied to the study of the
electron transfer kinetics of surface-bound redox systems. Solutions
for the (pseudo)first-order ECE [43] and EEC’ [44] mechanisms as well
as for different stripping processes at planar electrodes [45,46] are also
available.

3.3.3. Liquid/liquid interfaces

In recent years the theory for electron transfers at electrode/
electrolyte interfaces has been extended to the study of simple
[47-53] and facilitated [48,54] ion transfer at liquid/liquid interfaces.

4. Numerical simulation of pulse techniques

Sophisticated numerical methods developed over years [55-58] pro-
vide a more general approach to electrochemical problems with regard
to reaction mechanisms and electrode geometries. The implementation
of homemade numerical simulations requires some knowledge of com-
puter programming. Alternatively, some ready-to-use software pack-
ages include the simulation of pulse techniques (Table 1).

4.1. Finite-difference methods

In recent years some significant contributions have been made in
the optimization of finite-difference methods for the simulation of
pulse techniques where computation time can be problematic and
hardware-demanding due to the use of very short time-steps to follow
rapid changes in concentrations just after the potential jumps. A simple
method that combines highly expanding grids with asymmetric 4-point
approximation of the spatial derivatives and fourth-order extrapolation
scheme for time integration is very efficient for the E mechanism in
pulse voltammetries at planar and (hemi)spherical electrodes [59]. For
electron transfer processes complicated by chemical reactions and for
single- and multi-pulse chronoamperommetries, the Crank-Nicholson
algorithm preceded by four second-order extrapolation steps is more
convenient [60]. Britz et al. [61] recently examined the simulation of
diffusion-limited chronoamperometry at disc microelectrodes with a
wide range of approaches finding as the most efficient the use of a spa-
tial grid transformed according to the Verbrugge-Baker conformal map

Table 1
Software packages that include the simulation of pulse techniques.
Package Techniques Electrode geometries Supplier
DIGIELCH CV, chronoamperometry, SWV, Fourier transform  Planar, spherical, band, disc thin layer cells www.gamry.com/products/digielch-electrochemical-

voltammetry, EIS

ELECTROCHEMIST  CV, NPV, DDPV, RPV, SWV, chronoamperometry

(former POLAR) layer cells
KISSA CV, LSV, chronoamperometry
ELECTROVISION CV, NPV, DDPV, RPV, SWV, chronoamperometry
ECHEM++ CV, EIS, chronoamperometry,

Planar, spherical, band, disc, ring thin

Planar, spherical, cylindrical, disc, band
Planar, spherical, cylindrical
Planar, spherical, cylindrical

simulation-software
www.electrochemist.com

More information in: www.kissagroup.com/

Available under request in: www.um.es/electroquimica
www.echem.uni-tuebingen.de/echem/software/EChem+ +/
echem+ +.shtml
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together with a time marching method. Other strategies employed to
reduce the simulation time of chronoamperometric experiments in-
clude expanding [62-64] and adaptive [65] time grids.

The application of potential pulse techniques to “awkward” electro-
chemical systems has been developed making use of finite-difference
methods, such as experiments in highly resistive media [66-68], elec-
tron transfers at hydrodynamic electrodes [69] and electrodes modified
by porous layers [70], ohmic drop, double layer effects and complex
electrochemical mechanisms [71], metal electrodeposition [72,73]
and generator-collector mode experiments [74]. Assisted by finite-
difference methods, DDPV and SWV have also been employed in the as-
sessment of electron transfer kinetic models [75,76] and modifications
of conventional techniques have been proposed. Thus, Jadresko and
Zelic have designed several multipulse voltammetries (so-called cyclic
multi pulse, cyclic differential multi pulse and cyclic square wave
voltammetries) and investigated their application to the study of elec-
trode kinetics [77] and the (pseudo)first-order E.,C mechanism [78].

4.2. Finite-element methods

Finite-element methods (FEM) provide more flexibility to address
electrochemical problems, though the mathematical complexity is
higher [79]. Nevertheless, complex electrode geometries are increasing-
ly common and free and commercial software packages exist that great-
ly facilitate the use of FEMs [80]. Regarding commercial packages, for a
very recent review on the use of COMSOL Multiphysics® for electro-
chemical analysis see [81].
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