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ABSTRACT

A comparative, theoretical and experimental, analysis of reversible and kinetically controlled electrode
reactions by cyclic multi pulse voltammetry (CMPV), cyclic differential multi pulse voltammetry
(CDMPV) and cyclic square-wave voltammetry (CSWV) is presented. The cyclic multipulse voltammetric
techniques enable faster and more complete characterization of the electrode processes, comparing with
classical multipulse voltammetric techniques. Electron transfer coefficients (o and p), i.e. symmetry of the
electron transfer reaction can be estimated by visual inspection of the proper cyclic multipulse voltam-
mogram. Their values, as well as the standard rate constant of a simple electrode reaction Ox + ne™ =
Red, can be determined from the slopes of linear dependences of characteristic (half wave or peak) catho-
dic and anodic potentials on the logarithm of pulse duration in CMPV and CDMPV, or logarithm of fre-
quency in CSWV. The criteria for recognition of kinetically controlled electrode reactions by cyclic
multipulse voltammetric techniques are given.

Theory

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The theoretical basis of pulse voltammetric techniques was de-
fined more than 50 years ago [1]. Instead of a simple potential
ramp (used in classical dc measurements) a sequence of potential
pulses and current sampling at the end of each step were intro-
duced. In such a way, reduction of the charging current and conse-
quently lowering of detection limits were achieved. Experimental
application of pulse techniques started soon after defining of their
foundation. Major progress, however, was related to development
of computers, microprocessors and advanced software packages
[2].

In the late seventies Ryan [3] developed a theory of cyclic stair-
case voltammetry (CSV) for the study of kinetics and mechanisms
of electrode processes. During the last three decades, cyclic stair-
case voltammetry became a very popular and universal technique
for initial electrochemical characterization of unknown systems. It
is characterized by stepwise change of the electrode potential in
negative and then to positive direction (in the case of reduction
processes), without application of pulses [4]. On the other hand,
modern pulse voltammetric techniques include stepwise excita-
tion signals to which potential pulses are superimposed with scan-
ning in only one direction. However, an electrode process initially
studied in such a way could be additionally analyzed by applying
the inverse scan direction [5-10]. Finally, the two independent
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techniques (“classical” and “inverse”) could be combined by apply-
ing cyclic multi pulse voltammetry.

The cyclic potential-time waveform in differential pulse vol-
tammetry (DPV) and its advantages compared to CSV (i.e. better
resolution of DPV peaks and easier measurements of their heights
and potentials) were first described by Drake et al. [11]. However,
the authors applied negative pulses in both scan directions. The
theory of cyclic square-wave voltammetry (CSWV) and its experi-
mental verification were first reported by Xinsheng and Guogang
[12]. They studied reversible and quasireversible processes
whereas Camacho et al. [13] were focused on amalgam forming
electrode reactions. Molina et al. [14] presented the study of
reversible redox reaction of a molecule containing n electroactive
redox centers using the same technique. Furthermore, Helfrick
and Bottomley [15] developed a theory for single and consecutive
reversible electron transfer reactions and examined the electro-
analytical/kinetic applications of CSWV. As far as we know, articles
about cyclic pulse voltammetry (CPV) do not exist. The main rea-
son for rather small number of papers concerning the mentioned
techniques is an experimental problem. Until recently, the most of-
ten used instruments/potentiostats and software packages, did not
offer such measurements. However, things have changed. Recently
developed instruments with electrochemical software “NOVA” of-
fer the possibility of creating/programming desired voltammetric
technique, i.e. implementation of the particular cyclic pulse vol-
tammetric technique in experimental work.

According to a recent recommendation [16] the studied tech-
niques should be named in a somewhat different manner, i.e. as
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different types of cyclic multipulse voltammetry. In the present
communication, the signals that arise from the application of cyclic
multipulse voltammetry (CMPV), cyclic differential multipulse vol-
tammetry (CDMPV) and cyclic square-wave voltammetry (CSWV)
are simulated. These techniques are based on the potential-time
waveforms defined in Fig. 1. They were introduced to experimental
work by using electrochemical software “NOVA” (version 1.5 or
higher, from Metrohm Autolab). Theoretical and experimental pos-
sibilities for study and recognitions of various kinetic and diffusion
controlled electrode processes, as well as the influence of timing/
kinetic parameters on the voltammograms (i.e. characteristic po-
tential, height and shape of the signal) were investigated. It is ex-
pected that the cyclic multipulse techniques enables faster, easier
and more complete characterization of the electrode process (that
is determination of the ks, o, 8, D, E%, etc.), compared to classic
multipulse voltammetric techniques.

The experimental results are compared with theoretically ob-
tained relationships. From such analyses, there arise simple diag-
nostic criteria for elucidation of the kinetics of electrode reactions.

2. Experimental

All electrolyte solutions were prepared from the reagent grade
chemicals and water purified in a Milipore Mili-Q system. For prep-
aration of the uranyl(VI) stock solution, the classical procedure gi-
ven in Gmelin’s handbook [17] was applied. The starting salt for all
solutions of Eu>* was Eu(NOs); x 5H,0 (Fluka).

All voltammograms were recorded using a static mercury drop
electrode (663 VA Stand from Metrohm). A glassy carbon rod
served as a counter electrode whereas all potentials were given
with respect to Ag/AgCl (3 mol/L KCl) with 3 mol/L NaCl in the
electrolyte bridge (to prevent formation of sparingly soluble KCIO4
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Fig. 1. Excitation signals in cyclic multi pulse (CMPV), cyclic differential multi pulse (CDMPV) and cyclic square-wave voltammetry (CSWV). Sampling points are
schematically indicated for each technique. AE = step potential, tq = interval time, t, = pulse time, Epmpy/swv = pulse amplitude, 7 = time between pulses (7 =tq — tp).
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in the frit). The electrode system was attached trough the corre-
sponding IME module to the “PGSTAT 101” instrument (from Eco
Chemie, Utrecht), controlled by the electrochemical software
“NOVA”.

The advantage of this software package is that it provides com-
plete control over the experiment (i.e. flexibility in setting). More
exactly, “NOVA” offers the possibility of performance of more elec-
trochemical techniques one after another (with or without “pause”
between them), according to the requirements of the user [18].
Thus, the above mentioned techniques were programed and exper-
imentally used.

Before starting each new set of measurements, the solution in
the electrolytic cell was deaerated with high purity (99.999%)
nitrogen for 15 min. The room temperature was maintained at
25+1°C.

3. A model

A simple, reversible or kinetically controlled electron transfer
reaction on the stationary, planar electrode is considered:

Ox + ne” = Red (1)

It is assumed that both the reactant Ox and the product Red are sol-
uble in the aqueous electrolyte phase and are not adsorbed on the
electrode surface. Initially only the reactant is present in the solu-
tion. The mass transport is solved by digital simulation, using a
common dimensionless diffusion coefficient DAt/Ax? = 0.4, where
At and Ax are time and space increments, respectively [19]. The
meanings of all symbols are listed in Table 1. The time increment
is defined as: At=t,/25 (in CDMPV and CSWV) or At=t,/50 (in
CMPV).

In the case of a kinetically controlled electrode reaction (1), cur-
rent response generally depends on the cathodic transfer coeffi-
cient o and the dimensionless kinetic parameter x (x = ks(tl[,/D)”2
in CMPV and CDMPV, or « = k(Df)~"? in CSWV). The conditions
at the electrode surface are defined by Nernst (in the case of
reversible electrode reaction) or Butler-Volmer equation (in the
case of a kinetically controlled electron transfer reaction). A pro-
gram written in Quick Basic is available on request.

In cyclic multipulse techniques the current is measured at the
end of each pulse (Fig. 1), and plotted as a function of the corre-
sponding potential (pulse in CMPV, or the staircase in CDMPV
and CSWV). In theory, the dimensionless current is calculated:
@ = i(mt,)"}(nFSc;, D'?)! (in CPV and CDPV) and @ =i(nFScy,)™"
(D)2 (in CSWV).

4. Results and discussion
4.1. A reversible electrode reaction

The term “cyclic”, in cyclic multi pulse voltammetry (CMPV),
cyclic differential multi pulse voltammetry (CDMPV) and cyclic
square-wave voltammetry (CSWV), means that the mentioned
techniques are “formal” combinations of two independent mea-
surements: “classical” and “reverse”. In other words, more infor-
mation about the electrode process can be obtained from one
cyclic multipulse voltammogram than from two independent mea-
surements (“classical” and “reverse”). Therefore it could be said
that the cyclic multi pulse voltammetry is a time-saving technique.

The mentioned “definition” of cyclic techniques is really valid
for CDMPV and CSV. With CMPV, however, the situation is more
complicated. When forward scan is applied the initial potential
(i.e. potential between pulses) is chosen so that no reduction of
the reactant Ox occurs. On the other hand, for reverse scan the ini-
tial potential is set at a value from the limiting (reduction) dc

Table 1
List of symbols.

o Cathodic transfer coefficient

B Anodic transfer coefficient

Cox Bulk concentration of the reactant

D Common diffusion coefficient

AE Step potential

E Electrode potential

EY Formal potential

E° Standard potential

E1j20c Cathodic half-wave potential (for reverse/positive scan
direction)

Evj2(ra Anodic half-wave potential (for reverse/positive scan
direction)

AEq)» Difference between anodic and cathodic half-wave
potentials in CMPV

Es Switching potential

E Starting potential

E; “prepulse” (staircase) electrode potential in CDMPV

E “pulse” electrode potential in CDMPV

Ei2=(E1+E;)/2 “medium” electrode potential in CDMPV

Esw/ppv Square-wave/differential multipulse amplitude

E, Peak potential

AE, Difference between the anodic and cathodic peak
potentials

f Square-wave frequency

F Faraday constant

D Dimensionless current

D, Dimensionless “prepulse” component of net current in
CDMPV

D, Dimensionless “pulse” component of net current in
CDMPV

[N Dimensionless forward component of net current in CSWV

Dy, Dimensionless backward component of net current in
CSWV

AD, Dimensionless net peak current

i Current

id.c/a Diffusion cathodic/anodic current

Ai Net current

ks Standard rate constant

K Dimensionless kinetic parameter
Ko Critical kinetic parameter

n Number of electrons

R Gas constant

S Electrode surface area

T Absolute temperature

t

Time
tp Pulse time
tho Critical pulse duration
tq Interval time
T Time between pulses
At Time increment
Ax Space increment

current (i.e. 400 mV more negative than E%). Thus, during the long
period 7 (tq — tp, where t, < tq) when the potential is at E (or Es),
concentration of the electroactive reactant, Ox (or Red), on the
electrode surface is almost maximal. Such design of experiments
is in accordance with theory of NPV [20-22] and RPV [5-7,20].
Strictly speaking, however, CMPV cannot be treated as a simple
“combination” of the two techniques. It is because, only in RPV, re-
newal of the initial conditions is achieved by waiting at a well de-
fined potential. Because of this additional step, there is a difference
between potential time waveforms of RPV [23] and the reverse
branch of CMPV (Fig. 1). Its influence on theoretical or experimen-
tal signals depends on the applied measuring conditions and prop-
erties of the studied electrode process.

The cyclic multipulse voltammogram of a simple reversible
electrode reaction (1) consists of two waves: forward/reduction
and backward/(re)oxidation (Fig. 2A). Additionally, a sharp
decrease of the reduction current at the switching potential
(Es = —Eg;) could be observed.

In cyclic differential multi pulse voltammetry (CDMPV) excita-
tion signal includes continuous stepwise change of the electrode
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Fig. 2. Theoretical (A) cyclic multipulse voltammogram, (B) cyclic differential
multipulse voltammogram (along with “prepulse” (®;) and “pulse” (®,) compo-
nents of net current) and (C) cyclic square-wave voltammogram (along with
forward (®s) and backward (®;,) components of net current) of electrode reaction
(1);n=1.(A)tq=0.4s, t,=50ms, AE=2mV; (B) tg=0.15s, t, = 25 ms, Epympy = 50 -
mV, AE=5mV, ® = ";S@ix; (C) Esw=50mV, AE=2mV, ® = m

potential (in both directions), to which potential pulses (of defined
amplitude) are superimposed. Currents are measured before (I;)
and at the end (I;) of each pulse, and the difference (AlI=1, — I;)
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Fig. 3. Dependence of the (-) theoretical and (- -) experimental: (A) cyclic
multipulse voltammograms on the interval time, (B) cyclic differential multipulse
voltammograms on the pulse duration and C) cyclic square-wave voltammograms
on the SW frequency, for reversible electrode reaction (1). (A) Es,=0.4V vs. E°,
Es=-04V vs. E°, AE=2mV, t,=50ms, n=1, ty/s (for negative scan direction, in
the ascending order)=0.10, 0.15, 0.20, 0.30 and 0.40. (B) E¢=0.6V vs. E°
Es=—-0.6V vs. E° t4=0.15 s, AE=2mV, Epypy =50 mV and t,/ms (for negative
scan direction, in the descending order) = 10, 20, 30, 40, 50 and 75 (C) Es; = 0.3 V vs.
E° Es=—-0.3V vs. E°, Esw =50 mV, AE=2mV and f (for negative scan direction, in
the ascending order)=10, 30, 40, 50, 75 and 100s~!. Experiment:
c(U03") = 0.3 mmol/L, ((NaClO,) = 3 mol/L, pH = 2.7, Ey= 0.1V, Es= —0.4 V.

is plotted against the staircase potential, as in the classical DPV
[16,24,25]. Opposite to Drake at al. [11], we used the same
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(absolute) values but different signs of the pulse amplitude and
step potential in negative and positive scan directions. The net
cyclic differential multipulse voltammogram, obtained in such a
way, consists of two peaks at different sides of the potential axis
(Fig. 2B), unlike the results given in ref. [11] where two peaks (from
the forward and reverse scans) were overlapped.

In CSWV potential-time excitation waveform includes stepwise
change of the electrode potential, initially in the negative and then
to positive direction (as in CMPV and CDMPV), to which square-
wave sequence of potential pulses (of defined amplitude) are
superimposed. The current is measured at the end of each pulse
(in both scan directions) and the difference between currents mea-
sured on two successive pulses is recorded as a net response
(A® = &¢ — dy) and plotted as a function of the staircase potential.
The net cyclic square-wave voltammogram of the reversible reac-
tion (1) consists of two symmetric peaks at E, = E° (Fig. 2C), which
reflect the reduction of the reactant Ox and reoxidation of the
product Red.

As can be seen in Fig. 2, the ratio between cathodic and anodic
diffusion/limiting currents (in CMPV) as well as the ratio between
the net peak currents (in CDMPV or CSWV) is (approximately)
equal to unity, regardless of the values of specific timing parame-
ters (i.e. t,, tq or f) (Fig. 3) although in CMPV some additional con-
ditions, concerning the ratio between t;, and t4 should be fulfilled
[26]. The mentioned type of results and the linear dependence of
the net peak (diffusion) current on t;'/2 (i.e. f/%), are characteristics
of a simple reversible electrode reaction with both components of
the redox pair dissolved in the electrolyte solution. Moreover, the
difference between the cathodic and anodic half-wave potentials
(in CMPV) and the difference between the net peak potentials (in
CSWV) are equal to 0V, whereas in CDMPV its value is equal to
the applied pulse amplitude. Another possibility, for comparing
CDMPV with CSWV, is to use “medium” potential (i.e.
E1,=(E; +E;)/2 where E; denotes prepulse (staircase) electrode
potential whereas E, is pulse potential) as the x-axis of the re-
sponse. In this way, both cathodic and anodic peaks of the net
CDMP voltammogram become centered at the formal potential
for reversible electrode reaction, ie. E,c=E,,=E® (same as in

CSWV, see the right voltammogram in Fig. 2B and C). Therefore,
further in text all other CDMPV signals are shown in this way. More
about benefits of such presentation of experimental and theoretical
voltammograms can be found in Ref. [27].

Theoretical results were examined and verified for the revers-
ible electrochemical reaction of UO3* +e~ < UO; in acidified
(pH ~ 3) 3 mol/L NaClO4 solution. A very good agreement between
the experiment and theory was obtained. More exactly, Aip,/Aip
(as well as igafige)=1 and AEjppswyvy=0mV  whereas
AEppmpy =50+2 mV in measurements with Epypy=50mV (or
AE, pvpy = 0 mV if the “medium” potential is used as the x-axis),
for all values of the timing parameters.

4.2. Kinetically controlled electrode reactions

The influence of the charge transfer kinetics on theoretical cyc-
lic multipulse voltammograms was studied.

4.2.1. Cyclic multi pulse voltammetry (CMPV)

In CMPV the cathodic and anodic limiting currents do not de-
pend on dimensionless kinetic parameter, k = ks(tp/D)l/z, i.e. they
reach the same (absolute) values and the ratio |iga/iqc| ~ 1, for all
values of x. These currents could be useful for determination of
the bulk concentrations or diffusion coefficients of both redox
components as well as the electrode radius [6,26]. Additionally,
under the influence of electrode kinetics the forward/cathodic
branch of the voltammogram consists of only one wave whose
position on the potential axes depends on the value of kinetic
parameter. On the other hand, the reverse/anodic branch of the
same voltammogram consists of two waves (see inset in Fig. 4):
a cathodic wave corresponding to reduction of the reactant Ox
and an anodic one related to (re)oxidation of the product Red elec-
trogenerated during the time 7, at Es < E°. Both half-wave poten-
tials (Eijorc and Eqppra) also depend on the value of «.
Diminishing the values of k, cathodic/forward and anodic/reverse
waves of the current response become more separated.

The theoretical influence of k was investigated for the following
set of standard parameters: tq=0.4 s, t, =50 ms, Ec=0.3V vs. E°,
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Fig. 4. Influence of the dimensionless kinetic parameter, x, on theoretical cyclic multipulse voltammograms. n=1, a=0.5, tq=0.4s, t, =50 ms, AE =2 mV, x (for negative

scan direction) = 0.7, 0.07, 0.007 and 0.0007.
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Es=—0.6 vs. E°. The simulations were performed for n =1, and for
various values of transfer coefficient: 0.1 < o < 0.9.

Fig. 5 shows the relationships between half-wave potentials of
both waves (i.e. cathodic/forward and anodic/reverse) in CMPV
and the logarithm of kinetic parameter. If log x < —0.3 these rela-
tionships are linear and the slopes of straight lines are:

8E1/2,C _m

8log;c7ﬁ70'“3 2)
8E1/2,a _ m

dlogrk ~ (1 —oz)n*_o'114 )

where m is a constant. Its value was determined, by calculating the
relationships between half-wave potentials and the dimensionless
kinetic parameters, for three values of the transfer coefficient:
=025, 0.5 and 0.75. The average value of the constant is:
m =(0.0562 £ 0.0023) V.

In CMPV the electrode reaction (1) appears reversible (i.e. Ey;
2c=E1pa= E% if logx > —0.3. The intercept of the straight lines:

11(1-a)
2

4

(E,- EY IV

E1/2.=0.033 +0.113 log(x) and E; 2, = —0.033 — 0.114 log(x) with
line E;j, = E® is marked as log(i,) and presents the critical value of
the kinetic parameter, i.e. the lowest value of x for which Ey,
20 = E°.

The advantage of CMPV over the NPV and RPV is, among others,
the possibility for the simultaneous determination of both cathodic
(o) and anodic (B =1 — a) transfer coefficients from two different
data sets.

The influence of the transfer coefficient « on dimensionless CMP
voltammograms (in case of kinetically controlled electrode reac-
tion (1)) as well as the relationships between the cathodic and ano-
dic half-wave potentials and the reciprocities of & and (1 — «) are
shown in Fig. 6. As can be seen, the transfer coefficient affects
the shape and the slope of CMPV signal, so that both cathodic/for-
ward and anodic/reverse waves shift towards more negative
potentials as the value of o diminishes. This means that for
o < 0.5 oxidation (and for o > 0.5 reduction) is the energy more
favorable process. Thus, the response in CMPV reflects symmetry
of the electron transfer i.e. gives a qualitative information about
the transfer coefficient and apparent rate of the electrode reaction.
Furthermore, as can be seen from the inset in Fig. 6 both relation-
ships (i.e. the dependences of the reduction and oxidation half-
wave potentials on 1/ and 1/(1 — &)) are linear and pass through
the origin: Ejpc—E°=-0.036/an V and Ejp.— E®=0.036/
(1 —o)n V. The fact that these straight lines have no intercept
means that the intercepts of all linear relationships shown in
Fig. 5 are functions of either (an)~!, or ((1 — a)n)~}, i.e. for catho-
dic/forward branch of the CMP voltammogram:

o m const
E —E = po logk + o (4)

Introducing the value of m into Eq. (4) one obtains:
—0.036 = 0.0562 - logk + const (5)

i.e. considering that logx = —1 (Fig. 6), the value of constant is
0.0202 V. These calculations were repeated for logrx = —1.5 and
logk = -2 and the average values of intercepts of straight lines
shown in Fig. 5 were determined:

B B ™ log i 4 0-0193 £0.0009
on on

2¢

(6)

0.0 -0.2 -04 -0.6

(E-E% IV

Fig. 6. Influence of the electron transfer coefficient on the CMP voltammograms. AE=2mV, t4=0.4s,t,=50ms,n=1,k=0.1,2=09(---),0.7 (- --),0.5(-), 0.3 (— —) and
0.1 (—---—). Inset: dependence of the reduction (®) and oxidation (a) half-wave potentials on the 1/o and 1/(1 — a), respectively.
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Considering that the critical kinetic parameter, ko, gives the
lowest value of x for which E1,2,C=E1,2,3=E°, from Eqgs. (6) and
(7) its value is:

(a) For cathodic/forward wave of CMP voltammogram:

log i —% — 034340016 (8)

(b) For anodic/backward wave of CMP voltammogram:

logry = — 010 2% _ 033820011 9)

Experimentally, variation of the kinetic parameter x is achieved
by changing the pulse duration, tp, i.e. the half-wave potentials are
plotted in dependence of the logarithm of pulse duration. The crit-
ical pulse duration t,o and the critical kinetic parameter are con-
nected by the following equation:

logro = logks — %logD + %log too (10)
So, if the formal potential is known, the standard rate constants

of the reduction/forward and oxidation/reverse electrode reactions
could be determined by the variation of t,:

Ings,% = %logD - %logtpﬁo —0.343 £ 0.016 (11)

logkss%d = %logD - %logtp,o —0.338+0.011 (12)

where the value of D can be determine from the limiting (cathodic
and anodic) currents of the CMP voltammogram, by Cottrell
equation [28].

4.2.2. Cyclic differential multi pulse voltammetry (CDMPV)

The influence of charge transfer kinetics on cyclic differential
multipulse voltammograms of electrode reaction (1) is shown in
Fig. 7. The theoretical influence of dimensionless kinetic parameter
(KK = ks \/%) was investigated for the following set of standard
parameters: tq=0.15 s, t,=25ms, nEpypy=50mV, AE=5mV,
Es=0.6V vs. E°, Es= —0.6 vs. E°. The simulations were performed
for n =1, and for various values of transfer coefficient: 0.1 < o < 0.9.

As expected, both cathodic and anodic peaks of the net CDMP
voltammogram become more separated, and their currents more
reduced, as the value of k decreases. In other words, these effects
and the ratio |Aip ./ Aip | < 1 (for all values of t,) indicate decreased
reversibility of the electrode process. On the other hand, depen-
dence of the normalized net peak currents (A®,t;'/*) of CDMPV
signal for quasireversible (as well as for reversible) electrode reac-
tion (1) is a linear function of t;'/?, while the slope of correspond-
ing straight line depends on electron transfer kinetics (i.e. a
decreased slope of the “reverse peak currents” dependence for
quasireversible reaction, is observed).

Furthermore, it can be seen that in the case of “slow” electrode
process (i.e. for x < 1072), reverse branch of the net response, splits
in two peaks: cathodic and anodic one (same as in the CSWYV, see
Fig. 10). Cathodic/reverse peak corresponds to reduction of the
reactant Ox for E;, — E® < —160 mV. Its positive value of the net
current (which could lead to wrong conclusion about the character
of redox process) results from the way of current recording/dis-
playing, as a difference between the “pulse” and “prepulse” com-
ponents (i.e. A® = @, — &, where &, > &, and both components
are reductive currents, in this potential range). On the other hand,
both current components of the anodic/reverse peak are positive
(at the potentials E > E°) which indicates that this peak originates
from the oxidation of the product Red. The maximum current of
the cathodic/reverse peak is lower than the anodic one, as a result
of the concentration gradient of the redox components in diffusion
layer, i.e. the concentration of the reactant Ox is diminished during
the forward reduction reaction. This holds for the examined
parameters, whereas it is expected that the relationship between
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Fig. 7. Influence of the dimensionless kinetic parameter, x, on theoretical cyclic differential multipulse voltammograms. n=1, «=0.5, t4=0.15 s, t, = 25 ms, Epympy = 50 mV,
AE =5 mV, k (for negative scan direction) = 1, 0.1, 0.01, 0.001 and 0.0001. Inset: the theoretical CDMP voltammograms for x = 0.01, 0.001 and 0.0001.
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Fig. 8. Theoretical dependence of the reduction (®) and the oxidation (a) peak potentials of the CDMP voltammogram on the logarithm of kinetic parameter. Epypy = 50 mV,
AE=5mV, t4=0.15 s, t,=25ms, n=1 and o =0.5. Experimental dependence of the reduction (O) peak potential on logarithm of pulse duration for Eu?*/Eu?* system.
c(Eu**) = 0.2 mmol/L, c(NaClO4) = 0.1 mol/L, c(HClO4) = 0.01 mol/L, AE =2 mV, Epmpy =50 mV, tq=0.15 s, t,=10-75 ms, S=0.26 mm?, E”(Eu*"/Eu*")= —0.598 V; log(tpof
s)=—0.066 (Inset: theoretical dependence of the reduction (®) and oxidation (a) net peak potentials on the 1/« and 1/(1 — ), respectively. AE =2 mV, k = 0.01).

these peaks additionally depends on the step potential, AE (in the
same way as in the reverse SWV [29]).

The difference between the cathodic peak potentials obtained
by scanning in both directions, of the net CDMPV response, is
rather small, i.e. AE,.=20+10mV for examined kinetic parame-
ters. Therefore in this study each theoretical dependence is ex-
pressed as the difference or the ratio between the anodic/reverse
and cathodic/forward peaks. The current ratio A®@, /AP, is not
a linear function of the logarithm of kinetic parameter (for
logx < 0) (i.e. current ratio nonlinearly decreases, as the k values
diminishes).

Fig. 8 shows the relationships between the net peak potentials
of CDMP voltammogram and the logarithm of kinetic parameter.
(The relationship between potentials of the cathodic and the ano-
dic peak of CDMPV net response and o~ and (1 — «)~!, respec-
tively, are shown in the inset). If logrx < —1 these relationships
are linear and the slopes of straight lines are:

OE,c 2.3RT _
dlogk  anF = 0119 (13)
OF,,  23RT
dlogr (1 —oc)an_O'HS (14)

In CDMPV the electrode reaction (1) appears reversible (i.e.
|Aipa/Aip | =1, and AEp = Epypy) if log(x) > 0. Within the range
—2 <logk < 0 the reaction (1) is quasireversible.

Furthermore, the relationships between potentials of cathodic
and anodic peaks of net response and reciprocities of o and
(1 — ), are linear and pass through the origin: E, — E° = —0.054/
on V and E,, — E°=0.050/(1 — o)n V, which means that the inter-
cepts of all linear relationships shown in this figure are functions
of either (an)~!, or ((1 — o)n)~". For instance:

Epe — E° = z&il::TlogK 4 const. (15)
Comparing Eq. (15) and inset in Fig. 8 one obtains:
—0.054 = 0.059log K + const. (16)

Considering that logx = —2 (inset in Fig. 8), the value of constant is
0.064 V. These calculations were repeated for logx =-2.5 and
logix = -3 and the average values of intercepts of straight lines
shown in Fig. 8 were determined:

o 23RT 0.066 £ 0.002
E,c. —E = nF logk po (17)
By B = — 2.3RT ~ 0.070+0.003 (18)

A _onF 2" " T _wn

The critical kinetic parameters o correspond to E, .= EO, Epa= E°,
etc.

(a) For Ep:
0.066 + 0.002
log KO:fW:fI.IZiO.OB (19)
(b) For Ep,:
0.070 +0.003

The critical pulse duration t, o and the critical kinetic parameter
Ko are connected by Eq. (10), i.e. if the formal potential is known,
the standard rate constant can be determined by variation of the
pulse duration (in the same way as in CMPV). Thus, if the catho-
dic/forward peak potential E, is used in these calculations, the
critical kinetic parameter is defined by Eq. (19):

logks,, :llogD—llogtp_o —-1.12+0.03 (21)
Red 2 2 :
i.e. for the anodic/reverse peak:
logks,, = %logD - %log tpo —1.19+£0.05 (22)
Ox

For that reason, the influence of parameter t, on CDMP voltam-
mograms, for quasireversible electrode reaction of europium (+3)
in acidified 0.1 mol/L NaClO4 [30], was examined. It can be seen
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with their, Inset: forward (@) and backward (®;,) current components. Esw =50 mV, n=1, k =0.01, 2 = 0.5, AE=5mV, ® =

that experimentally obtained dependence of the cathodic peak
potentials on the logarithm of pulse duration is in good agreement
with theoretical for kinetically controlled electrode process. Intro-
ducing the values of Dgy3: =6.7 x 1078 cm?s~! (calculated from
the limiting/cathodic current of CMPV by Cottrell eq.) and log(tp,of
s)=—0.066 (Fig. 8) in Eq. (21) the standard rate constant for redox
system Eu'/Eu?" is obtained: k=(2.11+0.14) x 107 cms™!
(where Eg'ﬂ%m =—0.598 V has been taken as a mean value of
the literature data [31,32], recalculated vs. Ag/AgCl (3.5 mol/L
KCl) reference electrode). This value of the ks is in a relatively good
agreement with the published value (ks=1.7 x 107%cm s~ ! [31]).

Furthermore, the cathodic («) and anodic (B) transfer coeffi-
cients can be calculated from the slopes of linear relationships be-
tween cathodic/forward and anodic/reverse peak potentials of the
net CDMPV response and the logarithm of pulse duration (see Eqs.
(13) and (14)).

4.2.3. Cyclic square-wave voltammetry (CSWV)

According to our previous investigations [9,33] the combination
of negative/direct and positive/reverse scan directions in square-
wave voltammetry enables complete characterization of appar-
ently irreversible electrode reaction. In this study we show that
the net peak currents of reverse scan SWV and the ‘“reverse”
branch of the CSWV are more or less different. Fig. 9 shows the dif-
ference between theoretical SW voltammograms of an apparently
irreversible electrode reaction (1) calculated for the negative
(“classic™), positive (“reverse”) and cyclic potential scan directions.
The observed differences in the net peak currents are caused by
concentration gradient of the reactant Ox in diffusion layer. More
exact, in CSWV at the switching potential (Es < E°) concentration
of the reactant Ox near the electrode surface is rather small as a
consequence of forward reduction reaction, i.e. during the cathodic
and anodic pulse potentials (in the reverse scan) a small reductive
current is flowing through the cell (&¢ and &, < 0). The second net
peak originates from the oxidation of the product Red (i.e. & and
@, >0). On the other hand, in reverse scan SW voltammetry at

1
nFScy\/Df

the starting potential (Es; < E°) the instant reduction of the reac-
tant Ox takes place, which is manifested by high jump of the reduc-
tive current (i.e. @ and @y, < 0). For this reason the reduction peak
(1) is higher and the reoxidation peak (2) is smaller in reverse scan
SWV, than the same peaks in CSWV (for a given set of the
parameters).

Two peaks of the net response (in reverse and cyclic SWV) are
caused by the pronounced separation between the forward and
backward components of the net current.

The influence of electron transfer kinetics on cyclic square-
wave voltammograms of electrode reaction (1) is shown in
Fig. 10. The theoretical influence of the dimensionless kinetic
parameter (x = k{(Df)~") was investigated for the following set
of standard parameters: Esw=50mV, AE=5mV, Eq=1V vs. E°.,
The simulations were performed for three values of the number
of exchanged electrons, n=1, 2 and 3, and for various values of
transfer coefficient: 0.1 < o < 0.9.

In agreement with our previous findings [33], the same rela-
tionships between characteristic peak potentials (E,., Ep; and
E,>) of the net CSW voltammogram and the logarithm of kinetic
parameter could be noted (i.e. Eqs. (2)-(15) in [33] are applicable
as well). Accordingly, the cathodic transfer coefficients (o = 0.76),
for quasireversible electrode reaction of europium (+3) in acidified
0.1 mol/L NaClO,, is obtained from the slopes of linear relation-
ships between cathodic/backward peak potentials (E,;) of the
net CSWV response and the logarithm of SW frequency (analog
to Eq. (13)). This value of « is in perfect agreement with our previ-
ous results [9] and good agreement with a literature value [34].
Furthermore, the maximum currents of all peaks of CSWV net re-
sponse increase nonlinearly if the SW amplitude (Esw) is increased.

5. Conclusions
The signals that arise from the application of cyclic multi pulse

voltammetry, cyclic differential multi pulse voltammetry and cyc-
lic square-wave voltammetry were simulated.
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direction) = 1, 0.1, 0.01, 0.001, 0.0001 and 0.00001.

The criteria for recognition of reversible and kinetically con-
trolled electrode reactions are given:

CMPV CDMPV CSWV
Reversible igaliac=1 AipafAipe=1  Aipa[/Aipc=1

AE; =0V  AE,=0V AE,=0V
None-reversible iga/igc <1 Aipa[Aipc <1 Aipaf/Aip <1

|AE1p] >0V |AE|>0V  |AE,|>0V

From the theoretical and experimental analysis, it follows that
the cyclic multipulse voltammetric techniques enable fast and
complete characterization of the electrode processes. The cyclic
multipulse voltammograms of a simple kinetically controlled elec-
trode reaction Oaq) + n€~ 2 R(aq) consist of one: reduction/forward
and two: reduction and (re)oxidation reverse peaks/waves. The
standard rate constant, as well as the electron transfer coefficients
(¢ and B), can be determined by the variation of pulse time in
CMPV and CDMPYV, i.e. by the variation of frequency in CSWV.
Therefore, the symmetry and apparent rate of the electron transfer
reaction can be estimated by visual inspection of proper cyclic
multipulse voltammogram. These are, among others, the advanta-
ges of cyclic multipulse techniques with regard to cyclic staircase
voltammetry.

Furthermore, the advantage of these techniques (using the
SMDE) is a fact that the whole experiment (electro-reduction and
-oxidation) is taken at the same mercury drop, which is especially
useful if the product of electrode reaction is unstable.

All results in this paper are based on the classical Bultel-Volmer
approach, although in recent years, for analyzing the electrode
kinetics, the other theoretical approach known as Marcus-Hush-
Chidsey model/formalism became a popular [35-37]. However, in
accordance with the statement of experts in the field [37]: “the
MHC model does not always give a satisfactory fit to experimental
data in contrast to BV parameterization”, this approach should not
be superior in examined processes.
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