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ABSTRACT: A theoretical analysis of reversible and quasirever-
sible electrode reactions of a dissolved redox couple under
conditions of the novel technique of differential square-wave
voltammetry (DSWV) is presented. The technique is recently
introduced as a hybrid form between differential pulse voltammetry
(DPV) and square-wave voltammetry (SWV) as the two most
advanced and competitive pulse-form voltammetric techniques for
a purpose of unifying their advantages and further advancing both
techniques in terms of analytical performances, mechanistic
analysis, and electrode kinetics. The potential modulation of
DSWV consists of potential steps and pulses providing a plethora of voltammetric curves, which enable in-depth characterization of
the electrode reaction with a minimal set of measurements. Based on numerical simulations, a set of criteria for characterization and
differentiation between reversible and quasireversible electrode reactions are established.

1. INTRODUCTION

The last two decades or so are highlighted with remarkable
progress in voltammetry,1,2 encompassing the advances in the
theory of voltammetric techniques,3−5 simulations of electrode
mechanisms,6−8 kinetics of electrode processes,9−13 and the
novel type of pulse voltammetric techniques.14 Pulse
voltammetry is of distinct importance in the broad area of
electroanalysis; moreover, pulse techniques are exceptionally
important for studying electrode kinetics15−17 and they aided
significantly in voltammetric studies of electron-transfer
theories.18−20 The family of pulse voltammetric techniques
has been constantly expanding with new techniques
exemplified with differential double pulse voltammetry,21

additive differential pulse voltammetry,22 differential alter-
native pulse voltammetry,23−25 and cyclic multipulse voltam-
metry26 to mention just a few. Frequently, pulse techniques
have been applied in a reverse mode27,28 or in a cyclic
fashion,29−31 intending to unify their inherent advantages with
conventional cyclic voltammetry. In the context of conven-
tional cyclic voltammetry, as an inevitable technique in any
electrochemical study, we do also witness a significant progress
in the studies with nontriangular waveforms of Compton et al.
aiming to circumvent the inherent drawbacks related to the
charging current.32,33 Moreover, the latter methodology
introduces the concept of a single voltammetry experiment
conducted with a range of scan rates, which might be an
exciting direction for further advancing voltammetry in general.
Accordingly, we have recently proposed a multifrequency
approach in a single experiment under conditions of electro-
chemical faradic spectroscopy,34 which finds some analogy

with a multiscan rate analysis in the method of Compton et
al.33 Electrochemical faradic spectroscopy,35 as a simple
square-wave chronoamperometric experiment, has been
derived from the conventional square-wave voltammetry
(SWV)36,37 to simplify the voltammetric analysis. It comes
along with a series of new variants of SWV developed in the
last decade,29,35,38 as a quest for further advancing the
technique.
In spite of the fact that SWV is one of the most advanced

pulse techniques, it has been recognized that it is relatively
complex; thus, simplification and further modification are
worth to be considered. For instance, SW voltammetric data
are less intuitively understandable compared to cyclic
voltammetry, rendering SWV predominantly as a tool in
electroanalysis.39,40 In the context of electrode kinetics, SWV is
superior compared to other techniques when fast, reversible,
and quasireversible electrode processes are concerned; it is,
however, limited when electrochemically sluggish processes are
considered with a large potential separation between anodic
and cathodic reactions of a single redox couple.
To advance further SWV, we have recently made an attempt

to develop its differential variant termed differential square-

Received: February 18, 2022
Revised: March 7, 2022
Published: March 23, 2022

Articlepubs.acs.org/JPCC

© 2022 The Authors. Published by
American Chemical Society

5584
https://doi.org/10.1021/acs.jpcc.2c01188
J. Phys. Chem. C 2022, 126, 5584−5591

D
ow

nl
oa

de
d 

vi
a 

95
.1

80
.1

82
.1

88
 o

n 
M

ar
ch

 3
1,

 2
02

2 
at

 1
7:

58
:0

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dariusz+Guziejewski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leon+Stojanov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rubin+Gulaboski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Valentin+Mirceski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.2c01188&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c01188?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c01188?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c01188?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c01188?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpccck/126/12?ref=pdf
https://pubs.acs.org/toc/jpccck/126/12?ref=pdf
https://pubs.acs.org/toc/jpccck/126/12?ref=pdf
https://pubs.acs.org/toc/jpccck/126/12?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c01188?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


wave voltammetry (DSWV),41 proposing a new potential
modulation that is more appropriate for kinetic analysis of both
fast and sluggish electrode processes while keeping the ability
to study the electrode mechanism; in addition, the technique
has a promising analytical performance being able to improve
the response with respect to the background current
discrimination in comparison with conventional SWV.
The potential modulation of DSWV, depicted in Figure 1A,

consists of a train of potential steps combined with potential
pulses. A potential cycle of duration τtot consists of a step
potential (τs) followed by two, equal in heights, oppositely
oriented potential pulses with duration tp (Figure 1B); thus,
τtot = τs + 2tp. The inverse value of 2tp is known as the SW
frequency f ( f = 1/(2tp)). Commonly, tp ranges from 0.5 to
100 ms. In analogy to differential pulse voltammetry, the
technique is characterized by a step-to-pulse duration ratio r =
τs/tp, which together with the SW frequency is a critical
parameter of the technique.
By measuring the current before the application of the pulses

(Is in Figure 1B), as well as at the end of each pulse (If and Ir in
Figure 1B), both SW forward (If) and reverse (Ir)
voltammetric components can be transformed into differential
curves, designated as If,diff = If − Is and Ir,diff = Ir − Is,
respectively. By analogy to SWV, the net, differential
voltammetric component can be constructed as well (Inet = If
− Ir). Finally, as proposed by Molina,22 an additive component
can be constructed, i.e., Iadd = If,diff + Ir,diff = If + Ir − 2Is. Thus,
the voltammetric response can be represented by seven
components, which provides a broad basis for in-depth
electrochemical characterization.
Following the first introductory study,41 in the current

communication, fundamental voltammetric characteristics of
both reversible and quasireversible electrode reactions of a
dissolved redox couple at a planar electrode are elucidated by
means of numerical simulations. Theoretical predictions are
partly illustrated by experiments conducted with the [Fe-
(CN)6]

4−/[Fe(CN)6]
3− redox couple at a platinum electrode

(Pt) as a model for a fast electrode reaction of a dissolved
redox couple.42

2. DETAILS ON ELECTRODE MECHANISMS AND
SIMULATION PROCEDURE

An electrode reaction described by eq 1 is considered. The
redox couple consists of two chemically stable species
dissolved in an electrolyte solution (sol), and the electrode
reaction takes place at a macroscopic planar electrode

+ −V nRed(sol) Ox(sol) e (1)

For the sake of simplicity, the charge of the redox species in eq
1 is omitted. At the beginning of the experiment, only Red
species are present in the solution at a bulk concentration of
c*, and the diffusion coefficient (D) of both Red and Ox is
assumed to be equal. For a reversible electrode reaction, the
Nernst equation holds: c(Ox)x=0 = c(Red)x=0 exp (ϕ), where
ϕ = − ϕ′E E( )nF

RT
is a dimensionless electrode potential

defined versus the formal potential of the redox couple
(Eϕ′). For a quasireversible case, one-electron reaction is
assumed (n = 1) and the electrode kinetics is described with a
B u t l e r − V o l m e r k i n e t i c m o d e l , i . e . ,

αϕ ϕ= [ − − ]= =k c cexp( ) ( ) ( ) exp( )I
FA s x xRed 0 Ox 0 ; it is attrib-

uted with the standard rate constant ks (cm s−1), anodic
electron-transfer coefficient α, where the dimensionless
potential is simplified to ϕ = − ϕ′E E( )F

RT
. Following eqs 2

and 3 were applied for numerical simulations of a reversible
and quasireversible electrode reaction, respectively, which were
derived following the step function method43

∑ψ π ϕ
ϕ
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(3)

The dimensionless current is defined as ψ = *
I

nFAc Df
, A is the

electrode surface area, = − −S m m 1m is the numerical
integration parameter, and m is the serial number of time
increments. The time increment is =d

f
1

50
, which means that

each potential pulse is divided into 25 equal increments.
Accordingly, the number of time increments for the potential
step τs is 25r, where r = τs/tp is the step-to-pulse duration ratio.

In addition, κ = k
Df
s is the electrode kinetic parameter, and

other symbols have their common meaning.

3. EXPERIMENTAL SECTION
All chemicals used were of analytical grade purity (Sigma-
Aldrich, ChemLab or POCh). Aqueous solutions were
prepared with deionized water with the Millipore Direct Q-3
(Merck) purification system. Stock solutions of K4[Fe(CN)6],
K3[Fe(CN)6], and KNO3 were prepared in water. In all
experiments, the electrolytic cell contained an equimolar

Figure 1. (A) Potential modulation and (B) one single potential cycle in differential square-wave voltammetry. Panel B shows critical parameters of
the potential modulation together with the current sampling points.
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content of both forms of the redox couple at a concentration of
0.25 mmol L−1 in 0.1 mol L−1 KNO3 used as a supporting
electrolyte. All experiments were conducted at room temper-
ature.
Experimental analysis has been performed with a multi-

Autolab potentiostat model M101 (Metrohm Autolab B.V.)
controlled by NOVA (v. 1.10.3) software at a Pt working
electrode, combined with Ag/AgCl/3 mol L−1 KCl and a
platinum wire as a reference and counter electrodes,
respectively. As the proposed potential modulation is not
provided as a ready-to-use mode in NOVA software, an
appropriate protocol was designed in the frame of a multistep
chronoamperometric experiment.

4. RESULTS AND DISCUSSION

4.1. Reversible Electrode Reaction. A typical dimension-
less response of a reversible electrode reaction is depicted in
Figure 2, revealing a wealth of electrochemical data collected in
a single DSW voltammetric experiment. By analogy to the
conventional SWV, the response consists of a net component
(Ψnet; Figure 2A) calculated as a difference between the SW
forward (Ψf) and reverse (Ψr) currents measured at the end of
the corresponding potential pulses (Figure 2B). The technique
enables measuring the current at the end of the potential step
(τs) as well, thus resulting in the step component Ψs, which
finds its analogy to the simple staircase voltammetry44 (Figure
2A). The most typical voltammetric curves of the technique
are the differential forward (Ψf,diff = Ψf − Ψs) and reverse
(Ψr,diff = Ψr − Ψs) components, calculated as a difference
between the current at the end of the corresponding pulse and
the step potential, following the methodology typical for
differential pulse voltammetry (DPV)45 (Figure 2B). Note that
the net component can also be defined as Ψnet = Ψf,diff − Ψr,diff.
Finally, an additive voltammetric component can be
constructed Ψadd = Ψf,diff + Ψr,diff = Ψf + Ψr − 2Ψs, which
could be understood as a primitive derivation of the net
voltammetric curve for a purpose of its advanced morpho-
logical characterization14 (Figure 2A).

As in SWV,46 the dimensionless net peak-current (Ψnet,p) is
independent of the frequency; thus, the real net peak-current
(Inet,p) depends linearly on √f for a given value of the step-to-
pulse ratio (r). In other words, the ratio Inet,p/√f is a constant
for a reversible electrode reaction. An increase of the ratio r by
extending the step duration τs for a given frequency has a
negligible effect on the Ψnet,p over the interval r ≤ 40. Thus,
taking into account the current normalization, the real net
peak-current can be expressed as Inet,p= (0.431 ± 0.001)nFAc*

Df for r ≤ 40 and conditions valid for Figure 2. The latter
indicates that analytical performances of the technique are not
sacrificed by increasing the duration of the potential steps for
the purpose of optimizing the voltammetric response for
analytical application. On the contrary, the extension of τs is
expected to be beneficial for discriminating against the
background parasitic current, thus improving the analytical
performances.
The net peak-potential (Ep) and the half-peak width are

independent of the frequency, identical as in conventional
SWV,46 whereas forward (Ψf) and reverse (Ψr) components
gain a more pronounced peak-like shape than in SWV (cf.
Figure 2B). It is a consequence of the overall scan rate

decreasing in DSWV = Δ
+( )v f E

r
2

2
in comparison to SWV (v =

fΔE)47 for an identical frequency, causing expansion of the
diffusion layer thickness in the course of the DSWV
experiment. The relative position of Ψf and Ψr, expressed as
a peak-potential difference (ΔEp), is independent of the
frequency, whereas it is slightly affected by increasing r; e.g.,
ΔEp = 0 V for nEsw = 25 mV and r ≤ 10.
The dimensionless peak-current of the step voltammetric

component (Ψs,p) is also independent of the frequency for a
given value of the ratio r; thus, the real peak-current is a linear
function of√f. If the step-to-pulse ratio increases by extending
the step potential τs for a constant f, the real peak-current of
the step voltammetric component increases in proportion to
τs
−0.45, which deviates slightly from the dependence of τs

−0.5,
typical for the simple staircase voltammetry.44 It is an expected

Figure 2. Reversible electrode reaction. Typical response showing all voltammetric components for the step-to-pulse ratio r = 10. Panel (A) depicts
the net component (Ψnet), the step component (Ψs), and the additive component (Ψadd), while panel (B) displays the square-wave forward (Ψf)
and reverse (Ψr) components and the differential forward (Ψf,diff) and reverse (Ψr,diff) components. The conditions of the simulations are
temperature T = 298.15 K, stoichiometric number of electrons n = 1, SW amplitude Esw = 25 mV, and step potential ΔE = 5 mV.
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consequence due to the complex influence of the SW potential
pulses, which separate two consecutive step potentials. The
peak-potential of the step component (Es,p) is independent of
both frequency and step duration; importantly, it is separated
for 35 mV from the net peak-potential for the conditions
referring to Figure 2.
Differential forward (Ψf,diff) and reverse (Ψr,diff) voltam-

metric components are unique features of the technique,
providing a new means for characterization of an electrode
reaction. Both components are well-defined peaks, with readily
and precisely measurable peak-current and peak-potential.
Their relative relation represented by the peak-current ratio
(Ψp(f,diff)/Ψp(r,diff)) and the peak-potential difference
(ΔEp(diff)) (both parameters taken in absolute values) enables
us to establish new criteria for characterizing the electrode
reaction. The values of Ψp(f,diff)/Ψp(r,diff) and ΔEp(diff) are
typical for a given r, being independent of the SW frequency.
Importantly, differential components enable the electrode

reaction to be studied at very small SW amplitudes, as they are
well-defined peaks for any amplitude values over the interval
Esw ≥ 2 mV. Such analysis might be advantageous in terms of
the undesirable effect of both ohmic drop and charging
current, which increases proportionally to the SW amplitude in
SWV.48

The effect of the SW amplitude in the present technique
could be effectively studied by inspecting the peak-potential
difference of differential components. Specifically, ΔEp(diff) vs
Esw is a line with a slope equal to unity and an intercept of
−ΔE, where ΔE is the step of the potential modulation (cf.
Figure 1B). For instance, for r = 10 and ΔE = 5 mV, the
corresponding linear function over the interval Esw ≤ 50 mV
reads ΔEp(diff) (mV) = Esw (mV) − 5 mV. Both the slope and
the intercept of the function are independent of the SW
frequency and r, as well as on the number of electrons
(specifically, n = 1 or 2).

Figure 3. One-electron quasireversible electrode reaction. A typical response containing all voltammetric components for the standard rate constant
ks = 3 × 10−3 cm s−1, electron-transfer coefficient α = 0.5, diffusion coefficient D = 5 × 10−6 cm2 s−1, and SW frequency f = 100 Hz. The other
conditions and meaning of symbols are identical as in Figure 2.

Figure 4. (A) Effect of the SW frequency on the normalized real net peak-current for a reversible (rhombuses, left ordinate) and a quasireversible
(circles, right ordinate) electrode reaction, for a step-to-pulse ratio of r = 4 and the standard rate constant ks = 5 × 10−3 cm s−1. (B) The
dependence of the dimensionless net peak-current (triangles, left ordinate) and the step peak-current (circles, right ordinate) on the electrode
kinetic parameter for the step-to-pulse ratio r = 2 (a), 10 (b), and 20 (c). The other conditions of the simulations are identical as in Figure 3.
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At the end of this section, it is worth mentioning that the
characteristics of the additive components are very specific for
given conditions and can be taken into consideration for
qualitative characterization of a reversible electrode reaction
(cf. Figure 2A). The morphology of the additive component is
insensitive to the SW frequency, whereas it is highly
susceptible to the SW amplitude and the number of electrons.
The additive component is associated with the forward
(Ψp(f,add)) and reverse (Ψp(r,add)) peak-current, and the
potential at zero current (E(Ψadd = 0)), i.e., the potential at the
crossing point of the potential axis (cf. Figure 2A). For r ≥ 10,
the peak-current ratio is virtually independent of both time
parameters f and r. In addition, the stoichiometric number of
electrons can be precisely determined from the features of this
voltammetric component. For instance, for simulations
conducted for r = 4, Esw = 25 mV, ΔE = 2 mV, and n = 1,
the forward-to-reverse peak-current ratio is 0.20 and E(Ψadd =
0) = −24 mV vs Eϕ′, whereas for n = 2, the peak-current ratio
is 0.442 and E(Ψadd = 0) = −7 mV vs Eϕ′.
4.2. Quasireversible Electrode Reaction. The voltam-

metric response of a typical kinetically controlled electrode
reaction under conditions of DSWV is depicted in Figure 3.
Depending on the standard rate constant (ks), all voltammetric
curves are drifted away from the formal potential, as expected
for any voltammetric technique. The relative difference
between the peak-current of the net (Ψnet,p) and the step
component (Ψs,p) is less than for a reversible reaction
(compare Figures 2A and 3A). The morphology of the
forward (Ψf) and reverse (Ψr) SW components reflects the
quasireversible nature of the reaction, in analogy to the
conventional SWV (cf. Figure 3B).
As elaborated in our previous study,41 the main features of

the dimensionless response depend on the SW frequency,

manifested through the electrode kinetic parameter κ = k
Df
s ,

which controls predominantly the degree of electrochemical
reversibility. In contrast to the reversible reaction, the real net
peak-current (Inet,p) is a nonlinear function of √f for a given
value of the step-to-pulse ratio (Figure 4A). Over a broad

range of frequencies, the ratio
I

f
net,p is not constant, obeying a

sigmoid dependence on the logarithm of 1/√f. Additionally,
the real peak-current of the step function depends on the SW
frequency in a similar manner as the net peak-current (vide
infra).
To generalize the effect of the frequency, it is recommend-

able to inspect the relation of the dimensionless peak-current
of both net and step components as a function of the electrode
kinetic parameter κ. The simulated data summarized in Figure
4B correspond to the variation of the frequency for a constant
value of both r and standard rate constant ks over the entire
kinetic interval, including irreversible, quasireversible, and
reversible electrochemical regions. Alternatively, the data of
Figure 4B can be understood as a comparison of a series of
electrode reactions associated with different standard rate
constants at a given set of time parameters, thus being
associated with different electrochemical reversibility. The data
clearly indicate that the net component is markedly more
sensitive to the electrode kinetics than the step component.
When the electrochemical reversibility is estimated on the basis
of the net peak-current, the data of Figure 4B imply that the
electrochemical reversibility is virtually independent of r, while
κ is the sole parameter controlling the reversibility. Within the

typical quasireversible kinetic region (e.g., −1.6 < log (κ) < 0.8
for conditions of Figure 4B), a narrow region exists where the
ratio Inet,p/√f depends linearly on log (1/√f) (i.e., −0.5 ≤
log (κ) ≤ 0), which can be used for measuring the electrode
kinetics by fitting the experimental and theoretical data.
Though the step peak-current follows similar sigmoid depend-
ence on log (κ), it is markedly less sensitive than the net peak-
current; moreover, for r ≥ 20, it is virtually independent of the
SW frequency (curve c, circles in Figure 4B).
A particularly useful approach in measuring the electrode

kinetics is by inspecting the peak-current ratio of the
differential components (Ψp(f,diff)/Ψp(r,diff)) by altering the
SW frequency. As explained in our previous study,41 the ratio
follows a sigmoid, decreasing trend by increasing log (κ).
Importantly, the ratio gains the value Ψp(f,diff)/Ψp(r,diff) = 1
for a given critical electrode kinetic parameter κc. This feature
leads straightforwardly to the standard rate constant, which can
be calculated as κ=k f Ds c c , where fc is the critical frequency

determined experimentally, satisfying the condition Ip(f,diff)/
Ip(r,diff) = 1. For r > 2, the critical value of κc is independent of
r, whereas it depends on the SW amplitude and the electron-
transfer coefficient. The critical values of κc increase in
proportion with α. For instance, for Esw = 25 mV, the critical
values of κc are 0.05, 0.13, and 0.25 for α of 0.3, 0.5, and 0.7,
respectively. In addition, differential components can also be
exploited for estimating the electrode kinetics by altering the
SW amplitude and measuring the peak-potential difference
(ΔEp(diff)). Similarly, as for the reversible electrode reaction,
ΔEp(diff) is a linear function of Esw over the interval Esw ≤ 50
mV. However, for the quasireversible electrode reaction, the
slope and the intercept of the line are sensitive to both
electrode kinetic parameter and the electron-transfer coef-
ficient, thus enabling the estimation of ks and α by the fitting of
the experimental and theoretical data.
Analyzing voltammetric features at a constant frequency of

the pulses by increasing the step-to-pulse ratio, one finds that
the ratio affects parameters of the response. For instance, for a
typical quasireversible reaction attributed with log (κ) = −0.5,
the peak-potential difference (ΔEp) between the forward and
reverse SW components decreases by increasing r, opposite to
the reversible reaction. If the electrochemical reversibility is
estimated based on the interrelation between the differential
forward and backward SW components (Ψp(f,diff)/Ψp(r,diff)),
the increase of r shifts the electrode reaction toward higher
electrochemical reversibility, as already discussed in our
previous study.41 Consequently, the quasireversible region of
a sluggish electrode reaction is expanded by increasing r, as
seen in Figure 4B (triangles; the kinetic region that is near the
irreversible behavior).
For a constant frequency, within the quasireversible region,

the real step peak-current decreases with τs
−0.4, which is slightly

different compared to the reversible reaction. At the same time,
the peak-potentials of both net and step components shift
toward less potentials as a consequence of a decreased scan
rate, thus an enhanced electrochemical reversibility.
It is finally worth mentioning that the additive component is

particularly sensitive to the electrode kinetics and can be
effectively exploited for a precise estimation of the kinetic
parameters.22 Figure 5 depicts the additive component for a
different degree of reversibility, showing that both peak-current
ratio (Ψp(f,add)/Ψp(r,add)) and the crossing point at the
potential axis (E(Ψadd = 0)) vary significantly with the
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electrode kinetic parameter. By extensive simulations under a
variety of conditions (data not shown), it has been determined
that the peak-current ratio is sensitive to the electrode kinetic
parameter with a value up to κ = 2.5 (for r = 4); thus, assuming
f = 500 Hz and D = 5 × 10−6 cm2 s−1, the highest measurable
values of the standard rate constant can be on the order of 0.1
cm s−1.

5. EXPERIMENTAL DATA
A well-defined voltammetric response of the redox couple
[Fe(CN)6]

3−/[Fe(CN)6]
4− at a platinum electrode, measured

for the step-to-pulse duration ratio r = 5, and the SW frequency
of f = 8, illustrates experimentally the applicability of the
technique (Figure 6). In spite of the well-known complexity of

the electrode reaction of hexacyanoferrates,49−52 including the
difference of the diffusion coefficients of the two redox
components,53 the features of the voltammetric response under
selected experimental conditions correspond to the theoretical
predictions for a fast, quasireversible electrode reaction.42

The richness of the voltammetric data collected in a single
experiment enables the effective characterization of the studied
system, which is one of the advantages of the proposed
technique. For instance, analyzing the voltammetric data in
Figure 6A, one finds that the crossing point at the potential axis
of the additive component is E(Iadd = 0) = − 15 mV vs Eϕ′,
whereas the peak-potential of the step component is Es,p = 40
mV vs Eϕ′. Here, we assume that Eϕ′ is identical with the net
peak-potential. The peak-current ratio of the net and the step
component is Inet,p/Is,p = 7.03, while the ratio of the forward
and backward peaks of the additive component is Ip(f,add)/
Ip(r,add)= 0.481.
Conducting simulations under corresponding conditions, by

assuming a fast electrode reaction with log (κ) = 0.13 (α = 0.5
and n = 1),46 one finds that E(Ψadd = 0) = −15 mV vs Eϕ′ and
Es,p = 40 mV vs Eϕ′, whereas the peak-current ratios are Ψnet,p/
Ψs,p = 7.61 and Ψp(f,add)/Ψp(r,add) = 0.484, which is in
excellent agreement with the experimental data. Let us note
that if the simulations are done with the stoichiometric number
of electrons n = 2, the ratio is Ψp(f,add)/Ψp(r,add)= 0.651,
which does not correspond to the experimental value. Hence,
as indicated in the theoretical part, the ratio Ψp(f,add)/
Ψp(r,add) can be effectively exploited for the estimation of the
number of electrons in the electrode equation.
Referring to the forward and backward components

presented in Figure 6B, the peak-potential separation (ΔEp)
of the SW components is close to 25 mV, while the differential
components are separated for 45 mV (ΔEp(diff)). The peak-
current ratio of the differential components is Ip(f,diff)/
Ip(r,diff) = 0.872. Theoretical data simulated for log (κ) = 0.13
are associated with the potential separation of 30 and 45 mV
for the SW and differential components, respectively, whereas
the peak-current ratio is Ψp(f,diff)/Ψp(r,diff) = 0.810.

Figure 5. One-electron quasireversible electrode reaction. The
additive voltammetric component simulated for different electro-
chemical reversibility. The electrode kinetic parameter is log (κ) = −1
(a), −0.5 (b), and 0 (c). The step-to-pulse ratio is r = 2, and the
electron-transfer coefficient is α = 0.5. The other conditions are
identical as in Figure 2.

Figure 6. Typical experimental voltammetric response under conditions of DSWV of [Fe(CN)6]
4−/[Fe(CN)6]

3− at an equimolar bulk
concentration of both components of the redox couple of 0.25 mmol L−1, recorded in 0.100 mol L−1 aqueous solution of KNO3 at the Pt electrode.
Panel (A) depicts the net (Inet), the step (Is), and the additive (Iadd) voltammetric components, while panel (B) displays the square-wave forward
(If) and reverse (Ir) components, and the differential forward (If,diff) and reverse (Ir,diff) components. The step-to-pulse ratio is r = 5. Other
parameters of the potential modulation are f = 8 Hz, Esw = 50 mV, and ΔE = 5 mV.
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Further experimental analysis has been done by changing the
step-to-pulse duration ratio r within the interval from 1 to 25
for a constant SW frequency of f = 8 Hz. As predicted by the
theory for a reversible or fast electrode reaction, the peak-
potential of both net and step components remained
unaffected by r. The net peak-current slightly varied with r,
with an average value of Inet,p = (7.78 ± 0.23) μA, whereas the
peak-current of the step component is a linear function of r−0.45

(R2 = 0.999), which is in excellent agreement with the
theoretical predictions. The peak-current ratio of the differ-
ential forward and reverse components increases from 0.73 to
0.85 for r = 1 and 25, respectively; the same trend holds for the
peak-current ratio of the additive component.
Finally, the effect of the SW amplitude was studied for three

values of r (i.e., r = 1, 5, and 10) and the peak-potential
separation (ΔEp(diff)) of the differential forward and back-
ward components was measured as a function of Esw, over the
amplitude interval from 5 to 50 mV. Generally, the relationship
ΔEp(diff) vs Esw does not depend on r, as predicted by the
simulations for a reversible reaction. The best linearity was
found for r = 5, and the regression line is ΔEp(diff)= 0.967Esw

+ 4.70 (R2 = 0.905), where all values are expressed in
millivolts. These experimental data are in accord with the
theory in which it was predicted that the slope of the latter
function is 1, while the intercept is equal to the step potential
increment (i.e., 5 mV in the present experiment).

6. CONCLUSIONS

Differential square-wave voltammetry is a novel, hybrid
technique between conventional differential pulse and
square-wave voltammetry, which is designed to unify the
advantages of both techniques, in terms of analytical sensitivity
and mechanistic and kinetic characterization of both very fast
and sluggish electrode processes. A single voltammogram
consists of seven voltammetric curves; hence, a plethora of
voltammetric parameters can be measured (i.e., peak-currents
and peak-potentials), in addition to the interrelation between
these parameters (i.e., peak-current ratios and peak-potential
differences), providing a basis for the effective and in-depth
characterization of the studied electrode reaction in a fast and
effective procedure. In addition, the additive voltammetric
component provides a new means for the estimation of the
number of electrons in the electrode reaction equation,
electron-transfer coefficient, and the standard rate constant,
extending the kinetic interval up to the rate constants of 0.1 cm
s−1. The nature of differential and additive voltammetric
components does not require background correction in the
experimental analysis, thus providing voltammetric data of
superior quality, which leads to a reliable kinetic character-
ization as well as promising advanced analytical application of
the technique.
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