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This review concerns recent methodological advances of square-wave voltammetry as one of the most sophisti-

cated members of the pulse voltammetric techniques. Besides addressing recent theoretical works and representatives of 
advanced analytical studies, an emphasis is given to a few novel methodological concepts such as kinetic analysis at 
constant scan rate, cyclic square-wave voltammetry, multisampling square-wave voltammetry, and electrochemical far-
adaic spectroscopy. For the purpose of improving analytical performances of the technique two new methods are pro-
posed for the first time.  
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INTRODUCTION 
 

Square-wave voltammetry (SWV) is a well-
known and versatile voltammetric technique for 
analytical application, mechanistic studies and ki-
netic measurements of electrode processes [1–3]. It 
is a member of the large family of pulse voltammet-
ric techniques, and it can be considered as a special 
form of the popular differential pulse voltammetry 
[4]. In a historical perspective the technique origi-

nates from the Kalousek commutator 5 and Barker 

square-wave polarography 6–8. The popularity of 
the technique has been permanently increasing since 
the seminal work of Osteryoungs [9, 10], remarkable 
theoretical work of Lovrić [11] and contributions of 
others [12–24]. Methodological development and 
application of the technique have been reviewed over 
the years [25–36] and two specialized monographs 
are exclusively dedicated to SWV [1, 37]. 

Basic features of the potential modulation, to-
gether with the simulated response in the course of 
experiment, are depicted in Figure 1. In the contem-
porary SWV, the potential modulation comprises of 
a staircase potential combined with square-shaped 
potential pulses (Figure 1A), which was first intro-

duced by Ramaley and Krause [38, 39]. The main 
parameters of the potential cycle, composed of two 
neighbouring pulses (Figure 1B), are the height of 
the pulses (referred to as SW amplitude, Esw) and the 

duration of the single potential cycle   
1B).
expressed in terms of SW frequency ( f ) , defined as 

f = 1/ . In terms of the duration of a potential pulse 

tp ( = 2tp), the frequency could be defined as f = 
1/(2tp). The physical meaning of the frequency, as 
critical time parameter, can be understood as a num-
ber of potential cycles in a unit of time. Besides, the 
scan rate of the overall experiment can be defined as 

Efv  E is the step of the staircase po-

tential (cf. Figure 1B).    
Relative to the direction of the staircase mod-

ulation, forward and reverse (backward) potential 
pulses can be distinguished. In the course of each 
potential cycle the electrode reaction is driven in 
both anodic and cathodic directions by the two op-
posite pulses, thus providing an insight into the elec-
trode mechanism. In the course of the experiment, 
the current varies with time as theoretically predict-
ed in Figure 1C. However, it is not the real outcome 
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of the experiment as the current sampling is done at 
the end of each potential pulse only, aiming to dis-
criminate against the charging current [1, 10]. The 
forward (If) and backward (reverse) (Ir) component of 
the SW voltammogram (Figure 1D) correspond to the 
currents associated to the forward and backward po-
tential pulses, respectively (cf. Figure 1C). An im-
portant feature of the SW voltammetric response is 
that both forward and backward components are plot-
ted versus the potential of the staircase modulation, 
i.e. the mid potential of the two adjoining pulses (cf. 
Figure 1B). For these reasons two current values are 
assigned to each potential value of the staircase mod-
ulation. The net SW component (Inet) (cf. Figure 1D) 
is calculated by subtracting the backward from the 
forward currents, which most frequently is a bell-

shaped curve, enabling precise determination of the 
position (Ep – net peak potential) and the height (net 

Ip) (Figure 1D).  

Besides addressing recent representative ex-

amples from the field of theory and analytical appli-

cation of the technique, the current review focuses 

mainly on the methodological development 

achieved in the last several years. A few promising 

methods in the direction of expanding and facilitat-

ing the application of the technique for mechanistic 

and kinetic analysis of electrode processes are ad-

dressed. In the end, for the purpose of improving 

analytical performances of the technique two new 

methodological concepts are elaborate briefly for 

the first time. 
 

 
 

               
 

 

                                    
 

Figure 1. (A) Potential modulation in square-wave voltammetry; (B) Single potential cycle in square-wave voltammetry;  
(C) Variation of the current in the course of the square-wave voltammetry; (D) Typical square-wave voltammogram  

consisting of forward (f), reverse (r) and net component (net). 
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ELECTRODE MECHANISMS  
AND ANALYTICAL APPLICATIONS 

 
A variety of electrode mechanisms have been 

analyzed applying SWV in the past several years. In 
general, the advances in the theory of pulse volt-
ammetric techniques, including SWV, can be found 

in the mini review of Molina et al. [40]. Electrode 

mechanism including three electrode reactions cou-
pled with two chemical reactions (ECECE mecha-
nism) was developed by Lovrić [41], building up on 
the previous theoretical study of three-step electrode 
reaction [42]. In [41] three reversible electrode reac-
tions that are connected by two reversible chemical 
reactions have been considered, with emphasize on 
the influence of the basic thermodynamic parame-
ters. Lovrić also developed theoretical model of an 
electrode process of amalgam forming ions at spher-
ical electrodes [43], as well as the theory of an elec-
trode reaction followed by the dimerization of the 
product [44].  

Fatouros and Krulic analyzed specific condi-
tions when the responses under conditions of pulse 
voltammetry and linear scan voltammetry match 
[45]. It has been shown that the forward component 
of the SW voltammetric response of a reversible 
electrode reaction of a solution resident redox cou-
ple at a macroscopic electrode under certain experi-
mental conditions can match with the response of 
simple linear sweep voltammetry.  

Molina et al. discussed the effects of unequal 
diffusion coefficients and coupled chemical equilib-
ria on the SWV response at disc and hemispherical 
microelectrodes [46]. It has been pointed out that 
under non-steady-state conditions the case of une-
qual diffusion coefficients gives rise to a complex 
behaviour of the SW voltammetric response, being 
significantly different from the theoretical predic-
tions established under the assumption of equal dif-
fusion coefficients. 

Vettorelo and Garay developed a theory of 
complex and important electrode system coupled 
with adsorption and regenerative catalytic reaction 
[47], proposing diagnostic criteria for characterisa-
tion of the experimental system, while Garcia-Araez 
et al. proposed simple and efficient procedure for 
measuring the rate of transport of redox species 
through membranes by using SWV [48]. SWV has 
been applied by Rama Kant to analyze theoretically 
the response at rough electrodes [49]. An explicit 
mathematical expression is proposed relating the 
staircase, cyclic staircase, differential pulse, and 
square-wave voltammetric response of finite fractal 
electrode to the statistical morphological character-
istics. 

There exist numerous analytically oriented 
studies including SWV and their full citation is vir-

tually impossible, thus only a few representative 
examples will be briefly mentioned. A useful collec-
tion of references on the analytical application of 
SWV can be found in the recent reviews on electro-
chemical sensors for forensic drug analysis [50], 
application of bismuth electrodes in contemporary 
electroanalysis [51], electrochemical biosensors 
[52], and electrochemical methods for determination 
of the antioxidant capacity of food [53]. Cao et al. 
presented an advanced state-of-the-art strategy for 
multi-antibiotics detection using SWV [54]. The 
same authors presented dual-signalling electrochem-
ical aptasensor using ferrocene and [Ru(NH3)6]3+ as 
two signal indicators, quantified with SWV, reach-
ing subpicomolar limit of detection [55]. Sedova et 
al. studied complex kinetic and thermodynamic be-
haviour of strand displacement at the electrode sur-
face in detection of single base mismatches [56]. In 
the mechanistically oriented study, where SWV was 
used as an electroanalytical tool for detection of a 
redox label, they have found a complex interplay 
between the position of the redox label, variations in 
strand displacement kinetics, and alterations in the 
melting temperature of DNA duplexes tethered on 
the gold surface. D’Eramo et al. reported on the ap-
plication of SWV for simultaneous determination of 
eugenol, thymol and carvacrol (CA) in honey sam-
ples at a glassy carbon electrode [57]. Taleb et al. 
[58] reported on the preparation of electrochemical 
sensor using self-organized gold nanoparticle modi-
fied highly oriented pyrolytic graphite electrode, 
which was applied for the analysis of copper and 
silver ions with SWV. The sensor exhibited remark-
able performances in terms of preparation, simplici-
ty, and detection limit. Finally, Domenech-Carbó et 
al. [59] reported on an important application of 
SWV in the solid-state electrochemistry of organo-
sulfur compounds existing in petroleum and its de-
rived matrices according to the methodology of the 
voltammetry of immobilized microparticles. 

 

RECENT METHODOLOGICAL  
ADVANCES OF SWV 

 

Kinetic analysis at a constant scan rate 
 

Commonly, kinetic analysis in voltammetry is 
performed by changing the scan rate, which affects 
the critical time of the voltammetric experiment. As 
previously mentioned, the frequency (f) is the criti-
cal time parameter in SWV (cf. Figure 1B). Adjust-
ing the frequency one defines the available time to 
drive the electrode reaction in both cathodic and 
anodic directions at a given potential. Hence, all 
intrinsic kinetic parameters controlling the response 
are frequency related; e.g. for a quasireversible elec-
trode reaction of a solution resident redox couple 
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Ox/Red the electrode kinetic parameter is 

Df

ks  [1],
 
where ks is the formal rate constant 

and D is the common diffusion coefficient of both 
Ox and Red. For an electrode mechanisms coupled 
with chemical reactions (e.g. EC, CE, EC’ etc.) ad-
dition chemical kinetic parameter appears, defined 

as 
f

kc ,
 
where kc is the first order rate constant 

of the coupled chemical reaction [1]. Thus, variation 
of the frequency affects particular kinetic parameter, 
which is the basic of the methodology for estimation 
of kinetic rate constants. However, the system is 
frequently affected by several parameters and the 
frequency exhibits a complex influence, making the 
estimation of the rate constants tedious.  

To circumvent the latter complexity, a simple 
methodology has been developed for kinetic analy-
sis at a constant scan rate, i.e. at constant frequency, 
taking advantage of the pulse height (amplitude 
(Esw)) [60]. Let us first note that during a single po-
tential pulse (cf. Figure 1B) the actual sampling of 
the forward (If) and reverse (Ir) currents is done at 
the potentials of the forward and reverse pulse, re-
spectively, which differ between each other for the 
absolute potential value of 2Esw. Thus, the actual 
driving force is the sum of the potential of the step 
and the amplitude. This implies the electrode kinet-
ics can be significantly affected by the amplitude 
only, while keeping the frequency constant. The 
latter provides significant advantage in the kinetic 
analysis, as the comparison of the experimental and 
theoretical voltammograms is simplified to a large 
extend when all frequency related kinetic parame-
ters are kept constant.    

This is the basis of the simple methodology 
for electrode kinetic measurement by analyzing the 
peak potential separation of the forward and reverse 
SW voltammetric components as a function of the 
amplitude [61]. Indeed, the methodology was intro-
duced for the first time almost two decades ago [62], 
by considering only fast surface confined electrode 
reactions, which are attributed with net peak split-
ting. The method was recently generalized by con-
sidering electrode processes of a solution resident 
redox couple [61], as well as stripping electrode 
mechanisms. Experimental conformation was done 
for both surface confined electrode processes [63] 
and a dissolved redox couple [61]. It is further ex-
pected to challenge this simple approach for mecha-
nisms coupled with chemical reactions.  

Figure 2 illustrates the evolution of the for-
ward and backward SW components of a surface 
confined electrode reaction by increasing the ampli-
tude. The electrode reaction is attributed with the 

electrode kinetic parameter, 
f

ksur
 
where ksur is 

the formal rate constant of the electrode reaction 
expressed in units of s-1. The increasing amplitude 
causes an enhancement of both the intensity and 
peak potential separation of the response. The inset 
of the Figure 2A displays the peak potential separa-

tion (Ep) as a function of the electron-normalized 
amplitude (nEsw) for different electrode kinetic pa-
rameters. The data clearly imply that the studied 
feature is sensitive to the electrode kinetics enabling 
estimation of the formal rate constant. The original 
method was further developed by the recent contri-
bution of Bonazzola and Gordillo for the electrode 
kinetics of surface confined processes [64]. 

At this point, it is however useful to note that 
besides the electrode kinetics, the peak potential 
separation is partly consequence of the conventional 
way of presenting the data in SWV, where the for-
ward and reverse voltammetric components are plot-
ted vs. the potential of the staircase modulation, 
though they are measured at respective potentials of 
potential pulses. To avoid this artefact in the kinetic 
analysis we have recently introduced the so called 
“potential corrected SW voltammograms” [61]. In-
deed, in the latter variant of SWV only the forward 
and reverse components are considered, avoiding 
the net SW components, which are plotted vs. the 
real potentials of the pulses, instead of being plotted 
versus the potentials of the staircase potential modu-
lation. Such simple correction can be easily done to 
any SW voltammograms by appropriate shift of the 
forward and reverse components for the value of the 
SW amplitude along the potential axis, as shown in 
Figure 2B. In potential corrected SW voltammo-
grams, the peak potential separation bares infor-
mation on the electrode kinetics only [61].  

Besides the peak potential separation, the SW 
amplitude can be related to the peak currents of all 
three components of the response [65]. As shown in 
Figure 3, the morphology of the response depends 
dramatically on the SW amplitude, in terms of the 
peak current ratio of the forward and backward 
components, exemplified with the quаsirevеrsible 
electrode reaction of a solution resident redox cou-
ple. Whether electrode reaction appears as an irre-
versible process (Figure 3A-(1)), or as a relatively 
fast quasireversible process (Figure 3A-(3)), de-
pends markedly on the amplitude. This phenomenon 
was studied in detail revealing that the kinetic re-
gions of the electrode reaction depend strongly on 
the amplitude. Figure 3B displays typical variation 
of the dimensionless net-peak current with the elec-
trode kinetic parameter of the electrode reaction of a 
dissolved redox couple. Note the linearly increasing 
part of the curves is associated to the typical quasi-
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revesible behaviour of the reaction [1]. Obviously, 
the quasireversible kinetic interval depends strongly 
on the amplitude, being shifted toward lower values 
at higher amplitudes (cf. Figure 3B). In other words, 

large amplitude provides sufficient driving force to 
make intrinsically slow electrode processes relative-
ly fast. Thus, increasing the amplitude enables ki-
netic estimation of slow electrode processes [65].  

 
 

 
 
 

 
 

Fig. 2. Quasireversible electrode reaction of a surface confined redox couple. (A) Evolution of the simulated forward and 
reverse SW components with increasing amplitude of the potential modulation of nEsw = 25 (1); 50 (2) and 75 mV (3). The 

other conditions of simulations are: electrode kinetic parameter  = 1, electron transfer coefficient  = 0.5, and scan increment 

E = 5 mV. The inset shows the dependence of the peak potentials separation on the SW amplitude for electrode kinetic  

parameter of   = 0.05 (1); 0.1 (2); 1 (3) and 2 (4). (B) Conventional and potential corrected SW voltammogram showing the  
forward and reverse components for conditions corresponding to curve (3) in panel (A). 
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Figure 3. Quasireversible electrode reaction of a dissolved redox couple at a planar electrode. (A) The evolution of the simu-
lated SW voltammograms at different amplitudes of Esw = 60 (1), 120 (2) and 180 mV (3). Conditions of the simulations are: 

electrode kinetic parameter  = 0.06, electron transfer coefficient   = 0.5, stoichiometric number of electrons n = 1, and scan 

E = 5 mV. (B) The dependence of the dimensionless net peak current on the logarithm of the electrode kinetic 
parameter for different amplitudes. The conditions of the simulations are: Esw = 10 (1); 25 (2); 50 (3); 100 (4) and 150 mV (5). 

(C) The dependence of the amplitude-based quasireversible maximum on the electrode kinetic parameter. Simulations are 

conducted for n = 2 and   0.01 (1); 0.03 (2); 0.05 (3) and 0.06 (4). 
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Foregoing theoretical considerations provides 
a basis for development of a new kinetic method by 
means of the analysis of the net-peak current-
amplitude relation. Interestingly, Figure 3C shows 
that the ratio of the net peak current and the elec-

tron-normalized amplitude (p/nEsw) is a parabolic 
function of the amplitude, for a single electrode re-
action. This feature was termed as amplitude-based 
quasireversible maximum, by analogy to the well-
known quasireversible maximum of surface con-
fined or adsorption complicated electrode processes 
[1, 11]. The position of the amplitude-based quasi-
reversible maximum is sensitive to the electrode 
kinetics enabling estimation of the formal rate con-
stant in a simple, fast and efficient procedure. Un-
like the conventional quasireversible maximum, the 
amplitude-based quasireversible maximum is not 
limited to adsorption complicated electrode process-
es, rather than it is a general feature of a broad class 
of electrode mechanisms. The methodology was 
experimentally supported with a variety of electrode 
mechanisms including 2-methyl-2-nitropropane 
[65], alizarine, vitamin B12 and vitamin K2 [63].  

Finally, it is worth mentioning that a possible 
drawback of both amplitude-based methodologies is 
related to the fact that by using large amplitude values, 
i.e. Esw > 150 mV) distortions of the experimental 
curves are possible due to significant contribution of 
the charging current, which has to be considered in the 
course of the real experimental analysis.  

 

Approaching slow electrode processes – the role 
of the step potential increment in SWV 
 

As previously mentioned, the main time parameter 
in SWV is the frequency, with the typical interval 
values provided by the modern instrumentation from 
5 to 2000 Hz. For the minimal frequency of 5 Hz 
one gets the maximal duration of a single potential 

cycle,   = 200 ms ( f/1 ), revealing that one 

deals with intrinsically fast technique. The latter 
could be considered as a drawback when slow elec-
trode processes are considered (unfortunately the 
majority of electrode reactions are relatively slug-
gish). In the previous section, (Kinetic analysis at a 
constant scan rate), it was revealed that kinetics of 
the electrode reaction, i.e., the electrochemical re-
versibility, can be significantly affected by increas-
ing the amplitude, transforming intrinsically slow 
processes in electrochemically quasireversible reac-
tions (cf. Figure 3). However, besides the amplitude, 
in a quest to analyze slow electrode processes there 
could be another tool in hand; it is the step potential 

increment E of the staircase potential modulation 
(cf. Figures 1A and B). The latter assumption stem 
from the expectation that along the frequency the 

electrochemical reversibility depends on the overall 

scan rate defined as v E f . Unfortunately, there 
is a gap in the theory of SWV regarding the role of 
the step potential increment and the overall scan rate 
in the electrochemical reversibility. Jadresko et al. 
[66] studied the effect of the scan rate in SWV and 
staircase voltammetry for the case of reversible elec-
trode processes of a solution resident redox couple, 
however the analysis of quasireversible electrode 
mechanisms is still missing. For these reasons, we 
illustrate briefly the effect of the step potential in-
crement, in order to emphasize the potential usage in 
studying electrode kinetics.  

Figure 4A illustrates how the step potential 

increment affects profoundly the morphology of the 

response for the case of a quasireversible electrode 

reaction of a dissolved redox couple. The electrode 

reaction attributed with the electrode kinetic param-

eter   E = 0.5 

mV (Figure 4A, panel (1)), whereas it is almost 

E = 20 mV (Figure 4A, 

panel (2)). On the other hand, the intensity of the 

response enhances significantly by increasing the 

step increment (compare panels 1 and 2 in Figure 

4A). Obviously, the scan increment has a complex 

and profound effect to the voltammetric response of 

a quasireversible electrode reaction. Figure 4B 

summarizes in more detail the effect of the step po-

tential increment to the typical kinetic regions of the 

electrode reaction considering the variation of the 

net peak current with the logarithm of the electrode 

kinetic parameter. The scan increment has a signifi-

cant influence in the lower parts of the curves, 

which is associated to relatively slow and irreversi-

ble electrode processes, in agreement with the study 

of Jadresko et al. [66]. More specifically, the typical 

quasireversible kinetic region is expanded toward 

slower processes by decreasing the step increment 

(Figure 4B), implying that kinetic analysis of slug-

gish electrode reactions can be assessed by decreas-

ing the step increment for a given frequency of the 

potential modulation. For log( ) ≥ 0, the linearly 

increasing part of all curves merges into a single 

line, regardless of the step potential, indicating that 

in this kinetic region the electrochemical reversibil-

ity mainly depends on the frequency (cf. Figure 4B).  

Figure 4C also illustrates that the peak potential 

Ep between the forward and backward 

components depends on both amplitude and the step 

potential increment. Obviously, lowering the step 

potential increment (curve 1 in Figure 4C) enables 

application of lower amplitude values (curve 3 in 

Figure 4C), which is highly advantageous in terms 

of precision and sensitivity of the method based on 

the amplitude variation [61].  
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Figure 4. Quasireversible electrode reaction of a dissolved redox couple at a planar electrode. (A) The effect of the step  

potential increment on the morphology of the SW voltammograms for electrode kinetic parameter of  = 0.1, electron transfer 

coefficient   = 0.5 and stoichiometric number of electrons n = 1. The amplitude of the modulation is Esw = 50 mV and the 

E = 0.5 (1) and 20 mV (2). (B) The effect of the step potential increment on the quasireversible kinetic 

region for E = 0.1 (1); 1 (2); 5 (3) and 20 mV (4). (C) Peak potential separation as a function of the SW amplitude for the  

E = 1 (1); 5 (2) and 10 mV (3). 
 
 

To rationalize the effect of the scan increment 
let us note that the scan rate of the overall potential 
modulation can be significantly changed by altering 
the step potential increment for a given frequency (v 

E f ). In turn, the scan rate determines the overall 
time of the voltammetric experiment, affecting the 
thickness of the diffusion layer and the rate of the 

diffusional mass transport for processes of a dis-
solved redox couple. For instance, at f = 5 Hz, the 
scan rate changes from v = 0.5 mV/s to 100 mV/s 

E = 0.1 and 20 mV, respectively. It is three 
order of magnitude variation of the overall scan rate 
which has marked influence to the electrochemical 
reversibility of a given electrode reaction. Though 
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the interplay of the frequency and scan rate is very 
complex, it is highly advised to inspect in detail the 
effect of the step increment and to develop methodol-
ogy for kinetic estimation of slow electrode process-
es. A general recommendation would be to apply as 
small as possible step potential increment when slug-
gish electrode mechanisms are subject of the study. 

 

In-depth analysis of chronoamperometric  
features of electrode processes – multisampling 

procedure in SWV 
 

Understanding SWV as a repetitive double-
step chronoamperometric technique, a novel meth-
odology has been recently proposed for advanced 

analysis based on the multisampling current proce-
dure [67]. The basic idea is graphically illustrated in 
Figure 5, showing a single potential cycle in SWV 
(Figure 5A) where the current is sampled at several 
time intervals at the last portion of the pulse. Instead 
of single current measurement, the multisampling 
current procedure enables construction of a series of 
so called multi-sampled SW voltammograms, which 
reflect the chronoamperometric behaviour of the 
electrode reaction. Proposed procedure is useful 
when the experiment is conducted at a low frequen-
cy, i.e. long duration of the potential pulses, allow-
ing to sample the current at the last portion of each 
pulse without sacrificing the large ratio of the fara-
daic to the charging current [1, 11].  

   
 
   

 
 

Figure 5. (A) Multisampling current procedure in the course of a single potential cycle in SWV and corresponding multisampled 
net SW voltammograms. (B) Comparison of net voltammetric components of a reversible electrode reaction of a dissolved redox 
couple simulated at f = 10 Hz (tp = 50 ms) by sampling the current at ts = 40 ms (red line) with the conventional voltammogram 
(blue dashed line) simulated for f = 12.5 Hz (tp = ts = 40 ms). (C) Quasireversible electrode reaction of a surface confined  
redox couple. The dependence of the real net peak current of multisampled SW voltammograms on the sampling time for the 

formal rate constant of ksur/s–1 = 10 (1); 15 (2), and 25 (3). Electron transfer coefficient is  = 0.5, stoichiometric number of 

electrons n = 1, frequency f = 10 Hz, amplitude Esw E = 2 mV. (D) Evolution of the        
multisampled theoretical net voltammograms of surface confined electrode reaction for a sampling time of ts = 30 (1);40 (2)  

and 50 ms (3). The formal rate constant is ksur = 35 s–1. The other conditions are identical as for the panel (C). 

 
 



V. Mirčeski, L. Stojanov, S. Skrzypek 

Contributions, Sec. Nat. Math. Biotech. Sci., MASA, 39 (2), 103–121 (2018) 

112 

Figure 5B illustrates the difference between 
multisampled and conventional SW voltammograms 
for a reversible electrode reaction of a solution resi-
dent redox couple. The red line corresponds to the 
net voltammogram simulated at f = 10 Hz (duration 
of a single pulse tp = 50 ms) but sampling the cur-
rent at ts = 40 ms, whereas the blue dashed line re-
fers to the conventional voltammogram simulated at 
f = 12.5 Hz (tp = ts = 40 ms). Even though in the two 
cases the current is sampled at equal time (40 ms), 
the outcome of the two assumed experiments is not 
identical, revealing the difference in the multisam-
pling and conventional SWV.   

The main advantage of multisampling SWV 
originates from the fact that in a single experiment 
one can construct a series of SW voltammograms, 
the analysis of which might enable full characterisa-
tion of the reaction [67]. A theoretical example of 
such analysis is presented in Figure 5C showing the 
variation of the net peak current of the multi-
sampled net voltammograms as a function of the 
sampling time for a surface confined electrode reac-
tion. The net peak current variation with sampling 
time is sensitive to the electrode kinetics enabling 
estimation of the formal rate constant. Moreover, 
the evolution of the net voltammogram from a sin-
gle peak to the split net peak, typical for a surface 
confined electrode reaction, can be observed by ana-
lyzing multisampled voltammograms (Figure 5D). 
Let us recall that the peak splitting in conventional 
SWV is achievable either by increasing the SW am-
plitude or decreasing the frequency of the potential 
modulation [62]. Obviously, in multisampling 
SWV, the phenomenon can be observed conducting 
a single votammetric experiment only, which seems 
to be a unique feature of the proposed methodology. 
The proposed method is promising for an advanced 
analysis of electrode processes, as initially experi-
mentally verified with the reactions of Eu3+ and az-
obenzene [67]. It is however worth mentioning that 
the full implementation of the method depends yet 
on the modification of current sampling protocol in 
the modern digital instrumentation. 

 

Square-wave voltammetry in a cyclic  
fashion mode 

 
It is commonly claimed that SWV unifies the 

advantages of pulse voltammetric techniques (with 
respect to the high ratio of the faradaic to the charg-
ing current, i.e., high analytical sensitivity), and cy-
clic voltammetry (with respect to the ability to study 
electrode mechanism). Nevertheless, in convention-
al SWV mechanistic features are accessible only for 
relatively fast electrode processes attributed with 
high electrochemical reversibility under given ex-

perimental conditions. For slow processes, as dis-
cussed in the previous section, a series of obstacles 
need to be overcome. A possible solution could be 
found in coupling the conventional SWV with cy-
clic voltammetry to yield the potential modulation 
presented in Figure 6A. The theoretical basis of this 
highly promising technique are found in the works 
of Chen [68], Bottomley [69–71], Molina [72], as 
well as in a series of studies in which SWV was ap-
plied in a reverse mode [73–76].  

Figure 6B shows a typical theoretical re-
sponse of the cyclic square-wave voltammetry of a 
slow, quasireversible electrode reaction of a dis-
solved redox couple. The response is rich with elec-
trochemical data, consisting of six voltammetric 
curves, attributed to the direct and reversal SW po-
tential scan. For the sake of simplicity, the cyclic 
square-wave voltammogram might feature the net 
components of the direct and reversal scan only. 
Analyzing the same electrode reaction shown in Fig. 
6B with conventional SWV yields an irreversible 
voltammetric response with barely developed back-
ward component. On the contrary, under conditions 
of cyclic square-wave voltammetry the processes 
appears as quasireversible one considering the net 
components of the response, providing an insight 
into the mechanistic and kinetic aspects of the elec-
trode reaction.  

Figure 6C shows a typical response of a ECrev 
electrode mechanism, where the quasireversible 
electrode reaction of a dissolved redox couple (E) is 
coupled with a follow-up reversible homogeneous 
chemical reaction (Crev), attributed with a equilibri-
um rate constant log(K) = 10 and different kinetics 
of the chemical step [1]. As the kinetics of the 
chemical reaction increases, the net component of 
the reversal SW voltammetric scan diminishes, in 
analogy to the cyclic voltammetric features. Recall 
that the dimensionless chemical kinetic parameter is 

defined as 
f

k
 ;  bf kkk   is cumulative rate 

constant where kf and kb are rate constants of the 
direct and reverse chemical reaction of the chemical 
step [1]. The evolution of the response presented on 
Figure 6C is similar to the conventional cyclic volt-
ammetry, the difference being in the advanced sensi-
tivity and high quality of the electrochemical data 
under conditions of cyclic square-wave voltammetry.      

In conclusion, it has to be stressed that there 
is a necessity for the analysis of a variety of elec-
trode mechanisms under conditions of cyclic square-
wave voltammetry in order to establish qualitative 
diagnostic criteria as well as to develop methods for 
determination of thermodynamic and kinetic param-
eters of electrode reactions. 
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Figure 6. (A) Potential modulation in cyclic square-wave voltammetry. (B) Typical voltammetric response of a quasireversible 
electrode reaction of a solution resident redox couple showing, forward, reverse and net component. Simulations are conducted 

for electrode kinetic parameter  1, electron transfer coefficient   = 0.5, stoichiometric number of electrons n = 1, amplitude 

Esw = 50 mV, and scan incre E = 10 mV. (C) Typical response of an ECrev mechanism for the chemical kinetic parameter 

of: log( ) = –5 (1); –2 (2) and –1 (3). The equilibrium constant of the chemical step is log(K) = 10 and the electrode kinetic  
parameter is 0.1. The other conditions are identical as for panel (B). 
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Simplified form of square-wave voltammetry – 
square-wave chronoamperometry 

 

Square-wave chronoamperometry is a simpli-

fied form of conventional square-wave voltammetry 

developed for the purpose of simplification and 

broadening the scope of the technique [77]. The the-

oretical base of this renewed idea is found in the 

early works of Smit and Wijnen [78–80], in the 

methodology known as cyclic potential-step meth-

od. Square-wave chronoamperometry is a pulse-

form chronoamperometric experiment, the excita-

tion signal being obtained by combining a constant 

potential (mid-potential, Emid) with a short-duration, 

small potential pulses, as depicted in Figure 7A. 

Indeed, the proposed experiment is a repetitive dou-

ble-step chronoamperometric experiment conducted 

with small potential pulses. The main tool in hand 

for electrokinetic purposes is again the frequency 

(f), the height of potential pulses (Esw, i.e. SW am-

plitude), as well as the mid potential (Emid). Current 

sampling and presentation of chronoamperometric 

data is analogous to SWV, consisting of forward, 

reverse, and net (differential) chronoamperometric 

curve (Figure 7B). Additionally, for electrokinetic 

purposes, the typical way of presenting the data is in 

the form of a "spectrum" of net currents as a func-

tion of the frequency (Figure 7C), which is the rea-

son to coin an alternative name of the technique – 

electrochemical faradaic spectroscopy.  
The first, and the most striking feature of the 

response is that the net chronoamperometric com-
ponent does not depend on time of the experiment, 
as illustrated in Figure 7D, referring to the reversi-
ble electrode reaction of a solution resident redox 
couple. Such chronoamperometric behaviour is op-
posite to the conventional chronoamperometry (cf. 
Figure 7D), where the current decays with time 

(
t

1
), as typical for diffusion controlled processes 

at macroscopic electrodes. Thus, the response under 
conditions of electrochemical faradаic spectroscopy 
at a macroscopic electrode resembles the steady 
state response in conventional chronoamperometry 
at microelectrodes governed by a spherical diffusion 
mass transport. 

 
 

 
 

Figure 7. Electrochemical faradaic spectroscopy (EFS): (A) A scheme of the excitation signal; (B) typical response of EFS  
in a form of square-wave chronoamperogram; (C) typical response of EFS in a form of a spectrum of net currents of different 

frequencies. (D) Comparison of the net response in EFS and conventional chronoamperometry. 
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Figure 8 illustrates that the frequency spec-

trum is sensitive to both electrode kinetics and 

mechanism, exemplified with the quаsireversible 

electrode reaction of a solution resident redox cou-

ple (curve 1), surface confined electrode reaction 

(curve 2), and ErevC’ regenerative catalytic mecha-

nism of a reversible electrode reaction of a dissolved 

redox couple (curve 3) [1]. The theoretical analysis 

is conducted at the mid potential identical to the cor-

responding formal potentials of each electrode 

mechanism, with 20 potential cycles (i.e., in total 40 

potential pulses at amplitude of Esw = 20 mV). The 

parabolic spectrum of the surface confined electrode 

reaction is a consequence of the specific chronoam-

perometric features related to the phenomenon 

known as quasireversible maximum [1, 11].  

Generally, the proposed simple technique uni-
fies the advantages of both conventional square-
wave voltammetry and chronoamperometry. With 
respect to the kinetics of the electrode reaction of a 
dissolved redox couple the technique appears to be 
even more sensitive than SWV and conventional 
chronoamperometry [77]. Moreover, in comparison 
to SWV even faster electrode reactions can be stud-
ied by adjusting the mid-potential (Emid) at values 
Emid < E0'. Finally, it has to be mentioned, similar to 
the case of multisampling current procedure (section 
In-depth analysis of chronoamperometric fea-
tures…), the application of the new methodology 
depends on the implementation of the technique in 
the modern instrumentation. Moreover, the com-
plete theoretical development considering a variety 
of electrode processes should follow.  

 
 

 
 

Figure 8. Typical frequency spectrum in electrochemical faradaic spectroscopy for (1) a quasireversible electrode reaction of 
a solution resident redox couple with a formal rate constant ks = 0.01 cm s–1; (2) quasireversible surface confined electrode 
reaction with a formal rate constant ksur = 100 s–1; and (3) reversible catalytic electrode mechanism with the catalytic rate constant 
kc = 10 s–1. The other conditions of the simulations are: stoichiometric number of electrons n = 1, electron transfer coefficient 

 = 0.5, amplitude Esw = 20 mV, and number of potential cycles p = 20. The dimensionless currents correspond to the 19 th  
potential cycle measured for different frequencies. 

 
 

TOWARDS ENHANCED SENSITIVITY  
OF SQUARE-WAVE VOLTAMMETRY 

 
Finally, in a quest for improved analytical 

performances of SWV two new ideas are presented 
here for the first time. The full elaboration will be 
given in subsequent separate publications. The first 
one is an attempt to increase the sensitivity of SWV 
by simple processing of conventional net voltam-
mograms, leading to the methodology provisionally 
termed as cumulative square-wave voltammetry. In 
cumulative voltammetry the current at a given po-

tential (cum) is calculated as a sum of all previous 

current values of the conventional SWV (), i.e., 


j

jcum ΨΨ . The result of such operation, which 

could be regarded as primitive integration, is pre-
sented in Figure 9, comparing conventional (left 
ordinate) with the new, cumulative net voltammo-
gram (right ordinate). The cumulative voltammo-
gram is a sigmoid curve with a limiting current 

(lim) that is an order of magnitude higher than the 
net peak-current of the conventional SW voltammo-

gram ( p) (compare the range of values of the two 
ordinates). For the conditions of Figure 9, the ratio 

is lim/ p = 26.5. In order to illustrate the prom-
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ising potential of the proposed methodology toward 
an increased analytical sensitivity, the inset of Fig-
ure 9 compares theoretically constructed calibration 
lines of conventional and cumulative SWV. While 
the improvement in the sensitivity of the technique 
is obvious, it should be noted that the limit of detec-
tion of two techniques is expected to be identical, as 
they rely on the same set of electrochemical data.  

The first, preliminary experimental verifica-
tion of the proposed methodology has been done 
with the experiments with H2O2 measurement at 
macroscopic Pt electrode, where the slope of the 
calibration line incr

mmol–1 l for conventional and cumulative SWV, 
respectively (data not shown).  

From the mechanistic point of view it can be 

mentioned that the half-wave of the cumulative 

voltammogram is identical to the net peak potential. 

It can be also shown that the rising part of the cumu-

lative voltammogram is a linear function of the po-

tential. The slope of the linear part of the cumulative 

voltammogram and the half-wave potential are sen-

sitive to the electrochemical reversibility, thus ena-

bling further processing and estimation of the kinet-

ic parameters.  

 
 

 
 

Figure 9. Cumulative square-wave voltammetry of a quasireversible electrode reaction at a planar electrode of a solution resident 
redox couple. Comparison of the cumulative (right ordinate) with the conventional SW voltammogram (left ordinate). Conditions 

of the simulations are: electrode kinetic parameter log( ) = 1.8, electron transfer coefficient   = 0.5, stoichiometric number 

of electrons n = 1, amplitude Esw E  = 5 mV. The inset shows the theoretical calibration 
curves for the cumulative and conventional SWV. Conditions of the simulations are: formal rate constant ks = 10–3 cm s–1, 
electrode surface area A = 0.01 cm2; common diffusion coefficient D = 1 × 10–6 cm2 s–1 and frequency f = 10 Hz. The other  

conditions are identical as for the main graph. 
 
 

Besides sensitivity, the improvement of the 
limit of detection of SWV is a highly challenging 
issue in the overall methodological development of 
the technique. In the family of pulse voltammetric 
techniques SWV and differential pulse voltammetry 
(DPV) [4] compete for dominance in electroanalyti-
cal chemistry in general. While SWV seems to be 
superior when electrode mechanisms and kinetics 
are the subject of the study, analytical performances 
of the two techniques are quite comparable. In 
SWV, the frequency is the main time parameter (f = 

1/  = 1/2tp) (Figure 10A), while in DPV both dura-

tion of the step (ts) and the pulse (tp) can be deliber-
ately altered (Figure 10B). In many cases, the right 
choice of the ratio ts/tp provides superior analytical 
performances of DPV. In order to unify the ad-
vantages of the two techniques a hybrid potential 
modulation is proposed, as depicted in Figure 10C. 
The later can be understood as a modified form of 
DPV, where the single pulse is replaced with two, 
equal, oppositely oriented pulses. Clearly, the un-
derlying idea is to keep the ability of the hybrid 
technique to provide mechanistic information as 
SWV does. On the other hand, the hybrid potential 
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form can be commented from the perspective of 
SWV noting that a potential step (ts) is inserted be-
tween potential cycles; commonly ts > tp. Obviously, 
the tendency is to enable longer relaxation of the 
system at a given potential step of the staircase po-
tential modulation, in order to increase the ratio be-
tween the faradaic and charging current, as effec-
tively achieved in DPV [4]. 

The current sampling of the hybrid technique 
can be done at three points, i.e., at the end of the 

step (s), as well as at the end of each potential pulse 

(f and  r) (cf. Figure 10C). Two differential current 

components can be defined as dif,f f – s, and dif,r 

r – s. In addition, the net component can be cal-

culated as net = dif,f – dif,r. The same net compo-

nent is obtained through f and r as net =  f – r. 

As depicted in Figure 11 the evolution of the differ-

ential current components ( dif,f dif,r, Figure 11A) is 
not identical with the forward and reverse current 

components ( f, r, Figure 11A), though the net 
component is identical in both cases. Interrelation 
between differential current components implies a 
quasireversible electrode process (cf. Figure 11A), 
whereas the forward and reverse currents are typical 
for the irreversible electrode reaction (cf. Figure 
11B). The overall characteristics of the response are 
expected to depend strongly on the ratio tp/ts, in both 
mechanistic contexts, as well as in terms of the ana-
lytical performances of the technique. An in-depth 
theoretical analysis is in progress, which will be the 
subject of following communications. 

 
 

 
 

Figure 10. (A) Potential modulation in differential pulse voltammetry; (B) square-wave voltammetry; 
(C) hybrid differential-pulse square-wave voltammetry, showing typical time intervals and current sampling points  

in the new hybrid technique 

 



V. Mirčeski, L. Stojanov, S. Skrzypek 

Contributions, Sec. Nat. Math. Biotech. Sci., MASA, 39 (2), 103–121 (2018) 

118 

 
 

Figure 11. Quasireversible electrode reaction of a dissolved redox couple at a planar electrode. Typical theoretical response 

under conditions of hybrid differential pulse-square voltammetry showing: (A) differential (dif,f, dif,r)  current components 

and (B) forward (f) and reverse (r) current components. In both cases, the net component (net) is also given. The simula-

tion conditions are: electrode kinetic parameter  = 0.1, electron transfer coefficient  = 0.5 and stoichiometric number of 

electrons n = 1. The ratio between critical time parameters is ts/tp = 6, the amplitude of the modulation is Esw = 25 mV and the 

scan increment is E = 10 mV. 
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КВАДРАТНО-БРАНОВА ВОЛТАММЕТРИЈА: НАЈНОВИ ДОСТИГАЊА И ПЕРСПЕКТИВИ  
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Во овој ревијален труд е даден преглед на најновите достигања на квадратно-брановата волтамметрија, 

како една од најсофистицираните пулсни волтамметриски техники. Разгледани се најновите теориски трудови, 

дел од напредните студии за аналитичка примена на техниката, а особен акцент е ставен на неколку нови 

методолошки концепти како што се методата за мерење на електродна кинетика при константна брзина на 

промена на потенцијалот, циклична квадратно-бранова волтамметрија, квадратно-брановата волтамметрија со 

повеќекратно мерење на струјата и електрохемиската Фарадеева спектроскопија. За понатамошно усовршување 

на техниката предложени се две нови методи, досега непознати во научната литература.  

 

Клучни зборови: квадратно-бранова волтамметрија; електрдони механизми; електродна кинетика 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

  

 

 

 

 

 

 


