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Recent advances in square-wave voltammetry for analytical purposes as well as for studying elec-

trode mechanisms and kinetics are reviewed, mainly covering results published in the last decade. Ana-
lyzing only some typical analytically oriented studies, one confirms the well-known fact that the tech-
nique is attributed with superior analytical performance in the family of advance pulse voltammetric 
techniques. Covering all analytical studies where square-wave voltammetry is the working technique is 
hardly possible. For this reason, we decided to cover the relevant studies in square-wave voltammetry, 
mainly published in the last five to seven years. The reviewed period is marked with remarkable contribu-
tions in the theory of complex electrode mechanisms, revealing that square-wave voltammetry is one of 
the most powerful voltammetric techniques for both mechanistic and kinetic characterizations of elec-
trode processes. Finally, a brief consideration is given to several methodologically oriented studies, refer-
ring mainly to cyclic-square voltammetry as well as methods based on the analysis of electrode processes 
by varying the amplitude of the potential modulation, which is expected to expand the scope and applica-
tion of the technique in coming years. 
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РЕВИЈАЛЕН ПРЕГЛЕД НА СКОРЕШНИОТ РАЗВОЈ  

НА КВАДРАТНО-БРАНОВАТА ВОЛТАМЕТРИЈА  
 

Во овој труд е даден ревијален преглед на развојот на квадратно-брановата волтаметрија во 
последните неколку години, осврнувајќи се на нејзината примена како електроаналитичка тех-
ника, но и како техника за изучување на електродните механизми и електродната кинетика. Со 
анализа на некои покарактеристични аналитички ориентирани студии е потврден познатиот факт 
дека оваа техниката се одликува со супериорни особини во поширокото семејство на пулсни 
електроаналитички техники. Треба да се напомни дека е невозможно да се опфатат сите анали-
тички студии, бидејќи нивниот број е огромен. Покрај другото, овој период се одликува со 
значителен развој на теоријата на оваа техника за проучување на сложени електродни механизми, 
што е потврда дека квадратно-брановата волтаметрија е една од најмоќните алатки за студирање 
на механизмите и кинетиката на електродните реакции. На крајот е даден краток осврт на неколку 
важни методолошки ориентирани студии кои се засноваат на анализа на електродната кинетика 
само со промена на амплитудата на ексцитацискиот сигнал, и се очекува дека ќе го прошират 
опсегот на примена на оваа техника.  

 
Клучни зборови: квадратно-бранова волтаметрија; електроанализа; електродни механизми; 
кинетика на електродни реакции; електрохемија 
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1. INTRODUCTION  
 

Square-wave voltammetry (abbreviated here 
as SWV) is one of the most advanced electro-
chemical techniques [1–6] that, in a historical con-
text, originates from the Kalousek commutator [7] 
and Barker square-wave polarography [8–10]. 
Though most frequently applied for analytical pur-
poses, SWV is a superior electrochemical tech-
nique for both mechanistic and electrokinetic stud-
ies of various electrode processes. Basic features of 
the potential modulation, together with a simulated 
voltammetric response in SWV, are depicted in 
Figure 1. In SWV, the potential modulation com-
prises of a staircase potential ramp combined with 
square-shaped potential pulses (Figure 1A). The 

main parameters of a potential cycle composed of 
two neighboring pulses (Figure 1B) are the height 
of the pulses (referred as the SW amplitude, Esw) 
and the SW frequency (f), defined as f = 1/τ, where 
τ is the duration of a potential cycle. In terms of 
the duration of the single potential pulse tp (τ = 2tp), 
the frequency could be defined as f = 1/(2tp). The 
potential cycle, repeated at each step of the stair-
case ramp, consists of a forward and backward (or 
reverse) potential pulse, the terms being defined 
relative to the direction of the staircase ramp. Ob-
viously, in the course of each potential cycle, the 
electrode reaction is driven in both the anodic and 
cathodic directions, thus providing an insight into 
the electrode mechanism.  
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Fig. 1. (A) Potential waveform, (B) one potential cycle, and (C) a typical voltammogram in square-wave voltammetry.  
The response consists of a forward (anodic, Ψf), backward (cathodic, Ψb) and net (Ψnet) component. 

 
 

The SW frequency is the critical time pa-
rameter of the voltammetric experiment. The 
physical meaning of the frequency is understood as 
the number of potential cycles in a unit of time. 
The typical frequency range provided by commer-
cially available instruments [1, 11] is from 5 to 2000 
Hz, which corresponds to the duration of a single 
potential pulse tp from 0.25 to 100 ms. Besides the 
frequency, the scan rate of the voltammetric ex-
periment could be defined as v = f ∆E, where ∆E is 
the step of the staircase ramp (cf. Figure 1B).  

In the course of a voltammetric experiment, 
the current is sampled at the end of each potential 
pulse, aiming to discriminate against the charging 
current [1, 5]. Accordingly, the currents associated 
with forward and backward potential pulses com-
pose the forward and backward (reverse) compo-
nent of the SW voltammogram, respectively (Fig-

ure 1C). It is important to stress that both forward 
and backward components are plotted versus the 
potential of the staircase ramp, i.e., the mid poten-
tial of the two neighboring pulses composing one 
potential cycle. Consequently, to each step poten-
tial, two current values are assigned. Subtracting 
the forward and backward currents, a net compo-
nent of the SW voltammogram is obtained, which 
is most frequently a bell-shaped curve that enables 
precise determination of its position and height 
(Figure 1C).  

In the present review, an attempt is made to 
highlight the developments in this technique in the 
last several years, addressing the most typical ana-
lytically oriented studies, the theoretical studies 
referring to complex electrode mechanisms, as 
well as application of the technique for kinetic and 
mechanistic purposes. Finally, a brief considera-
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tion is given to several methodologically oriented 
studies of general importance that, to the best of 
our knowledge, might facilitate and expand the 
scope and application of the technique. 
 

2. APPLICATION OF SQUARE-WAVE  
VOLTAMMETRY IN ELECTROANALYSIS 

 
Square-wave voltammetry, as one of the su-

perior members of the large family of pulse-volt-
ammetric techniques, is attributed with excellent 
analytical sensitivity [1, 5, 6]. Hence, it is fre-
quently applied for the quantitative determination 
of a variety of compounds such as medications, 
biomolecules, environment pollutants, antioxidants, 
etc. Besides the pronounced sensitivity, electroana-
lytical methods commonly require a short analysis 
time, as SWV is recognized as a very fast voltam-
metric technique. Furthermore, the analytical sen-
sitivity can be enhanced by combining the tech-
nique with enrichment procedures that are well-
known in electroanalysis, such as electrolytic or 
adsorptive accumulation. Accordingly, square-wave 
stripping voltammetry enables ultra-trace analytical 
determination down to a picomolar concentration 
level [5, 6]. In the last decade, in many cases, 
SWV has emerged as a viable and cheap alterna-
tive to other more expensive and time-consuming 
techniques (such as chromatography, for example) 
for the determination of inorganic and biologically 
important compounds. All these advantages make 
SWV a technique of choice for the quantification 
of important classes of compounds, such as pro-
teins [12], vitamins [13], phenols [14–18], benzo-
quinones [19], pesticides, herbicides and fungi-
cides [20–28], alkaloids [29], terpenoids [30], 
metal traces [31–46], and drugs [47, 48].  

Due to the outstanding resolution of the 
voltammetric response, SWV is applied for simul-
taneous determination of compounds with close 
redox potentials, such as paracetamol and penicil-
lin, exemplified by the work of Švorc [49], as well 
as for ascorbic acid, acetaminophen, and trypto-
phan at a graphite electrode modified with carbon 
nanotubes [50]. In a recent work, Tian et al. [51] 
reported on the simultaneous determination of 
ascorbic acid, dopamine, and uric acid at a gold 
nanoparticle-modified graphite electrode.   

SWV, in combination with screen printed 
electrodes [52, 53], has been successfully exploited 
for the direct determination of low molecular 
weight antioxidants such as glutathione, ascorbic 
and uric acids in blood samples. This method is 
less sensitive to matrix interference and is superior 
compared to the well-established spectrophotomet-

ric methodology for the quantification of low mo-
lecular weight antioxidants. In addition, SWV has 
been successfully applied for the detection of phe-
nols, another class of important antioxidants. 
Seven phenolic compounds, i.e. the o-phenylendi-
amine, p-chlorophenol, p-aminophenol hydroqui-
none, pyrocatechol, phenol, and 3,3-5,5-tetra-
methylbenzidine were tested as cosubstrates of the 
enzymatic reaction of the horseradish peroxidase 
[54]; the calibration was carried out in the sub-
nanomolar range. Many polyphenols belonging to 
the group of flavonols present in various plants 
have been successfully determined by solid elec-
trodes [55, 56]. Various catechins, such as epigallo-
catechin gallate, epicatechin, epicatechin gallate, 
gallic acid, and epigallocatechin were directly 
quantified in various green teas in the submicro-
molar range at a glassy carbon electrode. The accu-
racy, sensitivity and selectivity of the latter method 
were comparable to the corresponding HPLC-
based methodology. In another work, SWV was 
explored for the quantification of polyphenols from 
the class of flavonolignans [57]. Additionally, 
SWV has been used for the determination of 
isosilybin, silybin and some of its derivatives in 
adsorptive stripping mode. Moreover, it was shown 
that silybin forms 1:2 complexes with Cu2+ ions 
capable of selectively binding to DNA molecules. 
Resveratrol is another important polyphenolic an-
tioxidant present in red wine. Its detection in red 
wine samples has been achieved using an adsorp-
tive stripping methodology in a concentrated per-
chloric medium [58]. The detection limit of res-
veratrol was in the ng/ml range, comparable to that 
obtained by chromatographic techniques.  

In the last decade, protein-film voltammetry 
has emerged as a suitable technique for studying 
the redox chemistry of various enzymes and pro-
teins [59]. Duwensee et al. [60] described a re-
markable achievement of SWV performed on 
heated microwires to detect the products of the 
asymmetric convective polymerase chain reaction 
performed in a tube containing a very small vol-
ume. The polymerase chain reaction is an impor-
tant tool in molecular biology, used for the detec-
tion of gene-related diseases, amongst other appli-
cations. By using a gold electrode modified with a 
complementary single-stranded capture probe im-
mobilized via a thiol linker, a labeled product of 
the polymerase chain reaction could be success-
fully detected. The product of polymerase chain 
reaction was labeled with an osmium(VIII) bipyri-
dine complex. In such an approach, significant dis-
crimination was achieved against complementary 
and non-complementary targets. The method was 
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reported to be very simple and fast, and superior in 
many aspects over the commonly explored micro-
fluidic chips with external pumps. Another impor-
tant contribution in protein detection is the work of 
Křižková et al. [61]. In this study, electrophoretic 
and voltammetric methods were developed for the 
determination of avidin, a protein responsible for 
crop protection. The reaction between avidin (the 
glycosylated protein) and vitamin H (biotin) was 
utilized to develop a sensitive method for avidin 
quantification. The authors showed that the method 
was specific, while its sensitivity was comparable 
to the electrophoretic methods developed for 
avidin determination in transgenic plants. In an-
other work [62], the authors developed an ultra-
sensitive procedure for streptoavidin determination 
(from Streptomyces avidinii) in the zeptomolar 
concentration range using carbon paste electrodes. 
Shu et al. developed a novel method for studying 
the ribonuclease activity of the dicer protein at an 
RNA-modified gold electrode [63].  

Beyond methods for the quantification of 
proteins, SWV has been exploited for the detection 
of other important physiological organic com-
pounds [64, 65]. Arevalo et al. [66] have recently 
reported on a sensitive adsorptive stripping method 
to detect the steroid progesterone on a glassy car-
bon electrode. The authors of this work also paid 
attention to the adsorption of progesterone on the 
working electrode surface, while evaluating the 
thermodynamic parameters of the adsorption 
strength. The same group [67] also published a 
comprehensive study of the determination of pro-
gesterone in acetonitrile at a glassy carbon elec-
trode. Electrochemical reduction of progesterone in 
non-aqueous media is commonly accompanied by 
the formation of stable radical anions. In another 
work, Goyal et al. [68] developed a method for the 
simultaneous detection of adenosine and adeno-
sine-5-triphosphate on an ITO electrode modified 
with gold nanoparticles. The specific catalytic ef-
fect of gold nanoparticles was a crucial factor that 
led to separating the voltammetric signals of 
adenosine and adenosine-5-triphosphate; thus, their 
simultaneous determination was achieved. In addi-
tion, a simple but efficient method was developed 
for the quantification of yeast RNA (yRNA) on a 
cetylpyridine bromide-cellulose modified ITO 
electrode [69], as yRNA strongly adsorbed to the 
cellulose-modified electrode while undergoing ir-
reversible oxidation. The kinetic parameters of the 
electrochemical reaction of yRNA were evaluated 
from the SW voltammetric response. Fast Fourier 
transformed square-wave voltammetry has been 
applied to detecting the amino acid levodopa, the 

precursor for dopamine production in the brain [70]. 
With the help of this technique, L-dopamine was 
detected in urine and human serum in a micromolar 
concentration range using microelectrodes.  

Nowadays, SWV finds applications in envi-
ronmental analysis for trace metal monitoring [71, 
72], as well as the detection of organic ecotoxic com-
pounds [73, 74]. A highly promising, switchable and 
sophisticated sensor for Hg(II) monitoring was 
developed by Lai et al. [75]. The detection of or-
ganophosphorous pesticides was achieved by fol-
lowing the electrochemical activity of dichloroin-
dophenol with thiocholine, a product created by the 
enzymatic reaction between acetylthiocholine and 
cholinesterase [76]. An SWV method for the detec-
tion of organophosphorous pesticides has been re-
cently developed, based on inhibition of the en-
zyme cholinesterase in a biphasic system [77]. The 
activity of the enzyme cholinesterase toward indo-
phenol acetate yielded indophenol, a redox active 
compound that is a subject of quantitative determi-
nation with SWV.  

Remarkably, SWV is an effective technique 
for the analysis of some bacteria in real samples. 
Carpani et al. [78] recently reported on an SWV 
method to quantify the bacterial load of Esche-
richia coli and Pseudomonas aeruginosa in non-
treated water samples. A microelectrode array was 
used for this purpose, while direct detection of the 
investigated bacterial cultures was possible at the 
epoxy glue-impregnated reticulated vitreous car-
bon electrode. The method was selective, simple 
and fast, and no water sample pretreatment was 
required. In addition, traces of Escherichia coli 
were detected by modifying a glassy carbon elec-
trode with multi-walled carbon nanotubes [79]. The 
detection of these living microbial cultures is based 
on measuring the activity of oxidizable components 
present in Escherichia coli; the release of these 
molecules is catalyzed by the carbon nanotubes.  

One of the advantages of SWV is also seen 
in its applications for the direct detection of some 
redox active compounds in complex organic ma-
trixes or food products. Recently, detection of the 
antibiotic ceftiofur was achieved directly in milk 
samples following the hydrolysis of ceftiofur [80]. 
Owing to its performance in the determination of 
various polyphenolic antioxidants, useful and 
cheap SW voltammetric methods have been devel-
oped for the determination of the total antioxida-
tive capacity in food products such as edible oils 
[81] and beverages [82]. Alkaloids are another 
class of natural compounds that have attracted con-
siderable interest due to their wide range of appli-
cations in the pharmaceutical industry. The ad-
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sorptive stripping SW voltammetric quantification 
of protopine, an isoquinoline alkaloid, has been 
achieved in alkaline media, following its oxidation 
at a pyrolytic graphite electrode [83].  
 
 

3. THEORY OF ELECTRODE MECHANISMS 
 

In the last decade, significant contributions 
to the theory of SWV have been made by the re-
search groups of Lovrić [84–93], Molina [94–100], 
Compton [101–104], Mirceski [105–108], Gu-
laboski [109–112], and others [113–115]. Consid-
erable efforts have been made to develop the theo-
retical background for a variety of electrode mech-
anisms of a dissolved or immobilized redox cou-
ples at both macroscopic and microelectrodes, as 
well as electrode processes occurring in a restricted 
diffusion space. Worth mentioning are electrode 
processes including multistep, consecutive electron 
transfers [94, 87–89, 98, 109], and catalytic 
mechanisms [95, 96, 99, 110], due to their rele-
vance to biochemical systems. In addition, a series 
of works has been dedicated to the study of elec-

trode processes in the frame of the Marcus-Hush 
electron transfer kinetic model [101–104]. Several 
works have been published addressing general 
methodological issues in SWV, such as the role of 
the scan rate [27] and the influence of the ohmic 
drop effect [116, 117]. Works of merit are those 
where Fourier transformed SWV has been applied 
for the estimation of electrode kinetics [115, 118] 
and charge transfer kinetics across liquid/liquid 
(L/L) interfaces [113, 119]. In order to illustrate how 
a variable voltammetric response can be obtained 
in SWV, Figure 2 depicts the evolution of theoreti-
cal SW voltammograms for a few common elec-
trode mechanisms at a macroscopic electrode [5]. 
The figure encompasses a quasireversible electrode 
reaction of a dissolved (Figure 2A) and immobi-
lized (Figure 2B) redox couple, an electrode 
mechanism of a dissolved redox couple combined 
with a follow-up reversible chemical reaction, i.e., 
ECr mechanics (Figure 2C), an electrode reaction 
of two reversible redox couples bridged with an 
intermediary irreversible chemical reaction (ErCiEr 
(Figure 2D)), and a catalytic regenerative electrode 
mechanism, known as EC’i (Figure 2E). 
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Fig. 2. Typical theoretical SW voltammograms of: (A) quasireversible electrode reaction of a dissolved redox couple; 
(B) quasireversible electrode reaction of a surface confined redox couple; (C) quasireversible electrode reaction of a 
dissolved redox couple followed by a reversible homogeneous chemical reaction (ECr); (D) consecutive two-step re-
versible electrode reaction where the two electrochemical steps are linked with a homogeneous irreversible chemical 
reaction (ErCiEr); and (E) quasireversible electrode reaction of a dissolved redox couple followed by a regenerative, 
irreversible, homogeneous chemical reaction (catalytic mechanism; ECi'). Evolution of the response by varying the 
electrode reaction rate constant (A and B) and rate constant of the homogeneous chemical reaction (C, D, and E). The 
rate constant values are indicated on the panels. The conditions of the simulations are: f = 50 Hz, Esw = 50 mV,       
∆E = 10 mV, n = 1 (n is the number of electrons), α = 0.5 (α is the electron transfer coefficient). For panel C, the 
equilibrium constant is K = 10. 
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Lovrić et al. [87, 89] analyzed a two-step 
quasireversible consecutive electron transfer mecha-
nism, as well as an EE mechanism [88], where both 
the initial reactant and the intermediary are stabi-
lized with complexation reactions. Molina et al. 
developed the theory for an EE mechanism, consist-
ing of two electrochemically reversible steps for a 
micro-disc electrode geometry [97] and for a 
spherical electrode [94]. A special case of the EE 
mechanism, where an overall transfer of three elec-
trons is assumed, i.e., the first one-electron transfer 
step is followed by the second two-electron trans-
fer step, has been also studied [91], which is im-
portant for processes at bismuth and antimony film 
electrodes used in modern anodic stripping volt-
ammetry [108]. Gulaboski studied two specific 
surface mechanisms, designated ECE [109], where 
the two quasireversible electron transfer steps are 
linked with a kinetically controlled irreversible 
first order chemical reaction, and a catalytic EEC’ 
system [110], where the second electron transfer 
step is coupled with a follow-up first order regen-
erative chemical reaction.  

Molina et al. developed a theory for a series 
of catalytic mechanisms [95, 96, 99], including the 
EC’ catalytic reaction scheme at a disc electrode, 
spherical microelectrode, and a simple surface cat-
alytic mechanism, similar to the previous work of 
Mirceski and Gulaboski [120]. In addition to the 
theory of catalytic mechanisms, Mirceski et al. 
[105] performed a comparative analysis of the elec-
trocatalytic mechanisms of the first and second 
kind at a planar electrode, considering quasire-
versible electrode reactions.  

A few contributions to the theory of cathodic 
stripping processes of insoluble salts have been 
also published [107, 121]. In these specific mecha-
nisms, one assumes the formation of an insoluble 
salt between the electrode materials, e.g. a mercury 
electrode, and an electroinactive reacting ligand 
present in the electrolyte solution. In this context, 
the contribution to the theory of anodic stripping 
processes at bismuth-film electrodes also has to be 
mentioned [108, 122], which, from the modeling 
point of view, follows the previous theory for ca-
thodic stripping processes of insoluble slats. 

Lovrić conducted particularly interesting 
theoretical work in which SWV was applied for the 
first time to analyze surface active, but redox inac-
tive, species [93]. This work is particularly signifi-
cant in contrast to the generally accepted implica-
tion that SWV effectively discriminates against the 
capacitive current. While the latter is generally 
true, one must also look for the appearance of a 
tensammetric response under SWV conditions, in 
particular when complicated adsorption electrode 
mechanisms are considered. 

In a separate group of studies, SWV was ap-
plied for mechanistic and electrokinetic purposes, 
invoking existing theoretical models [111, 112, 
118, 119, 123–126]. A typical example is the work 
of Fernandez et al. [127], who applied the method 
of quasireversible maximum and split SW peaks 
for complete thermodynamic and kinetic charac-
terization of the surface reaction of flavonoid rutin, 
immobilized on the surface of a glassy carbon elec-
trode. Molina et al. [128] developed an important 
methodology for the determination of the partition 
constant of 1-naphthol between water and uni-
lamellar phospholipid vesicles, based on the elec-
trochemical response of the redox compound at 
macroscopic platinum and glassy carbon elec-
trodes. Compton et al. studied the oxidation of ni-
trite anions at a variety of electrodes, addressing 
the mechanism and kinetics of the electrode reac-
tion. They demonstrated the importance of knowl-
edge regarding the electrode mechanism and kinet-
ics for the optimization and development of ad-
vanced electroanalytical methodologies for quanti-
tative determination [129]. 

The last decade has been also marked by 
important contributions of SWV in studying the 
charge transfer processes across L/L interfaces 
[100, 115, 119, 130–142], related to thin organic 
films and three-phase electrodes. The theoretical 
modeling relevant to film electrodes prompted the 
consideration of electrode processes in a restricted 
diffusion space [106], including the analysis of ion 
transfer kinetics across an L/L interface, as well as 
complex catalytic mechanisms in a thin film. As 
previously mentioned, FT-SWV has also been ap-
plied to estimate the kinetics of ion transfer across 
an L/L interface in thin film electrodes [119, 131]. 
Again, the feature of the quasireversible maximum 
was exploited, which was originally predicted for 
thin-film quasireversible electrode processes [143]. 
Molina et al. [100] studied, both theoretically and 
experimentally, the ion transfer processes at elec-
trodes with two polarizable liquid interfaces, em-
phasizing the advantages of this system compared to 
conventional systems with a single liquid interface.  
 

4. NEW METHODOLOGICAL CONCEPTS 
AND PERSPECTIVES 

 
Several methodologically oriented contribu-

tions have recently appeared that are highly prom-
ising to expand the scope and application of SWV 
for mechanistic and electrokinetic studies [144–
146]. So far, the SW frequency, which is the main 
parameter controlling the scan rate and the typical 
time of an SW voltammetric experiment, is the 
main tool in both mechanistic and electrokinetic 
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studies. An exception is the work published by one 
of us almost two decades ago [147], referring to 
surface electrode processes where the kinetics were 
estimated based on the split-net SW peak under 
large SW amplitudes. The idea of further exploring 
the advantages of applying the SW amplitude as an 
alternative tool for electrokinetic analysis was re-
cently developed [144, 145]. In the method, termed 
“amplitude-based quasirevesible maximum” [144], 
kinetic measurements are based on the analysis of 
the net SW peak current as a function of the vary-
ing amplitude, whereas in previous studies [145], 
the concept of potential-corrected SW voltammo-
grams was introduced, which enables kinetic anal-
ysis by inspecting the peak potential separation of 
the forward and backward SW components as a 
function of the SW amplitude. In both methods, the 
kinetic analysis is conducted at a constant SW fre-
quency, i.e. at a constant scan rate, which is par-
ticularly remarkable for any voltammetric method-
ology and seems to be a unique ability of SWV. Let 
us note that we are currently working on a new meth-
odology to extract kinetic information from a single 
SW voltammogram by analyzing the current varia-
tion in the course of the entire duration of SW pulses.  

Works of merit are also those where SWV is 
applied in the fashion of cyclic voltammetry, i.e., 
cyclic square-wave voltammetry (CSWV) [146]. 
This includes the work of Molina [94], as well as a 
series of studies in which SWV was applied in re-
verse mode [84–86, 148]. The basis of this highly 
promising technique is found in the previous works 
of Chen and Xinsheng [149]. Similar to the spec-
troscopic techniques, a typical CSW voltammetric 
pattern can be considered as a fingerprint of the 
studied experimental system.  

In summary, SWV remains a superior elec-
trochemical technique for analytical, mechanistic, 
and electrokinetic applications. While the first is 
fully confirmed, the wide application of the tech-
nique in analyzing the mechanism and kinetics of 
electrode processes remains a challenge. Yet, our 
hopes remain that the recent exhaustive develop-
ment of the theory justifies expectations that stair-
case cyclic voltammetry could be soon be replaced 
by square-wave voltammetry in the investigation 
of electrode mechanisms. We hope that these novel 
methodological concepts might widen and facili-
tate the application of the technique for mechanis-
tic and electrokinetic studies. Potential-corrected 
SWV avoids peculiar voltammetric features, in 
particular when the technique is applied to study 
surface confined electrode processes; hence, po-
tential-corrected SWV is expected to provide more 
direct insight into the mechanistic aspects of elec-
trode reactions. Cyclic square-wave voltammetry is 

particularly promising [146]. So, there is a neces-
sity to analyze a variety of electrode mechanisms 
in order to establish diagnostic criteria under the 
conditions of cyclic square-wave voltammetry. 
Finally, methods for electrode kinetic measure-
ments at a constant scan rate deserve further atten-
tion as they can provide kinetic information using a 
new and unique approach [144, 145]. 
 
 

REFERENCES 
 
[1] J. Osteryoung, J. J. O`Dea Square-wave voltammetry. 

In: A. J. Bard (ed.), Electroanalytical Chemistry, Marcel 
Dekker, New York, vol 14, p. 209, 1986. 

[2] G. N. Eccles, Recent advances in pulse, cyclic and 
square-wave voltammetric analysis, Crit. Rev. Anal. 
Chem., 22, 345 (1991).  

 

[3] M. Lovrić, Square-wave voltammetry. In: Scholz F. 
(ed.), Electroanalytical Methods, Springer, Berlin, 2002. 

 

[4] D. de Souza, S. A. S. Machado L. A. Avaca, Square-
wave voltammetry, Quim. Nova, 26, 81–89 (2003). 

 

[5] V. Mirceski, S. Komorsky-Lovric, M. Lovric, Square-
wave Voltammertry: Theory and Application, Ed. F. 
Scholz. Springer Verlag, Heidelberg, 2007. 

[6] V. Mirceski, R. Gulaboski, M. Lovric, I. Bogeski, R. 
Kappl, M. Hoth, Square-Wave Voltammetry: A Review 
on the Recent Progress, Electroanal., 25, 2411–2422 
(2013). 

 

[7] M. Kalousek, Processes at the dropping electrode with a 
discontinuously changing potential, Collect. Czech. 
Chem. Commun., 13, 105–115 (1948). 

 

[8] G. C. Barker, A. W. Gardner, Square-wave polarogra-
phy, Analyst, 117, 1811–1828 (1992). 

 

[9] G. C. Barker, I. L. Jenkins, Square-wave polarography, 
Analyst, 77, 685–696 (1952).  

 

[10] G. C. Barker, Square-wave polarography and some re-
lated techniques, Anal. Chim. Acta., 18, 118–131 (1958). 

 

[11] J. H. Christie, J. A. Turner, R. A. Osteryoung, Square 
Wave voltammetry at the dropping mercury electrode: 
Theory, Anal. Chem., 49, 1899–1903 (1977). 

 

[12] R. Gulaboski, V. Mirceski, I. Bogeski, M. Hoth, Protein 
film voltammetry: electrochemical enzymatic spectro-
scopy. A review on recent progress, J. Solid State Elec-
trochem., 16, 2315–2328, (2012). 

 

[13] S. Kumar, V. Vicente-Beckett, Glassy carbon electrodes 
modified with multiwalled carbon nanotubes for the de-
termination of ascorbic acid by square-wave voltam-
metry, Beilstein J. Nanotech., 3, 388–396 (2012). 

 

[14] Š. Komorsky-Lovrić, I. Novak, Abrasive stripping 
square-wave voltammetry of blackberry, raspberry, 
strawberry, pomegranate, and sweet and blue potatoes, 
J. Food Sci., 6, C916–C920 (2011). 

[15] A. M. Carvalho, L. M. Goncalves, I. M. Valente, J. A. 
Rodrigues, A. A. Barros, Analysis of cardamonin by 
square-wave voltammetry, Phytochem. Anal., 23, 396–
399 (2012). 

 

[16] L. Jia, X. H. Zhang, Q. Li, S. F. Wang, Determination of 
acetaminophen by square-wave voltammetry, J. Anal. 
Chem., 62, 266–269 (2007). 



V. Mirceski, R. Gulaboski 

Maced. J. Chem. Chem. Eng. 33 (1), 1–12 (2014) 

8 

[17] R. N. Goyal, M. Oyama, S. P. Singh, Fast determination 
of salbutamol, abused by athletes for doping, in pharma-
ceuticals and human biological fluids by square wave volt-
ammetry, J. Electroanal. Chem., 611, 140–148 (2007). 

 

[18] B. Piro, S. Reisberg, G. Anquetin. H. T. Duc, M. C. 
Pham, Quinone-based polymers for label free reagent-
less electrochemical immunosensors: Appications to 
proteins, Antibodies and pesticide detection, Biosens., 3, 
58–76 (2013). 

 

[19] M. A. G. Trindade, M. V. B. Zanoni, Square-wave volt-
ammetry applied to the analysis of the dye marker, sol-
vent blue 14, in kerosene and fuel alcohol, Electroanal., 
19, 1901–1907 (2007). 

 

[20] T. Galeano-Diaz, A. Guiberteau-Gabanillas, A. 
Espinoza-Mansilla, M. D. Lopez-Soto, Adsorptive strip-
ping square wave voltammetry (Ad-SSWV) accom-
plished with second-order multivariate calibration: De-
termination of fenitrothion and its metabolites in river 
water samples, Anal. Chim. Acta, 618, 131–136 (2008). 

 

[21] L. B. O. dos Santos, C. M. C. Infante, J. C. Masini, De-
velopment of a sequential injection square-wave volt-
ammetry method for determination of paraquat in water 
samples, Anal. Bioanal. Chem., 396, 1897–1903 (2010). 

[22] M. A. El Mhammedi, M. Bakasse, R. Bachirat, A. 
Chtaini, Square-wave voltammetry for analytical deter-
mination of paraquat at carbon paste electrode modified 
with fluoroapatite, Food Chem., 110, 1001–1006 (2008). 

 

[23] M. A. El Mhammedi, M. Bakasse, A. Chtaini, Electro-
chemical studies and square wave voltammetry of 
paraquat at natural phosphate modified carbon paste 
electrode, J. Hazard. Mat., 145, 1–7 (2007). 

 

[24] L. B. O. dos Santos, J. C. Masini, Determination of pi-
cloram in natural waters employing sequential injection 
square wave voltammetry using the hanging mercury 
drop electrode, Talanta, 72, 1023–1029 (2007). 

 

[25] P. Qiu, Y. N. Ni, Determination of ziram in vegetable 
samples by square wave voltammetry, Chin. Chem. 
Lett., 19, 1337–1340 (2008). 

 

[26] T. M. B. F. Oliveira, H. Becker, E. Longhinotti, D. De 
Souza, P. de Lima-Neto, N. Correia, Carbon-fibre mi-
croelectrodes coupled with square-wave voltammetry 
for the direct analysis of dimethomorph fungicide in 
natura waters, Microchem. J., 109, 84–92 (2013).  

 

[27] H. El Harmoudi, M. Achak, A. Farahi, S. Lahrich, L. El 
Gaini, M. Abdennouri, A. Bouzidi, M. Bakasse, M. A. 
El Mhammedi, Sensitive determination of paraquat by 
square wave anodic stripping voltammetry with chitin 
modified carbon paste electrode, Talanta, 115, 172–177 
(2013). 

 

[28] P. Norouzi, B. Larijani, M. R. Ganjali, F. Faridbod, 
Admittometric electrochemical determination of atrazine 
by nano-composite immune-biosensor using FFT-square 
wave voltammetry, Int. J. Electrochem. Sci., 7, 10414–
10426 (2012). 

 

[29] M. Amare, S. Admassie, Polymer modified glassy car-
bon electrode for the electrochemical determination of 
caffeine in coffee, Talanta, 93, 122–128 (2012). 

 

[30] J. C. Cardoso, B. M. L. Armondes, T. A. A. J. L. Raposo 
Jr, N. Re Poppi, V. S. Ferreira, Determination of 4-
methylbenzilidene camphor in sunscreen by square wave 
voltammetry in media of cationic surfactant, Microchem. 
J., 85, 301–307 (2007). 

[31] M. A. El Mhammedi, M. Achak, R. Najih, M. Bakasse, 
A. Chtaini, Micro-extraction and trace determination of 
cadmium by square wave voltammetry at the carbon 
paste electrode impregnated with Ca10(PO4)6(OH)2, Mat. 
Chem. Phys., 115, 567–571 (2009). 

 

[32] Y. Oztekin, Z. Yazicigil, A. Ramanaviciene, A. Ra-
manavicius, Square wave voltammetry based on deter-
mination of copper(II) ions by polyluteolin- and poly-
kaempferol-modified electrodes, Talanta, 85, 1020–
1027 (2011). 

 

[33] M. A. El Mhammedi, M. Achak, A. Chtaini, 
Ca10(PO4)6(OH)2-modified carbon-paste electrode for 
the determination of trace lead(II) by square-wave volt-
ammetry, J. Hazard. Mat., 161, 55–61 (2009). 

 

[34] T. K. Bhardwaj, H. S. Sharma, S. K. Aggarwal, Devel-
opment of anodic stripping voltammetry for determina-
tion of gallium in U–Ga alloy, J. Nucl. Mat., 360, 215–
221 (2007). 

 

[35] A. T. Paulino, A. M. M. Vargas, L. B. Santos, J. Nozaki, 
E. C. Muniz, E. B. Tambourgi, Square wave voltam-
metry in the determination of Ni2+ and Al3+ in biological 
sample, Anal. Sci., 24, 1443–1447 (2008). 

[36] J. P. Wilburn, K. L. Brown, D. E. Cliffel, Mercury-free 
analysis of lead in drinking water by anodic stripping 
square wave voltammetry, J. Chem. Edu., 84, 312–314 
(2007).  

 

[37] F. Fan, J. Dou, A. Ding, K. Zhang, Y. Wang, Determi-
nation of lead by square wave anodic stripping voltam-
metry using an electrochemical sensor, Anal. Sci., 29, 
571–578 (2013). 

 

[38] J. Meng, F. Li, L. Luo, X. Wang, M. Xiao, Determina-
tion of zinc in acacia honey by square wave stripping 
voltammetry with a bismuth-film-modified montmoril-
lonite doped carbon paste electrode, Monatshefte für 
Chemie, 145, 161–166 (2014).  

 

[39] Q. Zhang, S.W. Zhong, J. L. Su, X. J. Li, H. Zou, De-
termination of trace chromium by square-wave adsorp-
tive cathodic stripping voltammetry at an improved bis-
muth film electrode, J. Electrochem. Soc., 160, 237–242 
(2013).  

 

[40] G. A. M. Mersal, M. M. Ibrahim, Voltammetric studies 
of lead at a new carbon paste microelectrode modified 
with N(2-isopropyphenyl)-2-thioimidazole and its trace 
determination in water by square-wave voltammetry, Int. 
J. Electrochem. Sci., 8, 5944–5960 (2013). 

 

[41] Q. Zhao, Y. Chai, R. Yuan, J. Luo, Square wave anodic 
stripping voltammetry determination of lead based on 
the Hg(II) immobilized graphene oxide composite film 
as an enhanced sensing platform, sensors and actuators, 
B: Chemical, 178, 379–385 (2013). 

 

[42] R. K. Shervedani, Z. Akrami, Gold-deferrioxamine 
nanometric interface for selective recognition of Fe(III) 
using square wave voltammetry and electrochemical im-
pedance spectroscopy methods, Biosens. Bioelectron., 
39, 31–36 (2013). 

 

[43] J. H. Luo, X. X. Jiao, N. B. Li, H. Q. Luo, Sensitive 
determination of Cd(II) by square wave anodic stripping 
voltammetry with in situ bismuth-modified multiwalled 
carbon nanotubes doped carbon paste electrodes, J. 
Electroanal. Chem., 689, 130–134 (2013). 

[44] L. C. S. Figueiredo-Filho, B. C. Janegitz, O. Fatibelilo-
Filho, L. H. Marcolino-Junior, C. E. Banks, Inexpensive 



Recent achievements in square-wave voltammetry – А review 

Maced. J. Chem. Chem. Eng. 33 (1), 1–12 (2014) 

9

and disposable copper mini-sensor modified with bis-
muth for lead and cadmium determination using square-
wave anodic stripping voltammetry, Anal. Methods, 5, 
202–207 (2013). 

 

[45] W. J. Yi, Y. Li, G. Ran, H. Q. Luo, N. B. Li, A glassy 
carbon electrode modified with antimony and poly(p-
aminobenzene sulfonic acid) for sensing lead(II) by 
square wave anodic stripping voltammetry, Microchim. 
Acta, 179, 171–177 (2012). 

 

[46] J. Wang, C. Bian, J. Tong, J. Sun, S. Xia, Simultaneous 
detection of copper, lead and zinc on tin film/gold 
nanoparticles/gold microelectrode by square wave strip-
ping voltammetry, Electroanal., 24, 1783–1790 (2012). 

 

[47] J. A. Ardila, G. G. Oliveira, R. A. Medeiros, O. Fati-
bello-Filho, Determination of gemfibrozil in pharmaceu-
tical and urine samples by square-wave adsorptive strip-
ping voltammetry using a glassy carbon electrode modi-
fied with multi-walled carbon nanotubes within a di-
hexadecyl hydrogen phosphate film, J. Electroanal. 
Chem., 690, 32–37 (2013). 

[48] M. A. El-Shal, A. K. Attia, Adsorptive stripping volt-
ammetric behavior and determination of zolmitriptan us-
ing differential pulse and square wave voltammetry, 
Anal. Bioanal. Electrochem., 5, 32–45 (2013). 

 

[49] L. Švorc, J. Sochr, P. Tomčík, M. Rievaj, D. Bustin, 
Simultaneous determination of paracetamol and penicil-
lin V by square-wave voltammetry at a bare boron-
doped diamond electrode, Electrochim. Acta, 68, 227–
234 (2012). 

 

[50] A. A. Ensafi, H. Karimi-Maleh, S. Mallakpour, Simulta-
neous determination of ascorbic acid, acetaminophen, 
and tryptophan by square wave voltammetry using n-
(3,4-dihydroxyphenethyl)-3,5-dinitrobenzamide-modified 
carbon nanotubes paste electrode, Electroanal., 24, 666–
675 (2012). 

 

[51] X. Tian, C. Cheng, H. Yuan, J. Du, D. Xiao, S. Xie, M. 
M. F. Choi, Simultaneous determination of l-ascorbic 
acid, dopamine and uric acid with gold nanoparticles–β-
cyclodextrin–graphene-modified electrode by square 
wave voltammetry, Talanta, 93, 79–85 (2012). 

 

[52] M. Pohanka, H. Bandouchova, J. Sobotka, J. Sedlack-
ova, I. Soukupova, J. Pikula, Ferric reducing antioxidant 
power and square wave voltammetry for assay of low 
molecular weight antioxidants in blood plasma: per-
formance and comparison of methods, Sensors, 9, 9094–
9103 (2009). 

 

[53] M. Pohanka, H. Banduchova, K. Vlckov, J. Zdarova-
Karasova, K. Kuca, V. Damkov, L. Peckova, F. Vitula, 
J. Pikula, Square wave voltammetry on screen printed 
electrodes: comparison to ferric reducing antioxidant 
power in plasma from model laboratory animal (Grey 
Partridge) and comparison to standard antioxidants, J. 
Appl. Biomed., 9, 103–109 (2011). 

 

[54] S. Kergaravat, M. I. Pividori, S. R. Hernandez, Evalua-
tion of seven cosubstrates in the quantification of horse-
radish peroxidase enzyme by square wave voltammetry, 
Talanta, 88, 468–476 (2012). 

 

[55] I. Novak, M. Šeruga, Š. Komorsky-Lovrić, Characterisa-
tion of catechins in green and black teas using square-
wave voltammetry and RP-HPLC-ECD, Food Chem., 
122, 1283–1289 (2010). 

[56] I. Novak, M. Šeruga, Š. Komorsky-Lovrić, Electro-
chemical characterization of epigallocatechin gallate us-
ing square-wave voltammetry, Electroanal., 21, 1019–
1025, (2009). 

 

[57] M. Zatloukalová, V. Křen, R. Gažák, M. Kubala, P. 
Trouillas, J. Ulrichová, J. Vacek, Electrochemical inves-
tigation of flavonolignans and study of their interactions 
with DNA in the presence of Cu(II), Bioelectrochem., 
82, 117–124 (2011). 

 

[58] D. Airado-Rodriguez, T. Galeano-Diaz, I. Duran-Meras, 
Determination of trans-resveratrol in red wine by ad-
sorptive stripping square-wave voltammetry with me-
dium exchange, Food Chem., 122, 1320–1326 (2010). 

 

[59] F. A. Armstrong, Voltammetry of proteins. In: A. J. 
Bard, M. Stratmann, G. S. Wilson (eds), Encyclopedia of 
Electrochemistry, Wiley VCH, Weinheim, vol. 9, 2002.  

 

[60] H. Duwensee, M. Mix, M. Stubbe, J. Gimsa, M. Adler, 
G. U. Flechsig, Electrochemical product detection of an 
asymmetric convective polymerase chain reaction, Bio-
sens. Bioelectr., 25, 400–405 (2009). 

[61] S. Křižková, V. Hrdinová, V. Adam, E. P. J. Burgess, K. 
J. Kramer, M. Masarik, R. Kizek, Chromatographia, 67, 
S75–S81 (2008). 

 

[62] J. Petrlova, M. Masarik, D. Potesil, V. Adam, L. 
Trnkova, R. Kizek, Zeptomole detection of streptavidin 
using carbon paste electrode and square-wave voltam-
metry, Electroanal., 19, 1177–1182 (2007). 

 

[63] B. Bing, M. Peng, X. Yuanyuan, S. Yongqian, G. Li, A 
novel method to investigate ribonuclease activity of 
Dicer by square wave voltammetry, Electrochem. Com-
mun., 34, 142–145 (2013). 

  

[64] H. Beitollahi, A. Mohadesi, S. K. Mahani, H. Karimi-
Maleh, A. Akbari, Simultaneous determination of do-
pamine, uric acid, and tryptophan using an MWCNT 
modified carbon paste electrode by square wave volt-
ammetry, Turkish J. Chem., 36, 526–536 (2012). 

 

[65] S. Y. Ly, Determination of epinephrine in carp brain 
cells by square-wave anodic stripping voltammetry with 
carbon nanotubes, Anal. Lett., 45, 1197–1203 (2012). 

[66] F. J. Arevalo. P. G. Molina, M. A. Zon, H. Fernandez, 
Studies about the adsorption of progesterone (P4) at 
glassy carbon electrodes in aqueous buffer solution by 
square wave voltammetry, J. Electroanal. Chem., 629, 
133–137 (2009). 

 

[67] F. J. Arevalo. P. G. Molina, M. A. Zon, H. Fernandez, 
Novel studies about the electrochemical reduction of 
progesterone (P4) in acetonitrile at glassy carbon elec-
trodes, J. Electroanal. Chem., 619–620, 46–52 (2008). 

 

[68] R. N. Goyal, M. Ouyama, S. P. Singh, Simultaneous 
determination of adenosine and adenosine-5′-triphos-
phate at nanogold modified indium tin oxide electrode 
by osteryoung square-wave voltammetry, Electroanal., 
19, 575–581 (2007). 

 

[69] X. He, Q. Zhu, F. Liao, L. Zhu, Z. Ai, Differential pulse 
voltammetric determination and application of square-
wave voltammetry of yRNA on a CPB-cellulose modi-
fied electrode, Electroanal., 19, 1375–1381 (2007). 

 

[70] P. Daneshgar, P. Norouzi, M. R. Ganjali, A. Ordikhani-
Seyedlar, H. Eshraghi, A dysprosium nanowire modified 
carbon paste electrode for determination of levodopa us-
ing fast Fourier transformation square-wave voltam-



V. Mirceski, R. Gulaboski 

Maced. J. Chem. Chem. Eng. 33 (1), 1–12 (2014) 

10

metry method, Colloid and Surfaces, B: Biointerfaces, 
68, 27–32 (2009). 

 

[71] Q. Zhao, Y. Chai, R. Yuan, J. Luo, Square wave anodic 
stripping voltammetry determination of lead based on 
the Hg(II) immobilized graphene oxide composite film 
as an enhanced sensing platform, Sensors and Actuators 
B, 178, 379–384 (2013). 

 

[72] L. Zhu, L. Xu, B. Huang, N. Jia, L. Tan, S. Yao, Simul-
taneous determination of Cd(II) and Pb(II) using square 
wave anodic stripping voltammetry at a gold nanoparti-
cle-graphenecysteine composite modified bismuth film 
electrode, Electrochim. Acta, 115, 471–477 (2014). 

 

[73] M. Brycht, S. Skrzypek, V. Guzsvany, J. Berenji, Condi-
tioning of renewable silver amalgam film electrode for 
the characterization of clothianidin and its determination 
in selected samples by adsorptive square-wave voltam-
metry, Talanta, 117, 242–249 (2013). 

 

[74] T. M. B. F. Oliveira, H. Becker, E. Longhinotti, D. de 
Souza, P. de Lima-Neto, A. N. Correia, Carbon-fibre 
microelectrodes coupled with square-wave voltammetry 
for the direct analysis of dimethomorph fungicide in 
natural waters, Microchem. J., 109, 84–92 (2013). 

 

[75] G. V. Guerreiro, A. J. Zaitouna, R. Y. Lai, Characteriza-
tion of an electrochemical mercury sensor using alternat-
ing current, cyclic, square-wave and differential pulse 
voltammetry, Anal. Chim. Acta, 810, 79–85, (2014). 

 

[76] J. Qiu, J. Chen, Q. Ma, Y. Miao, Development of square 
wave voltammetry method for the assessment of or-
ganophosphorus compound impact on the cholinesterase 
of pheretima with 2,6-dichloroindophenol as a redox in-
dicator, Chemosphere, 77, 129–132 (2009). 

 

[77] K. Sun, J. Qiu, K. Fang, W. Zhang, Y. Miao, Square 
wave voltammetry assay of organophosphorus inhibition 
on cholinesterase in two phases of isooctane/water, Elec-
trochem. Commun., 11, 1022–1025 (2009). 

 

[78] I. Carpani, P. Conti, S. Lanteri, P. P. Legnani, E. Leoni, 
D. Tonelli, Direct quantification of test bacteria in syn-
thetic water-polluted samples by square wave voltam-
metry and chemometric methods, Biosens. Bioelectr., 
23, 959–964 (2008). 

 

[79] X. Xiao, G. Zhu, L. Liao, B. Liu, Y. Yuan, Y. Wang, J. 
He, B. He, Y. Wu, A square wave voltammetric method 
for the detection of microorganism populations using a 
MWNT-modified glassy carbon electrode, Electrochim. 
Acta, 74, 105–110 (2012). 

 

[80] A. M. Barbosa, T. A. de Araujo, M. A. G. Trindade, V. 
S. Ferreira, A new indirect method based on square-
wave voltammetry for ceftiofur determination in bovine 
milk using an alkaline degradation product, Microchem. 
J., 98, 297–302 (2011). 

[81] R. Gulaboski, V. Mirceski, S. Mitrev, Development of a 
rapid and simple voltammetric method to determine the 
total antioxidative capacity of edible oils, Food Chem., 
138, 1055–1061 (2013). 

 

[82] M. Fatima Baroso, C. Delerue-Matos, M. B. P. P. 
Oliveira, Electrochemical evaluation of total antioxidant 
capacity of beverages using a purine-biosensor, Food 
Chem., 132, 1055–1062 (2012). 

 

[83] E. Vrublová, J. Ulrichová, V. Šimánek, M. Fojta, J. 
Vacek, Oxidation of protopine at a pyrolytic graphite 
electrode using cyclic and square-wave voltammetry, 
Electroanal., 22, 2879–2883 (2010). 

[84] M. Zelić, M. Lovrić, Isopotential points in reverse 
square-wave voltammetry, J. Electroanal. Chem., 637, 
28–32 (2009). 

[85] M. Lovrić, D. Jadresko, Theory of square-wave volt-
ammetry of quasireversible electrode reactions using an 
inverse scan direction, Electrochim. Acta, 55, 948–951 
(2010). 

 

[86] M. Lovrić, Š. Komorsky-Lovrić, Theory of reverse scan 
square-wave voltammetry influenced by the kinetics of 
reactant adsorption, Cent. Eur. J. Chem., 8, 513–518 
(2010). 

 

[87] Š. Komorsky-Lovrić, M. Lovrić, Theory of square-wave 
voltammetry of two-step electrode reaction with kineti-
cally stabilized intermediate, J. Electroanal. Chem., 660, 
22–25 (2011). 

 

[88] Š. Komorsky-Lovrić, M Lovrić, Theory of square-wave 
voltammetry of two electron reduction with the interme-
diate that is stabilized by complexation, Electrochim. 
Acta, 69, 60–64 (2012). 

 

[89] M. Lovrić, Š. Komorsky-Lovrić, Theory of square-wave 
voltammetry of kinetically controlled two-step electrode 
reactions, Croat. Chem. Acta, 85, 569–575 (2012). 

 

[90] M. Lovrić, D. Jadresko, Š. Komorsky-Lovrić, Theory of 
square-wave voltammetry of electrode reaction followed 
by the dimerization of product, Electrochim. Acta, 90, 
226–231 (2013). 

 

[91] Š. Komorsky-Lovrić, M. Lovrić, Simulation of square-
wave voltammograms of three-electron redox reaction, 
Electrochim. Acta, 56, 7189–7193 (2011). 

 

[92] Š. Komorsky-Lovrić, M. Lovrić, Square-wave voltam-
metry of dissolved redox couple, Russ. J. Electrochem., 
46, 1373–1377 (2010). 

 

[93] D. Jadresko, M. Lovrić, A theory of square-wave volt-
ammetry of surface-active, electroinactive compounds, 
Electrochim. Acta, 53, 8045–8050 (2008). 

 

[94] A. Molina, M. M. Moreno, C. Serna, M. Lopez-Tenes, J. 
Gonzalez, N. Abenza, Study of multicenter redox mole-
cules with square wave voltammetry, J. Phys. Chem. C, 
111, 12446–12450 (2007). 

 

[95] J. Gonzalez, A. Molina, F. Martinez Ortiz, E. Laborda, 
Characterization of the electrocatalytic response of 
monolayer-modified electrodes with square-wave volt-
ammetry, J. Phys. Chem. C, 116, 11206–11215 (2012). 

 

[96] J. Gonzalez, C. M. Soto, A. Molina, Square wave volt-
ammetry and voltcoulometry applied to electrocatalytic 
reactions. Oxidation of ferrocyanide at a ferrocene modi-
fied gold electrode, J. Electroanal. Chem., 634, 90–97 
(2009). 

[97] A. Molina, E. Laborda, F. Martinez-Ortiz, D. F. Bradley, 
D. J. Schiffrin, R. G. Compton, Comparison between 
double pulse and multipulse differential techniques, J. 
Electroanal. Chem., 659, 12–24 (2011). 

 

[98] E. Laborda, A. Molina, Q. Li, C. Batchelor-McAuley, R. 
G. Compton, Square wave voltammetry at disc microelec-
trodes for characterization of two electron redox proc-
esses, Phys. Chem. Chem. Phys., 14, 8319–8327 (2012). 

 

[99] A. Molina, J. Gonzalez, E. Laborda, Y. Wang, R. G. 
Compton, Analytical theory of the catalytic mechanism 
in square wave voltammetry at disc electrodes, Phys. 
Chem. Chem. Phys., 13, 16748–16755 (2011). 



Recent achievements in square-wave voltammetry – А review 

Maced. J. Chem. Chem. Eng. 33 (1), 1–12 (2014) 

11

[100] A. Molina, J. A. Ortuno, C. Serena, E. Torralba, J. Gon-
zales, Advances in the study of ion transfer at liquid 
membranes with two polarized interfaces by square 
wave voltammetry, Electroanal., 22, 1634–1642 (2010). 

 

[101] E. Laborda, D. Suwatchara, N. V. Rees, M. C. Hen-
stridge, A. Molina, R. G. Compton, Variable tempera-
ture study of electro-reduction of 3-nitrophenolate via 
cyclic and square wave voltammetry: Molecular insights 
into electron transfer processes based on the asymmetric 
Marcus–Hush model, Electrochim. Acta, 110, 772–779 
(2013). 

 

[102] M. C. Henstridge, E. Laborda, Y. Wang, D. Suwatchara, 
N. Rees, A. Molina, F. Martinez-Ortiz, R. G. Compton, 
Giving physical insight into the Butler–Volmer model of 
electrode kinetics: Application of asymmetric Marcus–
Hush theory to the study of the electroreductions of 2-
methyl-2-nitropropane, cyclooctatetraene and euro-
pium(III) on mercury microelectrodes, J. Electroanal. 
Chem., 672, 45–52 (2012). 

 

[103] Y. Wang, E. Laborda, M. C. Henstridge, F. Martinez-
Ortiz, A. Molina, R. G. Compton, The use of differential 
pulse voltammetries to discriminate between the Butler–
Volmer and the simple Marcus–Hush models for hetero-
geneous electron transfer: The electro-reduction of euro-
pium(III) in aqueous solution, J. Electroanal. Chem., 
668, 7–12 (2012). 

 

[104] M. C. Henstridge, E. Laborda, R. G. Compton, Asym-
metric Marcus–Hush model of electron transfer kinetics: 
Application to the voltammetry of surface-bound redox 
systems, J. Electroanal. Chem., 674, 90–96 (2012). 

 

[105] V. Mirceski, A. Bobrowski, J. Zarebski, F. Spasovski, 
Electrocatalysis of the first and second kind: Theoretical 
and experimental study in conditions of square-wave 
voltammetry, Electrochim. Acta, 55, 8696–8703 (2010). 

 

[106] V. Mirceski, Z. Tomovski, Modeling of a voltammetric 
experiment in a limiting diffusion space, J. Solid State 
Electrochem., 15, 197–204 (2011). 

 

[107] V. Mirceski, D. Guziejewski, W. Ciesielski, Theoretical 
treatment of a cathodic stripping mechanism of an in-
soluble salt coupled with a chemical reaction in condi-
tions of square wave voltammetry. Application to 6-
mercaptopurine-9-D-riboside in the presence of Ni(II), 
Electroanal., 23, 1365–1375 (2011). 

 

[108] V. Mirceski, S. B. Hocevar, B. Ogorevc, R. Gulaboski, 
I. Drangov, Diagnostics of anodic stripping mechanisms 
under square-wave voltammetry conditions using bis-
muth film substrates, Anal. Chem., 84, 4429–4436 
(2012). 

[109] R. Gulaboski, Surface ECE mechanism in protein film 
voltammetry – A theoretical study under conditions of 
square-wave voltammetry, J. Solid State Electrochem., 
13, 1015–1024 (2009). 

 

[110] R. Gulaboski, L. Mihajlov, Catalytic mechanism in suc-
cessive two-step protein-film voltammetry – Theoretical 
study in square-wave voltammetry, Biophys. Chem., 
155, 1–9 (2011). 

 

[111] R. Gulaboski, M. Lovric, V. Mirceski, I. Bogeski, M. 
Hoth, Protein-film voltammetry: A theoretical study of 
the temperature effect using square-wave voltammetry, 
Biophys. Chem., 137, 49–55 (2008). 

 

[112] R. Gulaboski, M. Lovric, V. Mirceski, I. Bogeski, M. 
Hoth, A new rapid and simple method to determine the 

kinetics of electrode reactions of biologically relevant 
compounds from the half-peak width of the square-wave 
voltammograms, Biophys. Chem., 138, 130–137 (2008). 

 

[113] M. Zhou, S. Gan, L. Zhong, B. Su, L. Niu, Ion transfer 
voltammetry by a simple two polarized interfaces setup, 
Anal. Chem., 82, 7857–7860 (2010). 

 

[114] P. Enright, J. Cassidy, A. Betts, Evaluation of a naive 
model for square wave voltammetry at a microdisk elec-
trode, J. Electroanal. Chem., 619–620, 206-208 (2008). 

 

[115] X. Huang, L. Wang, S. Liao, Method of evaluation of 
electron transfer kinetics of a surface-confined redox 
system by means of fourier transformed square wave 
voltammetry, Anal. Chem., 80, 5666–5670 (2008). 

[116] D. Krulic, N. Fatouros, Peak heights and peak widths at 
half-height in square wave voltammetry without and 
with ohmic potential drop for reversible and irreversible 
systems, J. Electroanal. Chem., 652, 26–31 (2011). 

 

[117] D. Krulic, N. Fatouros, Square wave voltammetry of 
concentrated analytes in fully supported solutions – 
Cd(II)/Cd(Hg) couple in NaNO3 medium, J. Electro-
anal. Chem., 655, 116–119 (2011). 

 

[118] L. Wang, H. Chen, X. Huang, J. Nan, An experimental 
investigation of quasireversible maximum of azobenzene 
on mercury electrode by fourier transformed square-wave 
voltammetry, Electroanal., 21, 755–761 (2009). 

 

[119] H. Deng, X. Huang, L. Wang, A. Tang, Estimation of 
the kinetics of anion transfer across the liquid/liquid in-
terface, by means of Fourier transformed square-wave 
voltammetry, Electrochem. Commun., 11, 1333–1336 
(2009). 

 

[120] V. Mirceski, R. Gulaboski, Surface catalytic mechanism 
in square-wave voltammetry, Electroanal., 13, 1326–
1334 (2001). 

 

[121] V. Mirceski, S. Skrzypek, M. Lovrić, Cathodic stripping 
voltammetry of uracil. Experimental and theoretical 
study under conditions of square-wave voltammetry, 
Electroanal., 21, 87–95 (2009). 

 

[122] V. Mirceski, B. Sebez, M. Jancovska, B. Ogorevc, S. B. 
Hocevar, Mechanisms and kinetics of electrode proc-
esses at bismuth and antimony film and bare glassy car-
bon surfaces under square-wave anodic stripping volt-
ammetry conditions, Electrochim. Acta, 105, 254–260 
(2013). 

 

[123] E. Laborda, A. Molina, F. Martinez-Ortiz, R. G. Comp-
ton, Electrode modification using porous layers. Maxi-
mising the analytical response by choosing the most 
suitable voltammetry: Differential pulse vs square wave 
vs linear sweep voltammetry, Electrochim. Acta, 73, 3–9 
(2012). 

 

[124] G. Quan, J. Yan, Binding constants of lead by humic 
and fulvic acids studied by anodic stripping square wave 
voltammetry, Russ. J. Electrochem. 46, 90–94 (2010). 

 

[125] M. Matos, C. Canhoto, M. F. Bento, M. D. Geraldo, 
Simultaneous evaluation of the dissociated and undisso-
ciated acid concentrations by square wave voltammetry 
using microelectrodes, J. Electroanal. Chem., 647, 144–
149 (2010). 

 

[126] R. Gulaboski, V. Mirceski, M. Lovric, I. Bogeski, Theo-
retical study of a surface redox reaction preceded by  a 
homogeneous chemical reaction under conditions of 
square-wave voltammetry, Electrochem. Commun., 7, 
515–522 (2005). 



V. Mirceski, R. Gulaboski 

Maced. J. Chem. Chem. Eng. 33 (1), 1–12 (2014) 

12

[127] F. E. A. Catunda, Jr. M. F. de Araujo, A. M. Granero, F. 
J. Arevalo, M. G. de Carvalho, M. A. Zon, H. Fernan-
dez, The redox thermodynamics and kinetics of flavon-
oid rutin adsorbed at glassy carbon electrodes by strip-
ping square wave voltammetry, Electrochim. Acta, 56, 
9707–9713 (2011). 

 

[128] J. S. F. Tabares, M. L. Blas, L. E. Sereno, J. J. Silber, N. 
M. Correa, P. G. Molina, Electrochemistry in large 
unilamellar vesicles. The distribution of 1-naphthol stud-
ied by square wave voltammetry, Electrochim. Acta, 56, 
10231–10237 (2011). 

 

[129] Y. Wang, E. Laborda, R. G. Compton, Electrochemical 
oxidation of nitrite: Kinetic, mechanistic and analytical 
study by square wave voltammetry, J. Electroanal. 
Chem., 670, 56–61 (2012). 

 

[130] H. Deng, X. Huang, L. Wang, A simultaneous study of 
kinetics and thermodynamics of anion transfer across the 
liquid/liquid interface by means of fourier transformed 
large-amplitude square-wave voltammetry at three-phase 
electrode, Langmuir, 26, 19209–19216 (2010). 

 

[131] J. A. Ortuno, C. Serna, A. Molina, E. Torralba, Ion 
transfer square wave voltammetry of ionic liquid cations 
with a solvent polymeric membrane ion sensor, Electro-
anal., 21, 2297–2302 (2009). 

 

[132] V. Mirceski, R. Gulaboski, I. Bogeski, M. Hoth, Redox 
chemistry of Ca-transporter 2-palmitoylhydroquinone in 
an artificial thin organic film membrane, J. Phys. Chem. 
C, 111, 6068–6076 (2007). 

 

[133] F. Quentel, V. Mirceski, M. L’Her, Electrochemical 
study of the thermodynamics and kinetics of hydrophilic 
ion transfers across water|n-octanol interface, J. Solid 
State Electrochem., 12, 31–39 (2008). 

 

[134] F. Quentel, C. Elleouet, V. Mirceski, V. A. Hernández, 
M. L’Her, M. Lovric, S. Komorski-Lovric, F. Scholz, 
Studying ion transfers across a room temperature ionic 
liquid-aqueous electrolyte interface driven by redox re-
actions of lutetium bis(tetra-tert-butylphthalocyaninato), 
J. Electroanal. Chem., 611, 192–200 (2007). 

 

[135] F. Quentel, V. Mirceski, M. L’Her, F. Spasovski, M. 
Gacina, Electrochemical study of hydrophilic ion trans-
fers across cholesterol modified water–nitrobenzene in-
terface by means of thin film electrodes, Electrochem. 
Commun., 9, 2489–2495 (2007). 

[136] F. Quentel, V. Mirceski, C. Elleouet, M. L’Her, Study-
ing the thermodynamics and kinetics of ion transfers 
across water-2-nitrophenyloctyl ether interface by means 
of organic-solution-modified electrodes, J. Phys. Chem. 
C, 112, 15553–15561 (2008). 

 

[137] V. Mirceski, F. Quentel, M. L’Her, Chiral recognition 
based on the kinetics of ion transfers across liquid/liquid 
interface, Electrochem. Commun., 11, 1262–1264 (2009). 

[138] V. Mirceski, T. Dzimbova, B. Sefer, G. Krakutovski, 
Electrochemistry of coupled electron-ion transfer of a 
heme-like complex in an artificial organic membrane, 
Bioelectrochem., 78, 147–154 (2010). 

 

[139] F. Quentel, K. Stankoska, O. Grupce, G. Jovanovski, V. 
Mirceski, Electrochemistry of saccharinate anion at liq-
uid interfaces, Electrochem. Commun., 13, 1476–1478 
(2011). 

 

[140] B. Sefer, R. Gulaboski, V. Mirceski, Electrochemical 
deposition of gold at liquid–liquid5 interfaces studied by 
thin organic film-modified electrodes, J. Solid State 
Electrochem., 16, 2373–2381 (2012). 

 

[141] F. Quentel, V. Mirceski, M. L’Her, K. Stankoska, As-
sisted ion transfer at organic film-modified electrodes, J. 
Phys. Chem. C, 116, 22885–22892 (2012). 

 

[142] A. Molina, E. Torralba, C. Serna, J.A. Ortuno, Analyti-
cal solution for the facilitated ion transfer at the interface 
between two immiscible electrolyte solutions via succes-
sive complexation reactions in any voltammetric tech-
nique: Application to square wave voltammetry and cyclic 
voltammetry, Electrochim. Acta, 106, 244–257 (2013). 

[143] V. Mirceski, Charge transfer kinetics in thin-film volt-
ammetry. Theoretical study under conditions of square-
wave voltammetry, J. Phys. Chem. B, 108, 13719–13725 
(2004). 

[144] V. Mirceski, E. Laborda, D. Guziejewski, R. G. Comp-
ton, New approach to electrode kinetic measurements in 
square-wave voltammetry: amplitude-based quasireversi-
ble maximum, Anal. Chem., 85, 5586–5594 (2013). 

 

[145] V. Mirceski, D. Guziejewski, K. Lisichkov, Electrode 
kinetic measurements with square-wave voltammetry at 
a constant scan rate, Electrochim. Acta, 114, 667–673, 
(2013). 

 

[146] C. J. Helfrick Jr, L. A. Bottomley Cyclic square wave 
voltammetry of single and consecutive reversible electron 
transfer reactions, Anal. Chem., 81, 9041–9047 (2009). 

 

[147] V. Mirceski, M. Lovrić, Split square-wave voltammo-
grams of surface redox reactions, Electroanal., 9, 1283–
1287 (1997). 

 

[148] M. C. Henstridge, E. Laborda, N. V. Rees, R. G. Comp-
ton, Marcus–Hush–Chidsey theory of electron transfer 
applied to voltammetry: A review, Electrochim. Acta, 
84, 12–20 (2012). 

 

[149] C. Xinsheng, P. Guogang, Cyclic square wave voltam-
metry: theory and experimental, Anal. Lett., 20, 1511–
1519 (1987). 

 


