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Abstract  
The essential guidelines for a postgraduate course on electrochemistry corresponding to master 
studies in the University of Valencia (Spain) to be imparted to students with minimal knowledge of this 
matter are presented. The course is based on laboratory experiments that, starting from an initial 
experimental core, promotes the in-laboratory discussion of concepts, operations, functional relations, 
etc. The course, although focused on voltammetric techniques, covers the main conceptual and 
operational aspects of electrochemistry and particular attention is paid to misconceptions and 
metaconceptions around this discipline. 

Keywords: Innovation, technology, research projects. 

1 INTRODUCTION 
Since the Faraday times, electrochemistry has played a capital role in the development of concepts 
and theories in physics and chemistry [1] Currently, electrochemistry is directly involved in important 
application fields, namely, electroanalysis, electrosynthesis, corrosion studies, energy generation and 
storage, but also in the growth of new multidisciplinary research areas such as metal nanoparticles 
and quantum dots [2]. Fig. 1 summarizes the main areas of electrochemistry divided into fundamental 
research and fields of application. 

In spite of this significant role, electrochemistry is not presented, in general, as an individual matter in 
the curriculum of chemistry studies, and is mainly covered in analytical chemistry programs [3], [4]. 
Here, electrochemistry appears usually within the frame of ‘instrumental methods’, including typically 
spectrophotometric (atomic and molecular) and chromatographic techniques in both graduate and 
post-graduate (master) courses. In the context of current Bologna’s re-organization of university 
studies in Europe [5], postgraduate masters have been implemented as tools for effectively linking the 
recent graduates to the professional context in two directions: research associated to universities and 
I+D+I programs and normalized professional activity such as analytics, plant and process control in 
industry, etc. [6], In this context, the University of Valencia (Spain) developed since 2010 a ‘master on 
instrumental techniques’, ascribed to the departments of analytical chemistry and inorganic chemistry, 
to be imparted to graduates in physics, chemistry, biology, chemical engineering, and environmental 
sciences, where there was a monographic course on ‘electrochemical techniques’ with a scheduled 
time equivalent to 24 hours with mixed theoretical-experimental character. The ‘open’ character of this 
master implies that a part of the assistants have received a naïve formation in electrochemistry (vide 
infra) so that there is need to schedule an electrochemistry course for ‘non-electrochemists’. This 
situation involves significant difficulties from the educational point of view because alternative 
conceptions are particularly influential in chemistry imparted to non-chemists [7], [8] and the role of the 
chemistry laboratory experiments is also submitted to different conceptions [9]. Additionally, as 
described in previous works, there are important misconceptions and metaconceptions influencing the 
knowledge on fundamentals and operations of analytical chemistry  [10], the instruments being seen 
as autonomous, error-free ‘black boxes’ providing non-structured data with no need of calibration or 
control [11].  The current report describes the aims, structure and epistemological and educational 
basis of a formative project devoted to impart an electrochemistry course in the frame of the 
aforementioned master. 

1.1 Problems on teaching electrochemistry 
The first problem to be faced in the postgraduate electrochemistry course was topical: roughly, first-
level electrochemistry is confined to the Nernst equation(s) and the Faraday’s electrolysis laws in 
general chemistry courses [12] whereas a second-level electrochemistry is imparted in instrumental 
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analysis courses, these being focused on coulometry, potentiometry and amperometry, frequently 
extended to the essential aspects of voltammetry, including stripping analysis for trace metals in 
solution. The access to this second level approach to electrochemistry was exclusive, however, of 
chemistry graduates, with essentially null presence in the curricula of biology and chemical 
engineering graduates.  

The second problem deals with the wide variety of techniques falling within the field of 
electrochemistry. Strictly, these involve from operations such as pH measurement, widely used for 
chemists, engineers, biologist, etc., to techniques used in specialized contexts, such as 
electrochemical impedance spectroscopy, important in corrosion science and polymer science. 
Keeping in mind that the aim of the postgraduate course was to link the graduate formation to the 
professional context, it seems obvious that the lack of specific formation on electrochemistry is a 
problem superimposed to the variety of techniques potentially accessed by the graduates in their 
future professional activity. 

The third (group of) problem(s) deals with the intrinsic difficulties for teaching/learning 
electrochemistry, most of them common to all scientific knowledge, and several being specific of 
chemistry and electrochemistry disciplines. The persistence of misconceptions, spontaneous 
conceptions or alternative conceptions, widely studied by educational research in the last decades 
[13],[14], would be one of the essential trends in this regard. Although common students’ 
misconceptions on electrochemical cells [15], [16], electric circuits and oxidation-reduction equations 
[17] and potentials [18] have been reported, there is no disposal of systematic studies at the 
graduate/postgraduate level. In the context of studies on analytical chemistry education, the previously 
mentioned ‘black box’ view of instrumentation [11] could be applied to electrochemistry. For our 
purposes, the relevant point to emphasize is that such misconceptions deal not only with specific 
concepts and methods, but also with metaconceptions involving not only concepts sustained by 
concrete definitions but also concepts "in flux", associated to operational and or relational definitions 
(for the different types of definitions see [19] and analytical strategies and operational skills [10].  

In this context, there is a variety of methodological options usable for educational purposes. 
Specifically treating instrumental analysis, purely laboratory-based approaches [20], and mixed 
theory/laboratory [21] approaches, investigative [22], technological-based [23], [24], and problem-
based [25 ones, among others [26] have been proposed. Giving the previously described peculiarities 
of the proposed postgraduate course, we adopted a strategy based on des-regulated laboratory 
experiments. In this regard, it is pertinent to note that in spite of a relatively high number of available 
educational experiments [27], [28], [29], and others, only few reports are directly addressed to precise 
electrochemistry concepts [30], [31]. 

2 AIMS, STRUCTURE AND METHODOLOGY OF THE POSTGRADUATE 
MASTER 

The postgraduate master was conceived on the basis of two main aims: 

a) Promote the understanding of the fundamental science concepts and procedures involved in 
electrochemistry with particular attention to common misconceptions. 

b) Promote an operational view of the concepts and methods involved in the most extended 
electrochemical techniques. 

The lessons, total 24 hours, were divided into two classroom and five laboratory sessions. The 
adopted methodology combined the investigative [22], mixed theory/laboratory [21] and discovery [26] 
approaches, presenting a series of ‘open’, de-regulated laboratory experiments where data analysis 
involving inferences and predictions and detailed concept clarification were involved. Table 1 
summarizes the structure and topics of the course. For reasons of time disposal, experiments were 
based on voltammetric measurements using conventional equipment. Each group of 12 students was 
divided into 3 groups of 4 units, each one working with an electrochemical device in the research 
laboratory adopting usual safety cautions. 

The first ‘theoretical’ session presented, starting from the description of the well-known experiment of 
water electrolysis, the basic concepts on electrochemistry. Here, the emphasis was made on the idea 
that this discipline is focused on the processes involving the transference of electrons through the 
surface of separation between an ionic conductor, the electrolyte, and an electronic conductor, the 
electrode (strictly, interfacial electrochemistry). This process will be treated as an heterogeneous 
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chemical reaction coupled to processes of charge transport (diffusion as a typical case) in each one of 
the involved phases and other parallel chemical reactions (including gas evolution, 
precipitation/dissolution of solids, etc.) proceeding via a more or less complicated mechanism. 
Depending on the reaction rate, such electrochemical processes can be divided into electrochemically 
reversible (operationally, ‘fast’ electron transfer processes) and electrochemically (operationally, 
‘slow’) irreversible. This distinction is essential, because only reversible processes can provide 
electrochemical parameters having thermochemical significance; i.e., only for such processes, the 
Nernst equation(s) applies. It is also important to remark that electrochemical measurements are an 
important source of electrochemical data. However, most electrochemical data (for instance, much 
standard electrode potentials) were not obtained from direct electrochemical measurements because 
of the irreversibility of the involved electrochemical processes. 

Each laboratory session was conducted upon launching an experiment whose performance was 
accompanied/followed by possible descriptions, predictions, etc., intercalating explanations, concept 
definition, etc. The experiments were selected among well-known electrochemical processes following 
an open sequence in which the students were challenged to propose explanations and predictions and 
subsequently propose methods for testing predictions. The discussion was addressed to clarify 
operational aspects (what concrete operations/observations provide information on electrochemical 
features), conceptual aspects (what concepts are involved in descriptions) and integrated 
explanations. 

3 RESULTS 
Fig. 2 illustrates the typical voltammetric responses obtained during the laboratory session L1. After a 
brief description of the cell, electrodes, equipment, software, etc. cyclic voltammograms on an 
aqueous acetate buffer solution at pH 4.75 were obtained at glassy carbon and Pt working electrodes. 
As can be seen in Fig. 2a, prominent rising currents were recorded at highly positive and highly 
negative potentials. These can be attributed, respectively to the oxygen evolution reaction (2H2O → O2 
+ 2H+ + 2e−) and hydrogen evolution reaction (2H+ + 2e− → H2), but both reactions (specially the 
second) are considerably dependent on the material constituting the electrode. The students were 
asked along the reasons for this feature. Here, it is important to remark the need of avoiding the 
interpretative schemes that become, to some extent, purely semantic. Thus, students frequently 
propose that “there is different hydrogen overpotential at carbon and at Pt”; the question is that this 
overpotential –an operational parameter- has to be interpreted in the light of a kinetic model where 
adsorption plays a crucial role [1]. 

Several important details can be treated here, namely, the need for supporting electrolyte and the 
definition from the above experiments of the ‘solvent window’; i.e., the interval of potentials available 
for studying other electrochemical processes. This ‘solvent window’ depends on the electrode material 
and the pH, as can be clearly seen upon examining the voltammograms in Fig. 2b, taken at pH 4.75 
and pH 7.00. Additional questions can be optionally treated here: mercury electrodes and nonaqueous 
solvents. The influence of dissolved oxygen can be experimentally treated through easy experiments 
conducted, for instance, in dimethylsulfoxide. Another important question is the cleaning/activation of 
solid electrodes, also accessible to available experimentation. 

The voltammetry of a solution of K4Fe(CN)6 in 0.10 M KCl at different potential scan rates permits to 
study an essentially reversible electrochemical system with well-defined and essentially symmetrical 
anodic and cathodic peaks (Fig. 2c). In this case, the electrochemical process can be represented as 
a single electron transfer (Fe(CN)6

4− → Fe(CN)6
3− + e−) but the interpretation of the voltammetric 

features is not trivial. Here the foot of the peak corresponds to a region of Nernstian control where the 
current growths (in absolute value) exponentially upon varying the potential, but the justification of the 
appearance of a peak requires the consideration of the accumulation of oxidized/reduced species in 
the vicinity of the electrode so that passing the peak, the overall process is controlled by diffusion [32]. 

Importantly, the students should realize that the well-established theoretical diagnostic criteria for 
reversibility (typically, peak potential separation of 59 mV at 298 K, peak potentials independent on the 
potential scan rate) are in general not accomplished. This feature obeys to deviations from reversibility 
and the presence of uncompensated resistive and capacitive effects distorting the voltammetric 
response [32]. Operationally, the process would be considered as reversible when the half sum of the 
cathodic and anodic peak potentials remained independent on the potential scan rate. The students 
were challenged to verify this behavior upon performing experiments at different sweep rates. The 
same experimental arrangement allows us to verify the condition of diffusive control (peak current 
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proportional to the square root of the potential scan rate). Here, the students should define, previously, 
a criterion for peak current measurement via defining a proper base line. 

The following experiment (Fig. 2d) is performed on a dopamine solution. Here, the response is clearly 
different from that in Fig. 2c, with an anodic peak with no coupled cathodic counterpart. The 
interpretation of this voltammetry involves the consideration of two possibilities: an irreversible electron 
transfer process and/or coupled chemical reactions. The voltammetry of dopamine has been widely 
studied and consist on an initial two-electron oxidation yielding dopaminequinone which is followed by 
fast cyclicization reaction and other subsequent processes. Operational criteria for testing this 
complicated pathway can be obtained upon varying the potential scan rate. The central idea is that at 
high sweep rates the experimentation time is short enough to detect the initial oxidation product before 
it reacts significantly. Then, the students can predict that, at large sweep rates, a cathodic signal 
coupled to the initial oxidation peak should appear (see Fig. 3a). 

In all cases, the structure of the laboratory lessons was configured around an initial core of 
experimental features with its concomitant series of explanatory schemes, derivations and related 
aspects. Particular importance was paid to make explicit the operational aspects and functional 
relations to be known. This would be the case of electropolymerization processes illustrated in Fig. 3b. 
Here, the formation of polyaniline layers on glassy carbon electrode was demonstrated by the 
progressive decrease of the initial oxidation wave for the monomer at +1.0 V coupled with the increase 
of the peak height for reversible reduction/oxidation of polyaniline forms in successive scans. 
Electropolymerization was seen within the frame of an important concept: electrode modification. 
Here, a variety of modification strategies can be applied involving a tremendous variety of materials. It 
is important to connect the idea of electrode modification with the basic concept of electrocatalysis and 
its application not only for analytical purposes but also for preparative ones and energy production. 

In the development of the laboratory lessons, attention was paid to misconceptions and 
metaconceptions on electrochemistry concepts, procedures and scope, so that it was emphasized on 
the explicit appearance of the same. Fig. 4 shows a simplified scheme representative of the 
implementation of misconceptions and metaconceptions in the laboratory lessons while Table 3 
summarizes an example of application initiated on the performance of a single experiment: the 
voltammetry of a microparticulate deposit of Prussian blue transferred by abrasion onto the surface a 
graphite lead. This experiment, illustrated in Fig. 5, follows the voltammetry of microparticles 
methodology, a technique developed by Scholz et al. providing the electrochemical response of 
sparingly soluble solids [33]. The relevant point to emphasize is that the electrochemical processes 
can be described in terms of the reduction and oxidation in solid state mediated by the entrance/issue 
of K+ ions into/from the solid lattice. This experiment provides opportunity for removing an extended 
metaconception: that electrochemical processes operate necessarily through dissolved species and, 
in particular, that only dissolved species can be analyzed by means of electrochemical methods. On 
the contrary, this solid state methodology can be applied to a variety of organic and inorganic 
materials [34] covering applications fields such as archaeometry, conservation and restoration [35] 
and energy conservation and storage [36]. 

The first-level description of the experimental results corresponds to the appearance of two one-
electron essentially reversible couples. The solid-state nature of such processes, whose detailed 
description can be as seen in [33], involves the need of a second level description, based on the 
coupling of electron transport and electron transport through the (nanoporous) solid. This experiment 
is expanded to develop a potentiometric sensor for K+ ion determination and the concomitant treating 
of the concepts of sensitivity and selectivity. Annotations taken during the open laboratory lessons 
permitted us to identify several specific metaconceptions in turn associated to misconceptions: 

a) The electrochemical process was usually seen as reversible-like and the kinetics of the electron 
transfer process was frequently considered as a negligible matter. Then, the overall 
electrochemical experiment is seen as a single, monolithic process with no kinetic constraints 
nor modification of the composition of the system. 

b) The electrochemical experiment was seen as depending almost exclusively on the composition 
of the electrolyte solution; the reference electrode, composition of the working electrode, the 
presence of dissolved oxygen, etc. are in general ignored. 

c) The electrode was seen as an inert component of the system at all. Electrode cleaning, 
activating, modifying was in general avoided. 
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d) In analytical applications, interference of other than the analyte electroactive compounds were 
regarded as absent. The same for subtle matrix effects associated to parallel reactions. 

In their analytical application, electrochemical techniques were applied exclusively to analytes in 
solution. The possibility of solid state electrochemistry analysis was in general avoided. 

4 CONCLUSIONS 
A proposal of postgraduate course on electrochemistry corresponding to master studies in the 
University of Valencia (Spain) to be imparted to students with minimal previous studies on this 
discipline is described. As essential guidelines, the attendance of covering the main conceptual and 
operational aspects of electrochemistry, focused on voltammetric techniques, and the attendance to 
misconceptions and metaconceptions around the same. 
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APPENDIX 
Table 1.  Structure of the postgraduate course on electrochemistry. 

Session 
(time/hours) 

Type 
(place) 

Matters 

1 (2) Classroom Water electrolysis and electrochemical processes; definition of electrochemistry 
Classification of electrochemical methods 
Thermodynamic and kinetic descriptions of electrochemical processes; charge 
transfer across interfaces and charge transport through phases; the Helmholtz 
double layer 

2 (4) Lab 
(L1) 

Cyclic voltammetry, instrumentation, types of electrodes 
Study of an electrochemically reversible process; operational parameters 

3 (4) Lab 
(L2) 

Cyclic voltammetry; complications: study of an apparently irreversible process: 
electrochemical irreversibility vs. coupled chemical reactions; diagnostic criteria 

4 (4) Lab 
(L3) 

Electrochemistry of surface-confined species: stripping processes and trace metal 
analysis; electropolymerization; conducting polymers and electrode modification 

5 (4) Lab 
(L4) 

Solid state electrochemistry; voltammetry of microparticles; analytical applications; 
authentication; dating 

6 (4) Lab 
(L5) 

Polarization curves and corrosion potentials. Impedance techniques: equivalent 
circuits for describing electrochemical cells; basic elements; Nyquist and Bode 
representations; modeling and fitting 

7 (2) Classroom Written test 

Table 2.  Electrochemical experiments and aspects to be subsequently developed.  
Laboratory sessions L1 and L2. 

Experiment  Questions/Concrete aspects Subsequent implications 

L1: CV at buffered 
aqueous solutions 
(Figs. 2a,b) 

What are the extreme processes at highly 
positive and highly negative potentials? 
Observation of differences depending on 
the electrode material 
pH dependence of the voltammetric records 
Observation of the response of dissolved 
oxygen 

Available range of potentials: “the solvent 
window” 
Electrode kinetics for oxygen evolution 
reaction and hydrogen evolution reaction 
The inertness of the electrodes, formation 
(and stripping) of Pt and Au electrodes 
The need/convenience of degasification 
The need of supporting electrolyte 

L1: CV at a 
Fe(CN)6

4− aqueous 
solution 
(Fig. 2c) 

Electrochemically reversible voltammetric 
response, peak currents and peak 
potentials 
Variation of such parameters with the 
potential scan rate 
Reversibility criteria and diffusive control 
criteria 

The problem of defining a proper base line 
for current measurements 
Separation of experimental data from the 
strict reversibility criteria: electrode kinetics 
vs. resistive and capacitive effects 
Testing the independence of the midpeak 
potential on the potential scan rate 
Testing the proportionality of the peak 
current on the square root of potential scan 
rate 

L2: CV at a 
dopamine aqueous 
solution 
(Fig. 2d) 

Apparently irreversible voltammetric 
response 
Electrochemical irreversibility vs. coupled 
chemical reactions 
Possible diagnostic criteria upon varying the 
potential scan rate 

Exposition of the complicated voltammetric 
pathway for the electrochemical oxidation of 
dopamine 
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L2: CV at a 
dopamine aqueous 
solution at high 
potential scan rates 
(Fig. 3) 

Analysis of the voltammetric response 
involving different voltammetric signals in 
different potential regions 
Defining operational criteria for the 
appearance of coupled chemical reactions 
accompanying electron-transfer processes 

Testing the possible reversibility of the 
electron transfer process, voltammetry at 
high potential scan rate 
Attribution of voltammetric signals for the 
reduction of dopaminequinone Description of 
different possible electrochemical pathways 

Table 3.  Concepts, misconceptions and metaconceptions in the laboratory session L4. B: basic ideas and 
operations; 1D: first-level description; 2D: 2nd-level description; MR: misconceptions/metaconceptions to 

be removed; PD: predictions; OP: open problems. 

Action/observation Discussion 

Preparation of Prussian-blue-
modified graphite electrode 

(B) strategies of electrode modification; in this case abrasive attachment of an 
insoluble solid to an inert electrode 

Cyclic voltammetric response in 
contact with 0.10 M KCl aqueous 
solution 

(1D) voltammetric features corresponding to two essentially reversible couples 
(MR) the analyte does not is necessarily in solution 
(OP) it is possible to use this strategy for analyzing solids? 
(2D) topotactic solid-to-solid transformation involving the ingress/issue of K+ 
ions into/from the solid lattice 
(MR) most solids are permeable to the diffusion of ions and electrons through 
their lattice 
(PD) from the model of Scholz , the peak potentials should vary with the 
concentration of supporting electrolyte 

Voltammetry upon varying the 
concentration of the supporting 
electrolyte 
Deviations from linearity in the Ep 
vs. log[K+] plots 

(1D) shift of peak potentials and variation of peak currents upon varying the 
electrolyte concentration 
(MR) redox potentials are effectively dependent on the concentration of 
species 
(MR) Application of the Nernst equation requires reversibility 
(2D) linear variation of peak potentials on the logarithm of the concentration of 
K+ is predicted from the usual form of the Nernst equation 
(2D) linearity is attained estimating activities 
(MR) thermochemical activities rather than concentrations should be 
considered 

 (OP) It is possible to prepare a potentiometric sensor for K+ ion determination 
based in Prussian-blue modified electrodes? 
(OP) selectivity; determination of K+ ion in the presence of interferents such as 
Na+ 
(OP) There are other possible strategies for electrode modification? 

Electrosynthesis

Anticorrosion treatments

Pollutant degradation

Electroanalysis

Electrochemistry

Application 
fields

Fundamental 
branches

Molecular 
electrochemistry

Energy generation, 
conversion and storage

Solid state
electrochemistry

Quantized
systems

Polymer
electrochemistry

 
Figure 1 Main areas of electrochemical science dealing with its fundamental research  

and the corresponding application fields. 
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a)
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Figure 2 Cyclic voltammograms corresponding to the laboratory sessions L1 and L2. a) 0.25 M HAc/NaAc 

aqueous solution at pH 4.75 at Pt (black) and glassy carbon (red) electrodes, v = 50 mV/s; b) 0.10 M 
potassium phosphate (pH 7.00, black) and 0.25 M sodium acetate (pH 4.75, red) buffers at Au electrode,  
v = 50 mV/s; c) 1.0 mM solution of K4Fe(CN)6 in 0.10 M KCl at glassy carbon electrode, v = 10 (red) 50 
(green) and 100 (black) mV/s; d) 1.0 mM solution of dopamine in 0.10 M KCl at glassy carbon electrode,  

v = 50 mV/s. Notice the differences in the potential range and current scale. 
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Figure 3 a) Cyclic voltammograms at glassy carbon electrode of a 2.0 mM dopamine solution in 0.10 M 

phosphate buffer at pH 7.0 at v = 10 (red), 100 (green) and 500 (black) mV/s. b) Successive potential scans 
during the electropolymerization of aniline at GCE from a 0.01 M solution of the same in 0.50 M H2SO4; 

 v = 50 mV/s. 
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Figure 4 Simplified scheme for the possible implementation of strategies for removal misconceptions and 

metaconceptions in the laboratory lessons. 
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Figure 5 Cyclic voltammogram of a microparticulate deposit of Prussian blue on a graphite pencil immersed 

into 0.10 M KCl aqueous solution. Potential scan rate 50 mV/s. 
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