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The 9th Symposium on Electrochemistry - South East Europe (RSE-SEE 9) was held from June 3 to 

June 7, 2024, in Novi Sad, the second-largest city in Serbia and the capital of Vojvodina Province. 

The Symposium took place at the University of Novi Sad, in the Rectorate building, within the 

university’s green campus near the Danube. It gathered electrochemists from the region to discuss 

recent research and developments in the field. The Electrochemical Division of the Serbian Chemical 

Society and the Faculty of Technology, University of Novi Sad, organized the event. 

The RSE-SEE 9 featured a total of 140 presentations, including 57 oral presentations (44 excluding 

student contributions), 5 plenary talks, 17 keynote lectures, and 61 posters. The program covered 

various areas of electrochemistry, with the largest number of contributions in electrocatalysis, which 

included 2 plenary talks, 2 keynote lectures, 12 oral presentations, and 14 posters. Corrosion and 

corrosion prevention was another major topic, with 1 keynote lecture, 6 oral presentations, and 6 

poster. Electrochemical energy storage was represented by 5 keynote, lectures, 2 oral presentations, 

and 12 posters. Electrochemistry for environmental applications included 5 oral and 9 poster 

presentations, while the electrochemistry of new materials had 1 keynote lecture, 4 oral along with 

4 poster presentations. Other topics, such as analytical electrochemistry, electrodeposition, inter-

faces, organic and bioelectrochemistry, and nanoscale electrochemistry, were also well represented. 

The Symposium gathered 153 participants from 26 countries across all continents except 

Australia. The event was supported by four sponsors and included three exhibitors. Additionally, it 

received funding from the Ministry of Science, Technological Development and Innovations of 

Republic of Serbia and the Vojvodina Provincial Secretariat. 

This special issue of Journal of Electrochemical Science and Engineering brings together full 

papers based on presentations given at RSE-SEE 9. It includes eleven contributions, comprising two 

review articles and nine full-length research papers. Covering various areas of electrochemistry, this 

collection highlights some of the key findings presented at the symposium. The guest editors would 

like to extend their gratitude to all the authors who contributed to this special issue, which we hope 
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will further enhance the impact of electrochemistry research in South East Europe and make it more 

visible to the worldwide community. 
 

 
Figure 1. Joint photograph of the Symposium participants, taken on June 3rd, 2024. 

Given the importance of electrochemistry in modern society, particularly in energy, 

environmental protection, and the development of new materials, the 9th Symposium on 

Electrochemistry - South East Europe provided a platform for knowledge exchange and fostered 

scientific collaboration among researchers from around the world. The next, 10th RSE-SEE, will be 

held in 2026 in Prague, Czech Republic, continuing the tradition of bringing together experts to 

discuss the latest advancements and future directions in electrochemical research. 
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Abstract 

One of the key reasons why the transition to renewable energy sources is progressing slowly is the 
low efficiency of processes at electrified interfaces where electricity is converted and stored as 
chemical energy. The challenge behind low efficiency is sluggish electrochemical conversion 
reactions. To resolve low efficiency, it is necessary to comprehend the intrinsic reasons behind the 
unusually complex phenomena of converting electrical energy into chemical energy, and vice 
versa, chemical energy into electrical energy. An important example is the electrolysis of water, 
where, after decades of research, it is not clear how to significantly accelerate the processes of 
hydrogen and oxygen generation. Of critical importance for the control of the water electrolysis 
mechanism is understanding the origins of the electrocatalytic activity. If we ask a key question 
from a conceptual point of view, namely: what are the origins of electrocatalytic activity? The 
answer will be, in most cases, as it was 70 years ago. Namely, the paradigm of electrocatalysis is 
the Sabatier principle, which suggests optimal ("not too strong, not too weak") binding of 
intermediates as the main prerequisite for a high reaction rate. Conventional wisdom suggests 
that confirmation of this should be a linear relationship between the adsorption energy of the 
intermediate and the activation energy, known as the Brønsted-Evans-Polanyi relation. However, 
recent results show that lowering the activation energy is not necessarily beneficial for increasing 
the reaction rate. In this work, some fundamentally important questions about the nature of 
electrocatalytic activity will be raised. Identifying and analyzing these issues can be an important 
trigger and driver towards efficient water electrolysis and a more comprehensive understanding 
of electrocatalysis as a scientific field of key importance for the conversion, storage and utilization 
of energy from renewable sources. 

Keywords 
Activation energy, preexponential factor, barrier, reactant-catalyst collisions, characteristic 
vibrations, tunneling 
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Introduction 

Electrocatalysis is the area of electrochemistry that studies the impact of the nature of the 

electrode material on the rate of the electrochemical reaction [1]. Electrocatalytic reactions involve 

the formation/cleavage of a chemical bond(s) between the intermediate and the electrode surface 

(i.e., adsorption of the intermediate), suggesting that the energetics of intermediate formation, 

including the strength of the chemical bond(s) between the intermediate and the electrode surface, 

plays an important role in the overall reaction rate. Taking into account the above, it becomes clear 

why, for more than a century, the paradigm of heterogeneous catalysis, and therefore of 

electrocatalysis, has been Sabatier's principle [2]. 

Sabatier's principle postulates that the high rate of the catalytic reaction is due to the optimal 

binding of intermediates to the electrode surface. Optimal binding of intermediates in qualitative 

terms implies "not too strong, not too weak" chemical bond. If the chemical bond is too strong, 

recombination reactions are inhibited, and if the chemical bond is too weak, desorption of 

reactants/intermediates occurs before products are formed. This qualitative rule is usually manifested 

graphically through the so-called Balandin-type volcano plots where the kinetics of the reaction is 

given as a function of the enthalpy of adsorption of intermediates [3,4]. The peak of the volcano plot 

corresponds to the optimal enthalpy of adsorption. This qualitative consideration received a 

quantitative interpretation in electrochemistry in the late 1950s, when the exchange current density 

was expressed mathematically as a function of the standard Gibbs energy of hydrogen adsorption [5]. 

A graphic illustration of this dependence is the volcano plot, the slope of which depends on the 

elementary step that determines the overall reaction rate. In other words, the slope of the volcano 

plot depends on the symmetry factor and intermediate coverage of the elementary step that 

determines the overall reaction rate. The Balandin-type of volcano plot, as a consequence of Sabatier's 

principle, was generally accepted in electrocatalysis in the early 1970s, when a sufficient amount of 

experimental data for d-metals and sp-metals had been accumulated and analyzed, including 

relatively credible values of the exchange current density for the hydrogen reaction in acidic 

electrolytes, and relatively problematic values for the energy (i.e. enthalpy change) of metal-hydrogen 

bond formation (ΔH(M-H)) [6]. The values used are problematic because they came from three 

different environments: 1) "bulk" interactions during hydride formation, 2) interaction of hydrogen 

with metal atoms on the surface, but in the gas phase, 3) electrochemical adsorption. The first two 

experimental environments are not relevant for electrochemistry, while the values obtained in the 

electrochemical experiment represented the differential values of the activation energy of the Volmer 

reaction on the investigated metal in relation to the activation energy of the Volmer reaction on 

mercury. A decade after the publication of the hydrogen volcano plot, by re-analyzing the 

experimental values of the hydrogen adsorption enthalpy in an electrochemical environment used in 

the construction of the hydrogen volcano curve, a linear dependence between the exchange current 

density and the adsorption enthalpy was obtained [7]. This contradiction was the trigger for 

considering in detail an experimental methodology that would give reliable values of the hydrogen 

adsorption enthalpy at the liquid/solid interface with an established Galvanic potential difference 

because computational chemistry did not add enough clarity here [8,9]. One of the possible 

approaches is the methodology to measure with a Kelvin probe the change in the work function of the 

metal during the adsorption of hydrogen through the water layer at the metal surface [10]. Having the 

realistic values of hydrogen adsorption enthalpies for various metals of interest, we could answer 

several key questions and, based on reliable experimental insights, create a more realistic picture of 

the nature of electrocatalytic activity.  
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Some of the most important questions that should be answered in the future are the following:  

1. whether there is a straightforward relationship between the exchange current density for the 

hydrogen reaction and the enthalpy of adsorption, and if so, is it a volcano-type relationship or a 

linear relationship or something else;  

2. do the trends in the enthalpy of adsorption coincide with the trends in the Gibbs energy of 

adsorption, that is, what is the influence of the entropy of adsorption on the trends in activity;  

3. if the relationship between the exchange current density and the enthalpy of adsorption is of the 

volcano-type, is it possible to overcome the volcano-plot apex and how? At the same time, if the 

relation between exchange current density and adsorption enthalpy is linear, what approach 

should be applied to overcome the activity of the most active metals;  

4. whether the adjustment of the enthalpy of adsorption has a direct effect on the activation energy 

as predicted by Brönsted-Evans-Polanyi (BEP) relations;  

5. what is the contribution of the adsorption to the pre-exponential factor through the coverage of 

intermediates;  

6. what other parameters from the rate law, besides adsorption energies (i.e., adsorption enthalpy, 

adsorption free energy and adsorption entropy) have a significant influence on the overall 

reaction rate either through activation energy or through preexponential factor and with what 

properties of electrified interface they can be related to. Special emphasis here should be on 

partial orders of reaction in preexponential factor and activation barrier symmetry coefficient in 

exponential factor (i.e., activation energy), both well-known kinetic parameters in the 

conventional expression for the rate law, whose physical meaning was never really resolved.  

7. if we identify relevant properties of the electrified interface that have a significant impact on the 

total reaction rate (i.e., through a particular parameter in the rate law), the following question is 

what material properties are responsible for that and how can they be tuned;  

8. is it possible to have a separate impact on activation energy and preexponential factor?  

In this work, some of the important questions listed above will be the topic of analysis, with the 

intention of giving a perspective on how to proceed with the development of electrocatalysis. 

Currently, experimental data that could resolve the questions listed above are lacking. However, 

analysis on the conceptual level is very important and represents the first step in achieving in-depth 

clarification of electrocatalytic mechanisms. The ultimate goal is to gain knowledge on how to 

sufficiently accelerate key electrocatalytic reactions so they can be utilized efficiently in energy 

conversion devices and systems. 

Results and discussion 

Why is a thorough understanding of the hydrogen evolution reaction essential? 

Hydrogen evolution reaction (HER) in acidic electrolytes is the simplest electrocatalytic reaction 

and is naturally a prerequisite for understanding more complex reactions such as oxygen reduction 

reaction, oxygen evolution reaction, etc. The reaction is given together with the indicated redox po-

tential (for pH 0) in relation to the reference scale of the standard hydrogen electrode, Equation (1): 

2H+ + 2e- ↔ H2   E° = 0.00 V vs. SHE  (1) 

HER is a reaction during which are exchanged two electrons and two protons, usually on metal 

surfaces that do not structurally change significantly during the course of the reaction. Exceptions 

exist for this, like in the case of Pd, where significant bulk absorption impacts surface adsorption 

properties and this material requires different, more complex treatment [11]. Today, there is 
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general agreement on the reaction pathway of HER in acidic media. The elementary step in which a 

proton from the electrolyte reacts on the inner Helmholtz plane with an electron from the Fermi 

level of the metallic electrocatalyst, forming an intermediate product, is known as the Volmer step 

(Equation (2)). The Volmer step is followed by an elementary step in which an intermediate 

recombines with a proton and an electron, forming a hydrogen molecule in one active site and/or 

an elementary step in which two intermediates recombine, requiring two adjacent active sites. The 

formation of hydrogen molecules through electrochemical recombination is known as the Hey-

rovsky step (Reaction 3a), while chemical recombination is known as the Tafel step (Equation (3b)). 

H+ + e- ↔ Had Volmer's degree  (2) 

Had + H+ + e- ↔ H2 Heyrovsky stage  (3a) 

2Had  ↔ H2 Tafel degree  (3b) 

Of fundamental importance for catalysis and electrode kinetics is the identification of the 

elementary step that determines the total reaction rate. It is generally accepted that the elementary 

step that determines the total reaction rate can be evaluated using the value of the Tafel slope. 

Conventional wisdom suggests that for weak hydrogen bonding and very low intermediate 

coverage, the overall rate is determined by the Volmer step, with a Tafel slope of 120 mV/dec. If the 

Heyrovsky step determines the total reaction rate, which is typical for low to medium coverage with 

intermediates and the binding is stronger than in the Volmer step, then the Tafel slope is 40 mV/dec. 

Finally, when the Tafel step determines the overall rate, which is typical for moderately strong 

binding of intermediates and medium to high coverages, then the slope is typically 30 mV/dec or 

can reach 120 mV dec-1 if the coverage with intermediates approaches a monolayer. The Tafel slope, 

which determines how easy it is to alter reaction rate with overpotential for the given solvent 

(i.e. water), essentially depends on the nature of the electrode material, where besides the impact 

of intermediate coverage, of particular importance is shape/steepness of activation barrier that is 

described by symmetry factor. The symmetry factor, which determines how easy it is to change the 

height of the barrier with a potential, essentially depends on the nature of the electrode material, 

but in a way that remains unknown to us for decades. Practically all diagnostic criteria of electrode 

kinetics (i.e. partial orders of reaction, stoichiometric number and charge transfer coefficient for 

multi-electron reactions) depend on the nature of the electrode material, but in a way that we still 

cannot comprehend. This was the reason why many kinetic studies did not make any significant 

contribution to the design of new, superior electrode materials and the reason why, over time, there 

is a growing interest in a correlative approach where the search for material properties (i.e. des-

criptors) that could relate with reaction rate appears to be much more realistic strategy [12,13]. The 

correlative approach has been visibly intensified in the last twenty years, which coincides with the 

rise of computational chemistry [14]. Many descriptors have been investigated, whereas most 

descriptors lack a show of how exactly they contribute to the activation process and what their 

direct link to the rate law is. On that road, it was important to introduce and define interfacial 

descriptors that are essentially different than material descriptors because they are strictly the 

result of the interaction of electrode with electrolyte [15,16]. A rational approach would imply that 

the property of the material (i.e. material descriptor) is related to the property of the electrified 

interface (i.e. interfacial descriptor), which ultimately should be related to the total reaction rate 

through some of the parameters in the rate law. At the same time, the descriptors should contribute 

to understanding the activation process. 
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Heuristic model of proton adsorption activation process  

If we analyze the electrified electrode/electrolyte phase boundary during proton adsorption 

(Figure 1), using the heuristic model, we can notice that there are four important processes relevant 

to the formation of intermediate, as discussed previously in detail [10,15,17]:  

1. The metallic electrode is treated as an equipotential surface and electron source, where 

electronic energy is described by the Fermi level or work function of the metal. Water molecules 

have two non-bonding electron pairs on the oxygen atom, where one of them is energetically 

less stable and forms a covalent bond with the metal surface (M-OH2). The consequence of 

established chemical bond is metal-specific interfacial water structure that can also be described, 

despite the significant thermal motion of water molecules (i.e. vibrations and rotations of 

chemical bonds and water dipole flip), by preferential water molecule orientation. Preferential 

water molecule orientation reflects a statistical probability because the water bilayer is in a 

dynamic state. Water orientation, besides metal-water bond strength, depends on the strength 

of the electric field in the double layer (i.e. interfacial electric field). The electric field strength in 

the double layer is proportional to the potential difference between the potential of zero charge 

and the actual/applied potential. The stronger the metal-water bond and the larger the 

interfacial potential difference (i.e. as more positive), the more significant the orientation of 

water with hydrogen towards the metal surface will be. In other words, the covalent metal-water 

interaction that primarily dictates the structure of water in the double layer will be modulated 

by the electrostatic interaction as a secondary interaction that additionally affects the structure 

and dynamics of water molecules in a double layer; 

2. The movement of protons from the outer Helmholtz plane to the inner Helmholtz plane (IHP). In 

reality, the proton " jumps" from one solvation shell to another in a non-linear motion, where in 

one instance, it will be positioned close to the metal surface so that electron transfer is likely. In 

essence, this interaction is a proton-electric field interaction, which depends significantly on the 

structure of the water in the double layer, which in turn depends significantly on the strength of 

the metal-water interaction and the strength of the interfacial electric field; 

3. When the proton, including its solvation shell, is located at the IHP, then the deformation/reorga-

nization of the solvation shell (including the reorganization of water molecules on the metal 

surface) is necessary as a prerequisite for electron transfer or proton-electron interaction. 

Deformation/reorganization of the solvation shell is actually a proton-water interaction that is 

influenced by the water structure, which is again influenced by the strength of the metal-water 

bond and the strength of the interfacial electric field; 

4. Finally, when the water molecules on the metal surface, as well as the solvation shell around the 

proton, are reorganized in such a way that the positive charge of the proton is exposed to the 

negatively charged metal surface, electron transfer will occur, resulting in the formation of a 

chemical bond (M-H). The formation of the M-H bond is a metal-proton interaction. However, 

exposure of the positive charge of protons to the negatively charged surface depends on the 

stability of the solvation shell, which also depends on the structure of interfacial water that is again 

influenced by the strength of the metal-water bond and the strength of the interfacial electric field. 

So, in summary, we have three key covalent interactions: metal-water (solvent), metal-proton, and 

solvent-proton. These three covalent interactions can be modulated by the electrostatic 

interactions, which originate from the interfacial electric field. When we apply cathodic polari-

zation, the surface of the metal becomes increasingly negatively charged proportionally to the 

applied potential, the water molecule’s orientation with hydrogen towards the surface of the 
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electrode becomes statistically more probable and importantly the concentration of protons 

increases in the double layer. Practically, electrostatic interactions add to the above-mentioned 

existing covalent interactions. The contribution of electrostatic interactions depends on the 

interfacial electric field strength, which is directly proportional to the difference between the 

potential of zero charge and the actual/applied potential. Bearing all this in mind, the activation 

process of intermediate formation depends on the energetics of interactions: metal-water, metal-

proton and proton-water, and the potential of zero charge. Individual or combined, these four pro-

perties of the phase boundary should be brought, if possible, into a direct relationship with expe-

rimentally available measurable physico-chemical quantities and with parameters in the rate law. 

 
Figure 1. Structural changes of the electric double layer during proton adsorption at the solid/liquid phase 

boundary including: (a) reorganization of water molecules in the electric double layer under the influence of 
covalent metal-water interaction and the strength of the interfacial electric field , given as the average change 

in the entropy of the reorganization of water in proximity of the solvation shell (ΔSreor ), (b) average work 
invested on transferring proton (WH+) from the outer Helmholtz plane (OHP) to the inner Helmholtz plane 

(IHP), (c) the average free energy of deformation/reorganization of the solvation shell in the inner Helmholtz 
plane (ΔGssd) in combination with further reorganization of water in the double layer in the proximity of the 
solvation shell, and (d) electron transfer from the Fermi level of the metal to a proton with a partially defor-
med solvation shell with partially exposed positive charge, driven by work function of the metal (Φm). Color 

code: metal surface—grey, oxygen—blue, hydrogen from water—red, proton and adsorbed proton—pale red. 
The space between the first and second layers of water in the double layer is intentionally left for clarity. 
Yellow dashed rectangular indicates that besides water dipole flip important is water molecule rotation 
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Three out of four mentioned interactions (i.e. metal-water, metal-proton and potential of zero 

charge) are strongly electrode material dependent, while proton-water interaction is strongly 

electrolyte dependent. If we utilize the same electrolyte to investigate different metals (i.e. electro-

de materials), then proton-water interaction is irrelevant to the investigation. However, we can alter 

the properties of solvent [18], use different counterions [19], use additives and/or impurities [20], 

so proton-water interaction can be a very relevant parameter for HER kinetics. 

Phase boundary dynamics during hydrogen evolution reaction through the prism of the pre-
exponential frequency factor  

In electrocatalysis, the activation process is generally much better understood than the collision 

process. Therefore, the pre-exponential frequency factor is a much bigger unknown than the 

processes contributing to the activation energy. For electrocatalytic reactions like HER reaction rate 

is usually defined with the following expression (Equation (4)) [17]:  

( )( )
ad 0rev

0 etH

- +-
= (1-  ) exp exp

Hp q
G rFE

j nFc k
RT RT


 

+

=
 

    
  
 

     (4) 

where: j0 - exchange current, n - number of exchanged electrons, F - Faraday’s constant, cH+ - con-

centration of protons, p - partial order with respect to proton concentration, q - partial order with 

respect to number of available active sites,  - total coverage including intermediates and eventual 

blocking species,  - symmetry factor, Erev - reversible potential, R - universal gas constant, T – tem-

perature, (∆GHad) =0 - the change in free-energy of adsorption at zero coverage, r - the interaction 

parameter. The interaction parameter originates in lateral interactions of intermediates (assisted with 

surrounding water molecules/dipoles) and can be positive (for repulsive interactions) or negative (for 

attractive interactions) and can have a great impact on the overall value of the free-energy of 

adsorption (i.e. (∆GHad) ≠0 = (∆GHad) =0 + r - the change in free-energy of adsorption at defined 

coverage),  - Bronsted-Evans-Polanyi (BEP) coefficient. Conventional wisdom suggests that 

electrocatalytic activity is a result of a balance established by (∆GHad) ≠0 vs. (1-), where for very 

exergonic adsorption, the resulting activation energy should be very low while the coverage should 

be very high and consequently, preexponential factor should be low. Conversely, for very endergonic 

adsorption, the resulting activation energy should be high while coverage should be low and 

consequently, the preexponential factor should be high. This is in accordance with the Sabatier 

principle. The HER exchange current has its highest value when Had formation is thermoneutral and 

entropy-driven ((∆GHad) ≠0 = 0). Activity trends based on this assumption are nowadays widely 

accepted. Some authors introduce in the exponential factor two additional parameters: the potential 

at the outer Helmholtz plane in reference to the potential of the electrolyte bulk, (what can be brought 

into correlation with the potential of zero charge) as well as the reorganization energy of the solvent, 

what according to discussion linked to Figure 1 seems to be justified [21]. In the preexponential factor, 

the same authors also include the density of states at the Fermi level, the distance between the inner 

and outer Helmholtz plane as well as the overlapping integral between wave functions of reactant and 

atoms of the electrocatalysts, suggesting a role of quantum mechanics in electrocatalysis [21]. 

Quantum mechanics was introduced to electrochemistry approximately a century ago [22]. 

Developments included both, electron transfer studies [23] and proton transfer studies [24], as well 

as studies on electrocatalytic reactions like HER [25], nevertheless, works were predominantly based 

on theoretical and/or computational chemistry. Importantly, the mentioned works did not focus on 

the preexponential frequency factor of electrocatalytic reactions, which is essential for understanding 

interfacial dynamics intermediate/product formation. 

https://doi.org/10.5599/jese.2634
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From Equation (4), it seems that the preexponential factor, besides partial orders of the reaction and 

the coverage by intermediates, which are understood as classical chemical effects, depends on the 

electron transfer rate constant. The electron transfer rate constant, for outer sphere reactions according 

to the semi-classical treatment of electron transfer, is defined as following (Equation (5)) [26,27]: 

et el n n

-Δ *
exp  

G
k

RT
  

 
=  

 
 (5) 

where ket - the electron transfer rate constant, ΔG* - the standard free energy of activation when 

Galvani's potential difference is zero and, according to Marcus theory is only solvent dependent; 

el - electron transfer coefficient (el ≤ 1) refers to the probability of electron tunneling, which 

depends on the strength of the interaction between the reactant and the electrode; n - the nuclear 

tunneling factor (n ≥1) which corrects the electron transfer rate for reactants (protons) that react 

without completely overcoming the classical barrier; n - the nuclear frequency factor that repre-

sents the frequency of energy barrier attempts and is generally associated with bond vibrations and 

solvent motions, which are relevant for the transformation of the reactant into the activated 

complex and the transformation of the activated complex into the product. As mentioned above, 

the model given by Equation (5) was initially proposed for outer sphere reactions, not for electr-

ocatalytic reactions. However, it introduces a very interesting platform for understanding interfacial 

dynamics. The preexponential factor generally in electrochemistry was discussed in more detail 

relatively recently [28]. On the one hand, it is understood that if the interaction between the metal 

valence band and frontier orbital of adsorbate species is strong, then the electron transfer 

coefficient that refers to the probability of electron tunneling is equal one, and that should be the 

case for the most of relevant d-metals that are used as HER electrocatalysts. On the other hand, the 

nuclear tunneling factor is a parameter that can significantly differ amongst different d-metals. 

Proton tunneling has been discussed relatively thoroughly in the past. However, it was never 

considered essential for HER electrode kinetics or generally essential for rates of electrocatalytic 

reaction [29-32]. Rare are authors in the past that had intuition and understanding that 

preexponential factor should be investigated thoroughly [33] and that it can be related to the nature 

of electrode material, potential and reaction mechanism [34]. Some initial experimental results 

illustrated substantially divergent values for activation energies and preexponential factor in a case 

of HER on Pt when comparing the results of different research groups [35,36]. Interestingly, the 

results of high-temperature kinetic experiments in the case of oxygen reduction reaction (ORR) were 

very similar between the two leading research groups at that time, but the interpretation was 

essentially different. Namely, the enhancement of ORR at Pt alloyed by 3d-metals was coupled with 

an unexpected increase in activation energy [37]. One research group interpreted that as a 

consequence of reduced total coverage by adsorbed intermediate and/or blocking species [38], like 

in heterogeneous gas-phase catalysis [39]. In contrast, the other group interpreted that obtained 

coverage by adsorbed intermediate and/or blocking species becomes even higher [40,41]. Latter 

interpretation implicitly suggested the rate of ORR strongly depends on the preexponential 

frequency factor, however, due to some other contributor to the preexponential factor than the 

coverage with intermediates and/or blocking species. Based on this experimental results it was 

proposed that the eventual role of the preexponential factor is equally important as activation 

energy or even more important for electrocatalytic rates [42,43]. Finally, taking all this into 

consideration, systematic HER high-temperature electrochemistry experiments were conducted on 

a series of d-metals in acidic and alkaline media for the first time recently [44,45]. Results showed 

very interesting tendencies (Figure 2a): a) preexponential frequency factor strongly depends on the 
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nature of the electrocatalytic material, b) for the most active metals for HER, activation energies 

have intermediate to high values and at the same time intermediate to high values of 

preexponential frequency factor c) preexponential frequency factors span over ten orders of 

magnitude suggesting that divergent behavior of metals should not be due to difference in coverage, 

d) slope of dependence Eact vs. log A has almost identical value in acidic and alkaline media and it is 

around 5.6-5.8 kJ mol-1. Exact physical meaning for this slope remains unknown, but it seems that 

represents some kind of universal limitation, like compensation effect in heterogenous gas-phase 

catalysis [39]. Dependence shown in Figure 2a is first straightforward illustration of compensation 

effect in electrocatalysis and proof that preexponential frequency factor has to be considered very 

thoroughly to understand the nature of electrocatalytic activity.  
 

  
Figure 2. Relation between preexponential frequency factor and some important inerfacial kinetic 

parameters, including: (a) activation energy in acidic electrolyte (0.1 M HClO4) and alkaline electrolyte 
(0.1 M KOH). Data related to acidic electrolyte (red circles) are extracted from [44] under the terms and 

conditions of the Creative Commons Attribution 4.0 International License. Published by American Chemical 
Society (2022). Data related to the alkaline electrolyte (black rectangular) are extracted from [45] under the 

terms and conditions of the Creative Commons Attribution 4.0 International License. Published by Wiley 
(2021). (b) intermediate coverage in acidic electrolyte. Data are extracted from [46] under the terms and 

conditions of the Creative Commons Attribution 4.0 International License. Published by Wiley (2024). 

When comparing HER in acidic and alkaline media, Au, Ag, Ru and Pd are at approximately similar 

positions for both electrolytes, while the other six metals are distributed differently, which indicates 

that HER in alkaline media follows a completely different kind of mechanism, as discussed recently in 

more detail [46]. At the same time, when analyzing the relation between preexponential frequency 

factor and Had intermediate coverage (Figure 2b), we could say there is a certain relation between 

them, but it is not straightforward to be explanatory why preexponential frequency factor for different 

metals span over ten orders of magnitude, because Had intermediate coverage for the same metals 

span in the best case three orders of magnitude. The partial order of reaction also has a role 

(Equation (4), however, partial order of reaction is practically never greater than three because the 

effective collision of ions or molecules of the reactant with the electrocatalyst surface has to happen 

with specific orientation and specific frequency. Even if partial order of reaction would be three, still 

if concentrated electrolytes are utilized, the contribution of partial order of reaction to the total value 

of preexponential frequency factor or to the total value of exchange current suggests enhancement 

by order of magnitude or maximum two orders of magnitude, what cannot explain divergent behavior 

of various metals.  
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From Equation (5), it seems that the focus has to be on proton tunneling and on the nuclear 

frequency factor. The precondition for tunneling is that the vibrational quantum is much larger than 

the thermal quantum (i.e., hb >> kbT, where h -Planck constant, kb - Boltzmann constant, T – tem-

perature and b - vibrational frequency). When we talk about proton tunneling, important to stress is 

that the probability of tunneling increases if a wave function of the initial state of proton significantly 

overlaps with a wave function of the final state of proton and that is the case for metals that are 

weakly binding hydrogen [47]. Interestingly, previously, it was predicted by the microkinetic analysis 

that to uplift the apex of the HER “volcano”-plot, M-H bond formation should be endergonic in 

reference to thermoneutral conditions (∆GHad) =0 [7]. In that scenario, the tunneling distance is rather 

large and would require long-range polarization effects, including cooperative orientational displa-

cements of solvent dipoles. On that basis, the general expectation is that metals with weak M-H bond 

will have large wave function overlap (Figure 3a), a high probability of tunneling and, therefore, a high 

preexponential frequency factor, but also, according to the compensation effect plot (Figure 2a), high 

activation energy. At the same time, if we observe potential energy curves (Figure 3b), it is possible 

that the metal that binds hydrogen more strongly, despite the downshift of the potential energy curve, 

has an equal or even higher activation barrier than the metal that binds hydrogen weakly, due to more 

emphasized curvature (i.e. more emphasized steepness) of the potential energy curve. This is an 

important observation because it provides a qualitative framework for decoupling activation energy 

and preexponential frequency factors. The exact nature of the compensation effect is not resolved; 

however, what links the collision process and activated complex is the shape of the potential barrier 

that depends on the shape of potential energy curves. Potential energy curves can be more or less 

steep, can be of a parabolic shape or Morse-type potential curve, etc. The essential question is: what 

controllable interfacial properties determine or impact the shape of potential curves and potential 

barrier? In the rate law, the symmetry factor is the parameter related to the shape and steepness of 

the potential barrier, although how to alter or tune the symmetry factor remains unknown. In other 

words, it remains unknown what interfacial descriptors and material descriptors are dictating the 

value of the symmetry factor.  

 
Figure 3. Schematic representation of the overlap between wave function of proton in the electrolyte 
(i.e. proton bonded to water molecule) and wave functions for the two metals with different metal-

hydrogen bond strength and coresponding potential energy diagram: (a) illustration of more significant 
overlap of wave function in case of metal that adsorbs hydrogen weakly (i.e. lower enthalpy change of M-H 

bond formation) (b) possible up-lifting of intersection point (i.e. barrier height) in a case of stronger M-H 
bonding, because of more emphasized curvature (i.e. more emphasized steepness) of potential energy curve  
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As stated above, besides proton tunneling, it is important to address the nuclear frequency 

factor. The nuclear frequency factor is introduced for outer sphere reactions, meaning that it is 

related to bond vibrations and solvent motions. If we make an analogy with electrocatalytic 

reactions, the bond vibrations of adsorbed intermediates, besides solvent motions, are important. 

For example, an interesting observation is that characteristic vibrations of adsorbed intermediates 

and products in the case of chlorine evolution reaction are in the same narrow region like 

characteristic vibrations/phonons of many transition metal oxides that are investigated as 

electrocatalysts [48]. An analogy can be drawn for the metals, for which we cannot estimate 

characteristic lattice vibrations using vibrational spectroscopies, but they exist and could probably 

be accessed via inelastic neutron scattering. The question is, what are the consequences when oxide 

phonon or characteristic metal lattice vibrations, individual or collective, interact with characteristic 

vibration of electrocatalyst-intermediate bond (i.e., M-H bond). If we observe the electrocatalyst 

surface (i.e., M-M bond) and adsorbed intermediate/reactant (i.e., M-H bond) as two interacting 

harmonic oscillators, question is rising: is it possible to reach certain resonance state that can 

contribute to bond cleavage/formation? Based on these premises and experimental insights, 

including characteristic vibrational frequency-based “volcano”-plot, it was proposed more than a 

decade ago that electrocatalysis is a resonance phenomenon [48]. Interestingly, while this point of 

view in electrocatalysis is practically completely disregarded, in heterogeneous thermal catalysis, 

several orders of magnitude reaction rate enhancement was relatively recently shown at externally 

imposed “resonance frequencies”[49]. Continuous variation of the catalyst binding energy over 

varying frequencies (10−6 < f < 1011 s−1) reveals a band of resonance frequencies [50]. It was 

postulated that catalytic surface resonance occurs when the frequency of the applied surface state 

switching waveform matches the natural frequency of the catalytic kinetics [49]. In the electro-

catalysis, in the case of chlorine evolution reaction, it was shown that the characteristic vibrational 

frequency (i.e. phonon with highest Raman shift) of the best electrocatalyst (i.e. RuO2) is almost 

identical to bond vibration of adsorbed intermediate in rate determining step (i.e. Cl-O) [48]. The 

difference between resonance phenomena observed in electrocatalysis [48] and resonance 

phenomena in thermal heterogeneous catalysis [50] is that enhancement of reaction rate by 

resonance in heterogeneous thermal catalysis is based on the application of external excitation 

fields, while enhancement of reaction rate by resonance, in electrocatalysis, should be a 

consequence of the design of electrocatalyst bulk structure and surface structure. Besides this, the 

enhancement of reaction rate by resonance in heterogeneous thermal catalysis was related mostly 

to minimizing activation energy, while the enhancement of reaction rate by resonance in 

electrocatalysis should be related to preexponential frequency factor [42] or the tuning of the 

interplay between preexponential frequency factor and activation energy [7].  

On this trace, search for the answer on how to identify and what dictates nuclear frequency 

factor for electrocatalytic reactions (or what characteristic vibrations of intermediates, solvent and 

electrocatalyst surface are relevant for reaction rate control) should be one of the central research 

directions. In Figure 4 a schematic illustration of how different vibrations impact different 

elementary steps of HER is given. For the Volmer step, relevant are H2O-H+ vibrations in the solvation 

shell and lattice vibrations (Figure 4a); for the Heyrovsky step, relevant are H2O-H+ vibrations in 

solvation shell and M-H bond vibrations (Figure 4b); for Tafel step relevant are two neighboring M-

H bond vibrations (Figure 4c). As we already can conclude from the values of Tafel slopes of 

elementary steps that activation energies of elementary steps have diverse values, similar can be 

concluded for the preexponential factors of elementary steps. The usual approach to electrode 
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kinetics is to search for a rate-determining step (RDS) and then try to accelerate RDS. However, 

despite one of the elementary steps having the lowest rate, it is possible that some other step, 

especially one that precedes RDS, has a much lower preexponential frequency factor or much higher 

activation energy than RDS and that for significant acceleration of total electrocatalytic rate, it is 

necessary to optimize reaction mechanism beyond just accelerating RDS. Here, it would be very 

useful to analyze the temperature dependence of elementary steps of HER and, for every 

elementary step, to obtain preexponential frequency factor and activation energy. This kind of 

analysis cannot be found today in electrochemistry and electrocatalysis literature. 

Resolving concepts analyzed above would generate important knowledge to fully understand 

how to enhance the preexponential frequency factor without necessarily increasing activation 

energy. That would be essential in further enhancing HER kinetics and minimizing or even 

circumventing the compensation effect [7,51]. Of course, it would be ideal if it is possible to 

simultaneously enlarge the preexponential frequency factor and reduce activation energy. 

Understanding the mechanism of destabilizing the solvation shell on that pathway would be 

important. If two reactants are within the distance of the van der Waals radius, then a relatively 

small expenditure of energy to overcome the repulsive forces would lead to a significant increase in 

the tunneling probability. That essentially requires a very high concertation of protons in the double 

layer, if possibly already at HER reversible potential. 

 
Figure 4. Schematic illustration how different vibrations impact different elementary steps of HER (a) for 
Volmer step relevant are H2O-H+ vibrations in solvation shell (black arrows) and lattice vibrations (yellow 

arrows) (b) for Heyrovsky step relevant are H2O-H+ vibrations in solvation shell (black arrows) and M-H bond 
vibrations (red arrows) (c) for Tafel step relevant are two neighboring M-H bond vibrations (red arrows). Color 

code: metal surface—grey, oxygen—red, hydrogen from blue—red, proton and adsorbed proton—pale red 

Besides high concentration of protons in the double layer, probably there is preferential inter-

facial water ice-like structure that will make the destabilization of the solvation shell more pro-

bable [52]. Behavior and the exact role of water in dynamic processes at electrocatalytic interfaces 

remains elusive. However, there is no doubt that it contributes to both the activation and collision 

processes or, in other words, to activation energy and to preexponential frequency factors, 
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respectively. Nevertheless, it seems that for the enhancement of HER kinetics, it is required to have: 

1) M-H bonding weaker than the apex of a conventional “volcano”, 2) a high concentration of 

protons in the double layer so that the solvation shells around protons are getting destabilized. This 

can assure that although M-H bonding is not strong, coverage with adsorbed intermediates at the 

electrocatalyst surface will be high, facilitating a recombination reaction. This strategy requires 

further understanding of preexponential frequency factor or activation entropy for electrocatalytic 

reactions, and despite some new insights being offered [7,17,28,42,51] and some new important 

data being generated [15,36,44-46,52-55], it is still an almost completely unexplored area.  

Relevant structure-activity relations as a cornerstone of rational electrocatalyst design 

As indicated above, the mechanistic analysis could not appear sufficiently practical from the point 

of view of material science. Therefore, appropriate structure-activity relations are essential for 

rational catalyst design as the ultimate tool to sufficiently accelerate key electrocatalytic reactions 

to be utilized efficiently in energy conversion devices and systems. The fact is that experimental data 

that could resolve essential questions listed in the introduction section are lacking, but they could 

be generated in the next 5-7 years systematically. Despite this, analysis on a conceptual level is the 

essential initial step toward in-depth comprehension of electrocatalytic mechanisms. Being aware 

that some of the concepts are challenging to be fully absorbed by the targeted reader (e.g., links 

between electrode kinetics and quantum mechanics), in this sub-section, an effort is made to 

expand the discussion on how future experimental studies could validate the proposed models and 

concepts as well as to provide more explicit connections between the proposed theoretical insights 

and their practical implications for electrocatalytic performance. To simplify the analysis, for the 

purpose of better clarity, a table summarizing the key unresolved questions, expectations and 

proposed experimental technique/methodology is shown (Table 1). 

Most of the essential issues mentioned in Table 1 are already discussed and are all related to 

intrinsic electrocatalytic properties of materials and/or electrified interface. Questions 1-7 are related 

to activation energy; questions 8-14 are related to preexponential frequency factor; questions 15 and 

16 are related to the interplay between activation energy and preexponential factor. The one that we 

did not mention in the text, which has been routinely avoided for years, is the challenge of the 

effective surface area [57,58]. Namely, when we analyze the intrinsic activity of gas-evolving reactions 

like HER, it is not relevant total number of active sites at open circuit conditions but the number of 

available active sites at working conditions (i.e., total number of active sites minus an average number 

of active sites covered with gas-bubbles at defined overpotential). Methodologies for the effective 

surface area were proposed more than a decade ago [57,58], and some were relatively recent [59]. 

By disregarding effective surface area, we obtain “intrinsic activity” that is inaccurate, and we are 

actually underestimating the activity of electrocatalytic material. So, if we attend to establish relevant 

structure-activity relations, the essential step is to adequately estimate intrinsic electrocatalytic 

activity. Further, it is essential to identify interfacial properties/descriptors that can be analogue to 

the properties used to describe heuristic model (e.g. quantities in scheme of activation process in 

Figure 1). Identified interfacial descriptors should be: 1) measurable, 2) if possible related to some 

parameter in the rate law and 3) related to some material property/descriptor (i.e., property of 

electrode or electrolyte) that can be tuned. Considering that material descriptors is what material 

scientist can tune it would be very important that electrocatalytic investigations are done on single 

crystals, because majority of kinetic parameters listed in the Table 1 (or in the rate law) will be well 

defined on single crystal facets, including those properties that are responsible for interfacial 
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dynamics. In this context, it is worth to mention that spatio-temporal oscillations with characteristic 

visual patterns recorded by photoemission electron microscopy (PEEM) were only visible on single 

crystal facets [60]. Of course, this should not exclude studies on polycrystalline materials and/or real 

high-surface-area catalysts because intrinsic kinetic properties of polycrystalline materials (e.g., Tafel 

slope) can be not only different but also superior in comparison to any single crystal constituent [61]. 

Table. 1 Summary of the key unresolved questions, expectations and proposed experimental techniques/ 
/methodologies . Used abreviations for quantitites and techniques are explained in the text related to the rate 
law (see Eqs (4) and (5)), except those that are well known in physico-chemical and electrochemistry literature. 
Questions 1-7 are related to activation energy; questions 8-14 are related to preexponential frequency factor; 

questions 15 and 16 are related to interplay between activation energy and preexponential factor and 
quesiton 17 is related to methodological approach relevant for evaluation of intrinsic electrocatalytic activity 

 Question Expectation Experimental approach 

1 
Shape of relation  

log j0 vs. ΔHHad 
“Volcano”-type or linear or… Kelvin probe (KP) [10] 

2 
ΔHHad vs. ΔGHad or  

role of ΔSad 
Significant impact of ΔSHad  

on activity trends 
High temperature  

hydrodynamic LSV [44,46] 

3 
BEP relative (ΔHHad vs. Eact) 

valid or no 
If not, that suggests role  

of solvent for Eact 

KP [10] and high T  
hydrodynamic LSV [44] 

4 
ΔHH2Oad trends for various 

metals 
Strongly metal-dependent, strongly 

impacts Eact 
KP [10] and DFT [56] 

5 Values and nature of β Strongly metal-dependent Hydrodynamic LSV 

6 Values and nature of γ 
Should be the same for  

different metals? 
KP [10] and high T  

hydrodynamic LSV [44] 

7 Values and nature of r Strongly metal-dependent Hydrodynamic LSV 

8 Nature of partial orders f Strongly metal-dependent Hydrodynamic LSV 

9 Potential dependent Had Strongly metal-dependent Hydrodynamic LSV 

10 Intermediate vibrations Metal dependent 
Vibrational spectroscopy  

(e.g. Raman) 

11 Lattice vibrations Strongly metal/oxide-dependent 
Vib. spectr. or inelastic neutron 

scattering (INS) 

12 Solvent vibrations Probably metal-dependent THz vibrational spectroscopy 

13 Nuclear tunneling factor metal-dependent kinetic isotope separation factor 

14 Nuclear frequency factor metal-dependent ? 

15 
Log A and Eact  

of elementary steps 
strongly metal-dependent High T hydrodynamic LSV 

16 
How to overcome  

“volcano”-apex 
possible via interplay  

of elementary rate constants 
hydrodynamic LSV [7,46] 

17 Effective surface area 
material and morphology-

dependent 
CV + SECM, [57] or EIS ? 

 

An important example is given schematically in Figure 5, where activation energy is “dissected” 

into four interfacial descriptors related to known material properties. From the heuristic model (see 

Figure 1 and Eqs. (4) and (5), we concluded that for efficient HER activation, it is essential to have 

optimal M-H bond strength (i.e., weaker than at thermoneutral binding conditions) and high 

interfacial concentration of protons with destabilized solvation shells. This suggests four interfacial 

descriptors: M-H bond strength, M-H2O bond strength, H+-OH2 bond strength and Epzc. While M-H 

bond strength can be related to d-band center (εd) and Epzc can be related to work function (Φm), 

the other two interfacial descriptors (i.e., M-H2O bond strength and H+-OH2 bond strength) cannot 

be in a straightforward manner related to some material properties. 
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Even in the case of the d-band center, it can be questioned is it really a reliable material descriptor 

for M-H bond strength. According to the Newns-Anderson model [62], M-H adsorption energy is 

related to a minimum of three parameters: the bandwidth, the coupling strength between the 

electrocatalyst surface and the adsorbed proton, and the energy difference between the d-band 

center and the protons valence orbital. Only when the first two parameters are constant for various 

metals inside a homologous group of metals (e.g., 3d-metals) does the d-band center correlate 

approximately to the adsorption energy in a linear fashion. So, for the HER activation process, we 

could say that we identified relevant interfacial descriptors, but we still need to dedicate substantial 

time to discovering relevant material descriptors. This is a good illustration that, despite some 

widely accepted views that are oversimplifying reality, we have to make a thorough effort to 

understand the nature of electrocatalytic activity.  
 

 
Figure 5. Relation between interfacial descriptors and material descriptors for the case of HER activation 

process. While M-H bond strength can be related to d-band center (εd) and Epzc can be related to work 
function (Φm), the other two interfacial descriptors (i.e. M-H2O bond strength and H+-OH2 bond strength) 

cannot be in straightforward manner related to some material properties 

In the end, it can be said that some of the listed important scientific questions (see Table 1) are 

close to being answered, while some will require several years. For example, close to realization 

during 2025 will be systematic experimental measurements of M-H bond strengths for various 

relevant metals using Kelvin probe, as well as systematic trends for partial orders extracted from 

electrochemical measurements. At the same time, some other scientific questions listed in Table 1 

will require new specific experiments in the design process. Proper, straightforward and sufficiently 

convincing experimental proofs will require time because systematic datasets with electrochemical 

or spectro-electrochemical data, which are the building block for relevant analysis after all these 

years, are practically not available in the existing literature. 
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Conclusions 

Today, electrocatalysis research has almost entirely gone toward materials science, looking for 

new, more active and stable electrocatalysts, but in most cases, without clear guidelines, design 

principles and new mechanical insights or conceptual improvements. In this work, an important 

discussion was conducted on achieving a breakthrough in electrocatalysis of water splitting and 

electrocatalysis in general. The complexity of electrocatalysis was pointed out and why hydrogen 

evolution in acidic electrolytes was identified as a necessary model reaction. Furthermore, the 

analysis focused on catalytic descriptors and how to connect them with the rate law and the 

activation process to establish a new, more relevant type of structure-activity relationship. It is 

recognized that the dynamic aspects of the electrode/electrolyte phase boundary are of special 

importance, which requires an in-depth understanding of the activation process and an in-depth 

comprehension of collision processes between reactants, intermediates and active sites at the 

catalyst surface. Understanding contributors to the activation energy, contributors to the 

preexponential frequency factor and their mutual interaction was of special importance. It is 

important to emphasize that fundamentally important unknowns in the understanding of 

electrocatalysis have been identified, and aspects that need to be investigated in the future have 

been highlighted in order to obtain a comprehensive dynamic picture of electrocatalytic processes. 

In the long run, this appears to be the only reasonable path towards rational electrocatalyst design. 
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Abstract 
The hydrogen evolution reaction is important in energy conversion and storage. This has led 
to the design of different types of catalysts and production setups. Understanding the status 
of the catalysts and reaction mechanisms motivated researchers to adopt the operando/in 
situ techniques. Herein, we present a brief overview of the recent (from 2020) advances in 
the use of in situ and operando characterization techniques, such as in situ X-ray absorption 
spectroscopy, X-ray photoelectron spectroscopy, X-ray diffraction analysis, IR spectroscopy, 
electrochemical Raman spectroscopy, online inductively coupled plasma - mass spectro-
scopy, differential electrochemical mass spectroscopy, optical microscopy, electron micro-
scopy, electrochemical atomic microscopy, electrochemical scanning tunneling microscopy, 
and scanning electrochemical microscopy, in the electrochemical hydrogen evolution 
reaction. Representative examples of the applications of these techniques are also provided. 
Challenges in this field and future perspectives are discussed. 

Keywords 
Electrocatalyst; operando technique; in situ characterization techniques; hydrogen 
evolution reaction 

 

Introduction 

The growth of the population and standards of living style increase the consumption of energy. 

Moreover, the use of fossil fuels is linked to environmental pollution and global warming. This 

motivated researchers to find sustainable and green energy. Hydrogen is one of the most promising 
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sustainable and clean energy carriers, and it yields only water as a byproduct without any polluting 

emissions [1]. It is considered a potential fuel as it can be used as fuel free from carbon emissions, 

as an energy carrier, a storage medium, and in fuel cells [2]. Hydrogen is the best option for 

sustainable and secure energy because of its high energy density of 142.351 MJ kg-1 and its zero-

emission profile [3].  

Hydrogen produced using electrocatalytic water splitting has attracted ever-growing attention 

compared to the traditional method through steam from fossil fuels [4]. Hydrogen is obtained through 

the hydrogen evolution reaction (HER). The HER is the cathodic water electrolysis reaction, which can 

be performed in an acidic or alkaline medium [5]. In an alkaline solution, the HER reaction pathway is 

similar to that in an acidic environment but two to three orders of magnitude slower than that in an 

acidic medium [6]. For the synthesis of highly efficient HER electrocatalysts, several key characteristics, 

such as Gibbs free energy, minimum overpotentials in electrochemical HER, reduced Tafel slop, and 

enhanced exchange current density in electro-catalytical water splitting, etc, are sought [7]. 

Electrocatalysis has been fundamental in improving energy efficiency, reducing environmental 

impacts and carbon emissions, and promoting a more sustainable approach to meeting global energy 

demands [8]. However, its production efficiency through electrolysis of water is very low to be econo-

mically competitive because of the high energy consumption and low hydrogen evolution rate [1]. For 

this reason, more research has been conducted to increase efficiency and reduce energy consumption 

to develop alternative low-cost electrocatalysts with high efficiency. Nanomaterials with various 

chemical and physical structures are among the most promising electrocatalysts for HER. They are 

utilized for electrocatalysis due to their attractive properties, including high surface area, high catalytic 

activity and favourable nanoscale effects [8].  

HER is a pivotal process in renewable energy conversion and storage systems, including electro-

lyzers, which transform and store intermittent renewable electricity into chemical energy by 

generating hydrogen [9]. However, it interferes with other energy production and conversion 

processes, such as N2- and CO2-reducing electrolyzers, batteries and, supercapacitors. Thus, under-

standing the structure and reaction mechanisms of electrocatalysts at electrode-electrolyte interfaces 

is crucial for the advancement of renewable energy technologies [8]. It is very important to under-

stand the hydrogen adsorption and absorption mechanisms on the electrode surface because, for a 

constant HER rate at the electrode surface, the required overpotential decreases when the energetics 

of adsorption of reaction intermediates on the electrode surface is favorable [10]. Also, the electro-

catalytic reactions are highly influenced by the morphology and surface composition of nanosized 

catalysts, with the electronic structure and atomic arrangement often determining their electro-

catalytic performance [8]. Even though traditional characterization techniques provide some 

information, they are not suitable for real-time study of the nanocatalysts used in HER [11]. The ex 

situ characterization comparison between the pre- and post-chemical states of the catalyst in specific 

electrochemical reactions cannot always guarantee a meaningful trend and relevance between the 

chemical variation of the catalyst and electrochemical activity [12]. Thus, the need to address the 

working structure of a catalyst under reaction or working conditions has given rise to the development 

of in situ and operando methods [13,14]. To achieve that, the specialized reaction cells were 

integrated into conventional characterization instruments to facilitate the study of catalytic materials 

during the reactions, enabling the combination of data from conventional characterization of a sample 

under reaction conditions with simultaneous measurements of its catalytic performance.  

This study provides a brief overview of recent advances in the application of the in situ and 

operando characterization techniques, such as in situ X-ray absorption spectroscopy, X-ray 
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photoelectron spectroscopy, X-ray diffraction (XRD) analysis, IR spectroscopy, electrochemical 

Raman spectroscopy, online inductively coupled plasma - mass spectroscopy, differential electro-

chemical mass spectroscopy, optical microscopy, electron microscopy, electrochemical atomic 

microscopy, electrochemical scanning tunneling microscopy, and scanning electrochemical micro-

scopy, in the electrochemical hydrogen evolution reaction. Examples are also provided for each cha-

racterization technique. 

In situ and operando characterization techniques for electrochemical hydrogen evolution reactions  

X-ray adsorption spectroscopy 

The energy of the X-rays is high enough to excite core-level electrons to higher unoccupied states. 

X-ray absorption spectroscopy (XAS) is one technique for measuring changes in X-ray absorption or 

fluorescence [8]. XAS is a technique that gathers data on the interactions between incoming X-rays 

and the core electrons within atoms [15]. XAS spectra can be categorized into three distinct regions, 

which are the pre-edge region, X-ray absorption near edge structure (XANES), and extended X-ray 

absorption fine structure (EXAFS) [8,15]. XANES provides element-specific insights into the 

electronic structure, bonding geometry of the absorbing atom, and the density of unoccupied states 

[15]. In general, the spectrum of this region is located between the edge and 50 eV above the 

threshold [16]. On the other hand, EXAFS offers insights into local structures, including bond 

distances and coordination numbers around the absorbing atoms [15]. In situ/operando XAS is 

utilized to identify the electronic and geometric structures of electrocatalysts within electrode 

networks, particularly to elucidate the structure of active catalytic sites on oxide-based catalysts 

[16]. It provides detailed information about their electronic structures, coordination environments, 

and site symmetry, which are particularly effective in distinguishing different elements within multi-

metallic metal oxides [8]. 

Ding at al. [17] utilized XAS and near-ambient pressure X-ray photoelectron spectroscopy to 

reveal that NiS undergoes an in-situ phase transition to a mixed phase of Ni3S2 and NiO, creating 

highly active synergistic dual sites at the Ni₃S₂/NiO interface (Figure 1). The results showed that the 

interfacial Ni is the active site for water dissociation and OH* adsorption, while the interfacial S is 

the active site for H* adsorption and H2 evolution [17]. Consequently, the in-situ formation of 

Ni3S2/NiO interfaces allowed NiS electrocatalysts to achieve an overpotential of only 95 ± 8 mV at a 

current density of 10 mA cm-2. 

Using operando EXAFS and XANES, Tang et al. [18] studied the Pt single-site catalysts and 

demonstrated that when a negatively biased potential is applied, the Pt−N bonds break first and 

then the Pt−Cl bonds follow. Pt is reduced from platinum(II) to metallic platinum(0) by the onset of 

the hydrogen-evolution reaction at 0 V. Furthermore, there was an increase in Pt−Pt bonding, which 

indicates the formation of Pt agglomerates.  

Wang et al. [19] utilized Pt single atoms anchoring on the nitrogen-carbon substrate (PtSA/N-C) 

to investigate the dynamic structure of Pt single-atom centers during the HER process using in 

situ/operando synchrotron X-ray absorption spectroscopy and X-ray photoelectron spectroscopy. 

This helped to identify the intriguing structural reconstruction at the atomic level in the PtSA/N-C 

when it underwent repetitive cyclic voltammetry and linear sweep voltammetry scanning. It was 

demonstrated that the Pt-N bonding tends to be weakened under cathodic potentials, inducing 

some Pt single atoms to dynamically aggregate to form small clusters during the HER. 
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Figure 1. (a) Operando Ni K-edge XAS for NiS catalyst as a function of applied voltages (Top: 3-dimensional 

view of Ni K-edge XAS spectra; bottom: 2-dimensional projection from a 3-dimensional view). 
(b) Corresponding CV profile used for the operando XAS measurement (Inset: magnified region marked in 

the rectangular box). (c) Ni K-edge XAS spectra at specific applied voltages of +1.00, -1.50, +0.50 and 
+1.00 V (V_N means  V in negative sweep and V_P means V in positive sweep of CV) in region I, II, and III 

respectively, extracted from (a), and their linear combination of Ni3S2 and NiO. (d) Coordination number of 
Ni as a function of applied voltages. (e) Operando Raman spectroscopy of NiS at different applied voltages. 

(f) Illustration for phase transition of NiS catalyst during HER measurement. Reproduced from Ref. [17] 

X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative technique able to provide 

detailed information on the element-specific chemistry and electronic state of the sample [15]. It is 

one of the most powerful techniques enabling the understanding of the elemental composition and 

chemical states of the surface of materials [20]. However, the requirement of the ultra-high vacuum 

condition at the electrode-electrolyte interface challenges the application of in situ XPS [15]. This 

led to the development of the ambient pressure XPS (APXPS), which is also a beneficial tool for the 

in-situ characterization of photoelectrochemical and electrochemical systems [20]. 

Liu et al. [21] used in situ and ex situ transmission electron microscopy (TEM) in combination with 

in situ XPS to study the encapsulation of metallic iridium nanoparticles (NPs) by carbon in an Ir/C 
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catalyst (Figure 2). The real-time atomic-scale imaging visualized particle reshaping and increased 

carbon support graphitization upon heating Ir/C in a vacuum. The in situ TEM results revealed that 

carbon overcoating grows over Ir NPs during heating, starting from ca. 550 °C. With the carbon 

overlayers formed, no sintering and migration of Ir NPs is observed at 800 °C, yet the initial Ir NPs 

sinter at or below 550 °C. The catalytic activity and stability of the encapsulated Ir NPs in the HER 

were higher than that of the initial (nonencapsulated) state of Ir/C. 

 

Figure 2. Carbon encapsulation of supported metallic iridium nanoparticles for HER. Reproduced from Ref. [21] 

X-ray diffraction 

XRD is a technique that can monitor the catalyst structural evolution by examining the degree of 

crystallinity, type of phase structure, and size of crystallite particles [15]. In situ XRD analysis was 

used to study the real-time change of crystal structure during the HER reaction processes [22]. 

Operando XRD has been reported to be a useful tool for the determination of the phase 

transformation of nanocatalyst for HER [23]. 

Zhai et al. [24] applied operando synchrotron X-ray powder diffraction (SXRD) in the NiSe2 electro-

catalyst system to reveal an in situ phase transformation from cubic NiSe2 to hexagonal NiSe (Figure 3).  

 
Figure 3. In situ phase transformation on nickel-based selenides for enhanced hydrogen evolution reaction 

in alkaline medium. Reproduced from Ref. [24] 

http://dx.doi.org/10.5599/jese.2526
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The NiSe phase showed an enhanced catalytic activity and the operando Raman spectroscopy 

was used to verify the decomposition of NiSe2 during HER. This work unravels the underlying phase 

transition of electrocatalyst on reductive conditions in an alkaline medium and highlights the signi-

ficance of identifying the intrinsic active sites under realistic reaction conditions. 

IR spectroscopy 

Operando IR-based techniques are sometimes employed as complementary methods to investigate 

intermediate species formed on the catalyst surface during electrochemical reactions and to 

determine the catalytic reaction mechanisms [16]. The operando or in situ versions of these 

techniques require fast and highly sensitive detection of target species and have been used to 

monitor the HER. Two cell configurations, internal and external cell designs, are utilized to perform 

the in situ/operando characterization of electrochemical reactions using IR-based techniques 

(Figure 4) [16]. For the internal cell design, a layer of catalyst is deposited over an IR-transparent 

crystal using electroless or sputtering deposition (Figure 4A), making the catalyst layer thickness 

limited to a few nanometers, whereas for the external cell design (Figure 4B), the working electrode 

is positioned close to the prism allowing to achieve the efficient characterization of solution species 

and adsorbates with a stronger IR illumination and possibility to use different types of electrode 

materials. 

 
Figure 4. Schematic illustration of operando IR spectroscopy: (A) Internal and (B) external IR cell designs for 

in situ electrochemical studies. Reproduced from ref. [16] 

Tan et al. [25] proposed a practical method for engineering a local acid-like reaction environment 

to design highly efficient alkaline HER catalysts. By virtue of multiple physicochemical interactions 

between the substrate, metal active site, and reaction intermediate, they selected Pt/MgO as the 

prototypical example to construct an acid-like reaction environment in an alkaline medium. 

Operando Raman spectroscopy, synchrotron radiation Fourier transformed infrared spectroscopy 

(SR-FTIR) spectroscopy and X-ray absorption near-edge spectroscopy (XANES) confirmed the 

generation of massive amounts of H3O+ intermediates on the MgO surface and accumulation around 

negatively-charged Pt (Ptδ-). This engineered local acid-like reaction environment (in an alkaline 

medium) led to an extraordinary HER performance with a significantly low overpotential of 39 mV 

at 10 mA cm−2, much better than the value of 62 mV for 20 wt.% Pt/C and close to the acidic HER 
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behavior of 20 wt.% Pt/C (33 mV). This system also has tenfold higher mass activity than the 20 wt.% 

Pt/C electrodes in an alkaline medium and 2.5-fold higher than that of 20 wt.% Pt/C in acidic medium 

at -39 mV vs. RHE. Experimental characterizations and first-principles calculations suggest that the 

oxygen vacancy-rich MgO is favorable for water dissociation, and the electronic interaction between 

the MgO and Pt nanoparticles drives electron transfer from VO-MgO to Pt, giving rise to the 

formation of negatively charged Ptδ- species. Then, the Ptδ- accelerates H3O+ migration and an acid-

like environment is formed around the Ptδ− in an alkaline medium, thus boosting the HER in this 

alkaline medium. 

Raman spectroscopy 

In general, operando Raman spectroscopy is performed to identify the active species and reaction 

intermediate, active site, and phase transitions during the reaction [16]. Thanks to this 

characterization, the catalyst states, the reaction intermediates, and products during the gas-

involved reactions can be detected non-destructively [22]. 

Zhou et al. [26] monitored the origin of MoSe2-electrocatalytic HER activity using the quasi-

operando XPS and in situ Raman spectroscopy. The results clearly revealed dynamic evolution of 

both Mo and Se species on the MoSe2 electrode surface to promote HER activity and maintain long-

term catalytic stability.  

Johnson et al. [27] utilized the in situ/operando Raman spectroelectrochemistry (Raman-SEC) 

combined with density functional theory (DFT) calculations to probe the HER mechanism of the Ti3C2 

MXene catalyst in aqueous media. In acidic electrolytes, the -O- termination groups are protonated 

to form Ti-OH bonds, followed by protonation of the adjacent Ti site, leading to hydrogen formation. 

DFT calculations show that the large overpotential is due to the lack of an optimum balance between 

O and Ti sites. In neutral electrolytes, H2O reduction occurs on the surface, leading to surface 

protonation and hydrogen formation. This results in an overcharging of the structure, leading to the 

observed large HER overpotential. Bazan-Aguilar et al. reported an effortless and low-cost method 

to obtain highly active Ni foam-based electrocatalysts toward the HER in alkaline media from 

commercial and low-cost Ni-foam material [28]. The in-situ Raman-SEC (Figure 5) and differential 

electrochemical mass spectrometry achieve a deep understanding of the kinetics and reaction 

mechanism.  

 
Figure 5. Schematic illustration of the in-situ Raman spectroelectrochemical cell. Reproduced from Ref. [28] 

http://dx.doi.org/10.5599/jese.2526
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Inductively coupled plasma mass spectroscopy 

Inductively coupled plasma mass spectroscopy (ICP-MS) is a quantitative elemental analysis 

technology that detects various elements [20]. This technique has been used to monitor the 

operando/ in situ HER. For example, Aymerich‐Armengol et al. [29] conducted a comprehensive study 

on the stability of MoS₂ nanocatalysts under both open circuit potential and HER conditions, with and 

without Rhenium dopants. This involved a combination of ex situ electrochemical degradation and 

operando characterization using SFC-ICPMS (Figure 6). The obtained results were correlated with the 

evolution of morphology and chemical composition shown by microscopy imaging and spectroscopy 

at identical locations, XPS, XAS, and calculated Pourbaix diagrams. The operando SFC-ICPMS results 

revealed a stability window from -0.05 to -0.3 V vs. RHE for HER operation in sulfuric acid. In addition, 

the quantitative analysis showed that Re-doped MoS₂ nanocatalysts possess greater stability against 

dissolution under HER conditions. They also exhibit a wider electrochemical stability window against 

Re dissolution at anodic potentials, making them more durable for use in acidic electrolyzers 

compared to pure MoS₂ nanocatalysts. 

Coupling of the electrochemical flow cell (EFC) with an ICP-MS device (EFC-ICP-MS) is a powerful 

method for tracking the online dissolution of metals during electrochemical reactions [30]. It is a 

powerful electroanalytical technique that provides significant information on the dissolution behavior 

of the catalysts [31]. It also helps to understand the mechanism of degradation under operating 

conditions [32,33]. Smiljanić et al. monitored the electrochemical stability and degradation 

mechanisms of a commercial Pd/C catalyst using EFC-ICP-MS [34]. To achieve that, HER was used as a 

test reaction to observe the corresponding impact of the degradation on the activity of Pd/C. The 

results of this work emphasized the importance of a systematic study of the durability of Pd nano-

catalysts, as this may present a limiting factor for their application in energy conversion devices. 

 
Figure 6. (a) Cyclic voltammograms comparing the HER performance of MoS2/CP and Re0.2Mo0.8S2/CP 

electrodes at cycle 1 and cycle 4000. (b) Operando SFC-ICPMS data illustrating the Mo and Re dissolution at 
different HER potentials. (c) S-number of MoS2 and Re0.2Mo0.8S2 at −0.4 VRHE. Reproduced from Ref. [29] 
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Electrochemical impedance spectroscopy  

Electrochemical impedance spectroscopy (EIS) is one of the effective methods for investigating 

electrocatalytic reaction kinetics and the properties of the electrode/electrolyte interface [15]. Its 

in situ and non-invasive nature makes it suitable for studying underlying mechanisms and perfor-

mance under actual catalytic operating conditions [16]. This is the method used in many HER reac-

tions [12,16,35]. For example, Smiljanić et al. [30] developed an attractive strategy to suppress Pt 

dissolution by using an organic matrix tris(aza)-pentacene (TAP) as an alternative support material 

for Pt. The results of the in situ EIS measurements (Figure 7) showed that the improved stability of 

Pt/TAP was a consequence of the potential-dependent conductivity of TAP support. 

 
Figure 7. Impedance spectra measured at (a) high and (b) low potentials vs RHE; (c) Illustration of ionic and 

electronic transport and insertion in the defect-rich TAP film deposited on a glassy carbon electrode; and 
(d) transmission line model corresponding to the transport/insertion mechanism(s) in panel (c). 

Reproduced from Ref. [30] 

Optical microscopy 

It has been reported that optical microscopy can be used to investigate the electrolytic HER 

mechanism. Lemineur et al. [36] used interference reflection microscopy (IRM) to probe operando 

an ensemble of individual NPs and the surface gas nanobubbles (NBs) they generate under 

electrochemical activation (Figure 8). Taking advantage of the high spatial and high temporal 

resolution of such optical nanoscope, the position of both the nano-catalysts and the NBs are 

tracked dynamically. In addition, modeling the optical response of gas NBs in the IRM configuration 

allowed evaluating dynamically the size and shape of the NBs during their production, enabling us 

to discuss the growth mechanism of gas NBs from single catalytic colloidal Pt NPs. It is shown that 

the Pt NPs are rapidly electrically disconnected by the NBs, which are still continuously growing.  

http://dx.doi.org/10.5599/jese.2526


J. Electrochem. Sci. Eng. 15(1) (2025) 2526 Nanocatalyst-based electrochemical hydrogen evolution reactions 

10  

 
Figure 8. Imaging and quantifying the formation of single nanobubbles at single Pt nanoparticles during the 

hydrogen evolution reaction. Reproduced from Ref. [36] 

Transmission electron microscopy 

TEM is a technique that combines electron diffraction, imaging, and spectroscopic tools to 

provide valuable details on the morphology, crystalline structure, and chemical composition of 

materials [11]. It is used to characterize nanocatalysts, and recently, scientists have shown that it is 

possible to use it to monitor electrochemical reactions in real time.  

In situ TEM is now a fast-growing field of research with numerous possibilities to study samples under 

applied heat, light excitation, stress, electric or magnetic fields, and electrochemical control [37]. In 

comparison with other in situ/operando techniques, the in situ/operando TEM is relatively new, and 

it helps capture the information of individual atoms or molecules under reaction conditions [38]. It 

can enhance our fundamental understanding of electrocatalytic processes and catalyst degradation 

mechanisms in their native environments without the need for freezing or drying the samples [8]. This 

technique provides the information with atomic, molecular and sometimes nanoscale/microscale 

resolutions depending on the sample system's nature and the instrumental measurement 

configuration [38]. It is well-suited to provide unique insights into interfacial electrocatalytic process-

ses, offering nanometer-scale or higher resolution, as well as detailed information on composition and 

chemical bonding [8]. For HER, a reaction involving a catalyst for liquid reactants, a liquid cell, has been 

developed to allow the presence of liquid and the potential control of the electrode [38]. 

Fu et al. [39] reported an interesting edge optimization strategy to enhance the catalytic activity 

of two-dimensional metal phosphorus trichalcogenides (MPTs). With in situ reconstructed amor-

phous surface, MPTs could intrinsically offer better catalytic performance for alkaline hydrogen 

production (Figure 9). Trace Ru (0.81 wt.%) was doped into NiPS3 nanosheets for alkaline HER. Using 

in situ electrochemical TEM technique, they confirmed that the amorphization process on the edges 

of NiPS3 is critical for achieving superior activity. 
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Figure 9. The structural evolution of Ru-NiPS3 NSs during the HER process: (a) Schematic illustration of the in 
situ electrochemical liquid cell TEM holder and the liquid cell. In situ liquid TEM image (scale bar: 0.2 μm) of 
Ru-NiPS3 NSs; (b) before and (c) after chronopotentiometry test; (d), (e) corresponding SAED for (b) and (c), 

respectively. Reproduced from Ref. [39] 

Electrochemical scanning tunneling microscopy  

Electrochemical scanning tunneling microscopy (EC-STM) is another tool providing the infor-

mation which can help to improve hydrogen production. For example, Kluge et al. [40] used electro-

chemical scanning tunnelling microscopy under reaction conditions (EC-STM) to show that, by using 

this technique, it is possible to in situ visualize the active sites of highly oriented pyrolytic graphite 

for the HER. This technique was applied to highly ordered pyrolytic graphite in HER conditions. The 

results showed that at atomic resolution, the most active sites in an acidic medium are located near 

edge sites and defects, while the basal planes remain inactive. 

Lunardon et al. reported in details the principles of the EC-STM method, focusing on the HER 

(Figure 10) [41]. They demonstrated that the quantitative analysis of the noise in the tunneling 

current allows quantifying the local onset potential and provides information about the microscopic 

mechanism of electrochemical reactions on sub-nanometric electrocatalytic sites, such as 

chemically heterogeneous flat interfaces, nanoparticles, and even single-atom defects. 

http://dx.doi.org/10.5599/jese.2526
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Figure 10. Monitoring the recorded EC-STM signal noise under reaction condition. Reproduced from Ref. [41] 

Scanning electrochemical microscopy 

Scanning electrochemical microscopy (SECM), a technique conceived by Bard and co-workers in 

1986, offers unique and powerful functionality for electrocatalysis applications, and its instrument-

tation is comparatively simple, inexpensive, and commercially available [8]. The instrumentation of 

SECM includes a probe (or tip) electrode, a bipotentiostat for independently controlling the 

potentials of the probe and substrate, micropositioners for scanning the probe in the xyz directions, 

and a computer to manage the system [42]. SECM is able to inspect local topography and electro-

chemical activity independently and simultaneously while revealing versatility towards a range of 

different interfaces and experimental conditions [43]. 

Ciocci et al. [44] reported the investigation of the electrochemical behavior of ITO under opto-

electrochemical monitoring in scanning electrochemical cell microscopy, SECCM, configuration during 

the HER in 5 mM of H2SO4, a concentration for which the ITO electrode remains stable (Figure 11).  

 
Figure 11. Differentiating electrochemically active regions of indium tin oxide electrodes for hydrogen evolution 
and reductive decomposition reactions using an in situ optical microscopy approach. Reproduced from Ref. [44] 
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The in situ optical monitoring through IRM allowed discriminating the formation of H2 nanobubbles, 

NBs and the formation of In(0) nanoparticles, NPs, issued from the HER and the ITO electrochemical 

reduction, respectively. Segregation in electrode potential and space between NBs and NPs 

formation on the ITO electrode is observed, attributed to the intrinsic variation of the ITO 

conductivity. That variation was further evidenced by changing the droplet cell position on the ITO 

substrate and through SECM investigation. Besides, the onset potential of the NPs formation was 

shifted toward less negative potentials when the conductivity of the ITO increases, whereas the 

onset potential of the H2 formation remained mostly unchanged. 

Conclusions and future perspectives 

HER is an important process in renewable energy conversion and storage systems, including 

electrolyzers, which transform and store intermittent renewable electricity into chemical energy by 

generating hydrogen. Researchers are doing their best to find solutions to challenges hindering the 

competitive commercialization of hydrogen energy. One of the ways to achieve this is to exploit the 

advantages of the operando/in situ characterization techniques. This has shown good progress, and 

research is still being done. 

Recently, machine learning and artificial intelligence have been used to find the solutions to the 

problems we encounter and even improve technology. Their incorporation in the studies on 

monitoring nanocatalyst-based electrochemical HER will accelerate successful hydrogen energy 

production and commercialization. The miniaturization of the characterization equipment is 

another important parameter in this field. Volatile electrolytes disturb the functioning of some 

characterization instruments, e.g. they lead to the poor special resolution and contrast of TEM [45]. 

The consideration of the reduction of the radiolysis of water, attempting electrode preparation 

methods, using compressive sensing software, exploration of various electrolytes, minimizing the 

electron beam induced damage, and controlling the liquid film thickness, may lead to the solution. 

In addition, the integration of multiple operando/in situ techniques is suitable as one technique 

cannot provide all the necessary information. Also, the combination of theoretical calculations and 

experimental studies will contribute more. The integration of machine learning algorithms and 

automated data analysis for large data sets will bring much improvement [46]. 
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Abstract 
Preparing cost-effective and highly active catalysts for electrocatalytic hydrogen evolution 
reaction is crucial for developing hydrogen-based technologies. Hence, four conductive 
polyanilines, prepared by the environmentally-friendly approach using Fe3O4 nanopar-
ticles/H2O2 as the catalyst/main oxidant system (PANI/Fe3O4), were investigated for the first 
time as electrocatalysts for hydrogen evolution reaction (HER) in acidic media (0.1 M H2SO4) 
by using voltammetry and chronoamperometry. PANI/Fe3O4 electrodes exhibited Tafel 
slope values in the -171 to -246 mV dec-1 range depending on the synthesis conditions ‒ 
Fe3O4/aniline mass ratio and polymerization time. The sample PANI/Fe3O4-II(3) prepared 
with shorter reaction time and higher Fe3O4/aniline mass ratio showed the best 
electrocatalytic behaviour reflected in the lowest onset potential (-0.286 V), the lowest 
overpotential to reach a current density of -10 mA cm-2, the highest current density, the 
lowest HER activation energy (10 kJ mol-1), and the lowest charge-transfer resistance (5.3 Ω) 
under HER conditions. Materials were characterized by scanning electron microscopy with 
energy dispersive X-ray spectroscopy, X-ray photoelectron spectroscopy and electroche-
mical impedance spectroscopy, and differences in their electrocatalytic HER performance 
were explained by differences in their content of Fe3O4, surface and electrical properties. 
Moreover, the possibility of using PANI/Fe3O4-II(3) as HER electrocatalyst in a wider range 
of pH (i.e. in alkaline media as well) and as a bifunctional electrocatalyst, i.e. for oxygen 
evolution reaction beside HER, was also examined. 

Keywords 
Hydrogen evolution reaction; oxygen evolution reaction; conducting polymers; transition 
metal oxides; electrocatalysis 
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Introduction 

Intensive research in electrochemistry is devoted to finding the appropriate way to transform 

and store hydrogen energy [1-5]. The electrochemical hydrogen evolution reaction (HER) is probably 

the most important reaction to produce hydrogen (H2) in a simple, clean, and efficient way. HER 

mechanism in acidic media takes two possible pathways: Volmer-Heyrovsky (Eqs. 1 and 2) or 

Volmer-Tafel pathway (Eqs. 1 and 3) [6]:  

H3O+ + e- + * → Hads + H2O Volmer reaction (1) 

H3O+ + e- + Hads → H2 + H2O + * Heyrovsky reaction (2) 

Hads + Hads → H2 + * Tafel reaction (3) 

where * represents an active site on the surface of the electrocatalyst.  

Many electrocatalysts have been tested for HER, where platinum (Pt) is the most active, 

demonstrating fast HER kinetics with low overpotential and high current densities [5]. Still, the 

application of this metal on an industrial scale is limited because of its high price. Finding an 

appropriate electrocatalyst for HER that is inexpensive and efficient, with good performance and 

stability during HER, is vital for future applications in the industry and energy systems. Electrocatalysts 

based on nonprecious metals such as iron (Fe), nickel (Ni), cobalt (Co), and copper (Cu) are investigated 

for HER in both acidic and alkaline solutions [7-11]. Composites of MoCoFeS (MCFS) with different 

amounts of reduced graphene oxide (rGO), MCFS/rGO, were examined for HER in acidic media 

(0.5 M H2SO4) [10]. It was shown that MCFS/rGO electrocatalysts with a mass ratio of rGO up to 0.4 

have good HER activity with high current densities and low Tafel slopes of ca. 50 to 60 mV dec-1 [10]. 

Fe, Co, and Fe-Co alloy encapsulated in nitrogen-doped carbon nanotubes (CNTs) were characterised 

for HER by voltammetry and density functional theory (DFT) calculations in acidic media [6]. HER 

activity of these electrocatalysts significantly increased with increasing the amount of nitrogen. Fe-Co 

alloy showed the best performance for HER with the smallest overpotential and the onset potential 

value of ca. 70 mV vs. RHE in 0.1 M H2SO4 [6]. Iron phosphide (FeP) nanoparticles synthesised by phos-

phorization of α-Fe2O3 showed excellent HER performance and stability in 0.5 M H2SO4 due to the 

change of surface-charge-transfer resistance [12]. Fe1.89Mo4.11O7/MoO2 showed good stability during 

HER in both acidic and alkaline media [13]. The Tafel slope and an exchange current density were 

calculated to be -47 and 0.072 mA cm-2, respectively, in acidic media [13]. A hybrid composite 

consisting of Fe3C nanorods encapsulated in N-doped carbon nanotubes (CNTs) was presented as a 

good HER electrocatalyst in both alkaline and acidic media with Tafel slope of -113 and -97 mV dec-1 

in these media, respectively [14]. Fe3O4 on graphite sheets were synthesized by one-pot hydrothermal 

method and exhibited favourable HER kinetics in alkaline media with low Tafel slope of -78 mV dec-1, 

as well as long-term stability under HER conditions [15]. 

Conductive polymers have broad applications in electrochemical energy conversion and sto-

rage [16]. Polyaniline (PANI), as a low-cost conductive polymer, has excellent chemical and physical 

properties and a delocalized -conjugated structure [17,18]. It can be easily synthesized [18-20] and 

combined with other active materials, improving the electrocatalytic activity, conductivity, and 

stability [17,21,22]. PANI was shown to be a useful electrode material for promoting HER [23-26] and 

oxygen evolution reaction (OER) [27-31] over a wide pH range. It is frequently used as metal 

electrocatalyst support due to its advantages, such as good flexibility, variety of controllable morpho-

logies, and ability to provide more active sites [32,33]. It was also reported that the conductive PANI 

is favourable for HER due to its sufficient protonated sites [33]. For instance, several electrocatalysts 

combining PANI polymer and semiconductor Na4Ge9O20 as a support for low amounts of Pt nano-



J. Milikić et al. J. Electrochem. Sci. Eng. 15(1) (2024) 2438 

http://dx.doi.org/10.5599/jese.2438    3 

particles (Pt NPs) were investigated for HER in 0.5 M H2SO4 [17]. 5 wt.% Pt/Na4Ge9O20-PANI gave an 

overpotential of -33 mV, i.e., close to that of commercial 20 wt.% Pt/C electrocatalyst (21 mV), 

demonstrating that PANI and Pt NPs improve HER kinetics due to the increased number of transferring 

electrons and active sites [17]. RuO2-Ta2O5/PANI composite presented the HER catalytic process by 

Volmer-Heyrovsky mechanism where Tafel slope was found to be -69.2 mV dec-1 and the 

overpotential amounted to -185 mV in 0.5 M H2SO4 [34]. Nevertheless, the electrocatalysis of HER 

using PANI-based materials with low concentrations of non-noble metals was not addressed in detail, 

and such studies could pave the way toward the development of low-cost electrocatalysts for acidic 

water electrolysis as non-noble metals (Fe, Co, Ni) are generally unstable in acidic media.  

The common method for synthesizing PANI is the chemical oxidative polymerization of aniline, 

most frequently using the powerful oxidant ammonium peroxydisulfate (APS) [18]. This type of reac-

tion also gives undesired inorganic by-products (e.g. ammonium hydrogen sulphate) that should be 

removed by the post-synthetic treatments. For the most environmentally friendly polymerization of 

aniline, the best oxidizing agent would be hydrogen peroxide (H2O2) since the product of its reduction 

is water. However, due to the low reactivity of H2O2, its usage for efficient aniline polymerization 

leading to PANI of high electrical conductivity needs the addition of a suitable catalyst. Different 

catalysts were explored for this purpose, such as transition metal salts [35] and peroxidase-type 

enzymes [20,36]. 

In this study, four PANI/Fe3O4 materials were synthesized under different reaction conditions via 

environmentally friendly aniline oxidative polymerization by using H2O2 as a main oxidant, Fe3O4 

NPs as a catalyst, and a very small amount of ammonium peroxydisulfate (APS) [37] were examined 

as electrocatalysts for HER in acidic media (0.1 M H2SO4) by voltammetry and chronoamperometry. 

The surface and electrical properties of materials, determined by scanning electron microscopy with 

energy dispersive X-ray analysis (SEM-EDX), X-ray photoelectron spectroscopy (XPS), and electro-

chemical impedance spectroscopy (EIS), were correlated with their electrocatalytic performance. 

The possibility of using PANI/Fe3O4 as HER electrocatalyst in a wider pH range and as a bifunctional 

electrocatalyst, i.e., for OER beside HER, was also examined. 

Experimental  

PANI/Fe3O4 materials were prepared by the oxidative chemical polymerization of aniline monomer 

(monomer solution containing 0.2 M aniline hydrochloride, formed in situ, and 0.2 M HCl obtained by 

mixing specified amounts of aniline (1.824 ml) and HCl (3.357 ml) in water (100 ml) with eco-friendly 

oxidant H2O2 (0.25 M) and a small amount of APS (0.1 mM), in the presence of catalytic amounts of 

Fe3O4 NPs, by the procedures reported in [37]. Fe3O4 NPs were synthesized by the procedure 

described in [37], starting from the aqueous solution of ferric chloride hexahydrate and ferrous 

sulphate heptahydrate and performing precipitation of Fe3O4 NPs by NH4OH. H2O2 was successfully 

used as the main oxidant thanks to Fe3O4 NPs, which served as a catalyst, while a small amount of 

added APS enabled efficient initiation [37]. All PANI/Fe3O4 samples were prepared at mole ratios 

[H2O2]/[aniline] = 1.25 and [APS]/[aniline] = 0.0005. Samples synthesized at mass ratio Fe3O4 

NPs/aniline of 0.0015 were denoted PANI/Fe3O4-I(3) and PANI/Fe3O4-I(7), and the samples syn-

thesized at mass ratio Fe3O4 NPs/aniline of 0.015 were denoted PANI/Fe3O4-II(3) and PANI/Fe3O4-II(7), 

where the labels (3) and (7) refer to polymerization times of 3 days and 7 days, respectively. 

LCR meter, model LCR-6100 (GW Instek, Taiwan) at room temperature and constant frequency 

(1.0 kHz) on a pellet pressed between two stainless steel pistons (under pressure of ∼4 MPa by a 

manual hydraulic press) was used for measuring the electrical conductivity of powdered samples [37]. 

http://dx.doi.org/10.5599/jese.2438


J. Electrochem. Sci. Eng. 15(1) (2024) 2438 Polyaniline as electrocatalyst for efficient water electrolysis  

4  

The morphology of the samples and their elemental composition were characterized by SEM-EDX 

using a scanning electron microscope JEOL JSM-660LV, along with elemental mapping. Prior to the 

analysis, samples were coated with a thin layer of gold using LEICA SCD005 Sputter Coater. 

XPS analysis was performed using SPECS Systems with XP50M X-ray source for Focus 500 X-ray 

monochromator and PHOIBOS 100/150 analyser using AlKα (1486.74 eV) anode at a 12.5 kV and 

32 mA as a source. Survey spectra (1000 - 0 eV binding energy) were recorded with a constant pass 

energy of 40 eV, step size 0.5 eV, and dwell time of 0.2 s in the FAT mode. Detailed spectra of C 1s, 

N 1s, and O 1s were recorded with a constant pass energy of 20 eV, step size of 0.1 eV, and dwell 

time of 2s in the FAT mode. 
The catalytic inks were prepared by ultrasonically dispersing powder mixtures of each of the four 

samples (4 mg) and commercial Vulcan XC72 conductive carbon black (1 mg) in 2 wt.% polyvinyl-

idene fluoride solution in N-methyl-2-pyrrolidone (125 µl). 10 μL of each ink was deposited onto a 

glassy carbon tip and dried at 110 °C overnight. 

Electrochemical measurements were performed using PAR 273A Princeton Potentiostat/Galva-

nostat in a one-compartment glass cell of 50 ml volume. Pt wire or graphite rod served as a counter 

electrode, and saturated calomel electrode (SCE) served as a reference electrode. All potentials 

within this paper were converted to the reversible hydrogen electrode (RHE) scale. 0.1 M H2SO4 

solution was used as an electrolyte.  

HER polarization curves were recorded at 2 mV s-1 and different temperatures from 25 to 75 °C 

using a Haake F3 bath. Chronoamperometric (CA) curves of all PANI/Fe3O4 electrocatalysts were 

recorded at a potential 0.1 V more negative than the onset potential for 1 h.  

Cyclic voltammetry (CV) measurements of four PANI/Fe3O4 electrocatalysts were performed in 

0.1 M H2SO4 saturated with nitrogen at different scan rates ranging from 10 to 300 mV s-1. Electro-

chemical impedance spectroscopy (EIS) measurements were conducted in the frequency range from 

100 kHz to 0.1 Hz, with 5 mV amplitude, at different potentials.  

HER polarization curves were also recorded in 8 M KOH as an electrolyte, with this concentration 

corresponding to the KOH concentration used in industrial alkaline water electrolysers. Finally, 

polarization curves were recorded under oxygen evolution reaction conditions at 10 mV s-1 in both 

0.1 M H2SO4 and 8 M KOH. 

Results and discussion 

Electrical conductivity and morphology of PANI/Fe3O4 electrocatalysts 

A detailed characterization of PANI/Fe3O4 samples showed that the products obtained were PANIs 

in their conductive form, emeraldine salt (ES) [37]. This finding, together with the presence of Fe3O4 

NPs in all samples (although in very small, catalytic amounts), makes these materials promising 

candidates for HER. Samples PANI/Fe3O4-II(3) and PANI/Fe3O4-II(7), synthesized at a higher mass ratio 

of Fe3O4 NPs/aniline (0.015), exhibited good electrical conductivities of 10 and 15 mS cm-1, 

respectively. Conversely, the other two samples, PANI/Fe3O4-I(3) and PANI/Fe3O4-I(7), which were 

prepared at lower mass ratio Fe3O4 NPs/ aniline (0.0015), showed lower conductivities of 4.6 and 

7.3 mS cm-1, respectively [37]. SEM images reveal mutually similar morphology of PANI/Fe3O4 samples, 

which is predominantly granular, with irregularly shaped particles (Figure 1A, 1C, 1E, 1G).  
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Figure 1. A, C, E, G: SEM images of four PANI/Fe3O4 electrocatalysts. B, D, F, H: their corresponding  

EDX spectra with elemental mapping of PANI/Fe3O4-I(3) 

EDX analysis (Figure 1B, 1D, 1F, 1H) confirmed the presence of C, N, Fe, O, and Cl, with their 

distribution evidenced by elemental mapping. The presence of chlorine could be expected since the 

monomer solution contained aniline hydrochloride and HCl in excess so that Cl‒ ions are incor-

porated in the final PANI/Fe3O4 mainly as dopant anions in PANI-ES conducting form. The presence 

of chlorine covalently bound to aromatic rings (C-Cl) is also possible [38]. The presence of Fe 

revealed by EDX in the samples follows previous XRD analysis where diffractograms of PANI/Fe3O4 

samples showed peaks characteristic for the crystalline magnetite and confirmed incorporation of 

Fe3O4 NPs in the PANI matrix during synthesis [37]. Fe amount was determined by EDX mapping to 

be 0.64, 0.46, 0.35 and 0.25 wt.% for II(3), I(3), II(7), and I(7) samples, respectively, revealing that 

http://dx.doi.org/10.5599/jese.2438


J. Electrochem. Sci. Eng. 15(1) (2024) 2438 Polyaniline as electrocatalyst for efficient water electrolysis  

6  

longer polymerization time led to decrease in Fe content, as might be expected due to increased 

yield of PANI.  

XPS survey spectra for PANI/Fe3O4 samples are shown in Figure 2A. They confirm the presence 

of C, N, O, and Cl in all four samples by their characteristic peaks. Peaks of Fe are not visible in any 

of the spectra. The most likely reason is that a thin layer of PANI covers Fe (from Fe3O4 NPs used in 

catalytic amounts). Therefore, as a strictly surface analysis, XPS could not detect Fe. All four samples 

show similar survey spectra that originate from PANI. The atomic percentages of 80.3, 10.8, 5.3, and 

3.6 % were obtained for C, N, O, and Cl elements, respectively, derived from survey XPS spectra for 

the PANI/Fe3O4-II (3) sample. The peak at ca. 200 eV corresponds to Cl 2p, where chlorine can exist 

in the form of ionic (Cl‒) or covalent (C-Cl) species whose peak positions are close, ca. 198 and 

200 eV, respectively, similar to what was reported for PANI-ES doped with HCl [39].  

 
Figure 2. A: XPS survey spectra for all PANI/Fe3O4 samples; B: Detailed XPS spectra of C 1s; C: Detailed XPS 

spectra of N 1s; D: detailed XPS spectra of O 1s 

Detailed XPS C 1s signal for sample PANI/Fe3O4-II(3), which showed the highest electrocatalytic 

activity (see below), is shown in Figure 2B. Carbon peak can be deconvoluted into four components. 

The small intensity component at 291.6 eV originates from carbon-oxygen bonds in C-O, C=O, or O-

C-OH groups at similar binding energies. The component at 287.2 eV corresponds to either a double 

C=C bond or a carbon bound to chlorine (C-Cl) located at similar binding energies. The third 

component at 285.6 eV originates from bonds of carbon and nitrogen in polaron and bipolaron PANI 

structures, C-N+ and C=N+. The last component at 284.8 eV corresponds to either C-C or C-H bond in 

the PANI backbone structure [40-43]. 
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High-resolution N 1s spectrum for sample PANI/Fe3O4-II(3) is shown in Figure 2C. Spectra can be 

deconvoluted into four components. Components at 403.4, 401.6, 400.6 and 399.0 eV can be 

attributed to positively charged N species -NH+ and -N+-, benzenoid amine -NH- and quinonoid imine 

=N- functional groups, respectively. These functional groups correspond to the PANI structure 

confirming the nature of the surface of samples [39]. 

Detailed XPS spectra of O 1s for sample PANI/Fe3O4-II(3) (Figure 2D) can be deconvoluted into 

three components. The component at 533.6 eV is attributed to oxygen originating from chemi-

sorbed water on the surface of PANI. The component at 532.3 eV is attributed to different carbon-

oxygen C-OH or C-O-C bonds, and a component at 531.3 eV that is also assigned to either C-O, C=O 

or O-C-OH bonds [39], where C=O (for example, present in benzoquinone species) can be formed by 

partial hydrolysis of reaction intermediates during PANI synthesis [18].  

All the detailed spectra confirm that the surface of the samples consists of a layer of PANI 

polymer that covers the entire surface and is overlayed over any present Fe. 

Percentages for each functional group present in high-resolution XPS spectra of C 1s, N 1s and 

O 1s for PANI/Fe3O4-II(3) are summarized in Table 1. 

Table 1. Content of individual functional groups for PANI/Fe3O4-II(3) derived from detailed XPS spectra 

C 1s C-C/C-H C-N/C=N C=C/C-Cl C-O/C=O/C-OH 

Content, % 31.5 45.4 19.8 3.3 

N 1s =N- -NH- -N+- -NH+ 

Content, % 59.0 30.8 8.9 1.3 

O 1s C-O/C=O/O-C-OH C-O-C/C-OH Chemisorbed water 

Content, % 25.7 33.1 41.2 

Investigation of HER and OER at PANI/Fe3O4 electrocatalysts 

The HER onset potentials in 0.1 M H2SO4, defined as the potential to reach a current density of 

-1 mA cm-2 [44], increased in the order PANI/Fe3O4-II(3) (-0.286 V) < PANI/Fe3O4-II(7) (-0.397 V) <  

< PANI/Fe3O4-I(7) (-0.564 V) < PANI/Fe3O4-I (3) (-0.598 V), (Figure 3A). The highest current densities 

are obtained for PANI/Fe3O4-II(3), followed by PANI/Fe3O4-II(7), PANI/Fe3O4-I(7) and PANI/Fe3O4-I(3). 

The HER overpotential at the current density of -10 mA cm-2 (η10) for PANI/Fe3O4-II(3) is found to be  

-444 mV (current density of -10 mA cm-2 was not reached using the other three studied materials). 

This overpotential was determined as a difference between the potential to reach -10 mA cm-2 and 

the equilibrium potential value of the hydrogen electrode (i.e. referred to 0 V vs. RHE). 

Tafel slope (b) and the exchange current density (j0) values for HER at four studied materials were 

calculated to estimate HER kinetics and their values are presented in Table 2. Tafel slope values 

increased in the order PANI/Fe3O4-II(7) (-171 mV dec-1) < PANI/Fe3O4-II(3) (-182 mV dec-1) <  

< PANI/Fe3O4-I(7) (-204 mV dec-1) < PANI/Fe3O4-I(3) (-246 mV dec-1). The Tafel slopes higher than the 

theoretically expected values might originate in the uncompensated resistance along with the limited 

number of active sites of PANI/Fe3O4 electrocatalysts where protons could be adsorbed. Namely, Tafel 

slope takes value of 30, 40 or 120 mV dec-1 for Tafel, Heyrovsky or Volmer step, respectively, being 

the rate determining step. The observed resistance might arise from the wiring, solution and 

substrate, as well as from a slow charge transport [45] and it is further examined by EIS (page 9, last 

paragraph). PANI/Fe3O4-II(3) gave the highest exchange current density (37 A cm-2) followed by 

PANI/Fe3O4-I(7), PANI/Fe3O4-I(3) and PANI/Fe3O4-II(7) electrocatalysts.  
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Figure 3. A: polarization curves of four PANI/Fe3O4 electrocatalysts at 2 mV s-1 and 25 °C (IR-corrected);  
B: their corresponding Tafel plots; C: their Nyquist plots at -0.5 V; D: their Δj = ((ja - jc)/2) as a function of 
polarisation rate; E: polarization curves of PANI/Fe3O4-II(3) at temperatures from 25 to 75 °C at 2 mV s-1 

(IR-corrected); F: chronoamperometric curves of four PANI/Fe3O4 electrocatalysts. 
All measurements were done in 0.1 M H2SO4 (N2-saturated electrolyte in the case of D) 

PANI/Fe3O4-II(3) showed the best performance for HER in terms of the lowest onset potential, 

the highest current densities, the lowest value of η10, and the highest exchange current density, 

followed by PANI/Fe3O4-II(7). On the other hand, PANI/Fe3O4-I(3) and PANI/Fe3O4-I(7) showed high 
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HER onset potential, low current densities, and low exchange current densities (Table 2), thus 

exhibiting poor HER activity. Some of the possible reasons for this difference in the four electro-

catalysts’ activity for HER are the differences in their electrical conductivities and charge transfer 

kinetics [46], along with differences in their hydrogen and reaction intermediates adsorption 

energy [47] and bonding [48]. PANI/Fe3O4-II(3) and PANI/Fe3O4-II(7) have one order of magnitude 

higher electrical conductivities compared to those of PANI/Fe3O4-I(3) and PANI/Fe3O4-I(7). Still, 

polycrystalline Pt as a benchmark HER electrocatalyst showed significantly better HER kinetic 

parameters compared with the presented PANI/Fe3O4 electrocatalysts in acidic media (Table 2). On 

the other hand, Pt has a much higher price than PANI/Fe3O4 electrodes. 

Table 2. Comparison of HER performance of PANI/Fe3O4 with other non-noble metal-based electrocatalysts  
in acidic media 

Electrocatalyst Electrolyte b / mV dec-1 j0 / A cm-2 Reference 

PANI/Fe3O4-I(3) 0.1 M H2SO4 -246 3.6 This work 
PANI/Fe3O4-I(7) 0.1 M H2SO4 -204 1.7 This work 
PANI/Fe3O4-II(3) 0.1 M H2SO4 -182 37.0 This work 
PANI/Fe3O4-II(7) 0.1 M H2SO4 -170 0.72 This work 

Pt 0.5 M H2SO4 -38 460 This work 
MCFS/rGO1/GCc 0.5 M H2SO4 -202.6 / [10] 

Fe1.89Mo4.11O7/MoO2 0.5 M H2SO4 -47 72.0 [13] 
Fe/MoO2 0.5 M H2SO4 -128 / [13] 

Fe3C@NCNT 0.5 M H2SO4 -97 / [14] 
RuNi-NSs@PANIg 0.5 M H2SO4 -73.1 - [22] 
PANI/CoNiPeNFh 0.5 M H2SO4 -80 - [47] 

β-INS nanosheetsa 0.5 M H2SO4 -48 14.0 [49] 
Fe2N/rGO 0.5 M H2SO4 -161 370.0 [50] 

Fe4.5Ni4.5S8
b 0.5 M H2SO4 -72 / [51] 

NHPBAd 0.5 M H2SO4 -157 / [52] 
Fe-WOxPe 0.5 M H2SO4 -80 156.0 [53] 
FeP (1:1)f 0.5 M H2SO4 -82 / [54] 
FeP (1:4)f 0.5 M H2SO4 -69 / [54] 
Ni-PANI 0.5 M H2SO4 -131 to -147 0.119 to 0.239 [55] 

airon-nickel sulfide (INS); ba direct ‘rock’ electrode; cMoCoFeS supported reduced graphene oxide deposited on glassy 
carbon (MCFS/rGO/GC; dnickel hydroxide array with K3[FeIII(CN)6] (NHPBA); eiron-doped tungsten oxide nanoplate/re-
duced graphene oxide nanocomposite (Fe-WOxP); firon phosphide pristine; gRu-doped Ni(OH)2 nanosheets; hNickel foam 

 

A higher electrical conductivity, i.e., lower charge-transfer resistance of PANI/Fe3O4-II(3) and 

PANI/Fe3O4-II(7), was confirmed by EIS measurements in 0.1 M H2SO4, Figure 3C. The electrolyte 

resistance (Rs) as the first point of Nyquist plots of PANI/Fe3O4-II(3), PANI/Fe3O4-II(7), PANI/Fe3O4-I(7), 

and PANI/Fe3O4-I(3) is found to be similar, i.e., 5.1, 7.2, 7.5, and 8.3 Ω, respectively, indicating well-ma-

intained geometry of the experimental setup. The charge-transfer resistance (Rct) was determined to be 

4.8, 5.3, and 6.3 Ω for PANI/Fe3O4-II(3), PANI/Fe3O4-II(7) and PANI/Fe3O4-I(7), respectively. A much 

higher Rct value of 47.8 Ω was determined for PANI/Fe3O4-I(3). It can be seen that PANI/Fe3O4-II(3) 

showed very low Rct steaming from the presence of the highest amount of Fe (determined by EDX 

mapping) and the strong electronic coupling of PANI with Fe3O4 [46]. Moreover, it was suggested that 

the interaction between PANI and Fe3O4 lowers the contact resistance and further impacts HER 

adsorption/desorption of reaction intermediates. This assumption is consistent with highest content of 

Fe in PANI/Fe3O4-II(3) measured by EDX, as well as with higher content of Fe3O4 NPs revealed by XRD 

measurements [37] in PANI/Fe3O4-II(3) (mass ratio Fe3O4/aniline = 0.015) than in PANI/Fe3O4-I(3) (mass 

http://dx.doi.org/10.5599/jese.2438


J. Electrochem. Sci. Eng. 15(1) (2024) 2438 Polyaniline as electrocatalyst for efficient water electrolysis  

10  

ratio Fe3O4/aniline = 0.0015), both samples synthesized with the same polymerization time. These 

results support the importance of Fe3O4 NPs content and PANI and Fe3O4 interactions for HER activity of 

PANI/Fe3O4 material. Namely, theoretical considerations by DFT have confirmed that the Gibbs free 

energy of hydrogen adsorption, as one of the main indicators of material’s activity towards catalysis of 

HER, is reduced in the presence of PANI [47].  

Thus, in addition to electrical conductivity, herein observed favourable HER kinetics at  

PANI/Fe3O4-II(3) may be explained by the synergistic effect of PANI and Fe3O4 NPs. PANI stabilizes 

metal/metal oxide NPs [48]. Furthermore, it has been suggested that during HER in acidic media, PANI 

with abundant electrons on N atoms effectively weakens the bonding of H+ in H3O+ ions and captures 

H+, forming protonated amine groups [48]. These H+ may easily transfer from the protonated amine 

groups to the surface of metal oxide NPs with a low transfer barrier. Homogeneously distributed Fe3O4 

NPs of 10 to 50 nm size [19] in PANI/Fe3O4-II(3) represent numerous active sites. Finally, the H atoms 

adsorbed on metal oxide react mutually, generating H2 gas.  

To compare the number of active sites at four PANI/Fe3O4 electrocatalysts, their effective surface 

area (ESA) is evaluated by calculating the double-layer capacitance (Cdl). Cdl is calculated from cyclic 

voltammetry plotting the difference Δj = (ja - jc)/2 at 0.1 V vs. sweep rate (Figure 3D) [48] and it is found 

to be 2.4, 1.4, 1.1 and 0.9 μF cm-2 for PANI/Fe3O4-II(7), PANI/Fe3O4-II(3), PANI/Fe3O4-I(7) and 

PANI/Fe3O4-I(3), respectively. The obtained Cdl value of PANI/Fe3O4-II(3) indicates its higher ESA and 

more active sites for HER compared to PANI/Fe3O4-I(3) and PANI/Fe3O4-I(7) electrocatalysts. 

Furthermore, EPR spectra of PANI/Fe3O4 samples previously showed that the intensity of signal 

originating from Fe3O4 NPs decreased with increasing polymerization time for both series of samples 

(I and II, prepared with mass ratio Fe3O4 NPs/aniline of 0.0015 and 0.015, respectively) [19], sug-

gesting that the amount of incorporated Fe3O4 NPs relative to the amount of PANI is higher in 

PANI/Fe3O4-II(3) than that in PANI/Fe3O4-II(7). This is expected as the PANI yield increases with 

polymerization time while the total amount of Fe3O4 NP catalysts in the reaction system does not 

change. A higher amount of Fe3O4 NPs in PANI/Fe3O4-II(3) leads to more pronounced synergistic 

effects of PANI and Fe3O4 NPs toward HER in this sample compared to PANI/Fe3O4-II(7). Finally, it 

should be noted that PANI/Fe3O4-II(3) also showed better electrocatalytic performance for HER in 

comparison with some non-noble metal-based electrocatalysts presented in the literature, Table 2. 

Figure 3E shows the polarization curves of PANI/Fe3O4-II(3) in 0.1 M H2SO4 at a range of 

temperatures from 25 to 75 °C. Increased cathodic current densities from -23.5 to -60.0 mA cm-2 

were reached with increasing temperature from 25 to 75 °C. The same behaviour was observed for 

the rest of the PANI/Fe3O4 electrocatalysts. Current density values recorded at different tempera-

tures were used to construct the Arrhenius' regressions, ln j vs. T-1, for all electrocatalysts and their 

slopes were used for the calculation of the apparent activation energy (Ea
app) using the Arrhenius 

equation (Equation 4) [56,57]. 
app

aln| |
=

(1/ )

j E

T R

 


 (4) 

where R is the universal gas constant. The obtained Ea
app values increased in the order  

PANI/Fe3O4-II(3) (10 kJ mol-1) < PANI/Fe3O4-I(3) (20 kJ mol-1) < PANI/Fe3O4-I(7) (23 kJ mol-1) <  

< PANI/Fe3O4-II(7) (39 kJ mol-1). The lowest Ea
app of PANI/Fe3O4-II(3) correlates well with its best 

electrocatalytic activity toward HER. 

Chronoamperometric curves of four PANI/Fe3O4 electrocatalysts are presented in Figure 3F, 

where a similar current density trend was observed during the polarization study. Namely, 

PANI/Fe3O4-II(3) and PANI/Fe3O4-II(7) gave higher current densities during HER than PANI/Fe3O4-I(7) 
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and PANI/Fe3O4-I(3). PANI/Fe3O4-II(3) showed a current density decrease of ca. 21 % during the first 

15 min, remaining constant. Some degree of variation in current density with time can originate in 

the generation of hydrogen gas bubbles at the electrode surface and change in the H+/H2 

concentration [58]. Moreover, it has been reported that PANI improves stability and reduces current 

density retention in acidic media by its amino groups capturing H+, thus keeping it from disrupting 

the catalyst structure [18].  

Activity for HER in electrolytes of a wide pH range could broaden the electrocatalyst’s applica- 

tion [23,47]. Hence, the HER performance of PANI/Fe3O4-II(3) was also investigated in an 8 M KOH 

solution as a typical solution used in alkaline industrial water electrolysers, Figure 4A. It could be seen 

(Figure 4A and 4B) that the activity of PANI/Fe3O4-II(3) for HER is notably lower in alkaline than in acidic 

media as HER onset potential in alkaline media (ca. -0.620 V) was found to be ca. 330 mV more 

negative than that in acidic media (-0.289 V). Additionally, the current density reached at -0.5 V in 

alkaline media (-0.2 mA cm-2) was strikingly lower than in acidic media (-12.0 mA cm-2).  

 
Figure 4. A: polarization curves of PANI/Fe3O4-II(3) electrocatalyst in 8 M KOH for HER and OER; 

B: polarization curves of PANI/Fe3O4-II(3) electrocatalyst in 0.1 M H2SO4 for HER and OER 

Furthermore, activity for anode reaction, i.e., oxygen evolution reaction (OER), could broaden the 

electrocatalyst applicability as a bifunctional electrocatalyst in water electrolysers [59]. Therefore, the 

OER performance of PANI/Fe3O4-II(3) was examined in both acidic (0.1 M H2SO4) and alkaline (8 M 

KOH) media. In the case of OER, higher activity was observed in alkaline than in acidic media in terms 

of ca. 290 mV less positive onset potential (1.60 V in alkaline media vs. 1.89 V in acidic media) and ca. 

three times higher current densities reached (7.4 mA cm-2 at 2.0 V in alkaline media vs. 2.4 mA cm-2 in 

acidic media). Tafel slopes of PANI/Fe3O4-II(3) electrocatalyst during OER were determined to be 328 

and 289 mV dec-1 in alkaline and acidic media, respectively.  

Thus, the results obtained in this study suggest that PANI/Fe3O4-II(3) is a highly active, low-cost 

electrocatalyst for HER, which is crucial for efficient, large-scale water-splitting production of 

hydrogen. 

Conclusions 

Four PANI/Fe3O4 electrocatalysts were tested for HER in acidic media (0.1 M H2SO4). The sample 

PANI/Fe3O4-II(3) showed the highest electrocatalytic activity with HER onset potential ca. 300 mV 
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lower than in the case of three other electrocatalysts (-0.286 V vs. -0.397, -0.564 and -0.598 V for 

PANI/Fe3O4-II(7), PANI/Fe3O4-I(7) and PANI/Fe3O4-I(3), respectively) and the highest current density. 

EIS revealed the lowest charge transfer resistance Rct in the case of PANI/Fe3O4-II(3), which, along with 

its high effective surface area/high content of active sites (as evaluated from Cdl value) and the lowest 

HER activation energy (as calculated from the temperature dependence of current density) could 

explain its highest HER activity. In addition, the highest content of Fe is measured by EDX for 

PANI/Fe3O4-II(3) sample. Linking PANI and Fe3O4 NPs introduced a strong coupling and synergistic 

effect, a 3D structure with a plethora of exposed active sites, and facile permeation of the electrolyte. 

Thus, PANI is believed to capture the intermediate H+ ions and steam their reduction to H2. The 

electrocatalytic activity of PANI/Fe3O4-II(3) for HER in alkaline media (8 K KOH) as well as for OER in 

both alkaline and acidic media was explored, offering the possibility of broadening this material’s 

application as bifunctional electrocatalyst in water electrolysers. 
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Abstract 
Medium entropy alloys (MEAs) have emerged as a promising class of materials for electro-
catalysis due to their tunable properties and exceptional catalytic performance. This study 
successfully functionalized a bulk FeCoNiCu alloy using a combined anodic oxidation (AO) 
and nitridation (NT) approach to produce a highly porous, thin-film catalyst. The hierarchical 
structure formed during the surface treatments enhances the material's specific surface 
area and alters the oxidation states of the constituent metals, creating abundant active 
sites. The electrocatalytic performance of the modified bulk FeCoNiCu electrode was evalu-
ated for both the oxygen evolution reaction (OER) and glycerol oxidation reaction (GOR) in 
an alkaline electrolyte. Remarkably, the AO-NT-treated catalyst exhibited superior activity 
for OER, surpassing commercial IrOx benchmarks with lower overpotential requirements. 
For GOR, the FeCoNiCu electrode demonstrated excellent performance by significantly 
reducing energy input compared to OER, highlighting its potential as a dual-purpose 
catalyst for alkaline water splitting. Post-reaction product analysis via NMR confirmed the 
formation of value-added chemicals, with formic acid identified as the main product. These 
results underline the feasibility of surface-modified MEAs for sustainable energy and 
chemical production applications, offering a cost-effective alternative to noble metal-based 
catalysts. 
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Introduction 

Medium entropy alloys (MEAs), a subset of compositionally complex materials (CCMs), have 

emerged as an exciting new class of materials due to their unique microstructures and tunable 

properties [1]. Unlike conventional alloys, MEAs typically combine three to five elements in near-

equiatomic proportions, resulting in complex atomic arrangements that provide an exceptional 

synergy of mechanical, thermal, chemical, and electronic properties [2,3]. The inherent flexibility in 

elemental composition allows MEAs to exhibit unique features such as high hardness, excellent 

corrosion resistance, remarkable thermal stability, and unique catalytic properties, making them 

promising candidates for various applications [4-6]. However, the general shortcoming of CCMs is 

that they usually come with low specific surface area, which impedes their practical applications in 

electrocatalysis. To address this, further adjustments of the MEAs’ properties can be achieved 

through surface modifications such as anodic oxidation (AO) and nitridation (NT). AO is known for 

its relative simplicity and the possibility to create highly porous structures with enlarged surface 

area, while NT introduces nitrides and oxynitrides into the material, which can significantly improve 

electronic properties, hardness, wear resistance, and thermal stability. When applied in tandem, 

these two surface treatments can synergistically boost the overall properties of MEAs, unlocking 

new possibilities for their applications [7]. 

Electrocatalysis is one of the fields where the application of CCMs has become particularly 

attractive due to the constant pursuit of improved catalytic materials [8]. The concept of green 

hydrogen energy is particularly attractive, and the development of active, durable, and affordable 

electrocatalysts for electrochemical water splitting is crucial [9]. The bottleneck in water electrolysis 

is the anodic oxygen evolution reaction (OER), which is kinetically sluggish and takes place under 

harsh conditions (elevated potentials, extreme pH, and high temperatures), therefore demanding 

the usage of precious metals catalysts such as Ir and Ru (and their oxides) [10]. To overcome these 

issues, two strategies can be applied: (i) to develop non-noble catalysts for OER able to compete 

with Ir- and Ru-based benchmarks; (ii) to substitute OER with some other less energy-demanding 

anodic reaction, such as glycerol oxidation reaction (GOR) [11,12]. Both strategies can be covered 

by exact and guided synthesis and modifications of CCMs to yield unique active sites thanks to the 

fine-tuning of the composition and morphology of these catalysts. Our recent study showcased the 

potential of the combination of NT-AO applied to FeCoNiCuZn alloy to produce a tuned structure 

with exceptional electrocatalytic activity for water oxidation in alkaline electrolytes [7]. While NT 

only slightly improved the activity of starting FeCoNiCuZn alloy, subsequent AO boosted its 

performance even beyond commercial IrOx reference catalysts and placed it among the best-

performing non-noble catalysts for OER in the literature. This was explained by the significant 

increase in the catalysts’ surface area and changes in the composition of the CCM induced by NT-

AO. Specifically, NT-AO treatment removed Cu and Zn, resulting in a hierarchically connected pore 

structure, where larger pores are interlinked with smaller ones formed due to fluorides in the AO 

electrolyte, while also altering the oxidation states of the constituent metals. In the case of GOR, 

noble metal catalysts such as Pt, Pd, and Au are highly effective, offering excellent catalytic proper-

ties and stability [13]. Nickel-based materials offer cost-effective alternatives with promising GOR 

activity, especially when paired with cobalt, which further boosts catalytic performance [14,15]. 

Combining non-noble and noble metals into multi-metallic and alloy catalysts, such as bimetallic 
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PtAg [16] or Ni80Pd20 [17], can also enhance catalytic efficiency through synergistic effects. Although 

MEAs and CCMs are generally gaining increasing attention in electrocatalysis, their application in 

GOR remains underexplored [18]. The vast potential for incorporating various elements into CCMs 

offers a broad field for experimentation, with many influences on catalytic performance yet to be 

understood. Future research should focus on testing a wider range of CCMs for reactions such as 

GOR to fully exploit their potential and enhance the efficiency and selectivity of these processes. 

For instance, HEA - CoNiCuMnMo nanoparticles synthesized on carbon cloth have shown high 

efficiency in glycerol oxidation reaction, with molybdenum sites coordinated by manganese, 

molybdenum, and nickel identified as key catalytic centres [19]. Another study reported Pt-

decorated FeCoNiCuMn HEA nanocatalysts with a superior GOR performance compared to Pt/C, 

which was ascribed to the composition of HEA, providing better CO poisoning features on Pt-

sites [20]. These studies show a high potential for HEA in GOR catalysis and underscore the need for 

further exploration in this domain [19]. 

In this study, a highly porous, thin film electrocatalyst was synthesized by surface modification of 

the FeCoNiCu bulk electrode and tested for both GOR and OER in an alkaline electrolyte. The starting 

FeCoNiCu CCM was modified using the AO-NT procedure, and the obtained thin film exhibited 

promising catalytic properties for both OER and GOR. The catalyst was thoroughly analysed to 

confirm its composition, structure, and electrocatalytic performance, providing important insights 

for future optimization and practical applications. While further studies are necessary, the results 

demonstrate that the FeCoNiCu bulk alloy electrode, modified by the NT-AO approach, represents 

a very promising concept for developing highly active anodes for alkaline water electrolysis. 

Experimental Section 

Catalyst preparation 

The catalyst was prepared following conditions reported by Suhadolnik et al. [7]. Briefly, a 

compositionally complex FeCoNiCu alloy was produced by arc-melting high-purity elements in a Ti-

getter Ar atmosphere, followed by multiple heating and cooling cycles for homogeneity. The alloy 

was nitridized at 700 °C for 30 minutes in ammonia flow, then anodized at 50 V for 5 minutes in a 

custom electrochemical cell using the freshly prepared electrolyte. 

Catalyst characterization techniques 

SEM and SEM-EDS analysis: The surface morphology of the catalyst was examined under the 

conditions previously reported by Suhadolnik et al. [21]. 

XRD analysis: The catalyst was characterized using X-ray diffraction as described by Suhadolnik 

et al. [7]. Phase identification was carried out with the X'Pert HighScore Plus software, utilizing the 

ICDD PDF-4+ 2024 database [21]. 

XPS analysis: The surface composition of the compositionally complex sample was analysed using 

X-ray photoelectron spectroscopy (XPS) using a Supra+ instrument equipped with an Al Kα excitation 

source. Spectra were acquired and processed using ESCApe 1.5 software. XPS measurements were 

performed at a 90° take-off angle using 160 eV pass energy (survey spectrum). The binding 

energy (EB) scale was corrected using the C-C/C-H peak in the C 1s spectrum, which is located at 

284.8 eV. The size of the XPS analysis spot was 300 by 700 µm. 

ToF-SIMS analysis: Depth profiling was performed using a ToF-SIMS M6 instrument (IONTOF, 

Münster, Germany) equipped with a Bi liquid metal ion gun and a Cs+ sputtering source. The primary 

Bi+ ion beam was operated at 30 keV (1.0 pA), while sputtering was performed using 2 keV Cs+ 
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(205 nA). Sputtering was performed over an area of 500 by 500 μm, while the analysis was 

performed in the middle of the sputter crater on an area of 300 by 300 μm. Spectra were acquired 

and processed using SurfaceLab 7.3 software (IONTOF, Münster, Germany). 

NMR experiments were performed on a Bruker AVANCE NEO 600 MHz spectrometer equipped 

with a 5 mm BBFO probe. Spectra was measured in deuterated water (D2O, Sigma Aldrich). 1H NMR 

spectra were referenced on 3-(Trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt (TMSPA) 

(δ = 0.00 ppm) and water present in the sample (δ = 4.79 ppm). The samples were prepared by 

sampling 100 μL of the electrolyte after the electrolysis and adding 500 μl of D2O. 

Electrochemical analysis: Electrochemical measurements were performed for both OER and GOR 

at ambient temperature in a single-compartment electrochemical cell with a three-electrode setup. 

The prepared catalyst was mounted in a custom-made Teflon holder, identical to the one used 

during anodization, and served as the working electrode. A HydroFlex reversible hydrogen electrode 

(RHE, Gaskatel GmbH) was used as the reference electrode, while a glassy carbon rod functioned as 

the counter electrode. A potentiostat (SP-300, Biologic) was used to control the potential. All 

voltammetric experiments included compensation (85 %) for the ohmic drop determined via 

electrochemical impedance spectroscopy (EIS) at high frequencies. A double-layer capacitance (Cdl) 

approach was used to assess the electrochemical surface area of our catalyst, as described 

elsewhere [7]. Briefly, cyclic voltammetry (CV) was applied at different scan rates (20, 50, 100, 200, 

and 300 mV s-1) in the potential range between 0.25 and 0.35 VRHE. Using linear dependence 

between Δj = ja - jc at E = 0.3 VRHE and scan rate, the Cdl value was extracted. Linear sweep 

voltammetry (LSV) was performed in 1 M KOH for OER and in 1 M KOH with 0.1 M glycerol for GOR, 

over a potential range of 1.2 to 1.6 V vs. RHE (scan rate of 2 mV s-1). Chronoamperometric (CA) 

measurements for GOR were conducted at various potentials in 1 M KOH containing 0.1 M glycerol. 

For OER activity comparison, a benchmark IrOx catalyst was used (Premion, Alfa Aesar). The 

powdered catalyst was mixed with Milli-Q water (1 mg / 1 ml ratio) to form the uniform catalyst ink, 

which was then drop-casted (20 µL) onto glassy carbon (5 mm in diameter) rotating disk  (RDE) 

resulting in catalyst loading of 102.04 µg cm-2. After drying, IrO2 films were covered with 5 µL of 

Nafion:Isopropanol mixture (volumetric ratio 1/50) to ensure adhesion. The electrochemical 

procedure included 20 cycles at a scan rate of 50 mV s-1, ranging from 0.05 to 1.45 V, followed by an 

activity assessment through linear sweep voltammetry (LSV) recorded from 1.2 to 1.6 V at 2 mV s-1. 

Both the activation and activity measurements were conducted in an argon-saturated electrolyte. 

Results and discussion 

Morphology, composition, and structure of the compositionally complex catalyst 

The surface morphology of the catalyst was characterized using SEM (Figure 1a). The SEM 

micrographs, taken at various magnifications, reveal that the film is highly porous with a large 

surface area, exhibiting a hierarchical pore structure. The presence of both larger macropores and 

smaller mesopores is crucial for enhancing the exposure of active sites, which, through improved 

mass transport, enhances the adsorption-desorption dynamics of reactants and products [22]. This 

hierarchical porosity provides sufficient accessibility for larger molecules, while the high surface 

area of the mesopores supports effective catalytic reactions by increasing the number of accessible 

active sites. Moreover, the interconnected nature of the porous network may aid in the diffusion of 

reactants and the removal of products, reducing diffusion limitations and enhancing overall catalytic 

performance [23]. 
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The XRD pattern of the catalyst is presented in Figure 1b. The diffractogram shows only peaks 

corresponding to the underlying FeCoNiCu alloy substrate, indicating that the highly oxidized porous 

film formed on top lacks sufficient crystallinity to generate distinct diffraction peaks. Due to the 

complexity of this multi-component alloy system and the absence of comprehensive reference cards 

in the XRD database for such complex materials, it is challenging to definitively assign specific peaks 

to individual phases. However, based on the composition determined by SEM-EDS and XPS analyses 

(as shown in Table 1), we can infer the presence of a single phase in the film. The amorphous nature 

of the oxidized film results from the synthesis conditions, which can lead to a disordered structure 

without sufficient crystallinity, i.e. a common characteristic of highly porous materials [24].  

 
2 /° 

Figure 1. SEM micrographs showing: a) the initial alloy used for catalyst preparation, and b) the catalyst 
prepared with nitridation and anodization of the alloy shown at two magnifications. Inset circle diameter is 

7 µm. c) XRD diffractogram of the catalyst showing peaks related to the compositionally complex alloy 

The XPS analysis confirmed the presence of Fe, Co, and Ni on the surface, while Cu was not 

detected (XPS survey spectrum in Figure 2). This indicates that Cu is either not present in the top 

few nanometres, i.e. the depth analysed by the XPS technique, or its concentration is below the 

detection limit of the XPS technique. However, as explained below, Cu was detected using ToF-SIMS, 

as this analytical technique has a significantly lower detection limit than XPS. The XPS survey 

spectrum shows intense Fe, Co, and Ni peaks with several XPS-induced LMM Auger peaks. However, 

the Fe 2p and Co 2p peaks overlap with other XPS-induced Auger peaks (Figure 2), a well-documen-

ted challenge in XPS analysis of alloy systems containing these elements. The intense O 1s peak 

indicates significant surface oxidation, while the presence of the C 1s peak indicates surface 

contamination, likely from adventitious carbonaceous species adsorbed from the environment after 

sample preparation during sample transfer to the XPS spectrometer. 

https://doi.org/10.5599/jese.2637


J. Electrochem. Sci. Eng. 15(1) (2025) 2637 Functionalization of FeCoNiCu medium entropy alloy  

6  

 
Figure 2. The XPS survey spectrum of the sample showing signals for Fe-, Co-, Ni-, C-, and O-containing 

species. The XPS surface analysis was performed after the electrocatalytic glycerol oxidation tests 

Figure 3 presents the negative ion 3D ToF-SIMS images of the catalyst surface. In ToF-SIMS analysis, 

the M⁻ signal for a given element can originate from its metallic form (M), oxide (MO), and/or 

hydroxide (MOH). The MO- signal primarily reflects metal oxides but can also include contributions 

from metal hydroxides. Similarly, the MOH- signal primarily indicates metal hydroxides, although 

metal oxides can also contribute to this signal (by attaching very mobile hydrogen). The ToF-SIMS 

images show that Fe, Co, and Ni oxides/hydroxides dominate the catalyst surface (represented by the 

MO⁻ and MOH⁻ signals). In contrast, Cu oxides and hydroxides are detected at lower intensity. This 

distribution suggests that anodic oxidation primarily facilitates the formation of Fe, Co, and Ni oxides/ 

/hydroxides while Cu either dissolves, migrates, or forms sub-surface layers during the treatment.  

 
Figure 3. 3D ToF-SIMS images showing M- (M = Ni, Fe, Ni or Co), and the corresponding signal for MO- and 

MOH-. The analysis was performed after the electrocatalytic glycerol oxidation tests 
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Another explanation for the lower Cu presence could be selective leaching during anodic 

oxidation, leading to Cu depletion from the outermost layer. This effect aligns with the known 

behaviour of Cu under oxidative conditions, where more noble elements like Fe, Co, and Ni tend to 

stabilize on the surface. The transformation from metallic states to oxides and hydroxides reflects 

the anticipated outcome of anodic oxidation, which alters surface chemistry and enhances porosity 

and surface area, contributing to improved catalytic activity. 

SEM-EDS analysis shows that the catalyst film is primarily composed of oxygen, iron, cobalt, and 

nickel, with Ni being the most abundant metal (Table 1). The EDS mapping analysis (Supplementary 

material, Figure S1) reveals a uniform elemental distribution. The significant presence of Ni, along 

with Fe and Co, suggests the formation of mixed metal oxides, which are known to enhance the 

catalytic activity of oxygen evolution reaction due to the availability of numerous Ni- and Co-based 

active sites and multiple oxidation states [25]. Copper is detected only in trace amounts, likely 

because it was removed during the anodic oxidation process, which, more importantly, also 

contributed to the increased porosity of the film.  

Table 1. The chemical composition in of the compositionally complex catalyst was determined with SEM-EDS. 
Analysis was performed after the electrocatalytic glycerol oxidation tests. 

 Content, at.% 

Analysis Fe Co Ni Cu O 

EDS 13.0 13.1 19.1 1.3 51.5 

Electrocatalytic glycerol oxidation performance 

The electrocatalytic performance of FeCoNiCu catalyst was determined in 1 M KOH (Titripur, 

Merck) in the absence and the presence of 0.1 M glycerol (Figure 3a). The electrocatalytic performan-

ce of FeCoNiCu catalyst was determined first for OER in 1 M KOH and compared to the IrOx benchmark, 

as shown in Figure 3. Besides a clear advantage in terms of cost, the treated FeCoNiCu catalyst is also 

more active than IrOx as it needs 54 mV less overvoltage to reach a current density of 10 mA cm-2. This 

comparison exemplifies the applicability of NT-AO-treated CCMs as OER catalysts. Furthermore, the 

same catalyst was tested for GOR, as shown in Figure 4. At the current density of 50 mA cm-2, the 

voltage difference between GOR and OER is 140 mV, which shows a significant decrease in the energy 

input needed to drive glycerol-assisted water splitting. A comparison of hereby developed material 

with recent literature data is given in Table S1. The determined Cdl value for NT-AO-Treated FeCoNiCu 

catalyst was equal to 1.0 mF cm-2 (see Figure S2), which is significantly lower compared to other 

literature reports on similar catalysts. This could indicate that despite necessitating a higher potential 

to reach the current density of 10 mA cm-2, the active sites present in NT-AO-treated FeCoNiCu have 

high specific activity. Therefore, by increasing the number of exposed active sites, the performance of 

the FeCoNiCu catalyst can be further boosted. 

Product profiling during GOR was conducted using chronoamperometry at different potential 

values, as shown in Figure 4b. Based on the polarization curves in Figure 4a, it can be proposed that 

OER occurs at a negligible extent compared to GOR at the potentials used for chronoamperometric 

tests, as the significant OER currents are measured only at potentials above 1.5 VRHE. Except at the 

potential of 1.35 VRHE, the measured current densities show that significant glycerol oxidation takes 

place at the FeCoNiCu catalyst. The main products during glycerol oxidation experiments are 

expected to be liquid, and NMR was used to analyze the product distribution.       
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 E / V vs. RHE t / h 

Figure 4. a) LSV polarization curves in 1 M KOH and 1 M KOH with 0.1 M glycerol. b) Chronoamperometric 
glycerol oxidation at varied potentials in 1 M KOH solution containing 0.1 M glycerol 

After each potential hold, 100 μL of electrolyte was sampled, and 1H NMR spectra were measured 

(Figure S3). The conversion of starting glycerol was low due to the large relative volume of the cell 

compared to the working electrode surface area. Using 1H NMR, 1,2-propanediol and formic 

acid (FA) were determined as the main electrolysis products. The amount of 1,2-propanediol 

remained constant at different applied potentials, whereas the relative amount of formic acid 

increased with increasing potential (Table 2). This suggests that the main product of electrolysis at 

applied potentials was formic acid.  

Table 2. Relative conversions of starting glycerol at different potential holds after 5 hours. The conversions are 
calculated based on the integrals of distinct peaks for each compound 

 

WE potential, V vs. RHE Glycerol conversion, % Content of formic acid, % 
Content of  

1,2-propanediol, % 

1.35 1.21 0.27 0.94 

1.39 1.83 0.83 1.00 

1.43 2.41 1.58 0.83 

1.49 3.96 2.90 1.06 

Conclusion 

In this study, a FeCoNiCu compositionally complex alloy was successfully modified through 

nitridation (NT) and anodic oxidation (AO), resulting in a highly porous, thin film electrocatalyst with 

enhanced activity for both the oxygen evolution reaction (OER) and glycerol oxidation reaction 

(GOR). The synergistic effects of surface treatments yielded a hierarchical structure with significantly 

increased surface area and optimized active sites, improving catalytic performance. The NT-AO-

treated FeCoNiCu catalyst demonstrated good OER activity compared to commercial IrOx 

benchmarks by achieving lower overpotential requirements in an alkaline electrolyte. The catalyst 

showcased outstanding performance for glycerol oxidation, effectively lowering the energy input 

needed for water splitting by substituting OER with GOR. Product analysis during GOR confirmed 

the formation of formic acid and 1,2-propanediol as key products, highlighting its potential for value-

added chemical production. These findings demonstrate that NT-AO surface modification is a 

powerful strategy for enhancing the electrocatalytic performance of medium entropy alloys and 

expanding their application in clean energy conversion technologies. Further optimization and 

testing could unlock the full potential of FeCoNiCu and similar systems for industrial-scale 

applications in water electrolysis and glycerol valorisation. 
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Supplementary material: Additional data are available electronically on article page of the journal's 
website: https://pub.iapchem.org/ojs/index.php/JESE/article/view/2637, or from the corresponding 
author upon request. 
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Abstract 
A new concept for affordable supercapacitors based on Al aqueous electrolytes was 
proposed recently. This study provides a deeper insight into the cyclic performance of vine 
shoots-derived activated carbon using three different 1 M aqueous electrolytes: Al2(SO4)3, 
Al(NO3)3 and AlCl3. Cyclic voltammetry (CV), galvanostatic cycling and impedance 
measurements have shown that the type of anion causes the differences in the rate 
capability and long-term cyclability. Although CV deviation is provoked by aggravated 
sulphate penetration into pores upon switching at higher currents, Al2(SO4)3 emerged as 
the most promising electrolyte solution due to the best cycling stability of the 1.5 V full 
cell over 15,000 cycles. Intensive oxidation of the positive electrode during initial cycling, 
induced by nitrates reduction, is the main reason for the fastest capacitance drop 
observed in Al(NO3)3. Therefore, the capacitance values of the carbon cell measured after 
5,000 cycles in Al(NO3)3 (75 F g-1) are two times lower than the corresponding values in 
Al2(SO4)3 and AlCl3 (131 and 127 F g-1, respectively). The oxidation becomes more 
pronounced only after 10,000 cycles in AlCl3, thus causing a notable capacitance drop, 
which is not evidenced in Al2(SO4)3. Al2(SO4)3-based cell can withstand 15,000 with good 
specific capacitance/energy retention. 

Keywords 
Al-based supercapacitors; aqueous electrolyte; cyclic stability aspect 
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Introduction 

The viticulture industry produces large amounts of carbon-rich bio-waste and represents a 

valuable feedstock for the development of a broad material selection with many specific 

applications. Various byproducts of the grape processing lines have been investigated for different 

energy-related and environmental applications [1-6]. Vineyard pruning residues, vine shoots, make 

the most of the dry-basis waste, which takes up enormous space and is most often disposed of by 

incineration. To prevent the negative effects of this practice, new sustainable alternatives are 

required. Until now, vine shoot-derived carbons have been considered for the adsorption of 

different substances [7-10] and energy-related applications, including supercapacitors [11-13]. 

Especially, carbon derived from vine shoots emerged as a promising electrode for versatile aqueous-

based supercapacitors [13]. 

In addition to the electrode material, the electrolyte significantly determines the overall 

performance of supercapacitor cell. Several advantages related to conductivity, viscosity, toxicity, 

and flammability push aqueous electrolytes before conventional organic ones. Nonetheless, 

thermodynamic limitations on workable voltage window (1.23 V) make them inferior to the organic 

electrolyte (≈2.7 V typically for acetonitrile or propylene carbonate mixed with an organic salts). 

Typical acidic (H2SO4) and alkaline (NaOH) aqueous electrolytes usually allow only a maximal 

operating voltage of 1 V.  

The use of neutral salts based on sulphates (Li2SO4, K2SO4, Na2SO4) [14-17] and nitrates (typically 

LiNO3) [18-20] stretches the potential window up to ≈ 2 V, with an operative voltage of 1.5 V delivering 

stable capacitance. Studying the mechanism of carbon-based supercapacitors in these electrolytes, 

Frackowiak et al. [18] concluded that Li2SO4 appeared to be the most promising electrolyte. More 

precisely, the interplay between variables, including the type of material, binder, current collector, 

hydrogen storage ability, ion solvent and ion-pore interaction, determines the final performance. For 

instance, the type of electrolyte anions (sulphates or nitrates) may cause the different hydrogen 

storage capabilities of the carbon and different redox processes occurring at the interface upon 

prolonged cycling to 1.8 V [18]. This leads to the higher initial energy/power density for LiNO3-based 

supercapacitors but lower stability due to additional nitrate-related redox reactions.  

Recently, acidic Al2(SO4)3 was proposed as an additional approach capable of opening water 

boundaries beyond the thermodynamic stability window [13]. To the best of our knowledge, no 

comparative and detailed studies about using different Al-based aqueous electrolyte formulations 

for supercapacitors have been reported so far. Herein, three different Al-based electrolyte 

formulations were used to examine the performance of vine shoots-derived carbon. The role of 

anions (SO4
2-, NO3

-, Cl-) on the performance and long-term stability of high voltage Al-based 

symmetric ACvs supercapacitors was investigated. 

Experimental  

Material preparation 

Activated carbon was obtained by the carbonization of winemaking industry waste, vine shoots, 

via a previously reported two-step route [13]. Vine shoots collected in the area near Podgorica, 

Montenegro, were washed, chopped, ground and dried in the air to be prepared for carbonization. 

First, the precursor was heated for 2 h at a lower temperature (300 °C) under Ar atmosphere with a 

heating rate of 5 °C min-1. Second, the obtained material was mixed with ZnCl2 in a mass ratio 1:3, 

respectively, and carbonized for another 2 h at 700 °C under Ar atmosphere (heating rate of  
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5 °C min-1). The final product was thoroughly washed with 4 M HCl, hot distilled water, and cold 

distilled water to remove zinc residues and chlorides completely. In further text, the obtained 

carbon is designated ACvs700. 

Material characterization 

XRD of ACvs700 was measured on Rigaku MiniFlex600 X-ray diffractometer operating in para-

focusing Brag-Brentano geometry. The source of X-ray Cu-Kα radiation was coupled to a D/teX 

Ultra2 MF semiconductor strip-type detector with direct detection. The operating conditions of the 

instrument were a voltage of 40 kV and a current of 15 mA. The sample was mounted on a Silica 

support and the diffractogram was recorded in the 10 to 80° 2 angle range, with a step of 0.01°, at 

a data acquisition rate of 10.00°/min. 

SEM micrographs were obtained using SEM FEI Scios2 dual beam system. 

Electrochemical methods 

Cyclic voltammetry (CV) was performed by using Gamry 1010E Potentiostat/Galvanostat in a 

typical three-electrode configuration, where saturated calomel electrode (SCE) and platinum foil 

served as reference and counter electrodes, respectively. The working electrode was a glassy carbon 

rod with active material (ACvs700) slurry distributed evenly on its surface. For all measurements, the 

slurry was prepared by mixing the active material with a binder (5 wt.% Nafion in ethanol/water =  

= 95/5 weight ratio, Sigma Aldrich) in the mass ratio 95 : 5 and adding the appropriate amount of 

ethanol to form a viscous mixture. It was further treated ultrasonically until the desired flow was 

obtained and transferred to a glassy carbon surface in a very thin layer (mass loading was kept at ≈1 

to 1.5 mg cm-2). CV measurements were performed at different scan rates within the electro-

chemical stability window of the used electrolyte.  

Galvanostatic charge/discharge measurements were performed using a BTS 8.0 Battery Analyzer 

Neware 5 V 100 mA in a two-electrode configuration using glassy carbon as current collectors. 

Comparative charge/discharge curves were measured first at a common current density of 1 A g-1 

for 5 cycles and afterward, at 5 A g-1 for 15,000 cycles with the upper cut-off voltage of 1.5 V. Based 

on these measurements, the specific capacitance of the electrode (Cs in F g-1) was calculated 

according to Equation (1):  

( )
s

2 I t
C

Um


=   (1) 

with I / A being the discharge current, Δt / s discharge time, U / V the maximal voltage window and 

m / g the mass of the active material at a single electrode. The specific energy density of the con-

structed supercapacitor cells (Es / Wh kg-1) was calculated based on the mass of both electrodes 

(active materials) according to Equation (2):  

2
s s

1

8
E C U=   (2) 

Electrochemical impedance measurements were performed on Gamry 1010E Potentiostat/Gal-

vanostat in a previously described three-electrode configuration using a typical frequency interval of 

10-2 to 105 Hz and AC voltage amplitude of 5 mV. For impedance measurements after the cycling 

stability test (5000, 10,000 and 15,000 cycles), the previously glavanostatically cycled electrodes were 

transferred to a three-electrode cell in a common electrolyte. The impedance spectra of both pristine 

and cycled electrodes were obtained at the fixed potential of 0.1 V corresponding to the redox process. 

The complex impedance analysis was performed by applying Equations (3) to (5): 
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C() = -Cre() - jCim()  (3) 

Cre() = -Z’’() /  Z()2 (4) 

Cim() = -Z’() /  Z()2  (5) 

Cre() corresponds to the real part of the complex capacitance C(), in which a low-frequency 

value converges with the DC capacitance obtained by CV or galvanostatic measurements. Cim(), as 

an imaginary component of the complex capacitance C(), represents resistive losses that lead to 

energy dissipation.  

All measurements were performed in 1 M Al2(SO4)3, 1 M Al(NO3)3 and 1 M AlCl3 electrolytes and 

at room temperature. Their electrical conductivity and pH were measured using Seven Compact 

pH/Conductometer S213 Mettler Toledo. 

Results and discussion 

ACvs700 microstructural characterization  

Typical XRD of activated carbon, including reflections at 24 and 43° (2) indexed to (002) and (100) 

planes of graphite, is observed for ACvs700, Figure 1a. Broad and low-intensity diffraction peaks 

indicate its amorphous nature. The interplanar distance (002) estimated using Bragg’s law amounts to 

0.036704 nm, which aligns with the activated carbon structure [21]. SEM figure reveals irregular ACvs 

micrometre agglomerates composed of nanoparticles embedded into deep holes formed during the 

liberation of gases during ZnCl2-assisted activation. Material developed a high BET surface area of 

1494 m2 g-1 with high microporosity (Dubinin-Radushkevich method, Vmicro = 0.548 cm3 g-1) and meso-

porosity fraction (Dollimore and Heal method Vmeso = 0,254 cm3 g-1). 

a 

 

2 / ° 

b 

 
Figure 1. XRD pattern a) and SEM image b) of ACvs700 

Interfacial redox processes in Al-based electrolytes 

Redox processes of ACvs700 in 1 M Al-containing aqueous electrolytes (Al2(SO4)3, Al(NO3)3 and AlCl3) 

were characterized in a three-electrode configuration by CV at different scan rates (Figure 2 and 

Figure S1). Figure 2 shows the capacitive behaviour of ACvs700 in all three electrolytes comparatively 

at a lower, medium, and higher scan rate. A similar current response was observed for all electrolytes 

at lower scan rates, Figure 2a. Due to their acidity, typical hydroquinone/quinone-related redox peaks 

observed at 0.15/0.08 V vs. SCE can be recognized [22,23]. Additionally, in Al(NO3)3, there is a deviation 

at negative potentials in the form of a small cathodic peak (-0.4 V vs. SCE), which appears before the 

hydrogen evolution reaction, belonging to the reduction of NO3
- in an acidic medium [24]. As the scan 

rate increases (Figures 2b and 2c), the anion influence becomes more pronounced in the way that 

sulphates deviate from chlorides and nitrates.  
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Figure 2. Cyclic voltammograms of ACvs700 in 1 M Al-based electrolytes at the scan rates of (a) 5 mV s-1,  

(b) 20 mV s-1 and (c) 100 mV s-1 and (d), (e), (f) their scan rate-normalized form for at all scan rates 

To explain this behaviour, it is worth considering that ACvs700 has a large specific surface area of 

SBET = 1494 m2 g-1, relying on developed micro- (0.548 cm3 g-1) and mesoporosity (0.254 cm3 g-1), with 

wide micropore size distribution profile ≈0.5-0.7 nm (Dmax = 0.5 nm) [13]. Namely, the correlation of 

these properties with the size of the used electrolyte ions could be beneficial. The differences in 

electrochemical behaviour of ACvs700 in various Al-ion-based electrolytes can be explained by the 

larger hydrated radius of SO4
2-, which causes their retarded adsorption and diffusion through the 

pores, while the smaller and similar radius of NO3
- and Cl- does not impede these processes as much 

[25,26]. Although the absolute radius of the hydrated specific (SO4
2-, NO3

- and Cl-) anions is not 

consistent in literature (depending on the used approach and conditions taken into account) [25-27], 

the relation between their radii follows the same trend (SO4
2- > NO3

- > Cl-). The micropores with a 

maximal diameter (0.5 nm) are less available for large SO4
2- ions (the calculated diameter of solvated 

ions can reach values up to 0.533 nm [25]), which leads to a decrease in the number of ions that enter 

the total pores volume. Additionally, the measured electrical conductivity of Al2(SO4)3 is more than 

four times lower than that of AlCl3 and Al(NO3)3, resulting in slower movement of ions at higher scan 

rates, Table 1. A clear representation of this behavior is given by the scan rate-normalized CV graphs 

(Figure 1d, 1e and 1f), where it can be seen how, in Al2(SO4)3, the voltammograms lose shape as the 

scan rate increases. On the other hand, in AlCl3 and Al(NO3)3, these changes are much less 

pronounced.  

Table 1. Measured electrical conductivities and pH values of 1 M Al2(SO4)3, Al(NO3)3 and AlCl3.  

Electrolyte 1 M Al2(SO4)3 1 M Al(NO3)3 1 M AlCl3 

Conductivity, mS cm-1  25.733 104.751 114.199 

pH 3.04 1.85 2.13 
 

Comparative CV measurements implicate better rate capability in AlCl3 and Al(NO3)3 while 

revealing the main obstacles for double layer formation in Al2(SO4)3 electrolyte at extremely high 

currents. Still, their influence on the long-term stability of the material in a supercapacitor should 

be considered and examined in more detail. 
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To characterize the interface of pristine ACvs700 electrode in 1 M Al2(SO4)3, Al(NO3)3 and AlCl3 

(Figure 3a), Nyquist diagrams were measured at the potential of redox maxima. They show 

characteristic shapes of carbon electrodes. The high-frequency x-intercept typically belongs to the 

bulk electrolyte resistance, while the small semicircle, appearing in the high to mid-frequency range 

(106-38.11 Hz for Al(NO3)3, 106-139.2 Hz for AlCl3 and 106- 5.197 Hz for Al2(SO4)3, Figure 3a inset), 

corresponds to the interfacial impedance between electrode and bulk solution including the contact 

impedance between material and current collector, ion transport processes into pores, and charge 

transfer resistance (Rct) [28,29]. Different diameters of the semicircle indicate the prevailing role of 

the kinetic hindrance effects in its appearance, determined by the type of electrolyte ions. The 

highest resistance value for Al2(SO4)3 is governed by the lowest ionic conductivity, Table 1, and the 

highest hydration enthalpy of SO4
2- anion [28]. There is no such correlation when it comes to 

Al(NO3)3 and AlCl3, where the inversed behaviour was observed. A slightly larger high-frequency 

resistance point of AlCl3 vs. Al(NO3)3 (despite better conductivity), as well as a somewhat smaller 

semicircle diameter (despite larger hydration enthalpy of Cl- vs. NO3
-), is probably the consequence 

of the poorer wettability of Cl- vs. NO3
- due to higher hydrophobicity [29]. The almost vertical region 

that prevails in the Nyquist diagram reflects a good pseudocapacitive behaviour of the material in 

all three types of electrolytes. 

  
Figure 3. Nyquist a) and Bode b) plots for ACvs700 pristine in 1 M aqueous solutions of Al2(SO4)3, Al(NO3)3 

and AlCl3 measured in a three-electrode cell. Inset shows enlarged high-frequency part of the Nyquist plot 

Dependence of the phase angle () on the frequency (Figure 3b) indicates the almost ideal 

capacitor-like response with the low-frequency  values very close to -90°, for all electrolytes. Dunn 

analysis of ACvs700 in Al2(SO4)3 [13] revealed that the electrical double layer capacitance (EDLC) 

dominates the total charge storage process (71 % at 5 mV s-1 and 83 % at 50 mV s-1). Based on the 

phase angle-frequency dependence, this contribution is slightly higher for AlCl3 and Al(NO3)3. The real 

and imaginary parts of the capacitance (Figure S2a and b) were obtained as a function of frequency 

by applying complex capacitance analysis. Figure S2a shows the characteristic real capacitance-

frequency dependence with a high degree of ion pore-filling where the plateau is not fully achieved 

especially for the Al2(SO4)3 electrolyte. Comparative capacitance values observed within the frequency 

region of 0.1 to 1 Hz follow the trend measured by CV at scan rates from 20 mV s-1. There is a deviation 

in the low-frequency capacitance values (around 0.01 Hz) from those obtained by CV at lower scan 

rates (< 20 mV s-1). This can be attributed to the nitrate-involved redox and water electrolysis reactions 

since the CV was measured over the extended voltage window, while the impedance diagrams were 

collected at a fixed potential corresponding to the CV maximum. The typical dependence of the 

imaginary capacitance part of the frequency, including the existence of the maximum at the frequency 
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f0, was presented in Figure S2b. The time constant, τ0 = 1/f0, when the system changed behaviour from 

the resistor to the capacitor one, was found to be around 9.9, 7.3 and 19.8 s for AlCl3, Al(NO3)3 and 

Al2(SO4)3, respectively. The time-constant trend in different electrolytes follows the corresponding 

changes of CV with the scan rate increase. The highest τ0 for Al2(SO4)3 indicates the most limited rate 

capability, which is in accordance with the large deviation of CV upon switching the scan rate to 

400 mV s-1, Figure S2b. A somewhat higher τ0 value for AlCl3 compared to Al(NO3)3 corresponds to a 

more pronounced CV deviation at high scan rates, Figure 2. 

Exploring ACvs700 charge storage ability in different Al-based full cells 

To further investigate the stability of the material in the symmetric supercapacitor cell using all three 

Al-containing electrolytes, galvanostatic testing has been performed, Figure 4. The different shape of 

the charge/discharge curves in Al2(SO4)3 and AlCl3 compared to Al(NO3)3 indicates a different charge 

storage mechanism within the higher voltage range (1.2-1.5 V at 5 A g-1), Figure 4a. In Al(NO3)3 electro-

lyte, the sloping part is evidenced within this range and diminishes with time. This can be attributed to 

the irreversible redox processes of NO3
-, which are reduced in the vicinity of the positive electrode, thus 

oxidizing the carbon surface at higher voltages [19]. That contributes to significantly higher initial charge 

capacitance and slightly higher initial discharge capacitance for NO3
- ions compared to SO4

2-and Cl-, 

resulting in low initial efficiency. No similar behaviour is observed for SO4
2- and Cl-. 

The irreversibility of the NO3
--involved process is responsible for the notable short-term 

capacitance fade in Al(NO3)3 at 5 A g-1 (Figure 4b), more pronounced at the lower current of 1 A g-1 

(Figure S3), after which the capacitance becomes stable over 5000 cycles, with good efficiency. 

Stabilized capacitance values in Al(NO3)3 (≈75 F g-1 at 5000 cycles) are almost two times lower than in 

the other two electrolytes (130 F g-1 in Al2(SO4)3 and 125 F g-1 in AlCl3). The corresponding specific 

energy of the cell is also notably lower for Al(NO3)3 (5.8 Wh kg-1) when compared to Al2(SO4)3 and AlCl3 

(10.2 and 9.9 Wh kg-1, respectively). Generated oxygen groups on the carbon surface at limiting 

potentials decrease specific surface area [30] and specific capacitance/energy. Therefore, Al2(SO4)3 

and AlCl3 appear as more promising than Al(NO3)3. It can be seen that the carbon oxidation also occurs 

in Al2(SO4)3 and AlCl3 at lower current rates of 1 A g-1 (slightly more pronounced in Al2(SO4)3), resulting 

in the difference between charge and discharge capacitance, Figure S3, but it does not significantly 

deteriorate its value upon cycling.  

  
Figure 4. ACvs700-based supercapacitors with Al-ion containing electrolytes (Al2(SO4)3, Al(NO3)3 and AlCl3): 
(a) first five charge/discharge curves at 5 A g-1, (b) specific capacitance vs. number of cycles for 5000 cycles 

at 5 A g-1. Inset shows enlarged graph part within 0 to 500 cycles 
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Unlike their Li analogues [18], the use of Al(NO3)3 does not offer an advantage over the other two 

Al-based electrolytes in terms of initial delivered energy. For both Li and Al aqueous salts, NO3
--

based electrolytes deteriorate the long-term stability of carbon (Fig 4b, inset).  

The described galvanostatic behaviour from the two-electrode arrangement is reflected well 

through the impedance response of individual electrodes. Significant oxidation of the positive 

electrode in Al(NO3)3 over 5000 cycles responsible for the capacitance fade is evidenced through the 

appearance of the large semicircle, Figure 5a. Higher resistance values over the total frequency 

range measured in Al(NO3)3 also reflect the capacitance deterioration during cycling. The semicircle 

is not observed after cycling in Al2(SO4)3 and AlCl3, which correlates with good capacitance retention. 

Also, better wettability of the electrodes during charge/discharge can improve the transport of ions 

through pores and can result in depression of the initial semicircle measured before cycling. Since a 

certain degree of oxidation still occurs at the positive electrode at 1 A g-1 (the current density at 

which the cell was previously cycled) and is more pronounced for Al2(SO4)3 than for AlCl3, lower high-

frequency intercept was observed for SO4
2- containing electrolyte. Therefore, oxidation of the 

polarized positive electrode controls the high-frequency intercept by altering the wettability of the 

surface. The opposite effect was observed at a negative electrode, Figure 5b. Different processes at 

positive and negative electrodes are reflected in different phase angle-frequency profiles for specific 

electrolytes, Figures 5c and 5d. The peak-shaped phase angle response was measured for the 

positive electrode in Al(NO3)3 (after 5000 cycles) due to its strong oxidation (Figure 5c). This is a 

consequence of the aggravated penetration of ions through pores and their interaction with 

generated oxygen groups. This influence is not observed at the negative electrode, where the phase 

angle retains its characteristic initial shape (Figure 5d).  

  

  
Figure 5. Nyquist (a, b) and Bode (c, d) plots for positive and negative ACvs700 electrodes measured in a 
three-electrode cell after 5,000 cycles using 1 M aqueous solutions of Al2(SO4)3, Al(NO3)3 and AlCl3. Inset 

shows enlarged high-frequency part of the Nyquist plot 
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To further observe if there are crucial differences between Al2(SO4)3 and AlCl3, the long-term 

stability test was performed over 15,000 cycles (Figure 6a). The notable difference is observed only 

after 10,000 cycles, where the capacitance in AlCl3 starts to fade significantly and Al2(SO4)3 keeps 

the same trend. The capacity retention of ACvs700/ACvs700 cells amounts to ≈83, ≈75 and ≈65 % 

in Al2(SO4)3, while the corresponding values for AlCl3 are ≈77, ≈67 and ≈30 % after 5,000, 10,000 

and 15,000 cycles, respectively. Considering that the CV distortion in Al2(SO4)3 starts after 20 mV s-1 

(the current maximum corresponds to ≈ 5 A g-1), excellent capacitance performance is still achieved 

at a current of 5 A g-1. 

 

  
Figure 6. a) Specific discharge capacitance vs. number of cycles ACvs700/AlCl3/ACvs700 and 

ACvs700/Al2(SO4)3/ACvs700 for 15000 cycles; b) charge/discharge curves of ACvs700/AlCl3/ACvs700 and  
c) ACvs700/Al2(SO4)3/ACvs700 at different cycles 

To summarize, Al2(SO4)3 electrolyte delivered the best performance in terms of long-term 

stability, as evidenced also by the preservation of both charge/discharge (Figure 6c) and Nyquist 

curves of individual electrodes after 15,000 cycles (Figures 7c and d). On the other hand, these 

curves change in shape upon cycling ACvs700 in AlCl3 after 10,000 cycles, in accordance with the 

decrease in capacitance. In the Nyquist plot, this is evidenced by the appearance of the large 

semicircle for the positive electrode (Figure 7a), which indicates more pronounced carbon oxidation 

during this cycling period. The oxidation also shifts the high-frequency intercept point to lower 

values (Figure 7a) and changes the shape of the phase angle-frequency profile, Figure 8a.  

When the complex impedance analysis is applied, it can be seen that cycling limitations originate 

from the positive electrode (Creal+ < Creal- and τo+ > τo-, Figure S4), especially after 15,000 cycles. All 

these effects are not observed in Al2(SO4)3, thus confirming the low degree of oxidation during 

cycling within the potential window of 1.5 V and, consequently, good capacitance behaviour. 
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Figure 7. Nyquist plots individual ACvs700 electrodes measured in a three-electrode cell after 5,000, 10,000 
and 15,000 cycles using 1 M aqueous solutions of AlCl3 (a, b) and Al2(SO4)3 (c, d). Inset shows enlarged high-

frequency part of the Nyquist plot 

Figure 8. Bode plots for positive and negative ACvs700 electrodes measured in a three-electrode cell after 
5,000, 10,000 and 15,000 cycles using 1 M aqueous solutions of AlCl3 (a, b) and Al2(SO4)3 (c, d) 

Conclusions 

High-surface area vine shoots-derived activated carbon was examined as an electrode material in 

three Al-based aqueous electrolytes for non-conventional supercapacitors. Typical capacitance 

behaviour was observed in all examined electrolytes (Al2(SO4)3, Al(NO3)3 and AlCl3), while the type of 
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anion determines the rate capability and capacitance retention. Due to the larger size of SO4
2- than 

NO3
- and Cl- ions, their penetration into pores is aggravated, which causes strong CV deviation at 

extremely high scan rates above 50 mV s-1. This was not as pronounced for the other two salts, offering 

them an advantage. On the other hand, the presence of NO3
- and Cl- deterioration of the capacitance 

of 1.5 V ACvs700/ACvs700 cells at different levels of cycling depth. Due to the capability to be reduced 

in the proximity of the positive carbon electrode, NO3
- progressively oxidizes its surface during initial 

cycling, thus causing the capacitance fade of the cell (up to ≈1000 cycles) to the stabilized value of 

≈75 F g-1 after 5000 cycles. In AlCl3, this oxidation process was delayed, thus producing significant 

capacitance fading only after 10,000 cycles (from ≈110 F g-1 after 10,000 cycles to ≈50 F g-1 after 

15,000 cycles). In both Al(NO3)3 and AlCl3, these processes can be evidenced through the appearance 

of the larger semicircle in the Nyquist diagram and the shifting of its high-frequency intercept point 

towards lower resistance values (better wettability due to in-situ generated oxygen groups). 

Pronounced oxidation is not observed for Al2(SO4)3, as verified through the unchanged shape of 

charge/discharge and Nyquist curves throughout long-term cycling. As a result, carbon pores are more 

available for electrolyte ions, leading to higher capacitance values of the cell in Al2(SO4)3 (≈131 F g-1 

after 5,000 cycles) than in Al(NO3)3 (≈75 F g-1 after 5,000 cycles) and AlCl3 (127 F g-1 after 5,000 cycles). 

Calculated energy density is also higher for Al2(SO4)3 -based supercapacitor cell (10.2 Wh kg-1 after 

5,000 cycles) than for Al(NO3)3- and AlCl3-based supercapacitors (5.8 and 9.9 Wh kg-1 after 5,000 cycles, 

respectively). The best cyclic stability was observed in Al2(SO4)3, demonstrated by relatively high values 

of ≈103 and 119 F g-1 after 10,000 and 15,000 cycles, respectively.  

Supplementary material: Additional data are available electronically on article page of the journal's 
website: https://pub.iapchem.org/ojs/index.php/JESE/article/view/2532, or from the corresponding 
author upon request. 
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Abstract 
Achieving the superior properties of nanocomposite materials involves addressing several 
challenges, particularly the agglomeration of nanoparticles in the plating bath. This study 
focuses on the electrodeposition and characterization of Zn-Co-CeO2 composite coatings 
using a particle-free plating bath, an effective strategy for mitigating agglomeration. For 
comparison, the composite coatings were also deposited from a traditional biphasic 
plating solution. The coatings were deposited galvanostatically at various current 
densities. Scanning electron microscopy revealed that using a particle-free plating 
solution in conjunction with lower current densities enhanced the compactness and the 
overall quality of the coatings. Lower current densities favoured the codeposition of 
particles, as indicated by energy-dispersive X-ray spectroscopy results. Notably, the 
coatings produced from the particle-free bath exhibited significantly improved corrosion 
resistance and durability in chloride-rich environments, attributed to their self-healing 
properties, as shown by electrochemical impedance spectroscopy. 
 

Keywords 
Zn-Co-CeO2; smart nanomaterials; self-repair; ceria-doping; nanocomposite 

 

Introduction 

The electrodeposition of nanocomposite coatings has emerged as a significant area of research 

within materials engineering, owing to their versatile applications and the ability to tailor properties 
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for specific uses. While various methods exist for producing nanocomposite coatings, 

electrodeposition offers distinct advantages, including operation at room temperature, precise 

control over coating thickness, applicability to complex geometries, and reduced equipment costs.  

However, the electrochemical deposition of composite coatings is influenced by numerous 

parameters. These include the composition of the deposition solution (specifically the concentration 

of metal ions and particles), characteristics of the particles (such as size, shape, and surface charge), 

the presence of additives, pH levels, and deposition parameters (including deposition mode, potential, 

current density, temperature, and agitation) [1-10]. Additionally, the geometry of the electrodes and 

the deposition solution plays a critical role in the process. A significant challenge in electrochemical 

deposition is the low dispersion stability of particles in high ionic strength solutions, which can lead to 

particle agglomeration in biphasic media [11-14]. To mitigate this issue, several techniques have been 

employed, including mechanical mixing and wet ball milling prior to or during deposition. Ultrasonic 

mixing has also proven effective in preventing agglomeration and enhancing the properties of 

nanocomposite coatings [15-22]. Nonetheless, despite these methods, the inherent tendency of 

nanoparticles to agglomerate poses ongoing challenges, often resulting in rough, porous, and poorly 

distributed coatings. This non-uniformity can induce microstress in the coating and reduce key 

properties such as hardness, wear and corrosion resistance.  

In terms of corrosion protection, ceria particles have demonstrated efficacy as corrosion 

inhibitors and are frequently integral to self-healing materials [23-29]. Self-healing materials are 

categorized as smart materials capable of autonomously repairing microscopic damage without 

external intervention. This inherent ability to self-repair enhances the longevity and durability of 

materials, making ceria-based composites particularly valuable in applications requiring sustained 

performance under harsh conditions. Ceria conversion films deposited via cathodic 

electrodeposition on steel, aluminium, pure zinc and zinc alloys exhibit high corrosion resistance 

[30,31]. Moreover, Zn-CeO2 composite coatings demonstrate enhanced corrosion protection 

compared to pure zinc coatings [32-34]. The incorporation of ceria into the zinc and zinc alloy matrix 

imparts self-healing properties, which are critical for addressing the primary limitation of zinc 

coatings: their durability in corrosive environments.  

Thus, the goal of this study is to produce Zn-Co-CeO2 composite coatings from a particle-free 

deposition solution and to compare their morphology, composition, and corrosion resistance with 

those of coatings produced from biphasic solutions. This approach may address the main challenge 

in the composite production field, particle agglomeration and enhance the overall performance of 

composite coatings. Also, the aim of this study is the optimization of the deposition current density, 

which is a critical parameter influencing the amount of particles incorporated into the metal matrix 

[35-37]. While it is generally observed that particle content tends to increase with increasing current 

density and particle loading in the bath until a saturation point is reached, establishing a direct 

correlation between current density and particle content can be complex and may vary significantly 

based on the specific particles used. In some cases, the incorporation rate of particles may 

continuously decrease or display a peak as current density increases [12,38,39]. This behaviour is 

closely related to the dynamics of metal deposition and highlights the need for careful optimization 

to achieve the desired particle distribution within the coating and final properties of the coating. 

Experimental  

The preparation of AISI-1010 steel plates for the coating deposition process involves several 

steps. Initially, the steel is ground using silicon carbide abrasive paper of varying grits (No. 600, 800, 
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1000). This is followed by rinsing with distilled water, degreasing in a saturated NaOH solution in 

ethanol for 30 seconds, and then rinsing again with distilled water. The substrates are then etched 

in a HCl:H2O (1:1 v/v) solution for 30 seconds and subsequently rinsed with distilled water. 

Composite coatings are deposited at various current densities: j = 1, 2, 3, 5, and 8 A dm-². A zinc 

anode with a purity of 99.99% is employed during the deposition. Two distinct solutions containing 

different sources of cerium ions (pH 5.5) are used. All used chemicals were analytical grade and 

produced by Sigma Aldrich. Both deposition solutions contain the following components: 0.1 M 

ZnCl₂; 0.8 M H₃BO₃; 3 M KCl; 0.03 M CoCl₂. In particle-free solution, 2 g/L of CeCl₃ is added, while 

the biphase solution contains 2 g/L of solid CeO₂ particles (particles size <50nm, according to 

producer). The plating solutions were stirred during the deposition by a magnetic stirrer at 300 rpm 

in order to minimize particle agglomeration. Also, the solutions were stirred for 10 minutes before 

electrodeposition to ensure the homogeneous distribution of particles in the plating solution 

throughout the deposition process. The deposition time for the composite coatings was calculated 

based on Faraday's law to achieve a target thickness of 10 µm. The morphology of the composite 

coatings was examined by scanning electron microscopy (SEM) (Tescan Mira) and composition was 

determined by energy dispersive X-ray spectroscopy (EDAX). Corrosion testing of the composite 

coatings is performed using a ZRA Reference 600 potentiostat from Gamry Instruments, utilizing 

electrochemical impedance spectroscopy (EIS) for analysis. The impedance spectra are recorded 

within a Faraday cage at the open circuit potential, spanning a frequency range of 100 kHz to 10 

mHz, with an alternating voltage amplitude of 10 mV. A platinum mesh is employed as the counter 

electrode, while a saturated calomel electrode serves as the reference electrode, positioned in a 

Luggin capillary opposite the sample. The experimental data are subsequently analysed and fitted 

using the Gamry Echem Analyst software. 

Results and discussion 

Morphology of composite coatings 

The morphology of electrodeposited composite coatings as a function of the deposition current 

density, as well as a function of the type of the Ce source, is shown in Figures 1 and 2. The morphology 

of the composite coatings produced at the lowest tested current density (1 A dm⁻²) exhibited 

significant heterogeneity. The coating surface displayed irregularly distributed agglomerates 

interspersed with smaller structures. An increase in the deposition current density to 2 and 3 A dm⁻² 

resulted in a more uniform and globular surface morphology characterized by grains of consistent size, 

albeit with pronounced porosity. At a further increase to 5 A dm⁻², the coatings developed smaller 

agglomerates. The furrows and cavities on the surface are likely attributed to the intense hydrogen 

evolution during the deposition process. In coatings utilizing CeO₂ solid participles as a source of Ce, 

higher current densities lead to the formation of increasingly inhomogeneous structures. Notably, the 

initially smooth and compact morphology observed at lower current densities transitions to a rougher 

and more irregular surface as deposition current density rises. At a current density of 5 A dm⁻², the 

emergence of cauliflower-like structures is evident, with these agglomerates exhibiting larger sizes 

that progressively coalesce into larger formations over time. This phenomenon is likely attributable to 

the uneven distribution of current density across the coating surface. As protrusions develop, ions 

preferentially undergo reduction at these elevated points, which consequently results in a greater 

variety of irregular morphologies during the deposition process. The increase in deposition current 

density to 8 A dm-2 leads to heterogeneous morphology with visible CeO2 agglomerates on the coating 

surface. The EDAX spot analyses of the white agglomerates on the surface (Figure 2 (e)) verify the 

http://dx.doi.org/10.5599/jese.2522
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presence of cerium, confirming the considerable agglomeration phenomenon present in the biphasic 

plating solution.  

  

  

 
Figure 1. Morphology of the Zn-Co-CeO2 composite coatings deposited at: (a) 1, (b) 2, (c) 3, (d) 5 and  

(e) 8 A dm-2 from particles free plating solution (CeCl3 as Ce source). Scale bars 100 µm 

The coatings produced through deposition using CeCl₃ as the source of cerium ions exhibit a 

significantly more compact structure. Microscopic imaging reveals that these coatings are more 

homogeneous at lower current densities of 1 and 2 A dm⁻². Even at elevated current densities, there 

is a lack of pronounced larger agglomerates, contrasting sharply with the coatings derived from 

biphasic plating solution, which display more pronounced agglomeration. Also, there is a lack of 

agglomerates on the surface of the composite coatings deposited from particles-free solution even 

at 8 A dm-2, which confirms the primary goal of this work. The reduction of the coating porosity is 

also more than evident when a particle-free plating bath is used (CeCl3, Figure 1).  

100 µm 

(a) (b) 

(c) (d) 

(e) 
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Figure 2. Morphology of the Zn-Co-CeO2 composite coatings deposited at: (a)1, (b) 2, (c) 3, (d) 5 and 
(e) 8 A dm-2 from plating solution with solid CeO2 particles. Scale bars 100 µm 

This phenomenon arises from the distinct mechanisms of particle deposition. When using 

insoluble CeO2 nanoparticles, agitation plays a crucial role in the codeposition process. The fluid 

flow predominantly transports the particles to the growing deposit layer, with electrophoresis 

contributing to a lesser extent. The nanoparticles are subsequently incorporated into the deposit 

primarily through entrapment within the growing layer. Conversely, when CeCl3 is used, it dissolves 

in the plating solution. During the deposition process, specific local physico-chemical conditions at 

the zinc cobalt film interface promote the formation of a secondary phase consisting of cerium-

based hydroxides. This occurs due to localized alkalinisation resulting from the reduction of 

dissolved oxygen and water, which can be described as a coprecipitation process [40]. The formed 

cerium-hydroxide oxidizes to the CeO2 [41,42]. As a result, the lack of microstress and internal 

straining within the coatings leads to a more homogeneous and compact structure. 

(a) (b) 

(e) 

(c) (d) 
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The chemical composition of the composite coatings 

The chemical content of composite coatings deposited from particle-free and biphasic plating 

solution as a function of the deposition current density is shown in Figure 3. 

(a)  (b)  

Figure 3. Dependence of the (a) Co and (b) Ce contents in Zn-Co-CeO2 coatings on the deposition current 
density for the coatings deposited from the particles free (CeCl3 as a source of Ce) and biphasic plating solution 

(CeO2 solid particles) 

From Figure 3(a), it can be noted that the cobalt content in the composite coatings increases with 

an increase in deposition current density when using CeCl₃ as Ce source, reaching a maximum of 

approximately 12 wt.% at j = 3 A dm⁻², after which it levels off. In contrast, the influence of current 

density on Co content in composites derived from biphasic plating solution (CeO₂ particles) is 

negligible. Brenner categorized the electrochemical deposition of Zn-Co alloys as anomalous, where 

zinc, being more electronegative, is preferentially deposited. The line labelled CRL-Co in Figure 3(a) 

serves as a control reference line, indicating the ratio of Co²⁺ ions to the total concentration of metal 

ions (Co²⁺ and Zn²⁺) in the deposition solution. Since the Co content in the composite alloys 

deposited from both solutions is substantially below the CRL, we can infer that the deposition occurs 

via an anomalous mechanism and that the presence of the ceria in the solution does not affect the 

deposition process of the Zn-Co. The cerium (Ce) content in the coatings remains low (below 

1.2 wt.%), which aligns with the low concentration of Ce in the deposition solution.  

The use of a particles-free plating bath did not lead to an increase in cerium content in the 

composite coating, which is in agreement with existing literature [40]. Furthermore, higher cerium 

content does not necessarily correlate with improved properties, as morphology and compactness 

also play a significant role in determining coating performance. Scanning electron microscopy 

observations indicate that the use of a particle-free plating solution enhances the compactness and 

overall appearance of the coatings (Figure 1). Unlike Co, the Ce content decreases with increasing 

deposition current density in both solutions. During the initial stage of deposition, nucleation and 

growth of nuclei compete. At high current densities, the reaction rate is higher, leading to a nucleation 

rate surpassing the growth rate of the nuclei. Conversely, at low current densities, the growth rate of 

the nuclei predominates. Consequently, the enhanced deposition rate at higher current densities 

limits the ability of CeO2 particles to be incorporated. The concentration of metal ions in the pre-

electrode layer surpasses the particles, leading to a faster reduction of the metal ions.  

Corrosion resistance of the composite coatings  

The effects of using single versus biphasic plating solutions and variation of the deposition 

current densities on corrosion resistance and durability of the deposited composite coatings in a 
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chloride-rich environment were evaluated by electrochemical impedance spectroscopy. The 

Nyquist diagrams, revealing the corrosion resistance of coatings produced at various current 

densities (1, 2, 3 and 5 A dm-²) from biphasic plating solution in the presence of CeO₂, are illustrated 

in Figure 4(a), (c), (e) and (g). These diagrams exhibit two depressed semicircles, indicating two 

distinct time constants within the investigated frequency range. Notably, the diameter of the 

dominant semicircle, which represents the charge transfer process, increases upon exposure to NaCl 

solution. This impedance growth may be attributed to the formation of a pseudo-passive protective 

layer composed of corrosion products on the metal surface in contact with the corrosive medium, 

or it may reflect a self-healing effect of the substrate. Coatings deposited at a current density of 

1 A dm-² demonstrate significantly lower initial resistance compared to those obtained at 2 A dm-². 

Both samples exhibit an increase in resistance over the exposure to NaCl, with the coatings 

produced at 2 A dm-² displaying superior corrosion stability. Coatings deposited at 3 A dm-² exhibited 

lower impedance values compared to those obtained at 2 A dm-², although both showed an increase 

in impedance value over time. In contrast, the resistivity of coatings deposited at 5 A dm-² consis-

tently decreased over time, likely due to their inhomogeneous morphology, which includes porosity 

and defects. This structural irregularity may compromise the integrity of the protective layer, 

leading to reduced corrosion resistance.  

Coatings produced with CeCl₃ as the source of cerium ions exhibited similar behaviour, as 

evidenced by the Nyquist diagrams in Figure 4(b), (d), (f), (h), although the resistivity of these 

samples was significantly higher compared to coatings produced from the biphasic plating solution. 

The durability of these coatings in aggressive corrosion media, like chloride-rich solution, was 

significantly increased. There could be several explanations for this phenomenon. The more homo-

genous morphology and increased compactness is surely one of the reasons, as a consequence of 

the utilization of the particle-free plating bath and suppressed incorporation of agglomerates inside 

the coating. In addition, since the deposition mechanism incorporating CeO2 is changed in this case, 

a better distribution of the particles in the coatings is achieved. When homogeneously distributed 

cerium is throughout the coating, it could be accessible for the formation of CeO2 through a pH-

driven process [40], which, in turn, results in repairing the damage on the substrate surface after 

attack of the Cl- anions and oxygen present in the corrosive media. Since ceria is known to have the 

self-healing effect [12,17,23,27,29], along with the passive layer formed on the coatings surfaces, it 

provided good corrosion protection during 2 weeks in NaCl solution for Zn-Co-CeO2 coatings 

produced from particles free plating bath. The same coatings deposited from the biphasic plating 

solution were able to protect the steel only for up to 5 days in the same corrosive media. 

For nearly all current densities tested, the impedance values for Zn-Co-CeO2 coatings deposited 

from particle-free plating bath (CeCl₃) were higher than those for Zn-Co-CeO2 coatings deposited 

from biphasic plating solution (CeO₂) (Figures 4 to 6). Notably, the coatings deposited at a current 

density of 3 A dm-² showed the best performance, maintaining high resistance values throughout 

the 2-week testing period. The phase angle versus frequency diagrams clearly exhibit two time 

constants during the initial exposure to NaCl solution (Figures 5 and 6). The time constant observed 

at medium frequencies is associated with the resistance of solution penetration through the 

composite coating and the passive layer made of corrosion products formed on its surface [43].  

The second time constant, occurring at lower frequencies, pertains to the electrochemical 

processes at the substrate/composite coating interface [44]. The Zn-Co-CeO₂ composite coatings 

result in only temporary corrosion protection of the underlying steel due to their porosity.  
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(a)

 

(b) 

 
(c) 

 

(d) 

 
(e) 

 

(f)

 
(g) 

 

(h) 

 
Figure 4. Nyquist plots of composite coatings deposited at: 1 A dm-2 (a) from biphasic solution-CeO2 particles, 
(b) particles free solution-CeCl3; 2 A dm-2 (c) from biphasic solution, (d) particles free solution; 3 A dm-2 (e) from 
biphasic solution, (f) particles free solution; 5 A dm-2, (g) from biphasic solution and (h) particles free solution 

The impedance values at low frequencies decreased in NaCl after some time (Figures 5 and 6), 

indicating electrolyte infiltration through the coating and subsequent corrosion progression.  

 



M. Mitrović et al. J. Electrochem. Sci. Eng. 15(1) (2025) 2522 

http://dx.doi.org/10.5599/jese.2522   9 

(a) 

  
(b) 

  
(c) 

  
(d) 

  
Figure 5. Bode plots of composite coatings deposited at 1 A dm-2 (a) from biphasic plating solution-CeO2 

particles, (b) particles free solution -CeCl3; 2 A dm-2 (c) from biphasic plating solution, (d) particles free 
solution; 3 A dm-2  
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(a) 

  
(b) 

  
(c) 

 
 

(d) 

  
Figure 6. Bode plots of composite coatings deposited at: 1 A dm-2 (a) from biphasic plating solution, (b) 

particles free solution; 5 A dm-2 (c) from biphasic plating solution, (d) particles free solution 
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However, over a longer time in the NaCl environment, the impedance values at low frequencies 

increase again, and only the second time constant remains visible. Eventually, the phase angle 

exhibits a single maximum position between the original two. This behaviour is often characteristic 

of coatings that facilitate a self-healing effect. As the electrolyte continued to penetrate, CeO₂ 

particles diffused through the coating and accumulated at the active sites on the steel substrate. 

Given that CeO₂ has a low solubility [44], the observed high impedance values at low frequencies 

are to be expected. This behaviour suggests that the presence of CeO₂ particles contributes to the 

formation of a protective layer that enhances the corrosion resistance of the substrate. By fitting 

the obtained EIS results using the equivalent electrical circuits shown in Figure 7, where RΩ denotes 

the solution resistance, Rp is the resistance of the coating, Cc capacitance of the coating, CPE denotes 

the constant phase element corresponding to the double layer capacitance in parallel with the 

charge transfer resistance (Rct), it is possible to determine the charge transfer resistance values.  

 
Figure 7. Equivalent electric circuits used for fitting the electrochemical impedance data; R.E. reference 

electrode, W.E. working electrode 

Figure 8 illustrates the dependence of Rct values on the exposure time of the coatings deposited 

at various current densities (1, 2, 3, and 5 A dm-²) and from different plating solutions (containing 

CeO₂ or CeCl₃) to the NaCl solution. Initially, all tested coatings at all current densities exhibit a 

decrease in Rct values, which can be attributed to the contact of the metal surface with the 

electrolyte. After a certain exposure time, the Rct values of the composite coatings begin to increase 

and then stabilize, reaching a plateau of nearly constant values. This behaviour suggests a gradual 

development of a protective layer, enhancing the corrosion resistance of the coatings over time. 

The plateau in Rct values corresponds to the formation of a passive layer of corrosion products on 

the metal surface, effectively hindering further substrate activity.  

Notably, significantly higher Rct values were observed for the Zn-Co-CeO2 composite coating 

produced from particle-free plating solution compared to the Zn-Co-CeO₂ coating from the biphasic 

solution, confirming the superior corrosion stability of the coatings derived from CeCl₃ containing 

bath. The persistence of this phenomenon over extended exposure to NaCl suggests the presence 

of a layer with a low solubility product from the CeO₂ layer, indicative of a self-healing effect of the 

substrate. Based on the EIS results, it can be concluded that composite coatings based on Zn-Co 

alloy and cerium obtained from CeCl₃ exhibit better corrosion stability than those deposited from 

CeO₂ based bath. When CeO₂ particles are utilized for composite alloy formation, they tend to 

precipitate at the site of damage, where corrosion processes have initiated, likely forming a 

physisorbed layer of CeO₂. In contrast, the cerium-based layer produced via a pH-driven process in 

coatings produced from solution with CeCl₃ appears to provide enhanced protection. Cerium can 

undergo oxidation-reduction cycles between Ce(III) and Ce(IV) due to the presence of oxygen 

vacancies and the small energy difference between its 4f inner and outer valence electrons [45]. 

The Ce(IV) hydroxides begin to precipitate around pH 4 [46], while Ce(III) hydroxides start to form 
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at around pH 8 [46]. These hydroxides serve as reaction intermediates for the formation of CeO₂. In 

CeO₂, cerium atoms predominantly exist in the +4 oxidation state. However, the presence of missing 

lattice oxygen atoms in this highly reducible oxide indicates that two Ce(III) ions are situated near 

each oxygen vacancy [45]. Thus, the formed protection layer always consists of a mixture of Ce(III) 

and Ce(IV) species, along with Zn and Co oxides/hydroxides. A key factor in the superior 

performance of the CeO₂ layer is its adhesion to the metal substrate, which is likely stronger when 

formed in situ from Ce(III) through a pH-driven process. In contrast, CeO₂ particles precipitated from 

the alloy during corrosion may not bond as effectively with the substrate.  

 (a) (b)  

 
Figure 8. Charge transfer resistance values (Rct) of composite coatings deposited from (a) biphasic plating 

solution - CeO2 particles and (b) single plating solution - CeCl3 as Ce source 

Conclusions 

The results shown indicate that deposition current density significantly influences the 

morphology, chemical composition, and corrosion resistance of composite coatings, irrespective of 

the particle source. Specifically, lower current densities yield finer-grained coatings with strong 

adhesion to the substrate and enhanced compactness. In contrast, higher current densities produce 

uneven coatings that exhibit reduced compactness and visible surface porosity as a consequence of 

uneven current distribution. Additionally, increased current density correlates with lower 

incorporation of CeO2 particles within the coating. Given that cobalt concentrations were 

significantly below the critical reduction limit, the presence of particles in the plating solution did 

not alter the deposition mechanism of the Zn-Co alloy, which remained anomalous regardless of the 

ceria source. Utilizing a single plating solution effectively suppressed particle agglomeration, 

resulting in coatings that were more homogeneous, denser, and demonstrated improved corrosion 

resistance and durability due to their self-healing ability in chloride-rich environments. 
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Abstract 
Al-Mg alloys were potentiostatically electrodeposited from electrolyte with AlCl3, NaCl, KCl 
and MgCl2 at 180 °C for aircraft applications. The electrode setup includes a Cu cathode,  
Pt-mesh anode, and Al-rod pseudo-reference electrode. Cyclic voltammetry (CV) reveals the 
Al deposition sources as Al2Cl7-and AlCl4-. The Mg deposition source can be a reaction 
between Al2Cl7- and MgCl2, and MgCl2 dissociation (both releasing Mg2+). Depositions at 
overpotentials: -1.03, -1.05, -1.06, and -1.10 V show current density-time curves with almost 
steady-state j, indicating planar diffusional growth. This is confirmed by layer-like 
morphologies with near-globular growth features. The average feature size decreases to  
-1.06 V and increases slightly at -1.10 V due to further deposition over the existing features. 
The deposit composition (Mg content) increases from 0.36 to 5.68 at.% from -1.03 to  
-1.10 V. Such a wide range of Mg content is obtained through minimal compositional changes 
in spent electrolytes, indicating the ease of less-noble Mg deposition. Al-Mg deposition 
scheme is devised with Al and Mg deposition perceived as Al3+ + 3e- → Al and Mg2+ + 2e-→ Mg; 
and 2Cl- →  Cl2(↑)+ 2e- supplying electrons for deposition. 

Keywords 
Aluminum; magnesium; potentiostatic deposition; morphology; composition; scheme 

 

Introduction 

Aluminum (Al) - magnesium (Mg) alloys are very promising in aircraft applications due to their light 

weight and good corrosion resistance [1-5]. Al-Mg alloys have been conventionally produced through 

thermal processing, casting, conventional metal forming techniques, vapor phase deposition, 

etc. [6,7]. However, these methods of producing Al-Mg alloys incorporate defects such as internal, 

stresses, pores, and inhomogeneities in compositions and yield undesired morphologies, etc. [7].  
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Electrodeposition is a versatile technique for Al-Mg deposition due to its advantages, such as 

obtaining desired morphologies, uniform alloy composition, lower heat stress in the core alloy, and 

control over the thickness of the deposit [8]. Electrodeposition offers several parameters, such as 

potential/current, electrolyte composition, temperature, agitation, pH, etc, for achieving control 

over the deposit characteristics [9].  

Electrodeposition of Al-Mg alloys is a challenge and has been attempted by only a few groups [9-18]. 

Aqueous electrolytes cannot be used for the electrodeposition of Al and Mg as the reduction 

potentials of Al (-1.67 V vs. NHE) and Mg (-2.356 V vs. NHE) are lower than that for water electrolysis 

(Eo
H2OOH= -0.828 V vs. NHE) [18]. Hence, water electrolysis occurs preferentially when attempting to 

deposit Al and Mg from aqueous solutions. Also, it is noteworthy that Al is nobler than Mg and, hence, 

can deposit preferentially over Mg. This creates a problem of not being able to deposit Mg to a desired 

composition when depositing Al and Mg together using non-aqueous electrolytes.  

Electrodeposition Al and its alloys have been carried out using non-aqueous molten salts [13], ionic 

liquids [12,15-17,19], Grignard reagents [11], and organometallic electrolyte systems [9,10,18]. Due 

to their hygroscopic and/or moisture-sensitive nature, the non-aqueous electrolytes are handled in 

inert atmosphere conditions, which offers another challenge. In literature, deposition of a maximum 

of 13.3 at.% Mg in Al-Mg alloys was reported by using ionic liquids by adding AlCl3 to a 1,3-dialkyl- 

-imidazolium chloride or benzene in the presence of tetrahydrofuran/crotyl alcohol [17]. Also, 

deposition cannot occur if the ionic liquid is basic [15]. Further, a clear trend of deposit compositions 

versus overpotentials/current densities is absent from these electrolyte systems [12,15-17,19]. In a 

work by Mayer, electrolytes comprising of NaF, KF, Al(C2H5)3, Al(C2H5)3, tri-iso-butyl-aluminum (iBu3Al, 

where Bu = -C4H9) and Mg(C2H5)2 prepared from Grignard reagents deposited Al-Mg alloys only if 

aluminum alkyl/magnesium alkyl mole ratio is  3.5, else pure Mg was deposited [11,20]. 

In our earlier extensive work on Al-Mg deposition from organometallic-based electrolytes, we 

reported the deposition of a wide range of compositions and morphologies of Al-Mg alloys by 

employing Na[Al(C2H5)4] + 2Na[(C2H5)3Al-H-Al(C2H5)3] + 2.5Al(C2H5)3 + 6toluene [18,21]. For example, 

morphologies with crystallographically consistent facets/feather-like morphology always possess 

1 to 7 at.% Mg [22]. Smooth globular dendrites contain 20 at.% Mg [21]. Rough globular dendrites, 

which always form over the smooth ones, possess 65 to 80 at.% Mg [23]. Unfortunately, most of 

these electrolyte systems discussed here are very difficult to handle requiring extra precautions, are 

costly, and are banned in some countries.  

Molten salt-based electrolytes, e.g. chloride-based, etc., are relatively easier to handle, cheaper, 

and widely available in several countries. However, they are relatively less explored for the 

deposition of Al-Mg alloys, with systematic studies being scarce in the literature. For example, a 

stand-alone study by Li et al. [13] demonstrated Al-Mg composition in the range 2.41-9.14 at.% Mg 

using AlCl3-MgCl2-NaCl-KCl molten salt electrolytes. However, this system has yet to establish clear 

trends in Mg content with overpotential [13]. A trend of deposit compositions with overpo-

tentials/current densities, relations between the compositions of deposits and electrolytes, and Al-

Mg deposition schemes from molten salts are yet to be established. Most of the reported studies 

extensively deposited pure Al and its alloys (Al-Ti, Al-Sn, Al-Mn) on copper substrate. 

In the present study, Al-Mg alloy films were deposited using a chloride-based molten salt 

electrolyte containing AlCl3, NaCl, KCl, and MgCl2 at 180 °C. Here, a copper (Cu) strip was used as the 

working electrode to deposit Al-Mg alloys to facilitate the direct comparison of the obtained results 

with those reported in the literature. Potentiostatic techniques with overpotentials of -1.03, -1.05,  

-1.06 and -1.10 V with respect to open circuit potential were used for deposition. The current density-
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time (j-t) curves obtained from these depositions exhibit the typical characteristics and attain almost 

a steady-state current density, indicating planar diffusional growth (layer-like) of the deposits. This is 

confirmed by the morphologies of these deposits, which exhibit near-globular growth features in 

these Al-Mg layers. The average size of these features decreases up to -1.06 V. At -1.10 V, the size is 

slightly larger due to their growth by further deposition occurring over the already existing features. 

The composition (Mg content) of the deposits increases monotonously with the magnitude of 

overpotential. For example, 0.36 at.% Mg is obtained at -1.03 V and 5.68 at.% Mg is achieved at  

-1.10 V. This wide range of Mg content is achieved in the deposits through minimal changes in the 

spent electrolytes. This indicates that the present Al-Mg system has no obstacles to depositing less-

noble Mg under the employed conditions. Also, a possible Al-Mg deposition scheme is devised by 

considering the electrochemical (from cyclic voltammetry) and non-electrochemical reactions in this 

system. The Al and Mg deposition can be perceived as Al3+ + 3e- → Al and Mg2+ + 2e-→ Mg at the 

cathode. The electrons for these depositions are supplied by chlorine gas evolution (from CV) 

according to 2Cl- →  Cl2(↑) + 2e- at the anode. 

Experimental  

Electrodeposition of Al-Mg was conducted using a chloride-based molten salt electrolyte conta-

ining AlCl3, NaCl, KCl, MgCl2 (due to a non-disclosure agreement with the industry collaborators, the 

actual composition could not be revealed). Aluminium chloride (Reagent Plus®, 99 %) was procured 

from SIGMA; sodium chloride and potassium chloride (analysis grade) were purchased from EMPAR-

TA; and magnesium chloride (anhydrous, ≥98 %) was obtained from SIGMA. Since the chemicals are 

moisture and oxygen-sensitive, they were handled in a glovebox (MBRAUN EASYlabproi 4-port) under 

argon (Ar) atmosphere, which maintained O2 and moisture (H2O) at ˂ 0.1 ppm. These salts were 

melted together in the above-mentioned composition at 180 °C in a 10 ml beaker (electrochemical 

cell) to prepare the electrolyte. Several complexes can form in the electrolyte in its molten state. 

The complexes of Al, such as Al2Cl7-and AlCl4- are well established in the literature [24-28]. However, 

the complexes of Mg are not established in the literature. Nevertheless, there are suggestions for 

forming complexes such as Mg(AlCl4)2 in the literature [24]. Also, MgCl2 can combine with Al2Cl7- to 

form AlCl4- and Mg2+, according to Eqation (1) [15,16].  

2Al2Cl7- + MgCl2* ⇌ 4AlCl4-+ Mg2+ (1) 
*Mg2+ can exist as complex 

All the electrochemical experiments were conducted using a fresh stationary electrolyte at 180 °C 

in this cell and a CHI660E electrochemical workstation. A commercial Copper (Cu, 98 % pure, Patel) 

strip was used as the working electrode (WE). Prior to the experiments, this Cu strip was polished 

manually using sand papers (120C, 200C, 400C, 800C, 1000C, 2000C) followed by diamond paste (6 to 

12 µm and 3 to 5 µm), alumina powder (1 µm) and finally by diamond paste (0.5 to 1 µm). Platinum 

mesh (Pt, 99.9 % pure, CH Instruments) was used as the counter electrode (CE), and an Aluminum (Al, 

99.99 % pure, PureSynth) strip was employed as the pseudo-reference electrode (RE). The Al RE was 

polished using sandpapers (80C, 120C, 200C, 800C, 1000C) before employing it. Prior to the 

electrochemical experiments, open circuit potential (OCP) was measured. In order to identify various 

anodic activities such as Al-Mg dissolution, Cu dissolution and Cl2 evolution, linear sweep voltammetry 

(LSV) was performed from OCP on (i) Cu strip with Al-Mg deposit on it, (ii) Pt rod with Al-Mg deposit 

on it and (iii) bare Pt rod. The results from these LSVs are shown in Figure 1(a). From Figure 1(a), the 

bare Pt rod substrate exhibits a signature of only Cl2 evolution [29]. The Pt rod with an Al-Mg deposit 

on it, however, exhibits a wide anodic peak and plateau for Al-Mg dissolution [25,30] and for Cl2 

http://dx.doi.org/10.5599/jese.2518
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evolution [29], as indicated in Figure 1(a). From these results, the peaks for Al-Mg dissolution, 

Cu dissolution and Cl2 evolution can be clearly distinguished in the LSV curve from the Cu strip with an 

Al-Mg deposit on it, as seen in Figure 1(a). Moreover, it must be noted that though Cu dissolution 

exhibits the highest activity (in terms of the current density), this anodic reaction would not happen 

during Al-Mg deposition on Cu. Cyclic voltammetry (CV) was performed by starting from OCP and 

between the switching potentials of -2.00 and +2.00 V vs. Al at a scan rate of 10 mV s-1. The results of 

the potentiostatic electrodeposition experiments are reported here in terms of the overpotentials. 

The overpotentials were calculated as the difference between the applied potentials and OCP. The 

potentiostatic electrodeposition experiments were performed for 120 s at the applied potentials of  

-0.52, -0.55, -0.57 and -0.60 V vs. Al. These applied potentials correspond to the overpotentials of  

-1.03, -1.05, -1.06 and -1.10 V, respectively. Following the electrodeposition experiments, the WE 

were cleaned to remove any adhered solidified molten salt by ultrasonicating it in distilled water for 

15 minutes. After every electrodeposition experiment, the spent electrolyte was transferred to an 

alumina crucible within the glove box. After the spent electrolyte in the crucible was solidified, it was 

brought outside the glovebox. The solidified spent electrolyte was handled in a fume hood by adding 

a few drops of water for neutralizing. The electrolyte was not disturbed until the end of fuming. Once 

the fuming ended, the spent electrolyte turned transparent and dried in a hot air oven at 120 °C. 

Eventually, this spent electrolyte was sent for compositional analysis. 

Morphological and compositional analyses were performed on the deposits in as-deposited 

conditions on the Cu strip. For morphological analysis of the deposits, a JEOL FEG-SEM (JSM-7600F) 

scanning electron microscope (SEM) was employed in gentle beam-low (GB-L) mode. Compositional 

analysis was performed on both deposits and the spent electrolytes using an energy dispersive 

spectrometer (EDS) as an accessory to the SEM. The phase analysis was performed using Rigaku  

X-ray diffractometer (XRD, SmarLab 9 kW, Cu, K,  = 0.15406 nm, 160 mA, 45 kV). The phases were 

indexed using ICSD code 44321.  

Results and discussion 

Cyclic voltammetry 

Figure 1(b) shows the cyclic voltammogram for the electrodeposition of Al-Mg alloys from the 

employed molten salt. The scan begins from OCP (+0.48 V vs. Al) and eventually progresses into the 

cathodic segment towards -2.00 V vs. Al. The scan direction is shown by the arrows in Figure 1(b). 

While progressing in the cathodic segment, the scan exhibits a slight cathodic hump with a subtle peak 

at around -0.41 V vs. Al due to the Al deposition from Al2Cl7- according to Equation (2) [25-28]. 

4Al2Cl7- ⇌ 7AlCl4- + Al3+    (2) 

Further progress of the scan results in another cathodic hump in the cathodic segment around a 

peak value of around -1.04 V vs. Al. This cathodic peak arises from the Al deposition from AlCl4
- 

according to Equation (3) [25-28]. 

AlCl4- ⇌ Al3+ + 4Cl- (3) 

A careful observation suggests that the peak of Al deposition from AlCl4
- is relatively more 

pronounced than Al deposition from Al2Cl7-. This suggests that the concentration of Al2Cl7- is possibly 

smaller (than that of AlCl4-) at the beginning of the CV. With the progress of CV, more AlCl4- is 

produced according to Equations (1) and (2). This additionally produced AlCl4
-, apart from its 

originally present concentration in the electrolyte, could lead to the pronounced peak for Al 
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deposition from AlCl4-. It should be noted that both Al2Cl7- and AlCl4- can indulge in a non-

electrochemical reaction according to Equation (4) to produce Cl- [29,30]. 

2AlCl4- ⇌ Al2Cl7- + Cl- (4) 

The progress of CV towards negative potential beyond the Al deposition from AlCl4- (Equation (3)) 

results in a steep increase in the current density to a very high value (Figure 1(b)), rendering an 

appearance of developing towards a large cathodic peak. However, such a cathodic peak is not 

attained by the time the scan reaches the negative switching potential of -2.00 V vs. Al. Hence, a 

trivial and partial reason for this large cathodic peak to be still in its developmental stage is that the 

scan was retracted towards a potential positive to the switching potential of -2.00 V vs. Al. The other 

reason this peak is still in its developmental stage is the deposition of Mg2+ from the electrolyte 

within these potentials. Mg can deposit from the employed chloride-based molten salt system 

according to Equation (1). Moreover, the possibility of Mg2+ deposition from un-complexed MgCl2 

according to Equation (5) [11,31-34] cannot be ruled out. From Figure 1(b), it is evident that the 

system did not reach diffusion limitation with respect to the concentration of Mg2+, leading to this 

cathodic peak still being in its developmental stage.  

MgCl2 ⇌ Mg2+ + 2Cl- (5) 

Upon retracting the CV scan in the anodic segment, the first prominent anodic peak was obtained 

at +0.45 V vs. Al (Figure 1).  

 
Figure 1. (a) Anodic linear sweep voltammetry curves from Pt substrates with and without  

Al-Mg deposit and Cu substrate with Al-Mg deposit on them. (b) Cyclic voltammogram on Cu using the 
present electrolyte system employing Pt CE 

This peak is asymmetric and arises due to the anodic dissolution of Al and Mg that were deposited 

in the cathodic segment. Further progress of the scan towards the potentials more positive this 

anodic dissolution of Al and Mg lead to the appearance of another anodic peak due to the 

dissolution of Cu from WE. At the potentials immediately adjacent to the Cu-dissolution peak, the 

CV flutters in a wavy form mainly due to the chlorine gas evolution according to Equation (6). The 

source of this chlorine gas are Equations (3) to (5) [29].  

2Cl- → Cl2(↑) + 2e- (6) 

Cyclic voltammetry was used in the present study to identify various electrochemical reactions 

that can take place in this system and to choose potentials for electrodeposition. 

Potentiostatic electrodeposition of Al-Mg 

The current density-time curves from the potentiostatic deposition experiments are shown in 

Figure 2(a). The obtained curves are typical of electrodeposition and exhibit the following 
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characteristic stages (i) a steeply rising feature in the current density values corresponding to  

(Al-Mg) nucleation events (ii) a decreasing current density after the peak corresponding to the 

overlapping of diffusion zones of these nuclei; (iii) an almost steady-state current density due to the 

planar diffusional growth of the deposits [35]. The j-t curve of the deposit at -1.10 V is not as flat as 

that of the rest of the deposits (Figure 2(a)). As expected, the peak and the steady-state current 

density values are generally higher at the higher overpotentials. The steady-state current density 

values are plotted against overpotential in Figure 2(b). The steady-state current density from the 

deposit at -1.10 V is way higher than that from -1.06 V. Those from deposits at -1.05 and -1.06 V are 

similar and higher than that from the deposit at -1.03 V. Figure 2(b) also shows a guideline delineating 

the expected morphologies for the chosen overpotentials in this study. The shape of the guideline and 

the expected morphologies are almost universal (irrespective of the system)[36]. However, the values 

of the overpotentials and the steady-state current densities spanning this guideline can depend on 

the alloy system being deposited [36]. From Figure 2(b), all the obtained steady-state current densities 

fall in the regime where layer-like or film morphology is expected.  

 
Figure 2. (a) Current density - time curves of Al-Mg electrodeposition on Cu; (b) Steady-state current 

densities versus overpotential with guidelines delineating expected morphologies 

Morphologies, composition and phases of the Al-Mg deposits 

The morphologies of all the deposits are shown in Figures 3(a)-(d) and possess near-globular 

features. The morphology within any given deposit is uniform as a consequence of potentiostatic 

deposition [37]. These morphologies represent the scenarios in the steady-state current density 

regimes since they are characterized at the end of the deposition. During the steady-state regime 

of the current density, the diffusion zones around the individual nuclei that were growing in the 

initial stages overlap, resulting in a blanket-like effect and ultimately yielding planar diffusion zones 

and growth. Such planar diffusional growth of morphologies offers good coverage on the substrate 

(i.e., WE). For instance, the range of thickness obtained in the deposits is approximately between 

350-500 nm. At such an advanced stage of the deposition (where planar, i.e., film-like, growth is 

prevalent), the variation of morphology with thickness is expected to be very minimal, as seen here. 

However, the size of the near-globular features can change with the magnitude of the overpotential. 

For example, the obtained near-globular features are the coarsest in the deposit at -1.03 V and 

refine with the increase in the overpotential. The average size of these features (encircled in 

Figures 3(a) to 3(d)) is plotted as a function of overpotential in Figure 3(e). From Figure 3(e), it can 

be seen that the extent of the refinement of the features is the highest in the deposit at -1.06 V. 

From Figures 2(b) and 3(e), a significant increase in the steady-state current density from -1.03 to  
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-1.05 V leads to significant refinement in the feature size in the morphologies. Similarly, a small 

increase in the steady-state current density corresponding to the overpotentials from -1.05 to  

-1.06 V (Figures 2(b)) results in only a smaller extent of refinement in the average size of the features 

from these deposits. Interestingly, the average feature sizes are only slightly different in the deposits 

from -1.06 and -1.10 V, despite the very large difference in the steady-state current density between  

-1.06 and -1.10 V. This clearly shows that the average feature size is more sensitive to overpotentials 

up to -1.06 V, beyond which it becomes less sensitive. The reason for such a refinement up to -1.06 V 

is due to the increased charge transfer rate from -1.03 to -1.06 V. In addition, the number densities 

of the nuclei increase from -1.03 to -1.06 V, as more sites can get activated with an increase in the 

overpotential. The larger number density leads to the smaller feature size, as seen in Figure 3(e). In 

the deposit at -1.06 V, the density of the depositing nuclei is so high that no further nuclei can be 

accommodated beyond this overpotential. This leads to saturation in the number of nuclei 

depositing from -1.06 to -1.10 V. At -1.10 V, the additional energy supplied (i.e., charge transfer) by 

the overpotential contributes to the growth of the near-globular features by further deposition over 

the already existing features.  

 
  / V 2 / ° 

Figure 3. Morphologies of deposits at overpotentials (a) -1.03 V, (b) -1.05 V, (c) -1.06 V,  
(d) -1.10 V (representative near-globular features encircled), (e) average feature size versus overpotential, 

(f) representative X-ray diffraction pattern of Al-Mg deposits 
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This is probably because of the lower density of sites available for nucleation on the WE in this 

deposit for further nucleation events. This is why the j-t curve of the deposit is not as flat as that of 

the rest (Figure 2(a)). In fact, such a growth on the already existing features yields slightly coarsened 

near-globular features in the deposit at -1.10 V than that at -1.06 V (Figure 3(e)).  

The compositions were analyzed from EDS spectra, which are embedded in the SEM images for 

the respective deposits. All the spectra show strong signals of Cu arising from the Cu substrate. The 

signals for Al and Mg can also be seen in these spectra. While estimating the composition in terms 

of Al and Mg, the contribution from Cu was neglected. Moreover, the absorption and fluorescence 

effects were also taken into consideration while estimating the compositions. As seen from 

Figures 3(a) to 3(d), the Mg content in the deposit increases with overpotential.  

The XRD patterns of all the deposits are almost identical, with peaks corresponding to the face-

centred cubic (fcc) phase. A representative XRD pattern from these deposits is shown in Figure 3(f). 

Hence, all the morphologies shown in Figure 3(a) to 3(d), containing compositions in the range of 

0.36-5.68 at.% Mg, are supersaturated fcc-Al-rich solid solutions according to the equilibrium phase 

diagram of Al-Mg system [38]. This is expected as these deposits were obtained under highly non-

equilibrium conditions, as evidenced by the high magnitudes of the current densities (Figure 2(a)).  

Composition analysis 

The Mg contents in the deposits and those in the spent electrolytes are plotted versus 

overpotential in Figure 4(a). From Figure 4(a), higher Mg is obtained in the deposits at the higher 

overpotentials. For example, the Mg content in the deposit at -1.03 V is 0.36 at.% and increases 

monotonously to 5.68 at.% in the deposit at -1.10 V. The standard reduction potentials of deposition 

(Eo
M+M, M =metal) of Al and Mg are -1.676 and -2.356 V vs. NHE, rendering Al nobler [39]. Hence, 

the deposition of the less-noble Mg is expected to be encouraged by overpotential, as is the case 

here (Figure 4(a)). Besides, the Mg content in the spent electrolyte does not significantly change 

with overpotential, as seen in Figure 4(a). In other words, a wide range of deposit compositions (i.e. 

Mg contents) can be obtained through minimal changes in the spent electrolyte compositions, as 

seen from the plot between the Mg content in the deposit versus that in the spent electrolyte in 

Figure 4(b).  

 
Figure 4. (a) Mg in the deposit and spent electrolyte versus overpotential; (b) Mg in the deposit versus Mg in 

the spent electrolyte 

For clarity, the overpotentials at which the depositions were performed are also indicated in 

parentheses in Figure 4(b) adjacent to every point. This is a crucial result as it indicates that the 

present Al-Mg system does not encounter any obstacles to incorporating Mg in the deposits under 
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the employed conditions. Such ease in obtaining deposits with a wide range of Mg contents suggests 

that the deposition scheme can be simple.  

Scheme of Al-Mg deposition 

A possible scheme of Al-Mg deposition is devised by considering the initial composition of the 

electrolyte prior to the deposition, various electrochemical (deciphered from CV), and non-

electrochemical reactions presented in Equations (1) to (5), and is shown in Figure 5. From the 

previous section, the deposition of Mg is envisaged as easy. The deposition of Al is, anyway, easy as 

it is a nobler metal, and its content in the deposits is much higher (Figures 4(a) and 4(b)).  

 
Electrolyte 

a1(2Al2Cl7- + MgCl2* ⇌ 4AlCl4- + Mg2+) 

a2(4Al2Cl7- ⇌ 7AlCl4- + Al3+) 
a3(AlCl4- ⇌ Al3+ + 4Cl-) 

a4(2AlCl4- ⇌ Al2Cl7 + Cl-) 
a5(MgCl2* ⇌ Mg2+ + 2Cl-) 

*Mg2+ can exist as complex 

Figure 5. Proposed scheme of Al-Mg electrodeposition using chloride-based molten salt electrolyte system 
employing Pt CE 

Hence, the electrochemical equations for the deposition of Al and Mg can be perceived as  

Al3+ + 3e- → Al and Mg2+ + 2e-→ Mg, both occurring at the cathode (Figure 5). Among all the electro-

chemical reactions perceived here, chlorine evolution (Figure 1) is the only anodic reaction (Figure 5). 

Hence, this is the reaction that supplies electrons for Al-Mg deposition. All the Equations (1) to (5) 

discussed above are shown in Figure 5. As mentioned earlier, it is assumed that MgCl2 can combine 

with Al2Cl7- to form AlCl4- and Mg2+, according to Equation (1) [15,16]. Combined with Equation (5), 

this equation can serve as the source of Mg for its eventual deposition. The sources of Al for its 

deposition are Equations (2) and (3); and those for chlorine evolution are Equations (3) to (5), all 

occurring within the electrolyte (Figure 5). These reactions can happen to various extents in respective 

regions (i.e., the electrodes and the electrolyte). The extents of reactions within the electrolyte are 

denoted with variables ai (i = 1 to 5) in Figure 5. Those for Al and Mg deposition at the cathode are 

denoted as yAl and yMg. Collectively, they are used to denote the extent of anodic reaction as y 

(Figure 5). Thus, Figure 5 represents the deposition scheme of Al-Mg alloys from the present chloride-

based electrolyte system. 

Conclusions 

Al-Mg alloys with desired morphology and composition were potentiostatically electro-

deposited from a chloride-based molten salt electrolyte containing AlCl3, NaCl, KCl, and MgCl2 at 

180 °C for aircraft applications. The alloys were deposited on a Cu cathode (working electrode) 

http://dx.doi.org/10.5599/jese.2518
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employing a Pt-mesh anode (counter electrode) and an Al rod as the pseudo-reference electrode. 

Prior to conducting the deposition experiments, cyclic voltammetry (CV) was performed to 

identify various electrochemical reactions in this system and to facilitate the choice of potentials 

for deposition. CV reveals that Al2Cl7- and AlCl4- are the sources for depositing Al. Mg can deposit 

due to the reaction between Al2Cl7- and AlCl4- (releasing Mg2+) and the dissociation of MgCl2 to 

Mg2+ and Cl-. Eventually, potentiostatic deposition was performed for 120 s at overpotentials of  

-1.03, -1.05, -1.06 and -1.10 V with respect to open circuit potential. The current density-time 

curves exhibit the typical characteristics such as an initially rising j-t portion due to nucleation 

events, followed by a steeply dropping portion suggesting the overlapping of diffusion zones of 

these nuclei, and finally, an almost steady-state current density portion indicating the prevalence 

of planar diffusional growth of the deposits. The steady-state current densities fall in the regime 

of obtaining layer-like morphology. This is confirmed by the morphologies of the deposits, all of 

which exhibit near-globular growth features in the layers of Al-Mg alloys. The average size of these 

features decreases up to -1.06 V. At -1.10 V. However, the size increases slightly due to the growth 

of these features as further deposition occurs over the already existing features. The composition 

(Mg content) of the deposits increases monotonously with the magnitude of overpotential 

(i.e. 0.36 at.% at -1.03 V; 5.68 at.% at -1.10 V). Such a wide range of Mg content in the deposits is 

obtained through minimal changes in the spent electrolytes. This indicates that the present Al-Mg 

system does not encounter obstacles to incorporating less-noble Mg in the deposits under the 

employed conditions. A possible Al-Mg deposition scheme is devised by considering the 

electrochemical (from CV) and non-electrochemical reactions in this system. The Al and Mg 

deposition can be perceived as Al3+ + 3e- → Al and Mg2+ + 2e- → Mg, both occurring at the cathode. 

The electrons for these depositions are supplied by chlorine gas evolution (from CV) according to 

2Cl- → Cl2(↑) + 2e-, occurring at the anode.  
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Abstract 
In the last decade, intensive research has been performed in the field of analytical electrochemistry, 
seeking designs of electrochemical sensors capable of providing better analytical characteristics in 
terms of sensitivity, selectivity, reliability, ease of fabrication and use, and low cost, especially for 
pharmaceutical drug monitoring. Our research has primarily focused on developing screen-printed 
electrode-based sensors and their application as electrochemical platforms for drug determination 
and monitoring, specifically emphasizing their suitability for surface modification. A commercial 
screen-printed graphene electrode was used as the electrochemical sensing component, which was 
subsequently modified with polymers, such as polyvinylidene fluoride and chitosan. All studied 
electrodes were tested using a doxorubicin hydrochloride (DOX) solution with a concentration of 
0.002 mol L-1 dissolved in 0.1 mol L-1 phosphate-buffered saline at pH 6.7. Cyclic voltammetry was 
used as an electrochemical characterization technique to gather data on all tested electrodes' 
electrochemical activity. The morphological characterization of the electrodes was done using 
scanning electron microscopy. The changes in the electrolyte during the electrochemical 
measurements were followed through ultraviolet-visible spectroscopy. The modified electrodes 
demonstrated a favorable electrochemical response to DOX and exhibited higher electrical 
conductivity than the commercial one. The characterization results indicated that the Ch-modified 
electrode exhibited excellent electrochemical conductivity and demonstrated strong electrochemical 
performance. The evaluations of this electrode comprised the definition of the lowest limit of 
detection and limit of quantification among the tested electrodes, with values of 9.822 and 32.741 
µmol L-1, respectively, within a linear concentration range from 1.5 to 7.4 µmol L-1. Additionally, the 
electrodes showed excellent repeatability, stability, and reproducibility, confirming their suitability 
for sensitive DOX detection. 

Keywords 
Graphene; polyvinylidene fluoride; chitosan; anticancer medication, sensing 

 

Introduction 

Doxorubicin hydrochloride (DOX) is a potent and widely used anticancer medication in the anthra-

cyclines class. Commonly referred to as the “golden standard”, DOX is highly effective against a broad 
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spectrum of malignancies, including breast cancer, lymphomas, leukemias, and sarcomas. DOX’s anti-

cancer and antitumor mechanism of action is related to the inhibition of DNA replication and trans-

cription processes through intercalation between base pairs, thereby leading to cell death [1]. Additi-

onally, it can generate cytotoxic reactive oxygen species, leading to oxidative stress and induction of 

apoptosis, effectively targeting rapidly dividing cancer cells and exerting cellular damage [2]. 

Despite its remarkable efficiency, DOX has limitations because of its severe acute and long-term 

side effects. One major concern is raised regarding its dose-dependent cardiotoxicity, which can 

lead to irreversible damage to the heart muscle and potentially compromise the long-term health 

of cancer survivors [3]. Therefore, monitoring and keeping the DOX concentration under control in 

patients following cancer treatment is critical to minimize the side effects during clinical trials, assess 

toxicity, and follow the therapeutic efficiency. 

Numerous analytical methods have already been reported for DOX determination and monitoring, 

using techniques such as high-performance liquid chromatography (HPLC), liquid chromatography 

coupled with mass spectroscopy (LC-MS), ultraviolet-visible spectroscopy (UV-Vis), fluorescence, 

etc. [4-15]. Although HPLC and LC/MS methods present the highest selectivity and sensitivity towards 

pharmaceutical molecules, all these techniques demand complicated and time-consuming sample 

preparation, making them unsuitable for rapid detection. Electrochemical methods receive much 

consideration due to their ease of use, inexpensive equipment, simple and fast manipulation, and real-

time sensing. Electrochemical sensors have been reported as one of the most favorable and practical 

methods for pharmaceutical compound detection in human blood samples, offering unique 

advantages such as miniaturization, portability, rapid response, and satisfactory selectivity and 

sensitivity [16]. Implementing nanotechnology to conventional electrochemical sensors results in 

enhanced sensing mechanisms due to nanomaterials’ superior properties. Electrochemical sensors 

based on nanomaterials show incredible performance due to their large specific surface area and high 

reactivity, making them a highly popular topic among researchers.  

Researchers continuously work towards improving the surface kinetics of electrodes to design 

electrochemical sensors with advanced performance and satisfactory results. Extensive research has 

been focused on screen-printed electrode (SPE) based sensors as electrochemical sensors for drug 

determination, particularly suitable for surface modification. Carbon nanomaterials (graphene, 

carbon nanotubes, carbon nanorods, carbon nanoflakes, etc.) are the most widely used nanostruc-

tures as electrode modifiers and an excellent choice for electrochemical sensor performance improve-

ment [17]. Graphene is suitable for electrochemical sensing applications because of its dimensions and 

improvement of the overall sensitivity when increasing the number of surface electroactive centers 

and enhancing the rate of electron transfer [18]. Moreover, polymeric modification by coating onto 

electrode surfaces offers significant flexibility. Polymers contain diverse functional groups, allowing 

for exceptional high surface coverage through thick multilayer coating [19]. Some commonly used 

polymers are chitosan (CH) and polyvinylidene fluoride (PVDF). Chitosan, a natural biopolymer, is a 

highly biocompatible amino saccharide, which can also be considered environmentally friendly due to 

its low toxicity [20,21]. Chitosan’s surface can be chemically modified with many functional groups, 

allowing chitosan-modified sensors to interact with the target analyte, such as DOX (Figure 1). There 

are active amino groups in the chitosan’s structure, allowing the attachment of the functional 

groups of other analytes. The amino groups are also determining the chitosan’s cationic nature. 

Moreover, using chitosan nanoforms enhances the sensing platform [21]. PVDF is a highly non-

reactive thermoplastic fluoropolymer known for its superior chemical resistance, versatility, and 

robustness, among other exceptional properties [22]. PVDF is a highly hydrophobic polymer, 
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allowing the analytes to adsorb on its surface through van der Waals forces and hydrophobic 

interactions. A unique combination of physicochemical characteristics has led to PVDF’s significant 

use in a wide range of applications. Over time, PVDF has emerged as the most extensively used 

material in electrochemical applications, where attributes such as high sensitivity, stability, and 

rapid response are needed [23]. 

 
Figure 1. Chemical structure of doxorubicin hydrochloride 

The aforementioned materials are extensively used for sensor development, as reported in the 

literature. Zhao et al. [24] developed an electrochemical sensor for the sensitive detection of DOX 

based on a novel synthesized electrode material that includes gold nanoparticles and multiwalled 

carbon nanotubes decorated with a covalent organic framework used for glassy carbon electrode 

modification. The designed sensor showed improved distribution of electroactive sites and higher 

affinity towards DOX, contributing to enhanced electrocatalytic sensor activity. The authors reported 

an improved linear range for DOX from 0.08 to 25 μmol L-1 with a low detection limit of 16 nmol L-1 in 

spiked human serum and cell lysate samples. A novel, two-dimensional nanocomposite with a 

mediator role in DOX’s detection has been proposed by Mehmandoust et al. [25]. The synthesized 

nanocomposite based on two-dimensional graphitic carbon nitride/sodium dodecyl sulfate/graphene 

nanoplatelets has been used for surface modification of screen-printed electrodes. The authors 

reported excellent electrochemical performance of the sensor, including a wide dynamic linear range 

from 0.03 to 1.0 μmol L-1 and 1.0 to 13.5 μmol L-1 with a low detection limit of 10.0 nmol L-1. Upon 

testing, the developed sensor showed excellent sensitivity, stability, good reproducibility, and 

repeatability toward DOX detection in real human plasma and urine samples, with correlation and 

variation coefficients below 6.0 %.  

An electrochemical sensor designed using tryptophan/(polyethylene glycol)ylated-CoFe2O4 nanopar-

ticles to modify glassy carbon electrodes for sensing DOX in clinical fluids has been proposed by Abbasi 

et al. [26]. Under optimized conditions, the proposed sensor exhibits a low quantification limit of 

30 ng mL-1 and dynamic linear limits from 30 ng mL-1 to 1.0 μg and 1.0 to 5.0 μg mL-1, respectively. Guo 

et al. [27] synthesized ternary nanocomposites with silver nanoparticles (AgNPs), carbon dots (CDs), and 

reduced graphene oxide (rGO), which were electrodeposited on a glass carbon electrode (GCE) and 

reported superior electrocatalytic activities for DOX reduction. They reported superior electrocatalytic 

activities for DOX reduction in the range from 0.01 to 2.5 μmol L-1 (R2 = 0.9956), and a low detection limit 

of 2 nmol L-1. An electrochemical device based on a screen-printed diamond electrode (SPDE) for a single 

drop quantification of DOX has been reported by Stanković et al. [28]. The authors observed high 

electroactivity over a wide range of pHs and a working linear range for DOX from 0.1 to 2.5 μmol L-1.  

Behravan et al. [29] developed an electrochemical sensor based on reduced graphene oxide (rGO)/ 

/gold (Au) nanoparticles/polypyrrole (PPy)/nanocomposite-modified glassy carbon electrode (GCE) 

for the detection of DOX. The optimization process determined pH 5.5 to be the optimal value. The 
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authors reported a high sensitivity of 185 μA mmol-1 L, a low detection limit of 0.02 μmol L-1, a wide 

linear range of 0.02 μmol L-1 to 25 mmol L-1, and excellent reproducibility and stability properties. 

Carbon dots/cerium oxide (CDs/CeO2) nanocomposites modified screen-printed carbon electrode has 

been developed by Thakurb et al. [30] for sensitive detection of DOX. The nanocomposite consisting of 

5 wt.% CDs (CDs-5.0/CeO2) was reported to have the highest oxidation response to DOX (20 μmol L-1) in 

a solution with a pH of 5. Moreover, the authors reported a linear concentration range of 0.2 to 20 μmol 

L-1 and a low detection limit of 0.09 μmol L-1. In addition to this, the modified sensor showed superior 

selectivity and sensitivity towards DOX. Other authors, Abhishek Singh et al. [31], also reported the 

use of carbon dots-based electrochemical sensors based on screen-printed carbon electrodes, but 

their nanocomposites consisted of carbon dots and magnesium oxide (CDs/MgO). They reported that 

the modification with 5 wt.% CDs (CDs-5.0/MgO) exhibited the highest oxidation response for DOX 

(10 μmol L-1) at pH 5 and a scan rate of 50 mV s-1. The testing was done in a linear concentration range 

of 0.1 to 1 μmol L-1 and a low detection limit of 0.09 μmol L-1. The proposed sensor showed superior 

selectivity towards DOX upon testing the effect of the common interfering agents.  

Sun et al. [32] developed a new acetylene black (AB) glassy carbon electrode (GCE) for the detection 

of DOX in human serum. The authors report detailed optimization of scanning rate, AB volume, 

concentration, DOX enrichment time, and pH as the main parameters that affect electrochemical 

detection. The oxidative peak current has been reported to be linearly proportional to DOX’s 

concentration in the ranges of 0.01 to 2.5 μmol L-1, with a detection limit of 3.006 nmol L-1. The 

method was found to be implemented for quantitative analysis of spiked samples of human serum 

with a satisfactory recovery from 91.22 to 101.34 %. Gold nanoparticles decorated-multi-walled 

carbon nanotubes (MWCNTs) have been used as an ultrasensitive electrochemical sensor by Sharifi et 

al. [33] for the detection of DOX. The authors report an efficient electrocatalytic reduction activity of 

DOX, which leads to a peak current density increase and a reduction in over-potential decrease. The 

modified electrode has demonstrated a wide linear concentration range from 10-5 to 1 mol L-1, with 

a low limit of detection (6.5 pmol L-1). The developed sensor exhibited appropriate selectivity, 

reproducibility, repeatability, and long-term stability.  

Alavi-Tabari et al. [34] worked on the simultaneous detection of DOX and dasatinib (DAS) using a 

ZnO nanoparticle/1-butyl-3-methylimidazolium tetrafluoroborate modified carbon paste electrode  

(ZnO-NPs/BMTFB/ /CPE). The modified electrode has been reported to exhibit a good oxidation 

response of DOX in a linear concentration range of 0.07 to 500 μmol L-1. The limit of detection was 

reported to be 9.0 nmol L-1. An electrochemical sensor for simultaneous detection of DOX and 

methotrexate (MTX) using carbon black (CB), cooper nanoparticles (CuNPs), and Nafion-modified 

glassy carbon electrode (CuNPs-CB-Nafion/GCE) has been reported by Materon et al. [35]. Under 

optimized conditions, the modified electrode showed a linear response range of 0.45 to 5.1 mol L−1, 

with a limit of detection of 24 nmol L−1. The authors demonstrated a successful application of the 

sensor to determine DOX and MTX in human urine and water river samples, with a spike recovery of 

nearly 100 % under optimized conditions.  

As a novel DOX sensor, Rahimi et al. [36] designed a modified screen-printed electrode with a bird 

nest-like nanostructured NiCo2O4 (BNNS-NiCo2O4/SPE). Their sensor exhibited a linear concentration 

range between 0.01 and 600.0 μmol L-1, with a detection limit of 9.4 nmol L-1. Graphene quantum dot 

(GQD)-modified glassy carbon electrode for determination of DOX has been investigated by 

Hashemzadeh et al. [37]. The authors determined a substantial decrease in the overvoltage (-0.56 V) 

of the oxidation reaction of DOX at low potential compared to ordinary electrodes. A wide linear 

concentration range of the modified electrode was reported from 0.018 to 3.600 μM, with a suitable 
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limit of detection of 0.016 μmol L-1 and a limit of quantification of 0.050 μmol L-1. The developed 

sensor has good linearity (R2
 = 0.9971), inter-day precision (3.33 % RSD), intra-day precision (5.03 % 

RSD), and accuracy. Mohammadi et al. [38] fabricated a sensor based on Ni-Fe layered double 

hydroxide (Ni-Fe LDH)-modified screen-printed electrode (Ni-Fe LDH/SPE) for the detection of DOX 

and DAS. The proposed sensor exhibited a broad linear concentration range from 0.04 to 585.0 μmol 

L-1, with a narrow limit of detection of 0.01 μmol L-1. The authors confirmed the practical application 

of the developed sensor by sensing DOX and DAS in biological matrices.  

An electrochemical sensor based on screen-printed electrodes for simultaneous detection of DOX 

and simvastatin (SMV) has been published by Rus et al. [39]. Different materials such as graphite, gold 

nanoparticles-decorated graphite, gold, platinum, and pencil graphite. have been implemented as 

working electrodes. The authors reported that the use of amperometry allowed for a better limit of 

detection (0.1 µg mL-1 for DOX) than the one obtained in voltammetry (1.5 µg mL-1). The limit of 

quantification using amperometry was 0.5 µg mL-1 in the dynamic concentration range of 0.5 to 65 μg 

mL-1, while using voltammetry was 1 μg mL-1 in the dynamic range from 1 to 100 μg mL-1. The authors 

concluded that the graphite electrodes showed the highest oxidation peak intensity for DOX and that 

the oxidation is reversible, involving the exchange of two protons and two electrons.  

Wang et al. [40] demonstrated the use of electrochemically pretreated glassy carbon electrodes 

(p-GCE) modified with vertically ordered mesoporous silica films (VMSF) for determination of DOX. 

The authors emphasize the pretreatment process as a simple and cost-effective way to improve the 

catalytic properties on the interface, allowing for stable growth of VMSF without using adhesive layers. 

The proposed sensor exhibits ultrahigh sensitivity of 23.94 μA μM−1, a low detection limit of 

0.2 nmol L-1, along with a wide linear concentration range from 0.5 nmol L-1 to 23 μmol L-1. An 

electrochemical sensor based on a cyclodextrin-graphene hybrid nanosheet-modified glassy carbon 

electrode (CD-GNs/GCE) has been reported by Guo et al. [41] for the detection of DOX and MTX. The 

linear response range under optimized conditions of the proposed sensor was 10 nmol L-1 to 0.2 μmol 

L-1, with a detection limit of 0.1 nmol L-1. Another sensor based on vertically ordered mesoporous silica 

films (VMSFs) and N-doped graphene quantum dots (NGQDs)-modified indium tin oxide (ITO) has 

been proposed by Zhang et al. [42]. The proposed sensor resulted in good analytical performance, 

such as a wide linear range (5 nmol L-1 to 0.1 μmol L-1 and 0.1 to 1 μmol L-1), high sensitivity 

(30.4 μA μmol-1 L), and a low limit of detection (0.5 nmol L-1). The authors reported good selectivity 

and recoveries of 97.0 to 109 % upon testing the modified sensor in human serum and urine samples.  

Haghshenas et al. [43] fabricated an oxidized multiwalled carbon nanotube/glassy carbon electro-

de (OMWCNT/GCE)-based sensor used for simultaneous detection of dopamine (DA) and DOX. Under 

optimal conditions, the modified electrode operated in the concentration range of 0.04 to 90 μmol L−1, 

with a detection limit of 9.4  nmol L−1. The authors successfully demonstrated the practical application 

of the modified electrode in human blood serum and urine samples. A nano-titania (nano-TiO2)/Nafion 

composite film-modified GCE has been synthesized and developed by Fei et al. [44]. The modified 

electrode greatly enhanced the reduction of DOX compared to the bare GCE. The authors reported a 

linear response of DOX in the range from 5.0 nmol L−1 to 2.0 mol L−1, with a detection limit of 

1.0 nmol L−1. The RSD of the inter-electrode is reported as 5.1 %, indicating the reproducibility of the 

method. The stability of the modified electrode was tested after 2-week air exposure, with a decrease 

of only 3.8 % in the initial response. The recovery of the modified electrode ranged from 94.9 to 104.4 

% in human plasma samples. A DOX sensor based on multiwalled carbon nanotubes (MWCNTs) and 

spinel-structured cobalt ferrite (CoFe2O4) magnetic nanoparticles (MNPs)-modified carbon paste 
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electrode has been developed by Taei et al. [45]. The proposed sensor under optimized conditions is 

characterized by a concentration range of 0.05 to 1150 nM, and a low detection limit of 10 pM.  

Electrochemical sensors have seen various innovations, as highlighted by recent studies [46-52]. 

The literature review conducted for this research focuses on implementing a specific and unique 

combination of materials tailored for DOX detection. Although all these studies valuably contribute 

to the field, none investigate the approach proposed in this manuscript: a polymer-modified screen-

printed electrode as a sensing substrate designed for sensitive and repeatable DOX detection. Our 

simple, cost-effective modification offers improved sensitivity and is optimized specifically for 

targeted DOX applications. The advantages of our developed sensor underscore the originality of 

our approach, presenting a novel and practical pathway in the electrochemical detection of 

pharmaceuticals.  

In this study, we investigated graphene-based screen-printed electrodes (SPEs) modified with 

polymers for the detection of DOX in a simulated biological matrix. The bare graphene SPEs were 

surface-modified using chitosan and polyvinylidene fluoride (PVDF) and their electrochemical 

performance was compared to that of commercial graphene SPEs. This paper presents a compara-

tive analysis of the electrochemical and physical properties of the polymer-modified graphene SPEs, 

aiming to develop a simple electrochemical sensor for detecting clinical concentrations of DOX. 

Experimental  

Commercially available SPEs, based on graphene (G) (model DS1100) were purchased from 

Dropsens Ltd, Llanera, Asturias, Spain, and further modified with polymeric coatings.  

All chemicals used were of analytical grade and used without further purification. Biocompatible 

natural polymer chitosan (Ch) and electroactive polymer polyvinylidene fluoride (PVDF), purchased 

from Sigma Aldrich, were used as electrode modifiers. PVDF was dissolved in N,N-dimethylacet-

amide at 2 wt.% concentration, deposited onto the surface of the commercial graphene SPE, and 

allowed to dry at room temperature. The same preparation method was used for the chitosan 

2 wt.% solution.  

Doxorubicin hydrochloride was purchased as Adrimisin®, Saba (2 mg mL-1) from a local pharmacy. 

The pure powdered active pharmaceutical ingredient was dissolved in distilled water to a 

concentration of 0.01 mol L-1. 0.1 mol L-1 phosphate buffer saline (PBS) was prepared following the 

method given in European Pharmacopoeia 11.0 (4014300), using sodium dihydrogen phosphate and 

disodium hydrogen phosphate dihydrate. The PBS was adjusted to pH 6.7 to simulate the normal 

human blood pH range. The electrolyte for the electrochemical measurements was prepared by 

adding a corresponding amount of the dissolved DOX solution to 20 mL of PBS, with a final 

concentration of 0.002 mol L-1. A calibration curve constructed from 1.5 to 7.4 μmol L-1 was used to 

estimate the limit of detection (LOD) and quantification (LOQ). LOD and LOQ were calculated based 

on S/N = 3 and S/N = 10, respectively. All electrochemical measurements were performed in 

triplicate at 25 °C by immersing the SPEs in the electrolyte solution. Figure 4 shows good contact 

between the solution and the three-electrode system.  

The electrochemical behavior of the modified electrodes towards DOX was investigated by cyclic 

voltammetry (CV). The experimental setup of the electrochemical measurements is shown in Figure 2. 

All CV measurements were obtained in the potential range from -0.05 to +0.6 V, under automatic 

current, with 5 scans. Various scan rates (20, 50, 100, 200, and 300 mV s-1) were employed for the 

determination of the electroanalytical parameters related to the DOX’s oxidation/reduction 

processes: the rate-determining step (adsorption or diffusion), electrochemical mechanism (Tafel’s 
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slope b, charge transfer coefficient α, and number of transferred electrons n), and double-layer 

capacitance CdI. After an optimization process, the scan rate range was carefully chosen to balance the 

sensitivity and stability of the redox signals for DOX. Lower scan rates (e.g., 10 mV s-1) could result in 

a prolonged analysis and might increase the potential for adsorptive interference, while higher scan 

rates (e.g., 400 mV s-1) may cause peak broadening or shift due to kinetic limitations and potential 

electrode surface effects. Thus, the chosen range provides robust, reproducible data while 

maintaining adequate signal clarity. The measurements were performed at room temperature, using 

the potentiostat/galvanostat SPELEC "Dropsens", Spain, operated with the Dropview software. 

 
Figure 2. Experimental setup of the electrochemical measurements 

Physical characterization of the SPEs was performed by scanning electron microscopy (SEM). The 

surface morphology of the SPEs was analyzed with FEI Quanta 2000 SEM, using a secondary electron 

detector and acceleration voltage of 30 kV, under a high vacuum. Before and after CV measure-

ments, the electrolyte was investigated using UV-Vis spectroscopy. UV-Vis measurements were 

conducted using a Spectroquant Prove 600 spectrophotometer within a wavelength scan range of 

200-800 nm. 

Results and discussion 

Electrochemical detection of doxorubicin hydrochloride  

The electrochemical profile of the modified SPEs and their sensitivity towards DOX were followed 

by CV in 0.1 mol L-1 PBS with pH 6.7. Three SPE systems were investigated, including commercial 

graphene (G), chitosan-modified graphene (G/Ch), and PVDF-modified graphene SPE (G/PVDF). The 

characteristic cyclic voltammograms of the tested electrodes, in 0.1 mol L-1 PBS and 0.002 mol L-1 

DOX solution, are shown in Figure 3a and 3b, respectively. Additionally, Figures 3c, 3d, and 3e display 

the individual voltammograms as a correlation between the current density (j) and the potential (E), 

along with the calculated values for the oxidation peak potential (Pox.), reduction peak potential 

(Pred.), and peak-to-peak separation potential (ΔEp). All voltammograms were scanned in the 

potential range of -0.05 to 0.6 V at a scan rate of 25 mV s-1. 
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Figure 3. Electrochemical detection of DOX. Tested SPEs’ cyclic voltammograms comparison in (a) 0.1 mol L-1 

PBS and (b) 0.002 mol L-1 DOX solution. Electrochemical parameters were calculated for (c) commercial 
graphene electrode; (d) chitosan-modified electrode and (e) PVDF-modified electrode in 0.002 mol L-1 DOX 

solution.  

The voltammograms in Figure 3a correspond to the measurements done in 0.1 mol L-1 PBS 

solution. The absence of peaks in PBS suggests that the electrolyte solution does not contain redox-

active species under the applied experimental conditions. PBS, being a buffer, is commonly used as 

a background electrolyte because it does not contain electroactive compounds that undergo 

oxidation or reduction at the applied potential range. The lack of peaks confirms that the SPEs 

exhibit minimal background current in PBS, ensuring a stable measurement baseline and a clear 
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distinction between the background response and any electrochemical signals that may appear 

upon adding an analyte, such as DOX.  

Two characteristic current peaks are observed in the electrochemical spectrum of the tested SPEs 

in the 0.002 mol L-1 DOX solution (Figure 3b), originating from the analyte. The peak labeled as Pox. 

in the anodic region of the voltammogram corresponds to DOX’s oxidation, while the peak labeled 

Pred. in the cathodic region corresponds to DOX’s reverse reaction of reduction. This indicates a 

reversible reaction on the electrode surface, which can proceed in both directions, as shown in 

Figure 4 [53]. 

 
Figure 4. Electrochemical oxidation of doxorubicin 

The reversibility of this reaction is contingent upon the electrode in which it takes place. The 

reaction is fully reversible when the oxidation (Pox.) and reduction (Pred.) peaks are situated at the 

same potential and exhibit equal intensities. Conversely, if the peak potentials are disparate and 

their intensities vary, the reversibility is substantially reduced.  

Upon comparing the obtained voltammograms, it is evident that the commercial graphene SPE 

(G) exhibits the strongest current response, which is expected according to the literature and may 

be ascribed to the superior conductivity and large surface area of graphene [54,55]. The commercial 

graphene SPE exhibited the most prominent anodic peak, attributed to its electrocatalytic effect and 

higher background current [56]. In addition, the oxidation (Pox.) peaked at 427 mV, surpassing the 

values of other modified electrodes by over 100 mV. Moreover, the potential difference between 

the anodic (oxidation) and cathodic (reduction) peaks, also known as peak-to-peak separation poten-

tial (∆Ep), showed a significant increase compared to other systems, reaching 263 mV. This indicates 

that the DOX oxidation reaction on the commercial graphene SPE is less reversible [57-59]. The 

polymer-modified graphene SPEs with chitosan (G/Ch) and polyvinylidene fluoride (G/PVDF), demon-

strate satisfactory electrochemical responses in comparison to the commercial graphene electrode. 

The intensified current density of the peaks (jPox. = 20.5 µA cm-2 for G/Ch and jPox. = 26 µA cm-2 for 

G/PVDF), lower potentials at which they appear (EPox. = 310 mV for G/Ch and EPox. = 322 mV for 

G/PVDF), and smaller peak-to-peak separation potentials (∆Ep = 168 mV for G/Ch and ∆Ep = 195 mV 

for G/PVDF) indicate a faster and more reversible electron exchange in the redox reaction shown in 

Figure 4 [57]. This is mainly attributed to the strong interaction of DOX with G/Ch and G/PVDF. DOX, 

having an aromatic structure, can interact with graphene through π-π and hydrophobic interactions, 

chitosan through hydrophobic and electrostatic interactions, and PVDF through surface adsorption 

[57,60,61]. The interaction mechanism between the surface-modified electrodes and DOX typically 

relies on functional groups’ reactions through hydrogen bonding, van der Waals forces, and 

hydrophobic interactions. 

After comparing the modified sensor electrodes, it can be concluded that the G/PVDF system 

exhibits a slightly stronger current response over the G/Ch system (26 compared to 20.5 µA cm-2). 

Conversely, the G/Ch system has the advantage of a lower potential for the oxidation reaction of 
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DOX (310 mV compared to 322 mV) and a smaller ∆Ep (168 mV compared to 195 mV), indicating a 

relatively higher reversibility of the reaction. 

The quantitative determination of DOX was performed under optimal conditions. A range of 

increasing DOX concentrations (1.5 to 7.4 µmol L-1) was used to establish the relationship between 

the concentration and the analytical signal, and this data was used for calibration curve 

construction. The sensitivity, LOD, and LOQ were also calculated from the calibration data.  

   

 
Figure 5. Linear correspondence between the current and DOX’s concentration for the (a) commercial 

graphene electrode; (b) chitosan-modified electrode and (c) PVDF-modified electrode 

Figure 5 illustrates the linear correlation between DOX concentration and the oxidation peak 

current for commercial and modified SPEs across various DOX concentrations. The modified 

electrodes exhibit strong linearity, with the chitosan-modified SPE showing the highest linear 

correlation, as described by iox. = 0.08763C - 3.14471 (R2 = 0.9937). The PVDF-modified electrode 

follows a linear equation of iox. = 0.15006C + 0.02431 (R2 = 0.98425). For comparison, the commercial, 

unmodified graphene SPE displays a linear relationship of iox. = 0.27388C - 12.98001 (R2 = 0.96964). 

These results highlight the improved electrochemical performance and linearity of the modified 

sensors, particularly the chitosan modification.  

The sensitivity was determined to be 0.088 µA µmol-1 L for the chitosan-modified and 

0.150 µA µmol-1 L for the PVDF-modified SPE, compared to a slope of 0.274 µA µmol-1 L for the com-

mercial electrode. Additionally, LOD and LOQ were calculated within the same concentration range 

used for linear correlation. The chitosan-modified SPE achieved the lowest LOD and LOQ among the 

electrodes, with values of 9.822 and 32.7406 µmol L-1, respectively. For the PVDF-modified SPE, the 
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LOD and LOQ were calculated to be 9.869 and 32.896 µmol L-1, respectively, showing moderate 

sensitivity compared to the chitosan-modified electrode. The commercial electrode had the highest 

LOD and LOQ values, at 9.943 and 33.144 µmol L-1, respectively. The results focus on the chitosan-

modified SPE exhibiting the lowest detection and quantification limits, indicating its superior 

sensitivity among the tested electrodes. 

Kinetic analysis and electrochemical mechanism determination of DOX’s oxidation 

Cyclic voltammograms scanned at different scan rates can usually be used for kinetic analysis of 

the oxidation process of DOX. The dependence of the current density at the oxidation peak Pox. on 

the scan rate can serve as a criterion for determining the reaction mechanism, specifically to identify 

the slow step of DOX oxidation, known as the rate-determining step. This helps to determine 

whether the reaction is controlled by an adsorption or a diffusion process of the reactants 

participating in the reaction. Figure 6 shows the voltammograms for both the commercial and 

polymer-modified SPEs.  

 
Figure 6. Cyclic voltammograms scanned at various scan rates for scan rate influence and kinetic analysis of 

the oxidation process of DOX onto (a) commercial G; (b) G/Ch and (c) G/PVDF modified electrode surface 

As the scan rate increases while testing the electrodes, the current density of all peaks increases. 

Moreover, the corresponding oxidation peak potentials shift towards the anodic direction (positive 

potential), while the reduction peaks shift towards the cathodic direction (negative potential). 

The criteria for determining the rate-determining step of the electrochemical oxidation of DOX 

could be jPox. vs. v, jPox. vs. v1/2, and log jPox. vs. log v plots are derived from the cyclic voltammograms 

shown in Figure 5 at the intersection line P-P’. The most eligible and confident criterion is the 

http://dx.doi.org/10.5599/jese.2501


J. Electrochem. Sci. Eng. 15(1) (2024) 2501 Electrochemical sensors for doxorubicin detection  

12  

log jPox. vs. log v plot [62,63]. The value of the linear slope is the criterion for the rate-determining 

step of the reaction. If it is less than 0.5, the rate-determining step is the diffusion of the reactants, 

and if it is greater than 0.5, then the rate-determining step is adsorption [62,64]. The plots and the 

calculation for the limiting step are presented in Figure 7. 

   

log 

Figure 7. Linear dependence of log jPox. vs. log v for (a) commercial G; (b) G/Ch and (c) G/PVDF SPEs 

The linear dependence of all three plots is characterized by a very high correlation (>0.99). The 

slope for the commercial graphene and the chitosan-modified electrode has a calculated value of 

0.789 (Figure 7a) and 0.899 (Figure 7b), respectively, unambiguously indicating that the rate-

determining step of both processes is adsorption [65]. The PVDF-modified SPE has a slope value of 

0.556 (Figure 7c), slightly higher than the boundary criterion, implying an adsorption or mixed 

control process [66,67].  

The linear dependence between the potential (EPox) of the oxidation current maximum (Pox.) and 

the logarithm of the scan rate (log v) can be used to determine the electrochemical mechanism of 

the process, such as Tafel slope (b) and the number of exchanged electrons (n). The Tafel slope can 

be calculated using the Eq. (1) and (2) [68,69]: 
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The constant term (const.) in Eq. 1 represents the integration constant, as this equation describes 

the integral relationship between the oxidation potential (EPox) and the logarithm of the scan rate 

(log v). In Eq. (2), which depicts the differential form of this relationship, the constant term is not 

applicable and has been removed to reflect the correct mathematical representation. 
 

 

 
Figure 8. Linear dependence of EPox vs. logv (a) commercial G; (b) G/Ch and (c) G/PVDF SPE 

Figure 8 presents the EPox and log v dependence for the studied systems and the linear equation 

for each system is given in the plots. Tafel’s slope values calculated using the data from the plots 

are 238 mV dec-1 for the commercial graphene, 260 mV dec-1 for the chitosan-modified, and 

218 mV dec-1 for the PVDF-modified SPE. The values are shown in Table 1.  

To calculate the number of transferred electrons, n, firstly, the charge transferred, q, needs to be 

calculated using the Eq. (3) [63]: 

B2.303  

 

k T
q
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=  (3) 

where kB is the Boltzmann constant (1.3810-23 J K-1) and T is the temperature of 298 K. The 

electron transfer coefficient, α, can be calculated using the Eq. (4) [70]: 
2.303RT

bF
 =  (4) 

where R is the universal gas constant (8.134 J K-1 mol-1), and F is the Faraday constant (96485 C mol-1). 

Finally, the number of transferred electrons, n, was calculated using the Eq. (5): 
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where the value 1.610-19 corresponds to the charge of one electron. The electrochemical oxidation 

of DOX involves an exchange of one electron for all three systems. All calculated values are shown 

in Table 1. The estimated values for the Tafel slope of graphene SPEs correlate with the literature 

data for the electrochemical oxidation of DOX in the range between 210 and 260 mV dec-1 [71]. 

These values indicate that the one-electron transfer process is the determining step in the 

electrochemical oxidation of DOX for all studied systems.  

Table 1. Electrochemical parameters (Tafel slope (b), electron transfer coefficient (), number of transferred 
electrons (n)) calculated for all three studied systems 

Electrode b / mV dec-1  n 

G 238 0.25 1 

G/Ch 260 0.23 1 

G/PVDF 218 0.27 1 

Double-layer capacitance 

The double-layer capacitance (Cdl) is intricately linked to the actual surface area of the electrodes. 

It can be calculated from the cyclic voltammograms shown in Figure 6. At the intersection C-C’, in 

the region where the electrochemical double layer charge and discharge, a log Cdl vs. v plot can be 

derived. Cdl can be calculated using Eq. (6) [72]: 

. cap.

dl

d d
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E v
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 (6) 

where E is the potential, v is the scan rate and jcap. is the capacitance current density, calculated as 

the average value of the absolute values of the anodic and cathodic currents densities at the C-C’ 

intersection potential points, or following Eq. (7): 

cat. anod.

cap.
2

j j
j

+
=  (7) 

The change of the capacitance current density with the scan rate (jcap. vs. v) exhibits a strong 

linear dependence, as presented in Figure 9.  

The slope of this linear dependence determines the double-layer capacity, Cdl, summarized in 

Table 2.  

Table 2. Double-layer capacitance calculated values for the studied systems 

Electrode Cdl / mF cm-2 

G 0.384 

G/Ch 0.338 

G/PVDF 0.046 
 

The commercial G electrode exhibits the highest double-layer capacitance of 0.384 mF cm-2, indi-

cating the greatest surface roughness (largest active surface), as confirmed by the SEM analysis. How-

ever, the capacitance decreases after the electrode is coated with either chitosan or PVDF, with the 

values calculated as 0.338 and 0.046 mF cm⁻², respectively. In the case of the chitosan-modified SPE, 

the reduction in capacitance is not significant. It is somewhat comparable to the commercial electro-

de, while it is more pronounced for the one modified with PVDF. The addition of PVDF to the surface 

results in graphene flakes being visibly covered with polymer clusters in the form of spherical particles.  
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Figure 9. Dependence of the capacitance current density on the scan rate (jcap. vs. v) for the (a) commercial 

G, (b) G/Ch, and (c) G/PVDF SPE 

The PVDF spherical particles appear to surround the graphene, filling the vacancies and leading 

to reduced surface porosity. This suggests a substantial reduction in surface roughness upon PVDF 

incorporation. 

Repeatability, stability and reproducibility 

The repeatability of the modified electrochemical sensors’ response was assessed using 10 

consecutive CV measurements to detect 0.002 mol L-1 DOX in 0.1 mol L-1 PBS at pH 6.7. The relative 

standard deviation (RSD) values obtained for triplicate experiments were 3.6 % for the chitosan-

modified and 4.9 % for the PVDF-modified SPE, indicating reliable repeatability. Sensor stability was 

further evaluated by recording CV signals of 0.002 mol L-1 DOX over seven days. After one week, the 

chitosan-modified electrode exhibited a 10.2 % decrease in oxidation peak current from the initial 

values, demonstrating good long-term stability. The PVDF-modified SPE retained 86.0 % of its initial 

current response over the same period. After each use, the SPEs were rinsed thoroughly with 

0.1 mol L-1 PBS and distilled water and then air-dried at room temperature. These results highlight 

the stability of the modifications, reflecting not only strong analytical performance but also 

enhanced physical protection of the working electrode. The findings suggest that, with appropriate 

handling, these electrodes can be reused despite the manufacturer Metrohm DropSens 

recommending them as disposable, single-use platforms for optimal performance. Reproducibility, 

indicating the precision of the modified electrodes, was investigated by testing three separate 

electrodes from each modification for 0.002 mol L-1 DOX detection, resulting in RSD values of 4.1 % 

http://dx.doi.org/10.5599/jese.2501


J. Electrochem. Sci. Eng. 15(1) (2024) 2501 Electrochemical sensors for doxorubicin detection  

16  

and 5.0 % for the chitosan and PVDF-modified SPE, respectively. These findings confirm that both 

modifications provide stable and repeatable measurements for DOX detection. 

Physical characterization 

SEM was used as a powerful visual technique to obtain detailed information about the 

electrodes’ morphology and surface characteristics. The micrographs shown in Figure 10 present 

the commercial (10a and 10b), PVDF (10c and 10d), and Ch-modified (10e and 10f) graphene 

electrodes, respectively. 

 
Figure 10. SEM micrographs of a commercial G electrode under (a) 1000 and (b) 10 000 magnification, 

PVDF-modified electrode under (c) 1000 and (d) 10 000 magnification, and chitosan-modified electrode 

under (e) 800 and (f) 6000 magnification 

The micrographs of the commercial SPE observed with a magnification of 1000 (Figure 10a) and 

10000 (Figure 10b) depict the characteristic structure of the graphene, revealing layers of graphene 
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flakes with irregular structure and random orientation. This results in a working electrode with a rough 

surface and a large active area, two strongly favorable properties in the electrochemical sensor design. 

The micrographs of the PVDF-modified graphene electrode under magnification of 1000 (Figure 10c) 

and 10000 (Figure 10d) reveal the fibrous structure of the polymer film. PDVF’s deposition onto the 

electrode’s surface adds porosity upon evaporation of the solvent, contributing to a larger active area 

and a better response while detecting the analyte, thus enhancing the sensor’s performance. The 

chitosan-modified graphene SPE demonstrates a uniform and continuous polymer film, as shown in 

the micrographs in Figures 10e and 10f. The chitosan coating fully covers the rough graphene surface, 

conforming closely to its heterogeneous morphology, indicating a strong interaction between the 

chitosan film and the graphene substrate. The microroughness observed in the micrograph taken at 

higher magnification provides potential adsorption sites, enhancing the electrode’s effectiveness in 

detecting DOX. This morphology supports the interaction mechanism based on adsorption, high-

lighting the superiority of this electrode for DOX detection. 

The electrolyte solution used for the CV measurements (0.002 mol L-1 DOX in 0.1 mol L-1 PBS, pH 6.7) 

was studied using ultraviolet-visible (UV-Vis) spectroscopy. The absorbance measurements and their 

corresponding spectra before and after exposing the electrolyte to the voltammetric measurements (to 

at least nine consecutive measurements - three electrodes tested in triplicates) are given in Figure 11. 

The analysis suggests that the electrolyte solution undergoes changes induced by the current when the 

electrochemical response is monitored through cyclic voltammetry. A current-induced change in the 

absorption of the solution at a wavelength of 482 nm was noted as a decrease from 2.75 to 1.58. While 

DOX generally undergoes reversible redox processes (discussed in the Electrochemical detection part), 

the observed decrease in absorption could indicate partial or temporary adsorption of DOX onto the 

electrode surface, resulting in lower solution concentration. This absorption correlates to the interaction 

mechanism of DOX with the SPE. For further clarification, the maximal absorbance wavelengths for both 

redox forms of DOX are 485 nm for the oxidized and 480 to 490 nm for the reduced form, depending on 

the environmental conditions [73-75]. The maximal excitation noted in Figure 11 corresponds to the 

DOX’s oxidized form rather than the product of reduction - doxorubicinol. 

 
Figure 11. UV-Vis spectra of 0.1M PBS solution (pH 6.7) 

Conclusions 

Simple electrochemical sensors based on screen-printed graphene electrodes were applied to 

detect a chemotherapy medication, doxorubicin hydrochloride, in a simulated biological 

environment with pH 6.7. While studies in the literature contribute to the field, no other researcher 

investigated the proposed polymer-modified sensor, underscoring its novelty. Our simple design 
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approach consists of a screen-printed electrode platform, modified by drop deposition of chitosan 

and PVDF as thin polymeric films onto the electrode's surface. The electrochemical reactivity and 

performance of the electrodes were tested and compared to the commercial graphene SPE using 

cyclic voltammetry. The presence of DOX in the solutions induced characteristic redox peaks in the 

voltammograms and led to the appearance of a reversible reaction. Polymer-modified graphene 

electrodes exhibited a broad current intensity and achieved the desired rectangular form in the 

voltammograms due to their exceptional electrical properties. The electrochemical behavior 

confirmed that both modified electrodes displayed excellent electrochemical properties for the 

determination and monitoring of DOX, with a promising application in the field of pharmaceutical 

drug detection. However, according to the thoroughly conducted electrochemical analysis, the 

chitosan-modified electrode exhibits superior properties compared to the PVDF-modified one, such 

as lower Pox., higher reversibility, lower LOD and LOQ, and higher double-layer capacitance i.e., 

larger active surface area. The electrodes demonstrated excellent repeatability, stability, and 

reproducibility, confirming their suitability for sensitive DOX detection. The simplicity and cost-

effectiveness of the polymer-modified screen-printed electrodes make them promising candidates 

for pharmaceutical drug analysis and on-site in vivo diagnostics.  
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Abstract 
It is shown in this work that a synthetic route based on the auto-combustion of an ethylene 
glycol-metal nitrate polymerized gel precursor can be efficiently used to easily produce a 
range of La0.6Sr0.4Fe1-yCoyO3-δ nanopowders at moderate temperatures. We have been able 
to determine on air-sintered samples the effect of sintering temperature on the 
microstructure. At sintering temperatures as low as 1100 to 1200 °C, grains are well defined 
with a uniform round spherical morphology and have a homogeneous sub-micrometer size 
distribution showing a highly densified microstructure. The electronic conductivity and 
thermal expansion coefficients (TEC) of sintered LSFC samples have been determined 
according to the variation of Fe/Co composition. Both measures clearly increase with the Co 
content. These materials also must exhibit chemical stability with electrolytes, most 
commonly used for intermediate temperature solid oxide fuel cells (IT-SOFCs). In this way, 
the material obtained is optimized in terms of chemical homogeneity and good 
stoichiometric control, microstructural characteristics of sintered samples, and finally, the 
adequate cobalt content to avoid high TEC mismatch with other components of the SOFC. 
This is a crucial issue as it causes an important thermomechanical stress, promotes 
extensive microcraking and causes significant performance degradation. Finally, these 
cathodes must exhibit acceptable electrochemical parameters for use in IT-SOFC. 

Keywords 
Ferro-cobaltite cathodes; electrochemical properties; thermal expansion coefficients; 
chemical compatibility 

 

Introduction 

Fuel cells represent a viable alternative for producing electricity with high efficiency, low pollution 

and cost-effectiveness. In recent years, among the different types of fuel cells, the interest in solid 

oxide fuel cells (SOFCs) has increased enormously as a commercially viable power source [1]. 

Additional advantages of this type of fuel cells are the high tolerance to impurities and the possibility 

of internal reforming, which leads to the possibility of using different fuels [2]. In addition, the 

http://dx.doi.org/10.5599/jese.2513
http://dx.doi.org/10.5599/jese.2513
http://www.jese-online.org/
mailto:jtartaj@icv.csic.es


J. Electrochem. Sci. Eng. 15(1) (2024) 2513 La0.6Sr0.4Fe1-yCoyO3-δ cathodes for intermediate temperature SOFCs 

2  

possibility of producing cogenerative energy from heat waste during the operation process results in 

being very attractive for this kind of fuel cell [3]. However, considering the high working temperature 

(around 900 to 1000 °C), some difficulties limit the use of SOFCs, among them the selection of 

interconnects, sealing materials, coefficient thermal expansion (CTE) mismatch and chemical 

compatibility of cell components [4]. Therefore, a lower operating temperature (600 to 800 °C) is 

necessary to reduce manufacturing costs and increase durability. For that purpose, new materials are 

required that can efficiently operate at a lower temperature, i.e., electrolytes with higher conductivity 

such as doped-CeO2 [5] or La(Sr)Ga(Mg)O3 [6] and also, it is crucial the development of more effective 

cathode materials with increased electrocatalytic activity [7].  

The new cathode materials should be characterized by increased oxide ion transport in addition 

to high electronic conductivity. La1-xSrxFeO3 (LSF) has demonstrated higher electrical and ionic 

conductivity than the conventional La1-xSrxMnO3 (LSM), which may extend the cathode reaction sites 

beyond the triple-phase boundaries [8,9]. In this same way, La1-xSrxCoO3 (LSC) can be considered as 

a promising cathode for IT-SOFCs with high values of conductivity. However, the good electro-

catalytic performance of this Cobalt-based-cathode is somehow limited by a thermal expansion 

coefficient (TEC) mismatch with other components of the SOFC, causing significant thermosme-

chanical stress between these thermally mismatched components and finally leading to significant 

performance degradation that may be rapid and catastrophic. TECs of both the electrolyte and 

electrode layers should be well matched to ensure long-term operational stability of the SOFCs, 

either by modifying existing cathodes or designing new ones [10]. Considering all the above aspects, 

alternative materials could be ferrite/cobaltite cathodes such as La0.6Sr0.4Fe1-yCoyO3-δ (LSFC). The 

electronic conductivity of these samples in air is characterized by the higher values at increasing Co 

contents because the activation energy of LSF is higher than that for Co-doped ferrites [11,12]. It 

must be considered that the presence of Fe helps to minimize mechanical stresses as it can reduce 

the TEC mismatch. Also, it should be ensured that there are no reaction phases on the electro-

de/electrolyte interfaces since this could be detrimental to the efficiency of the cell. Furthermore, 

cation interdiffusion must be precluded because it may negatively modify the properties of the 

electrode and electrolyte. In recent years, many studies have proposed relevant mechanisms and 

solutions [13]. 

On the other hand, the solid-state reaction of the corresponding oxides is an easy synthesis 

process to obtain ceramic powders of different materials. However, it requires high processing 

temperatures and the homogeneity of the final synthesized powder is poor. Due to the number of 

cations involved, the compositional complexity of the materials mentioned above requires a 

synthesis method that ensures optimal chemical homogeneity and good stoichiometric control in 

which cations involved are distributed uniformly at an atomic scale. Thus, chemical methods of 

processing are highly recommended techniques to produce these materials [14-17]. Here, we use a 

low-cost and simple synthesis alternative method, which was previously studied and has excellent 

results [18]. It is based on the chelation of complex cations leading to the formation of an 

intermediate resin, which, on charring and calcining, leads to a sinterable powder that can be 

efficiently used to easily produce a range of La0.6Sr0.4Fe1-yCoyO3-δ (LSFC) at moderate temperatures.  

Therefore, the purpose of this work is to prepare LSFC cathodes using a low-cost and simple 

synthesis method with adequate electrochemical properties and thermomechanical compatibility 

with the electrolyte. First, to optimize these materials, microstructural control is necessary by 

determining the adequate sintering temperature. In addition, the chemical compatibility between 

electrodes and electrolytes is an important issue for successfully operating the fuel cells. It is also 
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crucial to determine the LSFC composition that avoids microstructural problems caused by the TEC's 

mismatch with the electrolyte and adequate electrochemical performance in terms of electrical 

conductivity and polarization resistance.  

Experimental  

La0.6Sr0.4Fe1-yCoyO3-δ nanopowders with compositions y = 0 to 1 were prepared by the ethylene 

glycol-metal nitrate polymerized complex process. Aqueous solutions (0.5 M) of corresponding 

nitrates were mixed by stirring nitric acid (65 %) and ethylene glycol to make a gel. It was treated 

thermally at different temperatures [18]. The as-obtained powder was calcined at 900 °C for 5 h and 

then attrition milled for 1 h in ethanol with zirconia ball media. For sintering, the powders were 

isopressed in pellets at 200 MPa and thermally treated at temperatures between 1000 and 1200 °C 

after drying. The powders were characterized by differential thermal (DTA) and thermogravimetric 

(TG) analysis (Perkin-Elmer 7). The calcined powders and sintered samples were characterized by  

X-ray diffraction (XRD) with a Bruker D8 Advance diffractometer (Cu K1 radiation). After polishing 

and thermal etching, the microstructures of the sintered samples were examined by Scanning 

Electron Microscopy (SEM) in a Zeiss Microscope (model DSM 950, Germany). Shrinkage during 

sintering, at a heating rate of 5 °C min−1 without holding, was followed in a dilatometer Netzsch 

Gerätebau (model 402 EP, Selb-Bayern Germany) by the conventional rampant-holding methods. 

The TECs were measured using the above-mentioned dilatometer in air from room temperature to 

800 °C on air-sintered rectangular shapes. For determining the total electrical conductivity, impe-

dance was measured at 800 °C in argon using a potentiostat/galvanostat (Autolab PGSTAT302 N). 

The platinum paste is used as a current-collecting electrode on either side of the sintered pellet and 

the electrode is cured at 950 °C for 2 h before the electrical conductivity measurements. To study 

the effect on the microstructure of the electrode/electrolyte TEC mismatch, LSFC powders were 

fixed on the sintered electrolyte of La0.9Sr0.15Ga0.8Mg0.2O3- (LSGM) by uniaxial pressing. The 

sandwich electrode/electrolyte was co-fired at 1200 °C for 5 h and continuously subjected to 10 

cycles of rise and fall of temperature (25 to 800 °C). The microstructures of these samples were 

examined by SEM. Energy dispersive X-ray analysis (EDX) was performed to study the possibility of 

cations diffusion through the cathode-electrolyte interfaces. The measurements of area-specific 

resistance (ASR) dependence with temperature were carried out in a half cell with a 3-electrode 

configuration, using Ce0.9Gd0.1O2-δ (CGO, Cerpotech) as electrolyte. In this study, pellets of 

electrolyte powder were uniaxial pressed and sintered at 1500 °C for 6 hours. A mix of a commercial 

organic solvent, Decoflux, and the studied electrodes were deposited using a 6 mm-diameter mask 

on both sides. The electrode-electrolyte pellets were then co-fired at 1200 °C for 6 h. A reference 

platinum electrode was deposited in the edge of the pellet to make 3-probe electrode polarization 

measurements. Impedance spectroscopy was carried out with a Metrohm Autolab PGSTAT302 N, 

employing a signal amplitude of 1 mA across a frequency range of 0.1 to 106 Hz and a temperature 

range of 600 to 950 °C. Energy dispersive X-ray analysis (EDX) was performed to study the possibility 

of cations diffusion. 

Results and discussion 

The simultaneous TG/DTA curves of a representative LSFC polymeric gel are shown in Figure 1. In the 

DTA curve, the more relevant feature corresponded to that present at about 230 °C, in which an abrupt 

exothermal peak is detected and associated with the decomposition-oxidation of the metal chelates and 

the evolved gases. This process continues around 300 to 350 °C. The TG curve shows a total weight loss 
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of about 60 % up to 900 °C. Also, Figure 1 shows the XRD analysis of LSFC powders calcined at 900 °C for 

5 h and sintered at 1200 °C for 12 h. Only two representative samples have been included in the XRD 

diagrams for better visualization. The X-ray diffraction patterns are very similar in that all peaks 

correspond to the pure perovskite phase [19]. In those corresponding to calcined powder, an extra peak 

appears at the left of the main peak. It can be attributed to the SrFeLaO4 phase [19]. This secondary 

phase disappears when heated at 1200 °C, leaving a pure perovskite. 
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Figure 1. A - TG and DTA curve correspond to the LSFC polymeric gel precursor; B - XRD patterns of  

a - calcined powders at 900 ᵒC - 5 h and b - sintered powders at 1200 ᵒC.  

• Perovskite phase, * SrFeLaO4 phase 

Linear shrinkage behavior and shrinkage rate curves of typical green compacts with temperature 

are shown in Figure 2. Green compacts initiate detectable bulk shrinkage at a very low temperature 

(1000 °C).  

 
Figure 2. Typical linear shrinkage behavior and shrinkage rate curves of  

green LSFC compacts vs. sintering temperature. 

Although several causes can contribute to this rapid sintering, such behaviour could be explained 

as the consequence of the nanometer size of powders and low agglomeration state and, 

consequently, a higher amount of intercrystallite porosity present in the green compacts, which is 
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rapidly eliminated [18]. The shrinkage process is clearly intensified at 1100 °C temperature for 

maximum densification rate. At 1200 °C, most of the shrinkage process has taken place; therefore, 

it is close to the endpoint density.  

Figure 3 reflects the effect of a sintering temperature below and above the temperature for 

maximum densification rate, (1100 °C). At 1000 °C, the microstructure showed low densification 

and high porosity but with sufficient integrity. Above that temperature, 1100 °C, grains are well 

defined with a uniform round spherical morphology and have a homogeneous sub-micrometre size 

distribution. The importance of this kind of microstructure is mentioned by Acuña et al. in their work 

[20]. The electrochemical properties of these materials significantly improve with decreasing grain 

size, and thus, the high specific surface area of these nanostructured cathodes increases the number 

of active sites for the oxygen reduction reaction. Finally, at 1200 °C, most of the densification 

process takes place; therefore, it is close to the endpoint density, showing a highly densified 

microstructure. 

 
Figure 3. SEM micrographs of typical LSFC compacts sintered at a - 1000, b – 1100 and c -1200 °C for 12 h. 

Table 1 shows the thermal expansion coefficients (TEC) and the electronic conductivity (EC) of 

sintered samples as a function of the Fe and Co content, that is La0.6Sr0.4Fe1-yCoyO3-δ (y = 0 to 1). As it 

is observed, the increase of the TEC and EC is influenced clearly by the increase of Co concentration. 

As Shah et al. [10] explain, cobalt undergoes a spin state change at high operating temperatures, 

resulting in a significant difference in TEC values between cobaltite perovskite cathodes and other 

components, such as the electrolyte material. The TEC values obtained are quite high (>17×10-6 / °C)) 

for samples with higher cobalt proportion, which is incompatible with the values corresponding to the 

electrolytes mentioned in the table and calculated by the same method as the LSFC cathodes. This 

produces an important thermomechanical stress. On the contrary, samples with lower Co content 

reduce the TEC to values that are more comparable. To highlight these considerations, Figure 4 shows 

cross-sectional SEM views corresponding to electrode/electrolyte interface co-fired at 1200 °C for 5 h. 

In both cases, the LSFC layer is strongly attached to the LSGM phase and shows a well-defined 

interface. It can be observed, in the case of higher Co content (La0.6Sr0.4Fe0.5Co0.5O3-δ), that an 

extensive microcraking is presented near the interphase. Clearly, this is a consequence of a TEC 

mismatch, above recommended tolerance values. On the contrary, by reducing the cobalt, 

(La0.6Sr0.4Fe0.8Co0.2O3-δ), no delamination or other types of structural defects were formed within the 

laminate structure. The electronic conductivity values in Table 1 are similar to those previously 

reported in the literature [7]. Also, Banerjee et al. [21] report similar results in cathodes synthesized 

by autocombustion technique for producing powders with particulate sizes ranging 50 to 100 nm, like 

our procedure. An increase in conductivity is clearly observed with increasing cobalt content. Thus, 

very significant values of 2000 S/cm are reached for the pure cobaltite. However, a drawback of the 
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Co-based cathodes is that TEC mismatches with those that correspond to the electrolytes. Therefore, 

even considering the reduction of the EC, shown in this table, the substitution of Co by Fe is strongly 

recommended in order to reduce the TEC values and optimize the themomechanical behavior of these 

materials. The substitution of Co by Fe changes the orbital configuration of Co 3d orbital and O 2p 

orbital, decreasing the electrical conductivity of the LSFC [11]. The objective is that TECs of both 

electrolyte and electrode layers should be well matched to ensure long-term operational stability of 

the SOFC and also maintain acceptable values of EC. Considering both parameters, of great 

importance for its satisfactory application in SOFCs, the recommended composition could be nearby 

to La0.6Sr0.4Fe0.8Co0.2O3-δ, with good thermomechanical stability and exhibiting and adequate 

electronic conductivity, 244 S/cm at 800 °C. 

Table 1. Thermal expansion coefficients (25 to 800 °C) and electronic conductivity (800 °C) as a function of the 
Fe and Co content in La0.6Sr0.4Fe1-yCoyO3-δ (LSF y = 0 to LSC y = 1). TEC of the most typical electrolytes for IT-SOFC 

are also included 

Cathode TEC, 10−6°C-1   / S  cm-1 
La0.6Sr0.4FeO3-δ 12.27 148 

La0.6Sr0.4Fe0.9Co0.1O3-δ 14.28 221 
La0.6Sr0.4Fe0.8Co0.2O3-δ 14.52 244 
La0.6Sr0.4Fe0.7Co0.3O3-δ 14.84 303 
La0.6Sr0.4Fe0.6Co0.4O3-δ 15.24 597 
La0.6Sr0.4Fe0.5Co0.5O3-δ 15.47 642 
La0.6Sr0.4Fe0.4Co0.6O3-δ 15.70 963 
La0.6Sr0.4Fe0.3Co0.7O3-δ 16.63 1190 
La0.6Sr0.4Fe0.2Co0.8O3-δ 17.11 1380 
La0.6Sr0.4Fe0.1Co0.9O3-δ 17.91 1800 

La0.6Sr0.4CoO3-δ 18.62 2000 
Electrolyte   

La0.9Sr0.15Ga0.8Mg0.2O3- (LSGM) 12.83  
Ce0.9Gd0.1O2-δ (CGO) 13.20  

 

Furthermore, the long-term stability of these materials also depends on the chemical 

compatibility of these cathodes with the electrolytes. It must be considered that LSC-based 

materials that react with ZrO2-based electrolytes have presented serious challenges to their 

practical application [22]. In fact, reactivity between LSCF and yttria-stabilized zirconia (YSZ) 

electrolyte with the formation of insulating phases such as SrZrO3 has been reported [9]. According 

to the EDX analysis, also included in Figure 4, there is no presence of any new secondary phases, 

that is, interfacial reactions did not take place between the cathode and the electrolyte. Fe or Co 

were not detected at the electrolyte surface, even close to the cathode side. Also, it is possible to 

observe that in the mark located in the cathode (near the interface), there are no indications of the 

presence of gallium and magnesium. Then, these LSFC cathodes also exhibit chemical stability with 

the LSGM electrolyte mentioned above. These results are in agreement with Zhang et al. [13], LSGM 

or CeO2-based electrolytes had good chemical compatibility with the LSFC cathode materials. 

LSCF emerges as the most promising cathode for IT-SOFC due to its low polarization resistance. 

This performance can be attributed to the increasing number of active sites for the oxygen reduction 

reaction. The Arrhenius representation of area-specific resistance (ASR) dependence on tempera-

ture is shown in Figure 5. For that, two electrodes without and with Co (La0.6Sr0.4Fe0.8Co0.2O3-δ) were 

deposited, in each case, on electrolytes of Ce0.9Gd0.1O2-δ.  
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Figure 4. SEM micrographs of cathode/electrolyte pairs co-fired at 1200 ˚C for 5 h and treated during 10 

cycles of raising and lowering of temperature (from room temperature to 800 °C). a - LSFC0.5 

(La0.6Sr0.4Fe0.5Co0.5O3-δ), b - LSFC0.2 (La0.6Sr0.4Fe0.8Co0.2O3-δ). (LSGM: La0.9Sr0.15Ga0.8Mg0.2O3- ). Include EDX 
analysis on both sides of the interface corresponded to micrograph b.  

 
1000 T-1 / K-1 

Figure 5. Area-specific resistance dependence with temperature. LSF (La0.6Sr0.4FeO3-δ) and  
LSFC (La0.6Sr0.4Fe0.8Co0.2O3-δ). 

This study is carried out to verify the good electrochemical performance of these materials, 

specifically for that composition, which had been recommended according to thermomechanical 

stability and electronic conductivity, (La0.6Sr0.4Fe0.8Co0.2O3-δ). The values of ASR at 700, 750 and 

800 °C are 1.87, 0.61 and 0.24 Ω cm2 for LSF, and 1.1, 0.42 and 0.18 Ω cm2 for LFSC. First, the 

electrochemical performance is improved with cobalt, which has the same oxidation states as Fe3+ 

and Fe4+, but the Co-O bonds are weaker than Fe-O bonds, so oxygen ions can move more easily 
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through the structure. These materials exhibited adequate area-specific resistance around 0.20 Ω 

cm2 for an operating temperature of 800 °C, showing the capability of these structures to move 

oxygen ions through them. Other authors as Banerjee et al. [21], report similar results of 0.142 Ω 

cm2 at 800 °C for La0.54Sr0.4Co0.2Fe0.80O3-δ. Also, it must be considered that the deposition process to 

improve the microstructure of the cathodes is important to increase their performance (decrease 

the ASR). La0.6Sr0.4Fe0.8Co0.2O3-δ, showing excellent area-specific resistance values for an operating 

temperature of 800 °C, constitute a first step in understanding these promising compositions and 

optimizing them. Finally, the EDX analysis of these samples indicates that no cationic diffusion 

processes have occurred on either side of the interface. These LSFC materials also exhibit chemical 

stability with electrolytes based on CGO, in agreement with Zhang et al. [13]. 

Conclusions 

La0.6Sr0.4Fe1-yCoyO3-δ perovskite nanopowders were satisfactorily prepared by the polymeric 

organic complex solution method. The densification process of powder compacts is initiated at a 

very low temperature (1000 °C) and is completed at 1200 °C. We have been able to determine on 

these samples, the sintering temperature conditions for an effective microstructural control, that is, 

materials with highly densified microstructure, an effective grain size control, and then optimum 

microstructures for improving the electrochemical performance of these materials. It has been 

established how electronic conductivity and thermal expansion coefficients change with the Fe, Co 

composition. TEC values obtained for LSFC samples with lower Co content are compatible with the 

values corresponding to the electrolytes used based on LSGM and exhibit adequate electronic 

conductivity. These materials also exhibit chemical stability with the LSGM and CGO electrolytes. In 

addition, La0.6Sr0.4Fe0.8Co0.2O3-δ shows excellent area-specific resistance values for an operating 

temperature of even 700 °C. As a consequence of these results, it can be concluded that those 

compositions with a small amount of cobalt, La0.6Sr0.4Fe0.8Co0.2O3-δ, are highly recommended for use 

as cathodes for advanced IT-SOFCs.  

The presented results are important not only for the synthetic route itself but also because they 

establish practical cathode operational parameters on sintered samples for the selection of the most 

suitable composition, considering the TECs of the electrolyte utilized and the operating temperature 

of the cell. These results regarding the development of these cathodes will contribute to the fact 

that solid oxide fuel cells (SOFCs) are expected to play a major role in many power generation 

applications. 
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Abstract 
Six derivatives of 4-(azulen-1-yl)-2,6-divinylpyridine were the subject of experimental 
determination of oxidation and reduction potentials being reported elsewhere. In this 
paper, a computational study was employed in order to obtain a function of structure for 
these potentials. The geometry was optimized at three theory levels (MMFF94, B3LYP and 
M06), and the following analysis was conducted with the separately saved optimum 
geometry in each instance. Two families of molecular descriptors (FMPI and EChP) were 
used to derive structure-based descriptors. Simple linear regressions were extracted with 
the best of descriptors for each family and level of theory for both potentials. The study 
revealed that the MMFF94 optimum geometries best explained the selected electro-
chemical properties. Furthermore, the EChP family of descriptors, much bigger than FMPI 
(about 64 times), was able to better explain the connection between the structure and the 
property. Once more, it has been shown that the eigenproblem has deep roots in 
structural chemistry.  
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Introduction 

Substituting pyridine (CAS RN 110-86-1) leads to a key six-membered heterocyclic scaffold 

(Figure 1), structurally related to benzene and having a conjugated system of six π electrons 

delocalized over the ring. 

 
Figure 1. Pyridine scaffold  

It occurs in natural compounds, drug molecules and vitamins, being a precursor of the synthesis 

of larger molecules [1]. Pyridine derivatives have multiple uses. Figure 2 depicts, in increasing 

complexity, some pyridine derivatives. 
 

 
(a) CAS RN 59-67-6 

 
(b) CAS RN 65-23-6 

 
(c) CAS RN 536b-69-6 

 
(d) CAS RN 13108-52-6 

 
(e) CAS RN 140111-52-0 

 
(f) CAS RN 13912-80-6 

 
(g) CAS RN 17737-65-4 

 
(h) CAS RN 20410-87-1 

 
(i) CAS RN 153559-76-3 

Figure 2. Some pyridine derivatives 

Nicotinic acid (CID 938, C6H5NO2, Figure 2a) is vitamin B3, an essential nutrient [2]; Pyridoxine 

(CID 1054, C8H11NO3, Figure 2b) is vitamin B6, an important dietary supplement [3]; Fusaric acid (CID 

3442, C10H13NO2, Figure 2c) is a wilting agent and antibiotic [4]; Davicil (CID 61579, C6H3Cl4NO2S, 

Figure 2d) is a fungicide and allergen [5]; Epibatidine (CID 854023, C11H13ClN2, Figure 2e) causes 

numbness and paralysis and may cause respiratory arrest [6]; Nicoboxil (CID 14866, C12H17NO3, 

Figure 2f) is an analgesic effective on acute lower back pain [7]; Clonixin (CID 28718, C13H11ClN2O2, 

Figure 2g) is an anti-inflammatory, analgesic, antipyretic, platelet aggregation inhibitor [8]; Anabasa-

mine (CID 161313, C16H19N3, Figure 2h) is an inhibitor of acetylcholinesterase [9]; lastly, LG100268 

(CID 3922, C24H29NO2, Figure 2i) is a potent rexinoid [10].  

As exemplified in Figure 2, the physical properties and biological activities of pyridine-containing 

compounds can be tuned by functional groups added to the scaffold. Of medical interest is the use 

of pyridine derivatives for making potent drugs. Table 1 contains some representative examples for 

medical use. 
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Table 1. Some biomedical applications of pyridines derivatives 

Activity Derivative(s) Ref. 

Antibacterial Pyrazolo[3,4-b] Pyridine [11] 

Antibiotic Streptonigrin [12] 

Antidiabetic Glicaramide [13] 

Antiestrogenic Tamoxifen analogue [14] 

Antifungal Tetrahydroimidazo[1,2-a]pyridine [15] 

Antimicrobial Imidazo[1,2-a]pyridine [16] 

Antimycobacterial Isoniazid [17] 

Antineuralgic Decumbenine B [18] 

Antioxidant Imidazo[4,5-b]pyridines [19] 

Antiparasitic Azamethiphos [20] 

Antispasmodic Papaverine [21] 

Antitubercular Ethionamide [22] 

Antitumor Pyrrolo-pyridine benzamide [23] 

Antiviral Indeno[1,2-b]pyridine [24] 
 

On the other hand, if the chemical change is made into solutions, then it usually has a difference 

of electrical potential associated, and electrochemical methods may provide further insights about 

it, such as the mechanism of redox reaction, but can also be a powerful tool for the synthesis of new 

compounds on a gram scale [25]. The mechanisms can be treacherous and may involve models with 

a great deal of mathematics and numerical solving incorporated [26]. 

Materials and methods 

Vinyl-pyridines 

The 4-(azulen-1-yl)-2,6-divinylpyridine scaffold (see Figure 3) has been used to obtain and 

characterize six derivatives (Table 2), where experimental oxidation (Ea) and reduction (Ec) 

potentials were taken from [27]. 

 
Figure 3. The 4-(azulen-1-yl)-2,6-divinylpyridine template 

Table 2. Templating of 4-(azulen-1-yl)-2,6-divinylpyridine derivatives 

Figure R1 R2 R3 R4 R5 R6 Molecular formula Ea / V Ec / V 

4a O CH3 H i-Pr H CH3 C32H29NO2 0.318 −2.071 

4b O H CH3 H CH3 CH3 C30H25NO2 0.487 −2.084 

4c O H H H H H C27H19NO2 0.553 −1.854 

4d S CH3 H i-Pr H CH3 C32H29NS2 0.338 −2.065 

4e S H CH3 H CH3 CH3 C30H25NS2 0.470 −2.090 

4f S H H H H H C27H19NS2 0.567 −1.858 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 4. 4-(azulen-1-yl)-2,6-divinylpyridine derivatives 

Molecular descriptors families 

Physical, chemical and biological activities of chemical compounds are related to one another in 

a natural way since all molecules are constituted from atoms and the same forces keep the atoms 

together in molecules. It is thus a supported idea to construct a pool of molecular descriptors that 

are closely related and differ by only a choice in the construction. A series of such pools of 

descriptors was reported (FPIF in Chapter 7 of [28]; MDF in [29]; MDFV in [30]; SAPF in [31]; SMPI 

in [32], FMPI in [33]), and some notable results in the modeling of biological activities were 

obtained [34-37]. A thesis [38] elaborates on the issue. 

For convenience, Table 3 provides the coding of the FMPI. 

Table 3. Templating of FMPI 

Gene LO MO ID DM AP FC 

Genome I R L E F I J N M D E P U G T U A B C D E F G M N S 
Code: FMPI = LOMOIDDM AP FC; Descriptors: 4536  
 

The encodings from Table 3 correspond to: 

• Fragmentation criteria (of the molecule) FC with maximal fragments for FC = M, with minimal 

fragments for FC = N, and with Szeged fragments for FC = S; 

• Atomic property AP with (fragment’s) sum of atomic masses (in Da) for AP = A, harmonic sum of 

atomic numbers (Z) for AP = B, with sum of cardinalities for AP = C, with harmonic mean of solid 

state density (in kg/m3) for AP = D (see page 12 in [39]), with geometrical mean of electro-

negativities from revised Pauling scale for AP = E (see page 16 in [39]), with average of the first 

ionization energy (in kJ/mol) for AP = F (see page 14 in [39]) and with power 2 mean (PM(p), p = 2) 

of the melting point temperatures (K) for AP = G (see page 10 in [39]); 

• Distance metric DM with (in between atoms) geometric (in nm) for DM = G, topologic (in bonds) 

for DM = T, and weighted (by bond order) topologic for DM = U; interaction descriptor ID (built 

with selected property and distance) with Pi,jDi,j for ID = E, with Pi,j/Di,j for ID = U, with Pi,j for 

ID = P and with Di,j for ID = D; 
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• Mean operation (averaging from multiple fragments of a molecule) MO, with min.(Mi,j) for MO = N, 

max. (Mi,j) for MO = M, 1/2Σ(Mi,j) for MO = I, 1/2Σ(Mi,jMj,i) for MO = J, 1/2Σ(Mi,jAdi,j) for MO = E, 
1/2Σ(Mi,jMj,iAdi,j) for MO = F; 

• Linearization operator (adjusting the scale of the descriptor) LO with f (x) = x for LO = I, with 

f (x) = x−1 for LO = R, and with f(x) = ln x for LO = L. 

Extending the characteristic polynomial 

The characteristic polynomial (ChP) was first expressed in the 18th century in order to char- 

acterize the movement of planets [40]. Later, Hückel’s method of molecular orbitals [41] was 

the ChP first extension approximating the treatment of π electron systems in organic molecules. 

An extended ChP (EChP) in a parameter (x in Equation (1)) can be associated with two particular 

matrices (square, of size n; A and I in Equation (1)) through the evaluation of a determinant [42]: 

EChP (x,I,A)  xI-A (1) 

In Equation (1), I should be a diagonal matrix (a matrix in which the entries outside the main 

diagonal are all zero), while A should be the exact opposite (a matrix from which the entries of 

the main diagonal were extracted). In this instance, I and A can be associated with an (edge) directed 

and (vertex) labeled graph with no loops. The undirected and unlabeled graph is the case that 

recovers the classical formula of the ChP (for instance, the one applied in [43]). 

One should notice that the classical formula of the ChP is not well suited for modeling the 

considered congeners (Figure 4) since different chemical elements are present (nitrogen, oxygen and 

sulfur, in addition to carbon), while an EChP formula will take into consideration the atoms’ change. 

For convenience, Table 4 provides the coding of the EChP. The encodings from Table 4 

correspond to (see also [42] and [44]): 

Table 4. Templating of EChP 

Gene LO IA AC d0 d1, d2, d3 

Genome I R L A B C D E F G H t g c T G C - + 0 1 2 3 4 5 6 7 8 9 
Code: EChP = LOIAAC(d0.d1d2d3); Descriptors: 288144 

 

• Atomic identity, IA (variable I in Equation (1)), with A = A for atomic mass divided to 294.0 

(atomic mass of Oganesson), A = B for cardinality (always 1), A = C for electrostatic charges (ESP 

method [45]), A = D for solid-state density (in kg/m3, divided to 30000; see page 12 in [39]), A = 

E for electronegativity (revised Pauling, divided to 4.00, see page 16 in [39]), A = F for first 

ionization potential (in kJ/mol, /1312.0, see page 14 in [39]), A = G for melting point 

temperature (in K, divided to 3820.0, see page 10 in [39]), and A = H for the number of attached 

hydrogen atoms (divided to 4, the valence of a carbon atom); 

• Connectivity parameter AC (variable A in Equation (1)), with connectivity on adjacencies (classical 

ChP, [A] [Ad], topological adjacency matrix) for C = t, connectivity on topological distances 

(classical ChP, [A] [Di], topological distance matrix) for C = T, inverse of the geometrical distance 

for C = G, and only for adjacent atoms for C = g, inverse of the conventional bond orders for C = c, 

and inverse of the sum of conventional bond orders for C = C; 

• Evaluation point (variable x in Equation (1)), expressed with four digits, as 1 2 30.d d d , with d1, d2, 

d3  {0, 1, ..., 9}; 

• Linearization operator (adjusting the scale of the descriptor) LO with f(x) = x for O = I, with 

f(x) = x−1 for O = R, and with f(x) = ln x for O = L. 
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Quantitative structure-property relationship studies 

For a biologist, basic units of structure define the function of all living things [46]. Since 1868, 

when Crum-Brown and Fraser argued about the existence of the relation between the physiological 

action of a substance and its composition and constitution [47], much progress has been made. 

Today, structure-property relationships may be considered the central dogma of chemistry [48]. 

A typical structure-property study (referred to as quantitative, quantitative structure-property 

relationship (QSPR) to express its desired outcome, a relationship expressing the property as a 

function of the structure) requires the collection of a series of compounds with known structure and 

measured properties. 

Certain inclusion criteria apply. Therefore, the presence of an extreme value [49] or an outlier [50] 

in the series makes the derived relations unreliable, so the derivation of the structure-property rela-

tionships is desired to be obtained in the absence of those. The environment, such as water as a solute, 

may influence dissociations and associations of ions [51], and chemical properties [26] are also 

affected. Furthermore, it should be a clearly defined endpoint, an unambiguous algorithm to facilitate 

the reproducibility of a built model, a defined applicability domain to determine the model space as-

sociated with reliable predictions, to employ appropriate measures of goodness-of-fit, robustness and 

predictivity, and ideally, a mechanistic interpretation of the model in chemical structural terms [52]. 

One may argue that modeling of the 3D geometry is of the essence for estimating the biological 

activities [53], while, for physical properties, feeding the models with topologies works well (take, 

for instance log P [54]). 

Two methods were employed: with FMPI (Table 3) and with EChP (Table 4), considering the 

molecules' topology and geometry. As expected, the 3D model of the computed molecular 

geometry depends on the selected computational model. Three models were subjected to analysis: 

a mechanistic one (MMFF), an in vitro one (B3LYP), and a solvent-interacting one (M06 SM8). The 

design of this experiment is depicted in Table 5. 

Table 5. Molecular methods for optimal conformations 

Design Molecular modeling method Ref. 

Raw MMFF94 [55] 

In vitro B3LYP 6-311G** [56] 

In vivo M06 6-31G* + SM8-water [57] 
See Table 6 in Supplementary material of [56] for the reasons of choosing B3LYP 

  

Using notation from [58], if f = f(x; b) depending on x as the random variable and having 

b = (bj)1≤j≤m as m population parameters) is the theoretical distribution function, then the likelihood 

of the sample is f(x1;b)f(x2;b)…f(xn;b), and it is maximum when all its derivatives vanish. The 

maximum likelihood estimation (MLE) method was used here. 

Results and discussion 

Modeling the oxidation and reduction potential of vynil-pyridines 

There are six observation points for each electrochemical property in Table 3 (n = 6), which is, at 

the minimum required to conduct an association analysis. However, in [59], it is pointed out that at 

n < 8, both false positives and false negatives may appear if the association is used to do a classification 

(which is not the case here). At the same time, other studies (including Google’s AI) suggest at least 

n = 10. A sample size calculation can be employed [60], but it is useful only when sampling is available. 

Therefore, this deficiency must be alleviated by better testing the sample's quality. 
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Outlier and extreme values analysis was conducted. Normal distribution (N ) population para-

meters (µ and σ), associated with the sample for the given measurements of the properties, were 

obtained using MLE and are given in Table 6. One should note that the usage of MLE, unlike the 

method of central moments, does not reduce the number of degrees of freedom associated with the 

sample [61]. 

Table 6. Gaussian distribution population parameters of the 4-(azulen-1-yl)- 2,6-divinylpyridine derivatives by 
maximizing the likelihood for the samples from Table 2 

Potential \Parameters µ σ 

Oxidation (Ea) 0.4555 0.10569 

Reduction (Ec) -2.0037 0.11474 
µ: mean; σ: standard deviation; σ2: variance 

 

The results in Table 6 have been used to obtain the cumulative probabilities associated with each 

observation. Table 7 contains these results. 

Table 7. Cumulative probabilities (data in Table 2; parameters in Table 6) 

i 1 2 3 4 5 6 

Oxidation potentials (sorted data) 

xi 0.318 0.3380 0.47 0.487 0.5530 0.567 

pi 0.0966 0.1331 0.5546 0.6172 0.8219 0.8543 

Reduction potentials (sorted data) 

xi -2.09 -2.084 -2.071 -2.065 -1.858 -1.854 

pi 0.226 0.242 0.2788 0.2966 0.8979 0.904 

( ; )
i

i
x x

p f x b dx


=   are the cumulative probabilities 

A series of order statistics was calculated. Table 8 contains these results. The analysis from Table 

8 reveals that there are 99.4 % worse draws of a normal (N ) sample than the sample of Ea values 

and 44.5 % worse draws of a normal (N ) sample than the sample of Ec values. Both probabilities (p 

values in boldface in Table 8) are greater than the conventional level of 5 %, so the assumption that 

the samples of Ea values and Ec values are drawn from normal distributions (N ) cannot be rejected. 

Table 8. Order statistics on rejecting the hypothesis of samples normality 

Statistic CM WU KS KV AD H1 g1 TS FCS 

k 1 2 3 4 5 6 7 8  

Statistics and associated probabilities for the series of observed Ea values 

Value 0.36302 0.54199 0.05696 1.03250 0.05596 2.94610 0.40337 0.29957 2.44592 

pk 0.829 0.875 0.857 0.606 0.710 0.564 0.724 0.792 0.994 

Statistics and associated probabilities for the series of observed Ec values 

Value 0.87742 0.90647 0.15756 1.47290 0.15358 2.93340 0.40400 0.29486 8.88016 

pk 0.422 0.304 0.373 0.096 0.089 0.575 0.722 0.818 0.445 

FCS: Fisher’s chi-square statistic; 
2

8

FCS

1

; =1- ( ,8)ECS=-ln
k

k

p p CDF FCS


=

   

Modeling with raw geometries 

Table 9 contains step-by-step results for modeling with SAPF and EChP using optimum geometries 

from the MMFF94 molecular mechanics approach. One should note that the descriptors from EChP 

are able to better explain both Ea and Ec electrochemical properties than the ones from FMPI (see 

r2
adj values in Table 9). 
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Table 9. Staged selection of the best descriptors for linear associations with the descriptors from raw geometries 

Family Stage For Ea dataset For Ec dataset Result 

FMPI 1 2275 2275 Number of adapted descriptors 

FMPI 2 2069 2198 Number of linearly associated descriptors 

FMPI 2 LNUTGM INEGEM Best performing descriptors 

FMPI 2 0.9894 0.9949 r2 with above descriptors 

EChP 1 265411 265411 Number of adapted descriptors 

EchP 2 252120 243742 Number of linearly associated descriptors 

EChP 2 RDCN0940 LEGN0705 Best performing descriptors 

EChP 2 0.9977 0.9996 r2 with above descriptors 
RDCN0940 = (EChP(−0.940; ID, AC))−1, LEGN0705 = ln(EChP(−0.705; IE, AG)) in Equation (1) and Table 4 

 

With MMFF94 obtained geometries, for the considered 4-(azulen-1-yl)-2,6-divinylpyridine 

derivatives, from the EChP selected descriptors, it can be inferred that the solid-state density is 

selected as the influential property for Ea acting on the inverse of the sums of conventional bond 

orders (I ← ID and A ← AC extending the ChP, see Equation 4.1 and Table 9). On the other hand, Ec is 

expressed by the electronegativity acting on the inverse of the geometrical distance (I ← IE and A ← AG 

extending the ChP, see Equation 4.1 and Table 9). However, FMPI, with only 1.6 % of the size of EChP, 

explains over 99 % of the variance in the Ea and Ec values and can be used as a first approximation 

level, just as MMFF is used for molecular geometry. Going further with the analysis of the FMPI 

selected descriptors, Ea is related to the structure on a logarithmic scale (”L” letter in LNUTGM), while 

Ec is related on an identity scale (”I” letter in INEGEM), both Ea and Ec were seen through FMPI 

perspective as localized properties (properties characterized by minimal fragments, usually single 

atoms - ”N” as the second letter in LNUTGM and INEGEM descriptors’ names, see Table 9 and Table 3 

encodings), interacting like a potential (property over distance ”U” as third letter in the LNUTGM 

name, see Table 9 and Table 3 encodings) and like a elastic force (property multiplied with the distance 

”E” as third letter in the INEGEM name, see Table 9 and Table 3 encodings) respectively, being affected 

mainly by the topology of the molecules (”T” as third letter in LNUTGM), and by the geometry (”G” as 

third letter in INEGEM) respectively. The differences are not at the level of the fragmentation criteria 

(for both Ea and Ec is minimal, ”M” as last letter in LNUTGM and INEGEM), but at the elemental 

property relating the best (for Ea is the melting point temperature, ”G” letter in LNUTGM, and for Ec is 

the electronegativity, ”E” before last letter in INEGEM). 

Table 10 lists the calculated values of the descriptors for each molecule from the set. 

Table 10. Calculated values of the descriptors from raw geometries 

Descriptor Family  
Compounds from Figure 

4a 4b 4c 4d 4e 4f 

LNUTGM FMPI Values estimating Ea 7.326 7.367 7.392 7.326 7.367 7.393 

INEGEM FMPI Values estimating Ec 3.426 3.425 3.432 3.426 3.425 3.432 

−105RDCN0940 EChP Values estimating Ea 15.21 6.158 2.642 14.37 7.003 2.477 

−101LEGN0705 EChP Values estimating Ec 3.608 3.677 2.775 3.581 3.685 2.781 
105 and 101 are scaling factors; Conventionally slope and intercept from Table 11 have units of V; then here values are adimensional 
 

One can notice that INEGEM descriptor from FMPI does not distinguish between Oxygen and 

Sulphur (furan and thiophen rings in Figure 4), LNUTGM barely distinguishes between 4c and 4f, 

while the EChP descriptors make the distinction (see the numeric values in the 4a, 4b, 4c group vs. 

4d, 4e, 4f group in Table 10). The obtained linear models expressing Ea and Ec as functions of 

derivatives structure are provided in Table 11. 
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Table 11. Models and associated statistics with the descriptors from raw geometries 

Property Family Model pF 

Ea FMPI y = −25.4±3.3 + 3.51±0.45 LNUTGM 3×10−5 

Ea EChP y = 0.606±0.011 + 1.89±0.11 ·10−7 ·(EChP(−0.940±0.0005; IA = D, AC = C))−1 10−6 

Ec FMPI y = −118±10 + 33.8±3.0 INEGEM 6×10−6 

Ec EChP y = −1.141±0.022 + 0.026±0.01 ·ln(EChP(−0.705±0.0005; IA = E, AC = G)) 4×10−8 

y ∼ lin(x), y  {Ea, Ec}, x  FMPI or x  EChP, lin(x)  {c0x, c1x + c2}, c0, c1, c2  * ; slope and intercept have units of V 
 

In both instances (for Ea and Ec), with the use of the EChP approach, the precision of the models 

is improved. 

Modeling with in vitro geometries. 

Table 12 contains step-by-step results of modeling with SAPF and EChP using optimum 

geometries from B3LYP 6-311G** theory level.  

Table 12. Staged selection of the best descriptors for linear associations with descriptors from in vitro geometries 

Family Stage For Ea dataset For Ec dataset Result 

FMPI 1 2218 2218 Number of adapted descriptors 

FMPI 2 2049 2041 Number of linearly associated descriptors 

FMPI 2 LNUTGM LNEGCM Best performing descriptors 

FMPI 2 0.9894 0.9909 r2
adj with above descriptors 

EChP 1 265750 265750 Number of adapted descriptors 

EChP 2 247097 238368 Number of linearly associated descriptors 

EChP 2 RDCN0940 ICtN0193 Best performing descriptors 

EChP 2 0.9977 0.9995 r2
adj with above descriptors 

RDCN0940 = (EChP(−0.940; IA = D, AC = C))−1, ICtN0193 = EChP(−0.193; IA = C, AC = t) in Equation (1) 

One should note that the descriptors from EChP are able to better explain both Ea and Ec electro-

chemical properties than the ones from FMPI (see r2 values in Table 12). 

With B3LYP obtained geometries, for the considered 4-(azulen-1-yl)-2,6-divinylpyridine derivatives, 

from the EChP selected descriptors, can be inferred that the solid-state density is selected as the 

influential property for Ea acting on the inverse of the sums of conventional bond orders (I ← ID and 

A ← AC extending the ChP, see Equation (1) and Table 9). On the other hand, Ec is expressed by the 

electrostatic charges acting on adjacencies (I ← IC and A ← ) extending the ChP, see Equation (1) and 

Table 12). 

Through the perspective of FMPI selected descriptors, Ea and Ec are related with the structure on 

a logarithmic scale (”L” letter in LNUTGM and LNEGCM), both Ea and Ec were seen through FMPI 

perspective as localized properties (properties characterized by minimal fragments, usually single 

atoms - ”N” as second letter in LNUTGM and LNEGCM descriptors names, see Table 9 and Table 3 

encodings), interacting like a potential (property over distance - ”U” as third letter in LNUTGM name, 

see Table 9 and Table 3 encodings) and like an elastic force (property multiplied with the distance - 

”E” as third letter in LNEGCM name, see Table 9 and Table 3 encodings) respectively, being affected 

mainly by the topology of the molecules (”T” as third letter in LNUTGM), and by the geometry (”G” 

as third letter in LNEGCM) respectively. The differences are not at the level of the fragmentation 

criteria (for both Ea and Ec, it is minimal, ”M” as last letter in LNUTGM and INEGEM) but at the 

elemental property relating the best (for Ea is the melting point temperature, ”G” letter in LNUTGM, 

and for Ec is the cardinality (size of the fragment), ”C” before last letter in LNEGCM). 

Table 13 lists the calculated values of the descriptors for each molecule from the set. 
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Table 13. Calculated values of the descriptors from in vitro geometries 

Descriptor Family  
Compound 

4a 4b 4c 4d 4e 4f 

LNUTGM FMPI Values estimating Ea 7.326 7.367 7.392 7.326 7.367 7.393 

LNEGCM FMPI Values estimating Ec 0.4065 0.4170 1.702 0.4064 0.4166 1.708 

−105RDCN0940 EChP Values estimating Ea 15.21 6.158 2.642 14.37 7.003 2.477 

−100ICtN0193 EChP Values estimating Ec 0.1515 1.054 −10.3 .1530 1.142 −10.1 
105 and 100 are scaling factors; Conventionally slope and intercept from Table 14 have units of V; then here values are 
adimensional 

One can notice that the INEGEM descriptor from FMPI does not distinguish between oxygen and 

sulphur (furan and thiophene rings in Figure 4), LNUTGM barely distinguishes between 4c and 4f, 

while the EChP descriptors make the distinction (see the numeric values in the 4a, 4b, 4c group vs. 

4d, 4e, 4f group in Table 13). 

The obtained linear models expressing Ea and Ec depending on the structure of derivatives are 

provided in Table 14. 

Table 14. Models and associated statistics with the descriptors from in vitro geometries 

Property Family Model pF 

Ea FMPI y = −25.4±3.3 + 3.51±0.45 ·LNUTGM 3×10−5 

Ea EChP y = 0.606±0.011 + 1.89±0.11·10−7·(EChP(−0.940±0.0005; ID, AC))−1 10−6 

Ec FMPI y = −2.15±0.02 + 0.17±0.02 ·LNEGCM 2×10−5 

Ec EChP y = −2.065±0.003 − 0.0205±0.0006 ·EChP(−0.193±0.0005; IC, At) 6×10−8 

y ∼ lin(x), y  {Ea, Ec}, x  FMPI or x  EChP, lin(x)  {c0x, c1x + c2}, c0, c1, c2  * ; slope and intercept have units of V 

In both instances (for Ea and Ec), with the use of the EChP approach, the precision of the models 
is improved. 

Modeling with in vivo (water) geometries. 

Table 15 contains step-by-step results of modeling with SAPF and EChP using optimum 

geometries from M06 6-31G* + SM8-water theory level.  

Table 15. Staged selection of the best descriptors for linear associations 

Family Stage For Ea dataset For Ec dataset Result 

FMPI 1 2220 2220 Number of adapted descriptors 

FMPI 2 2050 2052 Number of linearly associated descriptors 

FMPI 2 LNUTGM RNUTCM Best performing descriptors 

FMPI 2 0.9894 0.9923 r2
adj with above descriptors 

EChP 1 265964 265964 Number of adapted descriptors 

EChP 2 251531 243044 Number of linearly associated descriptors 

EChP 2 RDCN0940 ICtN0176 Best performing descriptors 

EChP 2 0.9977 0.9994 r2
adj with above descriptors 

RDCN0940 = (EChP(−0.940; ID, AC))−1, ICtN0176 = EChP(−0.176; IC, At) in Eq. 1 

One should note that the descriptors from EChP are able to explain better than the ones from 

FMPI, both Ea and Ec electrochemical properties (see r2 values in Table 15). 

With M06 6-31G* + SM8-water obtained geometries, for the considered 4-(azulen-1-yl)-2,6- 

-divinyl-pyridine derivatives, the solid-state density is selected as the influential property for Ea, 

acting on the inverse of the sums of conventional bond orders (I ← ID and A ← AC extending the ChP, 

see Equation 4.1 and Table 9). On the other hand, Ec is expressed by the electrostatic charges acting 

on adjacencies (I ← IC and A ← At extending the ChP, see Equation and Table 15). However, FMPI, 
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with only 1.6 % of the size of EChP, explains over 99 % of the variance in the Ea and Ec values and 

can be used as a first approximation level, just as MMFF is used for molecular geometry. Going 

further with the analysis of the FMPI selected descriptors, Ea is related to the structure on a 

logarithmic scale (”L” letter in LNUTGM) while Ec is related on a reciprocal scale (”R” letter in 

RNUTCM), both Ea and Ec were seen through FMPI perspective as localized properties (properties 

characterized by minimal fragments, usually single atoms - ”N” as second letter in LNUTGM and 

RNUTCM descriptors names, see Table 9 and Table 3 encodings), interacting like a potential 

(property over distance - ”U” as third letter), being affected mainly by the topology of the molecules 

(”T” as third letter). The differences are not at the level of the fragmentation criteria (for both Ea 

and Ec it is minimal, ”M” as last letter in LNUTGM and RNUTCM), but at the elemental property 

relating the best (for Ea is the melting point temperature, ”G” letter in LNUTGM, and for Ec it is the 

cardinality (size of the fragment), ”C” before last letter in RNUTCM). 

Table 16 lists the calculated values of the descriptors for each molecule from the set. 

Table 16. Calculated values of the descriptors from in vivo geometries 

Descriptor Family  
Compdound 

4a 4b 4c 4d 4e 4f 

LNUTGM FMPI Values estimating Ea 7.326 7.367 7.392 7.326 7.367 7.393 

RNUTCM FMPI Values estimating Ec 1.000 1.000 0.7143 1.000 1.000 0.7143 

−105RDCN0940 EChP Values estimating Ea 15.21 6.158 2.642 14.37 7.003 2.477 

−101ICtN0176 EChP Values estimating Ec −0.7679 8.225 −104.0 −0.8165 8.454 −102.4 
105 and 101 are scaling factors; Conventionally slope and intercept from Table 17 have units of V; then here values are 
adimensional 

One can notice that the best descriptors from FMPI do not distinguish between 4a and 4c and 

between 4b and 4d, while EChP does. 

The obtained linear models expressing Ea and Ec as functions of derivatives structure are provided 

in Table 17. 

Table 17. Models and associated statistics 

Property Family Model pF 

Ea FMPI y = −25.4±3.3 + 3.51±0.45 ·LNUTGM 3·10−5 

Ea EChP y = 0.606±0.011 + 1.89±0.11 ·10−7·(EChP(−0.940±0.0005; ID, AC))−1 1·10−6 

Ec FMPI y = −1.302±0.077 − 0.775±0.085 ·RNUTCM 1·10−5 

Ec EChP y = −2.0697±0.0038 + 0.0207±0.0006·EChP(−0.176±0.0005; IC, At) 9·10−8 

y ∼ lin(x), y  {Ea, Ec}, x  FMPI or x  EChP, lin(x)  {c0x, c1x + c2}, c0, c1, c2  * ; slope and intercept have units of V 

In both instances (for Ea and Ec), with the use of the EChP approach, the precision of the models 

is improved. 

Correlated correlations analysis 

Correlated correlation analysis is intended to reveal the change in the information carried by a 

model. The main supposition is that when changing a model, the same data was used to derive the 

new model, such that the association in the paired data still exists. In a classical analysis, the 

correlation coefficient between the experimental and the calculated is of interest. With two models: 

Model 1, with y ∼ lin(x1), r01 = r(y, x1), and Model 2, with y ∼ lin(x2), r02 = r(y, x2), the calculation of 

a third correlation coefficient, r12 = r(x1, x2), may provide the necessary information to reveal the 

change in the information carried by y ∼ lin(x1) model vs. y ∼ lin(x2) model. Steiger [62] proposed 
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the use of such a test. Its approach is used here. Equation (2) has been used (conventionally positive 

correlations have been used, r ← |r|): 

2 2
01 01 a

01 01 2 2 2
1 1 a 12 a a 12

( 3)(1 )

2( 1 ) 2( 1 ) 2 3 (2 4 )

r r n r
S Z Z

n f n f r r r 

  − −
= − − + 

− − − − − − − + 
 (2) 

where Z01, Z02, and Z12 are the Fisher’s Z transformations (Z(r) = 0.5(ln(1 + r)/ln(1 − r))) of the correlation 

coefficients (r01, r02, and r12), ra = (r01 + r02)/2, ρ12 = (1-e2o12)/(1+e2o12), o12 = Z12 − 0.5r12/(n − 1 − fm), and 

where f1, f2, and fm = (f1 + f2)/2 are the degrees of freedom associated with the models. The probability 

is calculated from Student’s t distribution with n − 2 degrees of freedom (pS = CDFt(|S|; n − 2)). 

Correlated correlation analysis is a powerful test, and when the model is changed, probabilities 

to gain a different model can be calculated. Thus, Table 18 contains the probabilities associated with 

the changes in the models. 

Table 18. Correlated correlation analysis distinguishing between the models 

Fixed Changing y x1 x2 S pt (S; 2) 

raw FMPI vs EChP Ea LNUTGM RDCN0940 1.32 0.3177 

raw FMPI vs EChP Ec RNUTAN LEGN0705 5.56 0.0309 

vitro FMPI vs EChP Ea LNUTGM RDCN0940 1.32 0.3177 

vitro FMPI vs EChP Ec LNEGCM ICtN0193 2.52 0.1279 

vivo FMPI vs EChP Ea LNUTGM RDCN0940 1.32 0.3177 

vivo FMPI vs EChP Ec RNUTCM ICtN0176 2.18 0.1611 

EChP raw vs vitro Ec LEGN0705 ICtN0193 0.19 0.8668 

EChP raw vs vivo Ec LEGN0705 ICtN0176 0.35 0.7598 

EChP vitro vs vivo Ec ICtN0193 ICtN0176 0.75 0.5315 
Geometry - optimum from: raw - MMFF94; vitro - B3LYP 6-311G**; vivo - M06+Sm8-water 6-31G*;  
structure descriptors - families: fragments based - FMPI; ChP extended - EChP;  
electrochemical - potentials: Ea - oxidation; Ec - reduction; S: Steiger’s statistic calculated with Equaation (2)  
(r01 = r(y, x1), r02 = r(y, x2), r12 = r(x1, x2)); pt: probability that the samples of the changing parameters to be drawn from 
the same population; pt(S; 2) for RNUTAN vs LEGN0705 is statistically significant (< 5 %; in red color) 

There are several models provided here (all statistically significant). Table 11 contains four models, 

two each for the prediction of Ea and Ec with each family of descriptors. The first two models from 

Table 11 are not statistically distinct one from the other (the probability of expressing the same 

structural information is 31.77 %, see Table 18). The last two models from Table 11 are statistically 

distinct from each other (the probability of expressing the same structural information is 3.09 %, see 

Table 18) and are the only ones in distinction, according to the results from Table 8. Table 18 supports 

the idea that LEGN0705 (expressing Ec from files containing raw geometries), ICtN0193 (expressing Ec 

from files containing in vitro geometries), and ICtN0176 (expressing Ec from files containing in vivo 

geometries) may essentially express the same information relating structure - reduction potential 

since statistical significance has not been reached to distinguish between them. Furthermore, results 

listed in Tables 11, 14, and 17 reveal that, when from files containing raw, in vitro and in vivo 

geometries, Ec is expressed with EChP descriptors, there is no change in the selection of the model 

best expressing the association (that is the model containing RDCN0940 molecular descriptor). 

There is no coincidence in the fact that an extended family of descriptors based on the char- 

acteristic polynomial (EChP) performs better even than a fragmentation-based method (FMPI) in 

relating the chemical structure with electrochemical properties (here, electrode potentials of  

4-(azulen-1-yl)-2,6-divinylpyridine derivatives), since the roots of the eigenproblem run deep in 

chemistry [63]. 
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Conclusions 

The present study has shown a significant gain in the precision of expressing the QSPR model 

coefficients when EChP descriptors are used instead of FMPI descriptors. At the same time, EChP 

descriptors have a better resolution - they distinguish between all molecules from the dataset, while 

the resolution of the best explanatory FMPI descriptors did not distinguish between furan and 

thiophene rings, and this is a positive result. 

The use of higher theory-level models in geometry optimization (from MMFF94 to B3LYP and 

M06 + Water SM8) did not obtain the expected gain in precision and/or resolution, which is a 

negative result. In the case of EChP model of Ea, the selected descriptor remained the same 

(RDCN0940) and its values remained unchanged, while in the case of the EChP model of Ec, the 

selected descriptor has been changed (LEGN0705, to ICtN0193 and to ICtN0176), but not with a 

supplementary precision or resolution. On the contrary, a slow loss of precision was the result 

(r2 from 0.9996 to 0.9995, and to 0.9994; pF from 4×10−8 to 6×10−8, and to 9×10−8). 

MMFF94 geometries proved better suited to express the Ea and Ec potentials from structure than 

the selected B3LYP and M06 upper theory level approaches. This is a positive result regarding 

MMFF94 (one should notice that this is the default theory level in providing geometries of molecules 

by PubChem), and perhaps supports the idea that selecting and using upper theory levels in 

molecular geometry optimization requires much more care and suitability analysis than expected. 

Correlated correlation analysis revealed an important fact. The EChP best model (containing the 

LEGN0705 descriptor) is statistically distinct (evidence in Table 18), and better (evidence in Table 9) 

than the FMPI best model (containing the INEGEM descriptor) in expressing structure-property 

relationship for Ec. 

Abbreviations 

CAS RN:  Chemical Abstracts service registry number 

PubChem:  http://pubchem.ncbi.nlm.nih.gov/ - chemical compounds search engine and database 

online available 

CID:  PubChem compound identifier 

FPIF:  fragmental property index family 

MDF:  molecular descriptors family 

SAPF:  structural atomic property family 

SMPI:  Szeged matrix property indices 

FMPI:  fragmental matrix property indices 

i-Pr:  isopropyl 

ChP:  characteristic polynomial 

EChP:  extended characteristic polynomial 

QSPR:  quantitative structure-property relationships 

DFT:  density functional theory 

MLE:  Maximum Likelihood Estimation 

CDF:  cumulative distribution function 

PDF:  probability density function 

r:  Pearson’s correlation coefficient [64] 

r2
adj:  adjusted (from r) determination coefficient 

χ2:  chi square distribution; PDF2(x; k) = /2 1 2 /2 1e 2 ( ( 2))k -x / kx k− − −−  

N :  normal distribution; PDFN (x; µ, σ) = 
2 21 1/2 /(2 )(2 ) e-(x )  − − −  
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t:  Student’s t distribution [65]; PDFt(x; ν) = 

1
1 2 2

1/2 1
( ) 1

2 2

x


 




+
−−

− +
  +

     
      
      

 

* :  the set of real non-null numbers (R* = R\0 ) 
MMFF:  Merk molecular force field; MMFF94: 1994 version of MMFF [55] 
B3LYP:  Becke 3 parameter hybrid exchange functional and Lee-Yang-Par correlation functional 

[66, 67] 
M06:  Minnesota density functional introduced in [68] 
SM8:  solvation model applicable to all solvents introduced in [69] 
pF :  probability of a wrong model, calculated from Fisher’s F distribution [70] 

Appendix: Generated data and data analysis 

Compounds studied in the paper are not available in the PubChem database. We drawn their 2D 
structures and build up their 3D models. Chemdraw files are available at:  
http://lori.academicdirect.ro/data/C19H15N-d/Data_Chemdraw.zip.  

The 3D geometries were build (with HyperChem v.8 Add H & Model Build menu option and module), 
exported and optimized into Spartan (v. 14) software (using three theory levels, as described in the paper). 
Further, structure-activity relationship search was conducted using two approaches (FMPI and EChP), as 
described in the paper. 

The subsequent analysis is available at:  
http://lori.academicdirect.ro/data/C19H15N-d/Results_MMFF94.zip (the analysis with MMFF94 optimum 
geometries, big data file, over 30 MB),  
http://lori.academicdirect.ro/data/C19H15N-d/Results_MMFF94.zip (the analysis with B3LYP optimum 
geometries, big data file, over 40 MB), and  
http://lori.academicdirect.ro/data/C19H15N-d/Results_MMFF94.zip (the analysis with M06 optimum 
geometries, big data file, about 40 MB).  

For the reproducibility of the results, the programs are provided as well. Thus, the programs supporting 
the study with EChP are available at:  
http://lori.academicdirect.ro/data/C19H15N-d/Programs_EChP.zip,  
the programs supporting the study with FMPI are available at:  
http://lori.academicdirect.ro/data/C19H15N-d/Programs_FMPI.zip  
and the programs filtering statistically the structure-based descriptors are available at: 
http://lori.academicdirect.ro/data/C19H15N-d/Programs_LR.zip.  

One need to prepare (inspect and modify by necessity) the properties.asc file listing the experimenttal 
properties in order to use the methodology on other dataset. Then the programs should be called in order. 
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Abstract 
One of the theoretical requirements of electrochemical impedance spectroscopy measure-
ments is that the studied system should not vary with time. Unfortunately, this is rarely the 
case of physical systems. In the literature, quite a few methods exist to check and correct a 
posteriori the effect of time-variance, allowing the use of conventional equivalent circuit 
models to fit and interpret the data. We suggest a different approach where, for a given 
electrochemical mechanism and specific experimental conditions, assuming stationarity 
during each measurement, a time- and frequency-dependent expression of the Faradaic 
impedance is derived from the kinetic equations. The case of a potential relaxation at zero 
current following an anodic steady-state polarization is considered for a system where a 
Volmer-Heyrovský corrosion mechanism is supposed to take place. 

Keywords 
EIS; adsorption; non-stationarity; Faradaic; relaxation; potential decay 

 

Introduction 

Electrochemical impedance spectroscopy (EIS) consists of studying the frequency response of an 

electrochemical system submitted to an electrical modulation, leading to the determination of its 

transfer function, the involved electrochemical reaction mechanisms and the values of the 

associated parameters.  

Classically, the Faradaic impedance of a given electrochemical reaction is obtained by linearizing 

the expression of the Faradaic current using a Taylor series limited to the first order in the 

neighbourhood of a stationary operating point [1]. 

This means that the electrical perturbation applied to the system where the given electro-

chemical reaction takes place should not entail a nonlinear response. 

This also means that the system should be stationary. As already noted elsewhere [2,3], it is 

considered by the authors that stationarity includes two sub-notions, namely steady-state and time-
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invariance. Steady-state is the state of a system whose response has reached a permanent regime 

and time-invariance is the state of a system whose parameters do not change with time. 

A complete description, or at least a study, of an electrochemical reaction mechanism requires 

impedance measurements performed at various stationary points along the stationary I vs. E curve. 

This is generally performed by collecting impedance data after the system has settled at a constant 

potential.  

However, in some systems, the waiting time to reach the stationary state can be considered too 

long, for example, in the case of an insertion battery or a corroding sample. Besides, strictly 

speaking, no stationary state can really be defined for those systems as the voltage measured across 

a battery and the mixed potential measured on a corroding electrode are not equilibrium 

thermodynamic potentials, so the stationary approach is not deemed relevant.  

A third example is given by Harrington et al. [4] in the case of methanol oxidation, whose 

irreversible adsorption reaction leads to a full-coverage state, whichever the applied potential. 

In such cases, there is no other way than to perform impedance measurements in non-stationary 

conditions, which goes against the requirement mentioned above unless some precautions, 

assumptions and corrections are taken and applied. 

Stoynov et al. [5] were the first to knowingly perform EIS measurements on a time-variant 

system, namely a lead-acid battery under discharge. By choosing a low enough current and keeping 

the measurement time short, it was assumed that the system would not change very much during 

the measurement and was considered to be in a quasi-stationary state (QSS). 

This is also the approach chosen by researchers combining voltammetry and EIS in techniques 

such as potentiodynamic DEIS [6], ac voltammetry [4,7] and dynamic EIS [8-11]. 

The QSS or “frozen-state” assumption allows to use, at each frequency, conventional equivalent 

circuit models (ECM) and Faradaic impedance expressions to interpret the data, but the values of 

the parameters could differ from one frequency to another. 

Stoynov was, to our knowledge, the first to simulate how non-stationarity can deform impedance 

Nyquist diagrams and lead to wrong interpretations [12]. Stoynov et al. introduced an elegant 

correction method named 4D impedance based on the cubic spline interpolation of successive 

measurements, allowing for a reconstruction of instantaneous impedance spectra, which can then 

be interpreted using conventional ECM with time-independent parameters [13,14]. More recently, 

the same authors introduced the rotating Fourier transform [15,16] to directly analyze non-

stationary impedance measurements without the need for correction. 

Belgian researchers developed a methodology using odd multisine signals (Odd random phase 

multisine EIS (ORP-EIS)) to quantify the non-linearity and non-stationarity of nonlinear time-varying 

systems [17,18]. Non-linearities appear as additional signals at non-excited frequencies and time-

variance appears as “jumps” or “skirts” at excited frequencies. 

The different types of Fourier spectra of the response to sinusoidal excitation are presented in 

the white paper “Systems and EIS quality indicators” [19]. Non-linearity and non-stationarity 

indicators are also presented. 

This non-exhaustive review gives an idea of the various approaches used to tackle the problem 

of non-stationarity. Other approaches and more details can be found in two recent review articles 

by Hallemans et al. [20] and Szekeres et al. [21]. 

These approaches all rely on a mathematical treatment of the EIS measurement, using the point 

of view of the physicist or the signal analyst. The point of view of the electrochemist was adopted 
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here, starting from the electrochemical reaction and the kinetic equations to the calculation of a 

time and frequency-dependent Faradaic impedance expression. 

The first attempt originated from a paper by the team of Srinivasan Ramanathan, who illustrated 

the effect of time-variance by performing impedance measurements on a rotating disk electrode 

(RDE) immersed in an electrolyte containing equimolar concentrations of the classical ferri- and 

ferro cyanide ions and being diluted [22]. In our recent paper [2], the time and frequency-dependent 

Faradaic impedance expression was calculated for such a redox reaction where the concentration 

changes with time and showed that it was possible to use this expression to fit experimental 

impedance data obtained on the time-variant system directly. 

The topic of linear systems with variable parameters was also studied by Berthier [23], who 

recalled that the main issue is that, unless the system is simple, there is no mathematical method 

available to solve the differential Equation (1) describing the system, which is: 

an(t)yn(t) + an-1(t)yn-1(t) +  + a1(t)y’(t) + a0(t)y(t) = bm(t)um(t) +  b0(t)u(t) (1) 

where yn(t) represents the nth time derivative of the function y(t), um(t) represents the mth time 

derivative of the function u(t), y(t) is the time response of the considered system and u(t) the time 

input with a(t) and b(t) their respective time-dependent coefficients. 

Baddi [24] tried to explain the passivation mechanism of iron in an acidic medium as well as the 

time evolution of the potential during depassivation, also named the Flade experiment. In this expe-

riment, a constant stationary passivation current or potential is applied to the system, the current 

is then shut and the potential returns to its equilibrium value. This potential time evolution is 

calculated by using the various kinetic equations derived from the chosen depassivation mechanism. 

The non-stationary impedance expression is written using the stationary, voltage-dependent 

impedance expression and replacing the stationary voltage with the time-dependent voltage. 

Harrington [25] calculated open-circuit potential decay transients following the interruption of a 

polarizing current for a three-step hydrogen evolution reaction (HER) and related to the evolution 

of the surface coverage rate of the adsorbed species. 

In this paper, we chose to follow a similar approach using as a case study the Volmer-Heyrovský 

corrosion reaction [26-28, and references therein]. This first part shows the theoretical derivation, 

while the second part, to be published, will present experimental data. 

Mechanism and kinetic equations  

The notation and the equations of the Handbook of Electrochemical Impedance Spectroscopy 

Corrosion Reactions Library [29] were used. 

Each reaction is considered non-inversible or irreversible, meaning the forward reaction rate is 

much larger than the backward reaction rate. 

The two-step hydrogen reduction reaction is considered, Equations (2) and (3): 

r1H + s + e H,s
K+ − ⎯→  (2) 

r2

2
H + H,s + e H + s

K+ −

⎯⎯→  (3) 

with s an adsorption site, Kr1 in s-1 and Kr2 in s-1 the reaction rate constants. H,s denotes an adsorbed 

H atom (or H adatom). 

The oxidation reaction is the corrosion of the metal atom at the surface of the electrode M.s, 

which produces, in our case, for the sake of simplicity, a divalent species M2+ (Equation (4)): 

3 2M,s M +s+2eoK + −⎯⎯→  (4) 
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with Ko3 / s-1 the reaction rate constant. 

M,s and s are considered to be equivalent, which means the oxidation reaction does not lead to 

a variation in surface concentration of the adsorption sites. 

The Langmuir isotherm is used, which means that there are no interactions between the 

adsorbed species, which are assumed to form an ideal condensed phase. 

There is no mass transport limitation, which means that interfacial concentrations H+(0,t) are equal 

to bulk concentrations H+*, or that interfacial concentration variations are negligible, Equation (5): 

H+(0,t)  H+* (5) 

This allows us to write Equations (6) to (8): 

( ) ( )( ) *
r1 r1 r1 N r1 r1exp - , 'K t k f E t k k H+= =  (6) 

( ) ( )( ) *
r2 r2 r2 N r1 r1exp , 'K t k f E t k k H+= − =  (7) 

( ) ( )( )o3 o3 o3 Nexp 2K t k f E t=   (8) 

with fN = F/(RT), F = 96485 C mol-1 the Faraday constant, R = 8.32 J mol-1 K-1 the perfect gas constant, 

T in K the absolute temperature, kr1 in s-1 and kr2 in s-1 the transfer kinetic parameters of the reduction 

reactions, ko3 in s-1 the transfer kinetic parameter of the oxidation reaction, ar1, ar2 and ao3 the 

symmetry factors of the reduction reactions and the oxidation reaction, respectively, E(t) in V the 

electrode potential and the time t in s. 

With s(t) + H(t) = 1, the reaction rates (t) in mol cm-2 s-1 of each step of the overall reaction 

can be written by Equations (9) to (11): 

( ) ( ) ( )( )1 r1 H1-t K t t=    (9) 

( ) ( ) ( )( )2 r2 Ht K t t=    (10) 

( ) ( ) ( )( )3 o3 H1-t K t t=    (11) 

with  in mol cm-2 the total number of adsorption sites per unit area, H the covering factor of the 

adatom H, which is defined as H/, where H in mol cm-2 is the surface concentration of the adatom H. 

The Equation (12) of the evolution of the coverage rate dH(t)/dt writes1: 

( ) ( ) ( )H H sd / d / d / dt t t t t= = −     (12) 

with (Equation (13)) 

( ) ( ) ( ) ( )H 1 2 s- -t t t t= =     (13) 

Even though the rate of the oxidation reaction 3(t) does depend on the coverage rate of the 

adsorbed species, it does not affect its evolution as it consumes and produces an adsorption site. 

Hence, H(t) and s(t) depend solely on 1(t) and 2(t). 

Finally, the Faradaic current if(t) writes, Equation (14): 

( ) ( ) ( ) ( )( )f 1 2 3- -2i t F t t t= +    (14) 

Steady-state kinetic equations 

Steady-state equations are needed to determine the initial and final values of the potential, 

current and coverage rates. 

 
1 Please note the use of straight d for the derivatives as the coverage rates only depend on time. 
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Writing that at steady-state, Equation (15) 

( ) ( )H sd / d d / d 0t t t t= =   (15), 

we have been using Equationss (9-15), to obtain Equations (16) and (17): 

( ) ( ) ( ) ( )( )H r1 r1 r2/E K E K E K E= +  (16) 

( ) ( ) ( ) ( ) ( )( )( ) ( ) ( )( )f o3 r2 r1 r2 r1 r22 - /i E F K E K E K E K E K E K E= +
 (17) 

where E is the time-independent or steady-state potential. 

The corrosion potential (Equation (18)), defined as the potential for a zero Faradaic current 

(if(Ecorr) = 0), can be calculated from Equations (6) to (8) and (17): 

( ) ( )( )corr r1 o3 r1 o3 Nln / / 2E k k f= +   (18) 

Figure 1 below shows the steady-state Faradaic current and the coverage rate of the adatom H 

as a function of the steady-state potential E for a given set of kinetic parameters (shown in the 

caption of Fig. 1) and using Equations (6) to (8), (16) and (17). Two points are shown in Fig. 1, the 

initial steady-state potential Ei and the corrosion potential Ecorr with their corresponding Faradaic 

current and coverage rates.  

 
Figure 1. Steady-state evolution of (a) the current and (b) the coverage rate of the adatom H as a function 

of the steady-state potential E. The parameters used to plot these curves are:  =10-9 mol cm-2, fN = 38.9 V-1, 

r1 = 0.7, r2 = 0.3, ao3 = 0.5, kr1 = 2 s-1, kr2 = ko3 = 1 s-1, Ei = Ecorr + 0.05 V 

Steady-state Faradaic impedance 

The steady-state Faradaic impedance of the Volmer-Heyrovský corrosion reaction Zf is a sum of 

three terms [1,29], a charge transfer resistance and two surface concentration impedances related 

to adsorbed species s and H, Equation (19): 

( ) ( ) ( )f ct s HZ p R Z p Z p= + +  (19) 

with p = 2jf, f in Hz the frequency and j the imaginary number such that j2 = -1. 

The details of the calculation will not be given here, but we have Equation (20): 

( )
( )( )

( )( ) ( ) ( )( )
r2 r1 r2 r1

f

N r2 r1 r1 o3 r2 o3 o3 r2 r1 r2 r1 o3 r12 4 -2 2

K K K K p
Z p

f F K K K K p K K K p K K K p

+ + +
=

+ + + + + + + +   
 (20) 

The structure of this impedance is equivalent to that of an R + C/R circuit. To obtain the electrode 

impedance Z(p) we need to add in parallel the double-layer capacitance Cdl. The ECM that can be 

used to model the impedance of the Volmer-Heyrovský corrosion reaction is shown in Fig. 2 with 

Equations (21) to (23): 

http://dx.doi.org/10.5599/jese.2467
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( )
r2 r1

ct

r2 o3 o3 r1 r2 r14 ( )N

K K
R

f F K K K

+
=

+ +   
 (21) 

( ) ( )

( ) ( ) ( )
r1 r1 r2 o3 ct r1 r2

o3 o3 r2 r1 o3 r1 r1 r2 r1 r1 r2 r2 r1

- -2 -

4 2 - 2

K K K K R
R

K K K K K K K K
=

+ + + +


 

    
 (22) 

( ) ( )
o3 o3 r1 r1 r2 r2

r1 r1 r2 o3 ct r1 r2

4

- -2 -

K K K
C

K K K K R

+ +
=

  

 
 (23) 

 
Figure 2. ECM used to model the Volmer-Heyrovský corrosion reaction 

Finally, we have Equation (24): 

( ) ( ) ( )f f dl  / (1 )Z p Z p Z p C p= +  (24) 

with Equation (25) 

( )f ct / (1 )Z p R R R C p= + +    (25) 

Please note that the reaction rate constants Kr1, Kr2 and Ko3 are dependent on the potential 

according to Equations (6) to (8). Figure 3 shows two Nyquist diagrams of the impedance Z at two 

different potential values, Ei and the corrosion potential Ecorr, using the same set of parameters as 

in Figure 1 and Cdl = 10 F. 

 
Figure 3. Nyquist diagrams of the steady-state impedance Z at two different steady-state potentials Ei (blue 

curve) and Ecorr (orange curve). The parameters used to plot these curves are:  = 10-9 mol cm-2, fN = 38.9 V-1, 

F = 96485 C mol-1, r1 = 0.7, r2 = 0.3, ao3 = 0.5, kr1 = 2 s-1, kr2 = ko3 = 1 s-1, Ei = Ecorr + 0.05 V, Cdl = 10 µF,  
fmin =100 mHz, fmax = 10 kHz 

Simulated experiment and objectives of this work 

As depicted in Fig. 4a, it consists of a simple current interrupt experiment: the electrochemical 

system, described by the Volmer-Heyrovský corrosion mechanism, is polarized at an anodic 
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potential Ei and a current i. At t = 0, the circuit is open and the potential decays to its other steady-

state value, namely Ecorr. The first objective of this work is to calculate the transient, non-stationary 

evolution of the potential between Ei and Ecorr, as illustrated in Figure 4b. 

 
Figure 4. Illustrative depiction of a) the current interrupt experiment and b) the unknown potential time 

evolution during its relaxation 

If the non-stationary time evolution of the potential E(t) is known, it means the time evolution of 

the various reaction rate constants Kr1(t), Kr2(t) and Ko3(t) can also be known. 

A time- and frequency-dependent impedance Zf(p,t) can then be defined using the expression of 

the steady-state Faradaic impedance (Equation 20), which makes the reaction rate constant and 

time-dependent. Similarly, Rct(t), R(t), C(t) and Z(p,t) can be defined and calculated by Equation 

(26). 

( ) ( ) ( )f f dl, , / (1 , )Z p t Z p t Z p t C p= +  (26) 

The second objective of this work is to show the non-stationary impedance Nyquist diagrams 

during the relaxation of the system using Eq. (26). 

E(t) and H(t) determination 

Assuming zero Faradaic current 

Our system of equations to solve is composed of an ordinary differential equation (ODE), which 

is Equation (12). Using Equations (9), (10) and (13) it writes Equation (27): 

( ) ( )( ) ( )( ) ( )( ) ( )( )H r1 H r2 Hd / d 1- -t t K E t t K E t t=    (27) 

During the relaxation experiment, it was first assumed that if = 0. We then used Equations (9) to 

(11) and (14) to obtain Equation (28). 

( )( ) ( )( ) ( )( ) ( )( ) ( )( ) ( )( )r1 H r2 H o3 H1- - -2 1- 0K E t t K E t t K E t t =    (28) 

Equations (27) and (28) constitute a differential algebraic system of equations (DAE), and which 

can be solved numerically. 

The general form of a DAEs is presented by Equations (29) and (30): 

( ) ( )( )d / d , ,x t f x t y t t=  (29) 

( ) ( )( )0 , ,g x t y t t=  (30) 

In our case, x(t) = H(t) and y(t) = E(t). 
The NDSolve function in Mathematica 14 [30] was used to solve this DAE. The steady-state values 

were set as initial conditions E(0) = Ei and H(0) = H(E(0)). The same parameters as in Figures 1 and 

http://dx.doi.org/10.5599/jese.2467
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3 are used. In this case, the NDSolve function can only give a solution, an interpolation function 
defined for a given period (in our case 50 s), if the initial condition on the potential is not respected. 
This is shown in Figure 5: the initial potential is not Ecorr + 0.05 V, which means the assumption needs 

to be revised. However, H(t) seems to be correct. 

 
Figure 5. Simulated (a) E(t) and (b) H(t) assuming a zero Faradaic current during the relaxation.  

The solution for E(t) is wrong as it does not fulfill the initial condition E(0) =Ei 

Assuming zero total current 

As the total current is the sum of the capacitive and the Faradaic current, assuming a zero total 

current during the relaxation leads to ic = -if and Equation (31): 

( )
( )( ) ( )( ) ( )( ) ( )( ) ( )( ) ( )( )( )dl r1 H r2 H o3 H

d
1- - -2 1-

d

E t
C F K E t t K E t t K E t t

t

 
= 

 
     (31) 

which is an ODE and constitutes with Equation (27) an ODE system. Using again the NDSolve function 

in Mathematica, two interpolation functions are obtained that both fulfil the initial conditions 

(Fig. 6). It is noteworthy that the transient open circuit voltage (OCV) goes below the long-time limit 

Ecorr and that H(t) has the same shape as in Figure 5. 

 
Figure 6. Simulated (a) E(t) and (b) H(t) assuming a total zero current during the relaxation. Both solutions 

fulfill the initial conditions E(0) = Ei and H(0) = H(E(0)) 

Time-variant impedance 

Now that E(t) is known, Kr1(t), Kr2(t) and Ko3(t), or more explicitly Kr1(E(t)), Kr2(E(t)) and Ko3(E(t)) 

can be caluclated. Introducing time in Equations (21) to (23) Rct(t), R(t), the polarization resistance 

Rp(t) = R(t) + Rct(t) and C(t) (Figure 7) can be computed. 

One can note in Fig. 7 the negative signs of R(t) and C(t), which was to be expected considering 

the shape of the impedance diagram shown in Fig. 3, with a low-frequency inductive loop, typical of 

a Volmer-Heyrovský mechanism [1]. 
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Figure 7. Simulated (a) Rct(t), R(t) Rp(t), (b) C(t) as a function of time during the relaxation of the OCV for 
the Volmer-Heyrovský corrosion mechanism using parameters shown in Figure 3 

To be able to plot the time-variant impedance measurement, for which, as a reminder, it is 

considered that the system is steady-state at each point, the time corresponding to each applied 

frequency needs to be calculated, considering that each frequency is applied sequentially from the 

highest to the lowest, which means we need to account for the accumulation of time. 

Equation (32) was used: 

( )k

=1

1
k

j

j

t N pw T= +  (32) 

with tk the time corresponding to the kth frequency, N the number of periods chosen for the 

measurement and pw a percentage of the period used as a waiting time to reduce inter-frequency 

transient regime, and Tj is the period of the jth frequency. 

A list of k frequencies fk and the corresponding list of periods Tk = 1/fk were considered. 

Equation (32) above gives the list of the corresponding times tk. 

Table 1 gives values for 6 frequencies over a decade. 

Table 1. Numerical examples for the formula given in Equation (32) using N = 2 and pw = 10 % 

Rank k f/Hz T/s t/s 

1 100 0.01 0.022 

2 68.13 0.015 0.054 

3 46.42 0.022 0.102 

4 31.62 0.032 0.171 

5 21.54 0.046 0.273 

6 14.68 0.068 0.423 

7 10.00 0.10 0.643 
 

Here we will try to discuss an inherent contradiction of our approach: the assumption that the 

system is stationary at each measurement allows us to use a Faradaic impedance expression derived 

from this assumption shown in Equation (20), in which a time-dependent term is “injected”, here 

E(t). In our previous paper [2], this assumption could be verified by low values of non-stationary 

distortion (NSD) indicators. However, if our system is stationary at each measurement point, how 

can it be non-stationary over the whole measurement?  

The way we exit this contradiction is by saying that the negligibility of the time-variance at each 

point does not hold if all points are considered. In other terms, the small error conceded at each 

point accumulates over the whole spectrum and becomes non-negligible. This, of course, favors the 

use of input modulation made of simultaneous frequencies, as mentioned in the introduction. This 

is exactly what is referred to by quasi-stationarity: the system has a certain “level” of non-

http://dx.doi.org/10.5599/jese.2467
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stationarity that can, within certain conditions, be considered negligible. The same approach is used 

to consider linearity: an electrochemical system is nonlinear, but it is assumed that below a certain 

level, its non-linearity can be considered negligible. 

In case the system is “strongly” non-stationary due to a fast scan rate, for example, in a DEIS 

experiment or a large charge/discharge current for a battery, our approach is not valid.  

Similarly, if the system behaviour is strongly nonlinear due to a very large amplitude, the measured 

impedance cannot be analysed in terms of “classical” Faradaic impedance or with “classical” ECMs.  

Figure 8 shows the Nyquist diagram of the time-variant electrode impedance corresponding to 

Equations 26 and 25 (ZTV, black dots) and the two steady-state impedance graphs already shown in 

Figure 3 (ZSt, t = 0, ZSt, t = tmax), which correspond to the impedance of the system in its initial and final 

state. The graph distortion is visible at mid-frequencies and corresponds to the change of 

parameters shown in Fig. 7.  

 
Figure 8. Simulated Nyquist diagram of the time-variant impedance expression shown in Equation (26) in 

black dots. The orange and blue curves correspond to the two steady-state impedance graphs already 
shown in Figure 3, which correspond to the initial and final state of the system. The parameters are the 

same as in Figure 3, with 6 points per decade, N = 2 and pw = 10 %. 

The larger semi-circle at mid-frequencies corresponds to Cdl/Rct and the low-frequency inductive 

loop to C/R. The kinetic constants and potential ranges were chosen to show a low-frequency 

inductive loop. For the Volmer-Heyrovský mechanism, low-frequency capacitive behaviour is 

expected at cathodic potentials [1,29]. The timescales shown in Figures 5 to 7 depend on the kinetic 

parameters chosen. 

The second part of the paper will deal with the experimental validation of this theoretical 

approach. 

Conclusion 

Basically, in the literature, two approaches were adopted to deal with non-stationary impedance 

measurements: either a mathematical treatment and correction of the data or an adjustment of the 

input modulation such that the system is considered in a quasi-stationary state across the whole 

frequency range. 
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In this part of the paper, an approach based on the electrochemical reaction that takes place in 

the system under study was presented, for which the non-stationarity of the system can be 

calculated and accounted for in the Faradaic impedance expression. 

The transient potential and coverage rate evolution during the relaxation of a system where the 

Volmer-Heyrovský corrosion mechanism takes place were calculated by solving a system of two 

ODEs written using the kinetic equations governing the reaction and assuming, during the 

relaxation, that the sum of the capacitive and Faradaic currents is equal to zero.  

Stationary impedance expressions for this mechanism were given and converted into time and 

frequency-dependent expressions using the potential evolution previously determined. It was then 

possible to simulate the time and frequency-dependent impedance that would be measured during 

the relaxation. This approach removes the need to estimate or correct non-stationarity of the 

system, as it is “embedded” in the Faradaic impedance expression. 
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