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Abstract 

The first part of the dissertation is devoted to a review of the literature 

on electrochemical energy storage and conversion systems. The theoretical 

background begins with a general introduction to energy sources, global 

approach to the need to search for alternative energy sources, and division 

of energy storage systems. The next part compares the most popular 

electrochemical systems, lists their advantages, disadvantages, and applications. 

Particular attention was paid to the main subject of research – electrochemical 

capacitors. This part of the work provides their definition, construction description, 

and explains the operation principle, including the nominal parameters in their 

characterization. The division and discussion of electrolytes and electrode 

materials, with particular emphasis on carbon materials, were taken into account. 

The final part includes information on the electrode composition, devices 

production, and basic electrochemical techniques used in the experimental part. 

The summary describes the economic aspect in terms of the global market 

and the prospects in the coming years, including the research challenges 

that formed the research in this dissertation. 

In the experimental part, the research results that fit into the topic 

of the doctoral dissertation have been compiled. These are three published 

manuscripts (Article A2, A3, A4), two unpublished (Article A1, A5) 

and a description of the created computer program (Chapter 12). Motivation 

is presented before each article for taking up a given topic, and the importance 

of obtained results is emphasized. Article A1 refers to the electrode composition. 

The rheological properties of the electrode slurry were related to the geometry 

of the final product. Articles A2, A3 refer to the electrolyte. The first article (A2) 

describes the concept of a highly concentrated conductive medium called 

in the literature ‘water in salt’ type electrolyte. The second article (A3) explains 

the influence of the electrolyte viscosity on the performance 

of the electrochemical capacitor. The other two manuscripts are devoted 

to the phenomena at the electrode/electrolyte interface – the charge 

accumulation mechanism (A4) and the effect of pH on the ion fluxes (A5). 
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In the dissertation, computer software (‘SPECSfit’), which was used to improve 

the calculations of the collected experimental results and helped in the extensive 

interpretation of data related to the accumulation of ions in the pores of electrode 

material, is also briefly discussed. The obtained results from five topics 

were the basis for formulating the conclusions. 

The final part presents abstracts of articles that do not belong to the topic 

of the dissertation, but are a valuable part of the scientific output. The list 

of figures and tables, scientific achievements, as well as the literature, 

which formed the basis of the considerations.  
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Streszczenie 

Pierwsza część dysertacji poświęcona jest przeglądowi literatury dotyczącej 

elektrochemicznych systemów do magazynowania i konwersji energii. Przegląd 

rozpoczyna się od ogólnego wprowadzenia związanego z podziałem źródeł 

energii oraz globalnego podejścia w kontekście konieczności poszukiwania 

alternatywnych jej źródeł. W dalszej części porównano najpopularniejsze 

systemy elektrochemiczne, wymieniono ich zalety, wady oraz zastosowania. 

Szczególną uwagę poświęcono głównemu przedmiotu badań pracy – 

kondensatorom elektrochemicznym. W tej części pracy przedstawiono 

ich definicję, opis budowy oraz wyjaśniono zasadę działania w tym nominalne 

parametry stosowane przy ich charakterystyce. Podział oraz omówienie 

stosowanych elektrolitów oraz materiałów elektrodowych ze szczególnym 

uwzględnieniem materiałów węglowych wzięto pod uwagę. Na końcową część 

składają się informacje dotyczące składu elektrod, produkcji urządzeń 

oraz podstawowych technik elektrochemicznych wykorzystanych w części 

eksperymentalnej. Podsumowanie stanowi aspekt ekonomiczny w ujęciu 

globalnego rynku oraz perspektywy na najbliższe lata, w tym wyzwania 

badawcze, które stanowiły podstawę badań w niniejszej rozprawie. 

W części eksperymentalnej zestawiono wyniki badań wpisujące się w temat 

pracy doktorskiej. Są to trzy opublikowane manuskrypty (Artykuł A2, A3, A4), 

dwa nieopublikowane (Artykuł A1, A5) oraz opis opracowanego programu 

komputerowego (Rozdział 12). Przed każdym z artykułów przedstawiono 

motywację decydującą o podjęciu danego tematu oraz podkreślono znaczenie 

uzyskanych wyników. Artykuł A1 odnosi się do składu elektrody. Właściwości 

reologiczne produktu pośredniego elektrody, tzw. gęstwy elektrodowej, 

odniesiono do geometrii finalnego produktu. Artykuły A2, A3 dotyczą elektrolitu. 

W pierwszym z nich (A2) opisano koncepcję wysoko stężonego medium 

przewodzącego zwanego w literaturze elektrolitem typu „woda w soli”. 

Drugi artykuł (A3) z kolei precyzuje wpływ lepkości elektrolitu na finalną 

sprawność kondensatora elektrochemicznego. Dwa pozostałe manuskrypty 

poświęcone są zjawiskom na interfejsie elektroda/elektrolit – mechanizmowi 
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gromadzenia ładunku (A4) oraz wpływu pH za strumienie jonów (A5). 

W dysertacji opisano pokrótce powstały w trakcie doktoratu program 

komputerowy („SPECSfit”), który posłużył do usprawnienia obliczeń zebranych 

wyników eksperymentalnych i pomógł w rozbudowanej interpretacji danych 

związanych z akumulacją jonów w porach materiału elektrodowego. Uzyskane 

wyniki z pięciu tematów stanowiły podstawę do sformułowania wniosków. 

W końcowej części przedstawiono streszczenia artykułów, 

które nie zaliczają się do tematu dysertacji, jednak stanowią wartościowy 

element dorobku naukowego. Spis rysunków oraz tabel, zestawienie dorobku 

naukowego doktoranta, a także literatura, która stanowiła podstawę 

przeprowadzonych rozważań kończy pracę.   



 

Mathematical analysis of processes and phenomena 
in electrochemical energy storage and conversion systems 

 
 

 17  

The purpose and scope of the thesis 

The aim of the doctoral dissertation is to use a mathematical analysis 

to describe the electrochemical capacitor electrode production process 

and to better understand the phenomena in the electrolyte bulk 

and at the electrode/electrolyte interface. The analysis should involve the heart 

of the system, the electrodes and the electrolyte. Finally, the conducted research 

should contribute to increasing the efficiency of the devices for future 

applications. The first topic (Article A1) concerning the electrode component 

should describe the rheological properties of the electrode slurry. Moreover, 

these properties can be linked with the final performance of the electrode. 

In addition, the research should provide the optimal slurry composition (the ratio 

between the components) ensuring even coverage of the current collector. 

On the basis of collected experimental data, appropriate calculations are to lead 

to a mathematical formula linking the electrode geometry with viscosity 

and electrode slurry composition. The electrolyte section aims to define 

the performance of the electrochemical capacitor based on the new concept 

of a highly concentrated and saturated aqueous electrolyte (Article A2). Impact 

of water concentration reduction in an electrolyte on the potential window, 

self-discharge, capacitance, cycle life, etc. device should be considered. 

Moreover, the advantages and disadvantages resulting from their implementation 

in electrochemical capacitors must be taken into account. Issues related 

to the physicochemical properties, such as viscosity, of the conductive medium 

are open to discussion (Article A3). The currently available literature 

does not explicitly define the effect of an increase in electrolyte viscosity. So far, 

no universal method for determining the charge accumulation mechanism 

at the porous electrode/electrolyte interface has been proposed. 

And it is possible by combining two complementary electrochemical techniques, 

step potential electrochemical spectroscopy and electrochemical dilatometry 

(Article A4). The proposed solution should give the possibility to describe 

the influence of pH on ions fluxes in the bulk electrode (Article A5). Experimental 

data processing collected by the step potential electrochemical spectroscopy 
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technique takes a long time. Therefore, it is necessary to develop a computer 

program to solve this problem (Chapter 12). The program should reduce the time 

spent on calculations from hours to minutes and provide honest results 

about resistance, capacitance, ions diffusion, and side reactions. 
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Abbreviations, patterns, symbols 

Abbreviation Description 

AC – activated carbon 

AES – alternative energy sources 

AN – acetonitrile 

ARTIL – aprotic room temperature ionic liquid 

CB – carbon black 

CCVD – catalyst chemical vapour deposition 

CDC – carbide-derived carbon 

CE – counter electrode 

CF – carbon nanofoam 

CNF – carbon nanofiber 

CNH – carbon nanohorn 

CNO – carbon nanoonion 

CNT – carbon nanotube 

CO – carbon onion 

CV – cyclic voltammetry 

CVD – chemical vapour deposition 

DEC – diethyl carbonate 

DMC – dimethyl carbonate 

DWNT – double wall carbon nanotube 

EB – ethyl butyrate 

EC – electrochemical capacitor 

EC – ethylene carbonate 

EDL – electrical double-layer 

EDLC – electrical double-layer capacitor 

EES – electrical energy storage system 

EIS – electrochemical impedance spectroscopy 

EMC – ethylmethyl carbonate 

ESR – equivalent series resistance 

GCD – galvanostatic charge-discharge 
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GCPL – galvanostatic cycling with potential limitation 

GITT – galvanostatic intermittent titration technique 

GO – graphene oxide 

GPE – gel polymer electrolyte 

IL – ionic liquid 

KERS – kinetic energy recovery system 

LSV – linear sweep voltammetry 

MB – methyl butyrate 

MWCNT – multiwall carbon nanotube 

NMP – N-Methyl-2-pyrrolidone 

OLC – onion like carbon 

PC – propylene carbonate 

PTFE – poly(tetrafluoroethylene) 

PVDF  – poly(vinylidene fluoride) 

RC – redox capacitor 

RE – reference electrode 

SPE – solid polymer electrolyte 

SWCNH – single wall carbon nanohorn  

SWCNT – single wall carbon nanotube 

TDC – template derived carbon 

WE – working electrode 

Pattern Description 

Ag – silver 

Ar – argon 

CO2 – carbon dioxide 

CsF – caesium fluoride 

Cu – copper 

Fe – iron 

H2SO4 – sulfuric acid 

H3PO4  – phosphoric acid 

K – potassium 

KCl – potassium chloride 

https://www.ecochemie.nl/download/Applicationnotes/Autolab_Application_Note_BAT03.pdf
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KOH – potassium hydroxide 

Li2SO4 – lithium sulfate 

Mn – manganese 

MnO2 – manganese oxide 

Mo2C – molybdenum carbide 

N2  – nitrogen 

Na – sodium 

Na2SO4 – sodium sulfate 

NaCl – sodium chloride 

Ru – rubidium 

RuO2 – ruthenium oxide 

SiC – silicon carbide 

TiC – titanium carbide 

V – vanadium 

VC – vanadium carbide 

Zn – zinc 

ZnCl2 – zinc chloride 

Symbol Description Unit 

A  – electrode surface area m2 

B – constant proportional to the capacitance of the diffusion limited 

processes A s0.5 

C- – negative electrode capacitance F 

C – concentration of the species at the electrode surface mol m3 

Cd – differential EDL capacitance F 

C+ – capacitance of positive electrode F 

CDYF – diffusion layer capacitance F 

Ce – electrode capacitance (Ce=C++C-) F 

CS – rigid Stern capacitance F 

D – diffusion coefficient of the species m2 s 

d – EDL thickness m 

CEDL  – EDL capacitance F 

E – energy Wh 
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E – potential V 

F – Faraday’s constant (96496.7) C mol-1 

I – current A 

IC – current related with EDL formation or capacitive charging 

processes A 

IG – current (calculated from SPECS technique) corresponding 

to EDL formation on easily accessible electrode surface 

for electrolyte (geometric component) A 

IP – current (calculated from SPECS technique) corresponding 

to EDL formation in electrode bulk (porous component) A 

ID – current (calculated from SPECS technique) corresponding 

diffusion-limited processes (diffusion component) A 

ImZ – imaginary part of complex impedance Ω 

IR – current (calculated from SPECS technique) corresponding 

to side reactions (residual component) A 

IT – current registered at given potential step in SPECS technique

 A 

n – the number of electrons involved in an electrode reaction - 

P – power W 

Q – electric charge C 

R  – series resistance Ω 

RA – the bulk electrolyte resistance Ω 

RAB – charge transfer resistance Ω 

RB – internal resistance (RB=RA+RAB) Ω 

RBC – equivalent distribution resistance Ω 

RC – internal resistance Ω 

ReZ – real part of complex impedance Ω 

t – time in SPECS technique s 

U – voltage V 

ΔE – potential step in SPECS technique V 

ε – relative electrolyte permittivity F m-1 

ε0 – vacuum permittivity F m-1 
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Literature review 

 Motivation and context of the research 

Reliable and sustainable energy extraction is essential for the present 

and future society. The demand for energy has steadily increased, especially 

in the last few decades. The reason for such a situation is human population 

growth and more and more wide spreading application of electronics [1]. 

According to Fig. 1, the technologies for energy generation can be divided into 

several groups, i.e., electrical, chemical, thermal, and mechanical ones. 

 

Fig. 1. Energy sources and methods of its conversion [2]. 

There are specific relations between different groups related to different 

ways of energy conversion. Since the beginning of the industrial revolution, 

the dominant form of energy is chemical energy derived from fossils – coal, crude 

oil and natural gas. However, because of the intensive exploitation of these 

sources, their reserves are currently limited. Furthermore, the extraction 

of energy from fossil fuels is neither sustainable nor ecological. Global climate 

warming is also a serious problem, which is mainly caused by greenhouse gases 

emitted during the combustion of chemical energy sources [3]. This forces 

the search for alternative (renewable) energy sources (AESs). AES should 

not only be obtained in an environmentally friendly manner but also provide 
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the possibility of providing energy when unexpectedly required. However, despite 

the fact that AESs have been used in many areas and significantly reduce 

the consumption of fossil fuels, they cannot be completely replaced in the near 

future. They do not always provide the right amount of energy and currently only 

support conventional sources [4]. 

AESs use energy from solar, wind, geothermal, or hydrothermal energy, 

which is converted most often into electricity. This kind of energy is the simplest 

form of transferred energy. By definition, it is the energy of the ordered movement 

of electric charges. Integrating AESs into the electrical grid presents many 

challenges in terms of grid stability and supply security. Therefore, it is important 

to be supported by electricity storage systems (EESs), which perfectly fit 

the power/energy imbalance between its generation and demand. EESs allow 

energy to be stored during the surplus of its production and the possibility 

of giving it back during increased demand [5-7]. 
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 Electrochemical energy storage and conversion 

systems 

Energy conversion/storage devices are becoming a broad group 

of electrochemical technologies that can convert, store, and deliver energy 

on demand. Currently, there are several ways to distinguish between the different 

types of devices. Fuel cells, batteries, and capacitors are common categories 

of energy storage and conversion systems [8-11]. The Ragone plot presented 

in Fig. 2 shows the correlation of the gravimetric or volumetric energy density 

versus the power density for different energy storage systems. 

 

Fig. 2. Ragone plot for electrochemical energy storage systems [12, 13]. 

However, not only energy and power play a role in dictating the devices 

applicability. Other features such as cyclability, cost effectiveness, safety 

and environmental considerations should be taken into account [12, 14, 15]. Fuel 

cells are characterized by relatively high energy efficiency (1000 Wh kg-1) 

with moderate or even low power characteristics (100 W kg-1) [13]. Their main 

advantage over the fuel engine is the production of clean energy. Water (vapour) 

is the main product of a chemical reaction [16]. In such systems, a constant 

supply of fuel in the form of hydrogen, methanol, or other chemical substance 

should be provided [17]. However, the fuel network is currently unable to support 

such electrochemical systems globally. Fuel storage technology is also a problem 
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because hydrogen is considered a hazardous gas [18]. Capacitors are located 

in the high-power area (up to 20 kW kg-1 for electrochemical capacitors 

and to 10 MW kg-1 for dielectric capacitors) and low-energy (up to 15 Wh kg-1 

for electrochemical capacitors) [12]. The detailed characteristics of these devices 

are discussed in Chapter 3. In turn, batteries are placed between fuel cells 

and capacitors. Their energy reaches 300 Wh kg-1, and the power is 2 kW kg-1 

[19]. This type of energy storage system is the most commonly used and, in many 

cases, irreplaceable. The principle of their operation is based on the use of scarce 

materials, such as lithium. Currently, there is a search for innovative 

and advanced materials to replace Li+ with more available materials, for example, 

Na+ [20] or K+ [21]. 

The appropriate energy storage system should be selected depending 

on the customer's needs, i.e., for a specific application (Tab. 1), taking 

into account the advantages and disadvantages of individual technologies 

(Tab. 2). Even if the characteristics of energy storage devices are now well known 

and the number of articles on the subject is increasing, there is still a space 

for improvement. 
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Tab. 1. Application of electrochemical energy storage systems (fuel cells, batteries, capacitors) 
[8-10]. 

 

Tab. 2. Advantages and disadvantages of electrochemical energy storage systems (fuel cells, 
batteries, capacitors) [8-10]. 
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 Electrochemical capacitors – state of art 

The purpose of this chapter is to present basic information 

on electrochemical capacitors, their classification, construction, principles 

of operation, and nominal values. 

3.1. Definition 

A traditional capacitor device (using dielectric technology) has a very low 

energy density, which limits its use [22]. In 1957, a new group of capacitors, called 

electrochemical capacitors (ECs), was proposed. Unlike dielectric capacitors, 

they use electrodes with a highly developed surface to increase energy 

while maintaining their power characteristics [23]. ECs are known 

for their advantages presented in Tab. 2. An electric double-layer, 

pseudocapacitance, redox, and hybrid capacitors belong to ECs. 

3.2. Construction 

The EC consists of two porous electrodes (Chapter 3.5) coated 

on the current collectors, separated by an insulator and immersed 

in the electrolyte (Chapter 3.6). One of the electrodes is called positive (+), 

polarized positively. The latter electrode is called negative (-) and is negatively 

polarized. An insulator (porous membrane) prevents both electrodes from short 

circuit (Fig. 3a) [24]. 

3.3. Principle of operation 

An electric double-layer capacitor (EDLC) is a basic type of EC (Fig. 3a). 

The electrolyte is ions carrier; these an ion are capable of adsorbing/desorbing 

at the electrode/electrolyte interface. Ions are in the electrolyte volume, which fills 

the space between the electrodes and penetrates the electrode porosity. 

Positively charged ions (cations) are adsorbed on the (-) electrode surface, while 

negatively charged ions (anions) are adsorbed on the (+) electrode surface. 

Physical adsorption (electrostatic attraction) occurs at the electrode/electrolyte 

interface, which ensures a rapid reorganization of the ions in the electrode 
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and the electrolyte volume. At the electrode/electrolyte interface, the so-called 

electrical double-layer (EDL) is formed (Fig. 3b) [24]. EDL is formed from charges 

on the electrode and ions of the opposite sign immediately adjacent 

to the electrode surface. The prototype of the EDL model was proposed 

by Helmholtz in 1857 [25]. The ordering (adsorption) of a single ionic layer 

on the polarized electrode surface was taken into account by him. In 1910 

Gouy-Chapman proposed the blurring effect of a layer due to thermal ion 

movement. In this case, the counterions are adsorbed, and the co-ions 

are repelled from the surface. This phenomenon includes the potential (E; V) 

gradient as it moves away from the electrode surface and the presence of solvent 

molecules as a result of an ion concentration gradient following the Boltzmann 

distribution. This leads to the treatment of the capacitance as a non-constant 

parameter because it depends on both the applied potential and the ion 

concentration. Under this assumption, the potential decreases exponentially 

towards the electrolyte volume according to the Maxwell-Boltzmann statistical 

model. In 1927 Stern combined these previously mentioned models [26]. He took 

into account the limitations of ions, which led to the so-called Stern layer. 

In this layer, the decrease in potential follows a linear trend 

and not an exponential trend, as in the diffusion layer. As a result, the theory 

claims that there are two capacitors connected in series: a rigid Stern layer 

capacitor with capacitance (CS; F) and a diffusion layer capacitor 

with capacitance (CDYF; F). The total capacitance of the EDL (CEDL; F) EDL 

capacitance is given by the equation: CEDL
-1=CS

-1+CDYF
-1. It follows 

that the ordering of charges at the point of contact of two electrically conductive 

phases leads to the generation of a capacitor. Taking into account the presence 

of solvent dipoles, Graham's (1947) model is the most developed (Fig. 3b inset) 

[27]. Grahame proposed two concepts: the inner Helmholtz plane (IHP), 

which covers the extent of the Stern layer, and the outer Helmholtz plane (OHP), 

which is close to the boundary potential of the diffusion layer. Grahame then 

pointed out that IHP might consist of uncharged individuals (such as solvent 

molecules) or coions due to some specific ion-electrode surface interactions. 

During the discharge, the ions desorb and pass into the electrolyte volume. 
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The electrical current flows through the external wiring and enables the electrical 

device to be powered. For these types of system, there is a linear relationship 

of the stored charge (capacitance) with a variable potentials. 

A pseudocapacitance capacitor (PC) has the signature of a capacitive 

electrode (as in the case of EDLC). However, a charge storage mechanism, 

in addition to EDL formation, is also based on various oxidation-reduction (redox, 

faradaic) reactions of the electroactive electrode material (Fig. 3b). 

The pseudocapacitance term is used when a device has a constant slope 

of charge/discharge curve by using a constant current – so it functions 

as a non-Faradaic process. The pseudocapacitance mechanisms include 

the pseudo-redox capacitance found in metal oxides (e.g. RuO2 or MnO2) 

and the pseudocapacitance intercalation (e.g. Li+ is introduced into the parent 

material) [28]. 

A redox capacitor (RC), apart from the EDL capacitance, is characterized 

by an additional capacitance resulting from the redox reaction of the compounds 

included in the electrolyte (Fig. 3b). In this case, the registered capacitance 

is not constant in the investigated potential range. RC has additional capacitance 

(visible as capacitance peaks) resulting from the transformation of the oxidation-

reduction of the electrolyte compound/compounds [29]. 

Electrochemical capacitor hybrids (HEC) combined previously mentioned 

solutions into one system. This involves, for example, the incorporation 

of heteroatoms and/or metal oxides (pseudocapacitance materials) 

into the activated carbon structure (EDL materials). In HECs, the electrodes 

do not work symmetrically, and one of them has a battery mechanism 

(pseudocapacitance). The latter electrode corresponds to the capacitance 

characteristic of EDL formation [30]. 
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Fig. 3. Electrochemical capacitor: (a) construction, (b) types, and (c) principle of operation. 

3.4. Nominal parameters 

An electric charge (Q; C) is a fundamental property of matter that manifests 

itself in the electromagnetic interaction of bodies endowed with this charge. 

They have the ability to generate and interact with an electromagnetic field. 

The interaction of the charge with the electromagnetic field is determined 

by the Lorentz force and is one of the fundamental forces. The electric charge 

can be positive or negative. Two charges of one sign repel each other, whereas 

charges of the opposite sign attract each other. Electric charges are quantized. 

The electron has an elementary negative charge, while the proton has a positive 

charge. The orderly movement of electric charges is called an electric current 

[24]. 

By definition, a system capacitance (CT; F) is the ability of the body to store 

an electric charge. The EDL capacitance given by Eq. 1 represents the electric 

charge at the electrode/electrolyte interface and is constant over a given voltage 

(U; V) [24]. 

 CT=
∆Q

∆U
 (1) 
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The CEDL depends on the surface density of the electrostatically 

(i.e., non-faradaic) accumulated charges on the phase surfaces of both 

electrodes. According to Eq. 2, the more developed the specific surface area 

(SBET) of the electrode (A; m2), the more charge can accumulate (higher 

capacitance). Furthermore, the enhancement of capacitance can be achieved by 

selecting an electrolyte that will be characterized by high relative permittivity 

(ε; F m-1) or by reducing the thickness of the EDL layer (d; m) (ε0; F m-1
 – vacuum 

permittivity) [24]. 

 CEDL=
Aεε0

d
 (2) 

Since the capacitor consists of two electrodes (C+; F – positive electrode 

capacitance, C-; F – negative electrode capacitance) connected in series, its CT 

can be calculated from Eq. 3 [24]. 

 
1

CT
=

1

C
+ +

1

C
- (3) 

When considering the symmetrical system (composed of the same 

materials on the positive and negative sides), it can be assumed that C+=C-. Thus, 

CT is half of electrode capacitance (Ce; F) (Eq. 4) [31]. 

 CT=
Ce

2
 (4) 

The EC energy (E; Wh) is proportional to CT and voltage (Eq. 5) [24]. 

 E=
CTU

2

2
 (5) 

As previously mentioned (Eq. 2), the impact on capacitance has one 

of the three parameters. Moreover, this can be realized by implementing active 

redox species into the electrode (pseudocapacitance) or electrolyte (redox 

capacitance). The type of electrolyte decides mainly on the maximum voltage. 

The electrolyte properties determine the voltage at which it decomposes 

and are not suitable for further use [24]. 
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The power of device (P; W) depends on the voltage and system series 

resistance (R; Ω) (Eq. 6). Resistance can be reduced by providing high electrolyte 

conductivity [24]. 

 P=
U

2

4R
 (6) 

3.5. Electrode materials 

According to the type of charge accumulation mechanism, the active 

materials in ECs are divided into two main groups: porous carbons 

and pseudocapacitance materials. Additionally, there is a group of composites 

that combine the properties of both mentioned groups (Fig. 4). 

 

Fig. 4. Electrode materials for electrochemical capacitors. 

The electrolyte with the electrode material plays a crucial role 

in the maximum voltage achieved by EC. Moreover, according to Eq. 2, materials 

with a high specific surface area are needed to obtain high capacitance values. 

The energy that can be stored in the three-dimensional (3D) structure 

of the electrode material is higher than the energy stored in the two-dimensional 

(2D) structure. The specific surface area (SBET) of porous materials 

can be determined by adsorption of various gases (the most commonly N2 

at 77 K and CO2 at 273 K). In addition (not taken into account by the equation), 

the electrode material should have pores of an appropriate size, capable 

of adsorbing electrolyte ions of the given dimensions. Basically, it is mainly 
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the micropores (2 nm) that contribute to the phenomenon of charge storage 

in the ECs. A share of micropores is dominant in electrode materials, ensuring 

their high surface area. However, the tortuous nature of the micropores 

does not provide sufficient ionic diffusion. Mesopores (2 – 50 nm) provide tunnels 

that facilitate the transport of ions to the interior of the bulk material, especially 

when relatively large cations are used (e.g., ionic liquids). Their presence 

improves the availability of micropores. Macropores (>50 nm) presence serves 

as an ion buffer reservoir; they provide a short diffusion distance for the ions. 

Existing excessive mesopores and macropores usually sacrifice the high specific 

surface area. Therefore, it is vital to balance a micro-/meso-/macropores ratio 

to a given ions dimension in electrolytes. 

As a result of their unique chemical and physical properties, carbon 

materials are the most widely used electrode material in energy storage 

technologies (Fig. 5). It comes in several allotropic forms, such as fullerenes, 

graphite, and nanotubes, with dimensions ranging from 0 to 3D [24]. 

 

Fig. 5. The advantages of carbon materials [32-34]. 
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Activated carbons 

The uniqueness of activated carbon (AC) as an electrode material is due 

to the possibility of obtaining high capacitance 100 – 200 F g-1, with an energy 

density 1 – 2 Wh kg-1, power densities to 104 W kg-1 and with minimal 

performance fade for over 105 cycles [14, 35-38]. AC is a form of carbon 

with a network of micropores produced from synthetic or natural precursors 

by a carbonization process (heat treatment in an inert gas atmosphere) [39]. 

Carbon is then activated through physical activation (named thermal, 

by CO2/steam) [40] or chemical activation [41]. As a result of the activation, 

a material with small pores, small volume, high degree of microporosity, 

and a surface area exceeding 1000 m2 g-1 is obtained. In physical activation, 

carbon is activated at 400 – 1000°C with a constant flow of CO2. In chemical 

activation, carbon is treated at lower temperatures in the range 400 – 700°C 

in the presence of a activating/dehydrating agent (H3PO4 [42], H2SO4 [43], ZnCl2 

[44], KOH [45]). The surface area, pore size, and distribution can be controlled 

by varying various parameters, such as temperature, firing time, and type 

of activating agent, during carbon treatment. There are natural and synthetic 

activated carbons [46]. The commercially available carbons are rather physically 

activated. Chemical activation is simply too costly for industrial applications. 

Natural precursors include cotton [47], rice [48], peanut husk [49], coconut 

[50], bamboo [51], wood [52] and seaweed [53], plant stems [54], fruit seeds [55] 

and many more. This group includes active carbon fibers obtained mainly 

by electrospinning of natural materials, such as pitch or by the use of polymer 

solutions. The process of activated carbon producing fibers from electro-spun 

precursors begins with oxidative stabilization in an oxygen-containing 

environment in the temperature range of 180 – 300°C. The next step 

is carbonization in an inert atmosphere, followed by graphitization with further 

heating of the fiber to 3000°C. The final step is activation in an oxidizing 

environment in the temperature range of 700 – 1200°C [56]. 

Polymer-based carbons are a type of synthetic carbon materials produced 

by the carbonization of polymer gels (high temperature heat treatment 

up to 800°C in an inert environment such as Ar or N2). One of the main 
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advantages of these carbons is the better control of their porous structure during 

the synthesis of polymeric gel precursors prior to the carbonization process. 

Due to the cross-linked structure of the initial gel, which can be controlled during 

the polycondensation step of the gelling process, these carbons have a 3D 

structure with very high conductivity. Further control of the porosity of these 

carbons can be achieved by producing activated carbons in the activation 

process [57, 58]. 

Carbide-derived carbons  

Carbon derivatives (carbide-derived carbons, CDC) are a group of carbons 

obtained by removing metal atoms or metalloids from ceramic precursors 

such as SiC [59], TiC [60], Mo2C [60] and VC [61], by using physical processes 

(thermal decomposition, thermochemical process or as a result of chemical 

transformations, e.g., halogenation). The disadvantages of these materials 

are high production costs and environmental problems. 

Template derived carbons 

Template derived carbons (TDCs) are a group of carbons synthesized 

by using an inorganic matrix (ordered silica [62] or zeolite [63]) and a carbon 

precursor (sucrose solution [64], polyfurfuryl alcohol [65], propylene [66] 

or pitch [67]). The preparation of TDC involves three steps including the synthesis 

of the template itself, the infiltration of the carbon precursor and the removal 

of the backbone template. 

Graphene 

Graphene is a 2D carbon structure composed of monolayers of carbon 

atoms arranged in a honeycomb structure with six-membered rings. Graphene 

materials come in the following forms: graphene sheets, activated graphenes, 

fullerenes, and graphite [68]. Preparation methods include mechanical exfoliation 

of bulk graphite [69], silicon sublimation from silicon carbide (SiC) [71], synthesis 

of multilayer graphene arc discharge [70] and epitaxial growth by chemical vapor 

deposition (CVD) of hydrocarbons on metal substrates [71]. Graphite oxidation 

to graphite oxide, thermal or mechanochemical exfoliation of graphite oxide 

to graphene oxide (GO), and then reduction of GO sheets to graphene 
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are the most commonly used methods, thanks to which graphene is obtained 

with higher efficiency. Graphene and its derivatives cannot be used for high 

current applications because their capacitance dramatically decreases 

with increasing current density [72]. 

Shaped carbon nanostructures 

These materials have a specially designed structure, obtained mainly 

through complex synthetic pathways. Carbon nanotubes, carbon nanofibers, 

carbon nanorods, carbon nanocubs and carbon nanofoams belong 

to this category of carbons [56]. 

Carbon nanotubes 

Carbon nanotubes (CNTs) are coiled graphite sheets that form a tubular 

shape (parallel to the cylindrical axis). Both ends are usually closed 

with a fullerene-like structure (diameters ranging from 1 to 30 nm) [73]. CNTs 

can be synthesized by arc discharge [74], laser ablation [75] and chemical 

catalyst vapor deposition (CCVD) methods [76]. CCVD is the most widely used 

technique for large-scale production. The addition of graphite sheets around 

the core of single-walled carbon nanotubes (SWCNTs) [77] produces double-

walled carbon nanotubes (DWCNTs) [78] or multi-walled carbon nanotubes 

(MWCNTs) [79]. SWCNTs show a much larger surface area at more expensive 

production costs compared to DWCNTs and MWCNTs. ECs fabricated only 

with CNTs have a rather small capacitance compared to ACs as electrode 

materials [80]. CNTs are effective spacers between the graphene sheets 

(and its derivatives). They suppress an irreversible agglomeration caused 

by the strong van der Waals interactions. The access of ions to the graphene 

layers is facilitated, which leads to a capacitance improvement. Therefore, CNTs 

are often used as an electrode material in the form of AC composites 

or pseudocapacitance materials such as conductive polymers [81]. The cost 

of energy storage is approximately 2 – 300 $ Wh-1 with AC as electrode material, 

while the cost increases significantly to 5200 – 8300 $ Wh-1 with SWCNT [82]. 

CNTs have reduced their resistance. The main disadvantages of these materials 

are high production costs and complex synthesis pathways. 
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Carbon nanofibers 

Carbon nanofibers (CNFs) have cylindrical nanostructures produced 

by using synthetic methods similar to those used to make CNTs. The carbon 

precursor is heated in the presence of a catalyst. The change in experimental 

conditions, such as the type of precursor or catalyst, determines whether CNT 

or CNF must be produced [83]. Electrospinning is one of the most commonly 

used CNF synthesis methods with a controlled fiber diameter. CNFs consist 

of carbon nanochips with diameters in the 50 – 200 nm range stacked on top 

of them to form the fiber shape [84]. 

Carbon nanohorns 

Carbon nanohorns (CNHs) were first produced by CO2 laser ablation 

without a catalyst [85]. The structure of CNHs is closely related to CNTs, 

consisting of a single tubular structure with a conical end, 2 – 5 nm in diameter, 

assembled into a dahlia flower-shaped aggregate with an average diameter 

of 80 nm [86]. Asymmetric CNHs are proposed as active materials for high 

performance soft electronics and energy storage applications (in flexible solid-

state ECs) [87]. As-grown single-wall CNHs (SWCNHs) do not have high surface 

area and pore volume due to their closed structure. Therefore, various attempts 

have been made to develop the porosity of SWNHs [88, 89]. Oxidation of SWNHs 

in O2 gas could create ‘nanowindows’ in closed SWCNHs, and thus the porosity 

of SWCNHs is dramatically developed [89]. After opening, the internal spaces 

are accessible to various guest molecules through the nanowindows [90]. 

SWCNHs with asymmetric hollow structure exhibit high capacitance, excellent 

mechanical strength with a little irreversible agglomeration [91]. However, the use 

of SWCNHs in ECs is not widely used, mainly due to the specialized nature 

of their synthesis [92, 93]. 
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Carbon nano-onions 

Carbon nano-onions (CNOs) also called carbon onions (Cos) or onion like 

carbons (OLCs) consist of concentric layers of spherical closed carbon shells 

that form an onion-like structure. The most common method of CNO producing 

is annealing temperature 1400 – 2000°C in a vacuum or in inert gases [94]. 

CNO can be synthesized in greater amounts under atmospheric pressure 

with reduced complexity and cost by the arc discharge method. However, 

this process produces other nanostructured carbons such as CNTs, 

polyaromatic, and amorphous carbons as impurities [95]. Other techniques 

including laser excitation [96], ion implantation [97] and CVD [98] are also used 

to produce CNO. The SBET of CNO ranges from 400 to 600 m2 g-1, 

where the nonporous outer coating contributes to a very high energy efficiency. 

As a result of their inaccessible inner surface, these materials exhibit a low energy 

density. CNOs are still among the least studied nanocarbon structures due 

to the difficulties and costs associated with producing them on a commercial 

scale [99]. 

Carbon composites 

The aim of composites is to improve an overall electrode behaviour through 

synergistic interaction between the components [56, 100, 101]. The carbon 

materials (AC, CNT and graphene) capacitance can be improved by introducing 

pseudocapacitance mechanism by doping them with pseudocapacitance 

materials (oxides of transition metals such as Mn [102], Ru [103], V [104], Fe 

[105], Ag [106], Cu [107] and Zn [108] at various oxidation states) or heteroatoms 

(oxygen [109], nitrogen [110] or boron [111]). In addition to the capacitance, 

they also improve the wettability of the electrode. Nitrogen functional groups 

with five valence electrons exhibit electron donor characteristics and alkaline pH 

[112]. Nitrogen can be introduced to the surface and/or into the structure of the 

carbon by chemical material treatment with reagents such as urea [113], nitric 

acid [114], pyrrole [115], potassium hydroxide [116] and ammonia [117] or by 

carbonization of various precursors containing nitrogen such as urea polimer 

[118], polyaniline [119], melamine [120], organic gel based on melamine [121] 
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and biomass containing nitrogen [122-124]. The source of pseudocapacitance is 

pyridinic [125] and pyrrolic nitrogen [126], while quaternary [127] and pyridine-N-

oxides [128] improve the operation of the EC at high current density. The nitrogen 

content should not exceed 8% by mass [129]. Carbon-nitrogen composites can 

be used with aqueous and organic electrolytes [130]. 

Both acidic (electron acceptor inducing properties) and alkaline oxygen 

functional groups can be present in carbon. Acid groups (mainly present) 

can be introduced by elevated temperatures of carbon activation (in air 

and HNO3) and electrochemical oxidation [131]. Alkaline groups are present 

in the carbon network when carbon is treated at high temperatures under inert 

conditions, followed by cooling and exposure to an oxygen atmosphere. 

Due to the irreversible reaction of functional groups containing oxygen with 

organic electrolytes, the use of functional oxygen carbons is limited only to ECs 

based on aqueous electrolytes [130]. Oxygen surface functionality 

(e.g., quinone/hydroquinone) can increase carbon wettability and EC 

capacitance (especially in acidic environment), but usually at the expense 

of power density and cycle life [132]. Furthermore, higher rates of self-discharge 

are recorded for oxygen-rich carbons due to the redox shuttle effect [133]. 

Composites allow for an energy density similar to that of a battery, extending 

the EC cycle life, increasing its efficiency, power density, and capacitance. 

3.6. Electrolytes 

The interaction of ions-electrodes in all electrochemical processes 

has a significant impact on the state of the electrode-electrolyte interface 

and the internal structure of active materials. The most general division 

of electrolytes concerns their physical state. They can be in the liquid or solid 

state. The use of electrolytes in the liquid phase appears to be very important, 

as they ensure high mobility and/or ions activity. The group of liquid-phase 

electrolytes includes aqueous and non-aqueous (organic or ionic liquids) 

solutions. A detailed breakdown of the advantages and disadvantages of each 

group is presented in Tab. 3. 

https://context.reverso.net/t%C5%82umaczenie/angielski-polski/physical+state
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Tab. 3. Advantages and disadvantages of the electrolytes used in EC [56]. 

 

Aqueous electrolytes 

Aqueous electrolytes are mainly divided into acidic, alkaline and natural 

solutions; the most common are KOH [134], NaCl [135], KCl [136], H2SO4 [137] 

and Na2SO4 [138] solutions. This type of electrolyte is used in applications 

that require higher power outputs. The main goal of research on this type 
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of electrolytes is to increase the electrochemical window stability. 

The decomposition of water occurs with the release of oxygen at the positive 

electrode and hydrogen at the negatively polarized electrode [139]. 

A new concept of aqueous media is highly concentrated electrolytes called 

‘water in salt’ electrolytes. The main purpose of the applicability of such 

electrolytes in ECs is to improve the energy density in the device by increasing 

the electrochemical stability. It is assumed that reducing the water in such 

a medium, by increasing the concentration of dissolved salt, may lead 

to an increase in the solvation power of water molecules with ions. 

Both the volume and weight of the dissolved salt should be greater 

than of the water [140]. Reports in the literature show that it is possible to obtain 

2.4 V (comparable to the voltage of organic electrolytes), while in conventional 

water-based devices it is difficult to exceed 1.6 V (theoretically 1.23 V). 

Capacitance is also improved in such systems. The energy density is up to three 

times that of conventional water devices and is on the same order of magnitude 

as that of redox-enhanced ECs. The performance of ECs using the ‘water in salt’ 

electrolyte is a trade-off between high concentration (to extend the potential 

window and energy density) and good ionic conductivity (to maintain 

an acceptable power density) [141]. In order to reduce the viscosity and increase 

the conductivity of such an electrolyte, a cosolvent (e.g., acetonitrile) was added. 

This additive also has a positive effect on extending the temperature range 

in which the concentrated electrolyte retains its unique properties [142]. 

Redox-mediated electrolytes (cationic, anionic, and neutral) belong 

to the aqueous group of electrolytes [143]. The main disadvantage of EC systems 

based on redox-mediated aqueous electrolytes is poor cycle performance [144, 

145]. This is mainly due to a strong redox reaction at the electrode/electrolyte 

interface, which will affect the electroactive site to some extent [144]. The energy 

density based on multiple redox additives is higher than that of a single redox 

additive [146, 147]. In mixed electrolytes, their ratio is a key factor for ECs 

performance. There are three types in this group: cationic, anionic, and neutral 

aqueous redox electrolytes. Depending on the redox pair selection, one of the 

electrodes has battery-like behaviour, and the other one is based on purely 
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capacitance performance. However, the kinetics of such reactions is generally 

limited, deteriorating the output power of the device. Moreover, the reversibility 

of redox processes is often limited by changing the environment within 

the electrochemical cell. Potential variation causes the separation of ions 

in the electrolyte bulk, while the separation of ions causes a concentration 

gradient and local pH changes. The inclusion of micro- and even ultramicropores 

in the electrode material acts as small, multiple chemical reactors in which 

pressure variations affect the equilibrium of species. 

Organic electrolytes 

Most commercial ECs are based on organic electrolytes due to their wide 

electrochemical windows and long cycle life [148]. Organic electrolytes consist 

of aprotic organic solvents, both pure and mixed. Acetonitrile (AN) [149], linear 

carbonates including ethylene carbonate (EC), propylene carbonate (PC) [150], 

dimethyl carbonate (DMC) [151], diethyl carbonate (DEC) [152], ethyl methyl 

carbonate (EMC) [152], methyl butyrate (MB) [153] and ethyl butyrate (EB) [154] 

are the most commonly used organic conductive mediums. For some electrolytes 

(e.g., ethylene carbonate) whose melting point varies slightly above the ambient 

temperature, DMC, DEC, EMC, MB or EB are added to decrease the viscosity 

and melting point and to improve the temperature electrolyte stability [155-157]. 

Aprotic room temperature ionic liquids  

Aprotic room temperature ionic liquids (ARTILs) are low-temperature molten 

salts and are considered ‘environmentally friendly’ solvent-free electrolytes 

consisting only of ions capable of forming efficient EDL. ILs are characterized 

by weak interactions, due to the combination of a bulky, unsymmetrical organic 

cation and a weakly coordinating inorganic/organic (charge-delocalized) anion 

[158]. Chemical and physical properties depend strongly on the water content. 

Relatively small amounts of water can dramatically affect the ionic conductivity, 

viscosity, and electrochemical stability. ILs with water content lower 

than 10-20 ppm are needed [159]. So far, mainly two families of IL have been 

considered, based, respectively, on the imidazolium cation (lower 

electrochemical stability window 3.0 – 3.2 V, higher ionic conductivity, lower 
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viscosity) [158, 160-163] and the pyrrolidinium cation (higher electrochemical 

stability window 3.5 – 3.7 V, higher energy density, lower power density and ionic 

conductivity, higher viscosity) cation [164-170]. Because of the relatively high 

viscosity of ILs and the high equivalent series resistance (ESR), power is often 

poor at or below room temperature. To overcome this limitation, mixtures of two 

different ILs have been proposed. An important advantage related to the use 

of such mixtures is the possibility of decreasing the melting 

point [160] and, consequently, extending the temperature range of EC [163, 166, 

170-172]. Yet, such mixtures require essentially mesoporous carbons 

which are obviously not optimal for high-volumetric ECs performance. 

Solid and quasi-solid-state electrolytes  

The solid-state electrolytes developed for ECs have been based 

on polymers. They are especially appreciated in flexible electronic devices. 

Polymer electrolytes are classified into three groups: solid polymers (SPEs), gel 

polymers (GPEs), and polyelectrolytes. The use of SPEs is very limited because 

of their low conductivity. GPEs are called hydrogel or quasi-solid electrolytes due 

to the presence of a liquid phase (as a plasticizer). The liquid phase in GPEs 

results in the highest ionic conductivity among solid electrolytes [173]. GPEs 

consist of a polymer host (e.g. poly(acrylic acid) (PAA) [174], poly(vinyl alcohol) 

(PVA) [175], poly(ethylene oxide) (PEO) [176], potassium polyacrylate (PAAK) 

[177], poly(ether ketone) (PEEK) [178], poly-(methylmethacrylate) (PMMA) [179], 

poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) [180], 

poly(acrylonitrile)-block-poly(ethylene glycol)-block-poly(acrylonitrile) (PAN-b-

PEG-b-PAN) [181] and conducting salt dissolved in a solvent (e.g., KOH, H2SO4, 

K2SO4 etc. dissolved in water or in organic EC, DMF, PC and their mixtures PC-

EC and PC-EC-DMC [182]). However, gel polymer electrolytes may also suffer 

from a narrow operating temperature due to the presence of water and relatively 

poor mechanical strength [173]. 
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3.7. Composition and production 

The selection of the appropriate electrode material must be coupled 

with a selected electrolyte to improve the performance of the system in terms 

of its energy and power density (gravimetric and/or volumetric), self-discharge, 

electrochemical stability and cycle life [183, 184]. As a consequence, research 

is carried out on various levels: electrode design, electrolyte composition, 

separator selection, and device packaging. Typically, an EC electrode consists 

of several components. The basis is the active material (one of those listed 

in Section 3.5), which is responsible for storage of electric charges. The addition 

of a polymer, most often poly(tetrafluoroethylene) PTFE or poly(vinylidene 

fluoride) PVDF [185], acts as a binder connecting the individual electrode 

components (active material and additives) in a uniform form on the current 

collector surface. Additives such as carbon black (CB), CNT, and OLC 

are responsible for increasing the conductivity. The share of individual 

components in the electrode structure is shown in Fig. 6. 

 

Fig. 6. Composition of electrode in electrochemical capacitor.  

It should be mentioned that in the EC production process, aluminum foil 

is most often used as a current collector, which shows good chemical 

and mechanical stability. It is inexpensive and suitable for a commonly used 

organic medium. Stainless steel is the most promising material for current 

collectors in an aqueous environment. Therefore, it is not recommended to use 

noble metal foil or other unstable materials in an aqueous solution because 
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they are sensitive to corrosion. 

The EC electrodes production includes: 

1) Electrode slurry preparation – it is a homogeneous electrode material 

suspension consisting of materials in the solid state (active material, 

binder, additives) and solvent (most often N-methyl-2-pyrrolidone, NMP). 

The components are mixed before being weighted in advance. 

2) Covering the current collector with the electrode layer – the liquid form 

of the electrode material allows the current collector to be evenly covered 

in the form of a thin film. For this purpose, spray nozzles or a device 

called a doctor blade are used. 

3) Solvent evaporation – in a drying and solvent recovery zone the current 

collector covered with a thin layer of electrode slurry is heated 

to evaporate the solvent. 

4) Electrodes shaping – electrodes are cut to the appropriate length, rolled 

with the opposite electrode and the moistened separator by electrolyte. 

In this form, electrodes are packaged into the EC package. 

 Electrochemical research techniques 

Before discussing the individual electrochemical techniques used 

in the dissertation, it is necessary to mention a possible electrode configuration 

in which the experiments can be performed. An EC measurement can be carried 

out in a 2- or 3-electrode system. The 3-electrode connection is common 

in fundamental research where one electrode is tested in isolation – without 

the complications coming from the electrochemistry of other electrodes. 

The 3-electrode system consists of the working electrode WE (the test electrode), 

the reference electrode RE (the electrode with a constant electrochemical 

potential) and the counter electrode CE (usually the neutral electrode present 

in the cell that closes the circuit). Testing packaged/commercial capacitors 

requires a 2-electrode connection. 

The following electrochemical techniques were used in the research 

that made up this dissertation. cyclic voltammetry, galvanostatic cycling 

with potential limitation, galvanostatic intermittent titration technique, 

https://www.ecochemie.nl/download/Applicationnotes/Autolab_Application_Note_BAT03.pdf
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potentiostatic electrochemical impedance spectroscopy, linear sweep 

voltammetry, and step potential electrochemical spectroscopy. A more detailed 

description of each of them can be found below. 

Cyclic voltammetry 

Cyclic voltammetry (CV) at the beginning of an ECs development provides 

basic information about the voltage, capacitance, and cycle life. In addition, 

it allows one to gain knowledge about redox processes. In the voltammogram, 

the X-axis represents a parameter that is superimposed on the system, 

here applied voltage in a 2-electrode or potential in a 3-electrode system. 

The system response – current (I) is recorded on the Y axis. CV primarily 

provides qualitative information about the system under study. On the basis of the 

collected data, it is also possible to calculate the capacitance, but a galvanostatic 

cycling with potential limitation technique is recommended for this. 

Voltammograms, in particular for ECs storing charge primarily through EDL 

formation, are expected to be ‘box-like’ and approach that of an ideal capacitor. 

The reason for this behaviour is the delocalized charge at the electrode-

electrolyte interface. Deviations from the ideal ‘box-like’ shape may be caused 

by various electrode processes. The rise in voltammetry response (peaks) 

is generated by electrode site oxidation/reduction (presence of redox-active 

moieties) at a specific potential (localized charge storage). The peaks breadth 

and potentials where they occur may be dependent on characteristics such 

as solvent reorganization or redox kinetics. The peak shift can be caused 

when the redox processes at this electrode site are limited by mass transport 

(not necessarily the case for an interfacial process). Another possibility 

is electrode/electrolyte instability (decomposition particularly at the extreme 

potentials) or the resistivity of processes. Higher resistivity leads to greater 

curvature and deviation from ideality of voltammogram just after its sweep 

reversal. Electrode (ohmic) resistivity is due to limited active material 

and electrolyte conductivity, poor electronic conductor mixing in the electrode, 

and resistive electrode-substrate interfaces [186]. 
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Galvanostatic charge-discharge 

The efficiency is determined as a function of its electric charge 

and the charge/discharge conditions for which the rate and the potential range 

are given. While the CV provides basic information (stability window, 

capacitance, etc.), the galvanostatic charge-discharge (GCD) is used 

to determine the energy response. Therefore, among the available techniques, 

CVs and GCDs are considered to provide qualitative and quantitative information, 

respectively. The determination of the boundary ECs conditions, possible 

perturbation phenomena, the stability of the electrode material, and the entire 

system is based on galvanostatic cycling with potential limitation (GCPL). Users 

expect that the devices will work for over several hundred thousand cycles. 

Considering that cycle life studies are very time-consuming, the duration 

is generally limited to only tens of thousands of cycles. Therefore, the appropriate 

aging protocol is known as a floating test (periodically holding the maximum 

voltage) and, in some cases, higher than the ambient temperature 

of the experiments conducted [187-189]. More specifically, the floating protocol 

consists of several GCD cycles that occur immediately and consecutively, 

followed by a period of time maintaining the maximum operating voltage 

of the device. The purpose of several consecutive GCD cycles is to assess the 

capacitance and ESR, and to restore the system to its initial state after a period 

of high voltage (what favors the packaging of ions in pores). For both GCPL and 

floating results, the capacitance and ESR are plotted against time. The EC 

is usually considered as losing its properties when the capacitance reaches 80% 

of the initial value or the ESR is increased by 100%. Floating sequences 

are repeated until at least one of the end-of-life criteria is reached. Typically, 

a series of 60 sequences (total cumulative floating time of 120 hours) is sufficient 

to distinguish between major failures that may occur during EC operation with AC 

as electrode material in an aqueous electrolyte. In addition to the increase 

in the ECR and loss of capacitance, collector corrosion, carbon oxidation, 

and electrolyte decomposition also indicate system degradation. In addition, 

by using the basic GCD it is possible to determine the charge/discharge 

efficiency, self-discharge time, leakage current, and the determination of energy 
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and power values (Ragone diagram). 

Galvanostatic intermittent titration technique 

Galvanostatic intermittent titration technique (GITT) enables 

the determination of equilibrium potentials of the electrodes. A low magnitude 

constant current (titrated) is applied to the system to reach the potential plateau. 

After the plateau is maintained, the current is terminated (open-circuit conditions) 

and the electrode tends to reach its equilibrium potential. The process is repeated 

until the desired electrode potential (or the total charge titrated) is reached. 

The maximum theoretical capacitor voltage was estimated by the offset 

of the resting potential during hydrogen sorption on the negative electrode 

and carbon oxidation on the positive electrode [190]. 

Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) consists of imposing a time 

harmonic oscillating electric potential of small oscillation amplitude around a time-

independent ‘DC potential’ at the electrode and measuring the resulting harmonic 

current density. The Nyquist plot presents the imaginary negative part 

of the impedance -ImZ (axis Y) compared with the real part ReZ (axis X). The EIS 

provides both qualitative and quantitative information. The first point (RA; Ω, 

for the highest frequency) in the Nyquist plot was attributed to the bulk electrolyte 

resistance. Furthermore, a final value (RB=RA+RAB; Ω) ending semicircle region 

can be interpreted as the internal resistance of the system, that is, the sum 

of the bulk electrolyte resistance (RA; Ω) and the so-called charge transfer 

resistance (RAB; Ω, sum of the electrolyte resistances in the porous electrode 

structure, the electrode resistance and the contact resistance). The nonvertical 

BC segment (ended with RBC equivalent distribution resistance) recorded 

at intermediate frequencies is assigned to ion transport limitation in the electrolyte 

in porous electrode structures, ion transport limitation in the bulk electrolyte, 

or nonuniform pathway for ion transport from the bulk electrolyte to the porous 

electrode surface caused by a nonuniform electrode pore size and electrode 

roughness. The vertical line at low frequencies (above RBC resistance) has been 

attributed to the dominant EDL capacitance behaviour. The intersection between 

https://www.ecochemie.nl/download/Applicationnotes/Autolab_Application_Note_BAT03.pdf
https://www.ecochemie.nl/download/Applicationnotes/Autolab_Application_Note_BAT03.pdf
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the vertical line and the ReZ axis is called the internal resistance (RC; Ω), 

equivalent series resistance (ESR) or the total resistance of an electrode/device 

[191]. 

Linear sweep voltammetry 

Linear sweep voltammetry (LSV) is a technique similar to CV, but rather 

than a linearly cycling over the potential range in both directions, it involves only 

a single linear sweep from the lower to the upper potential limit (one-segment 

CV). WE potential is swept linearly between an initial and final value; the current 

is measured as a function of time (voltammogram). This shows 

the electrochemical response (oxidation or reduction). LSV can be used 

to determine the stability of the electrolyte window and provides qualitative 

and quantitative information. LSV is often used to study the kinetics of electron 

transfer reactions and the fundamental physical mechanics of electron transfer 

reactions, such as reversibility, formal potential, and diffusion coefficient 

determination. 

Step potential electrochemical spectroscopy 

The description of the step potential electrochemical spectroscopy (SPECS) 

technique is more detailed than other techniques due to the essential contribution 

to the recording of data necessary to reach the conclusions presented 

in the experimental part of the dissertation. 

SPECS was developed to characterize the behaviour of electrochemical 

capacitor electrodes. Conventional electrochemical analysis methods, such 

as CV and GCD, provide only limited data on the electrode under test. However, 

SPECS has been shown to characterize the electrochemical response more fully. 

The basis of SPECS is the separation of charge storage input from faradaic 

processes (‘capacitor-like’) and non-faradaic processes (‘battery-like’) [192]. 

SPECS is based on a series of steps of equal magnitude potential 

with the rest time throughout an applied potential window [192-194]. In the rest 

time the current equilibrium (i-t transient) is established for each potential step. 

This slow sweep rate enables one to approach its maximum charge storage 

capabilities. By results obtained from the SPECS technique it is possible 
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to characterise the kinetics of ion fluxes, the stability of the electrode material, 

the equivalent series resistance, the existence of the residual current such 

as leakage and self-discharge current, and the effectiveness of device 

engineering. The SPECS current (IT; A) registered at the given potential step 

is a result of the current related with EDL formation, or capacitive charging 

process (IEDL; A) and the diffusion-limited processes (ID; A and IR; A). SPECS 

allows for separate of both charge storage mechanisms. The current related 

to the first mechanism is given by Eq. 7, where: ΔE; V – potential step, t; s – time 

(independent of the previous step), R; Ω – series resistance, Cd; F – 

differential EDL capacitance. 

 IEDL=
ΔE

R
exp(-

t

RCd
) (7) 

EDL can be formed at the surface of the pores in the bulk of the electrode 

(IP; A) as well as in easily accessible for electrolyte the so-called geometric 

electrode surface area (IG; A). In this case Eq. 7 can be divided into two 

components given by Eq. 8. 

 IEDL=IP+IG=
ΔE

RP
exp (-

t

RPCdP
)+

ΔE

RG
exp (-

t

RGCdG
) (8) 

Diffusion-limited processes are much slower than EDL formation because 

of continuous redox reactions. Therefore, the diffusional current decreases slowly 

over the equilibration time. This current (ID; A) can be modeled by using 

the Cottrell Eq. 9 for semi-infinite planar diffusion, where: n; - – the number 

of electrons involved in an electrode reaction, F; C mol-1 – Faraday’s constant 

(96496.7), A; m2 – electrode surface area, C; mol m3 – concentration 

of the species at the electrode surface, D; m2 s – diffusion coefficient 

of the species, B; A s0.5 – constant proportional to the capacitance of the diffusion 

limited process. 

 ID=nFAC(
D

πt
)
0.5

=
B

t
0.5 (9) 
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IT does not reach zero at the end of the equilibration time. This does not 

happen because of the existence of residual processes, along with EDL 

and diffusion-limited processes. The residual processes occur due to slow 

diffusional processes (side reactions) in a given equilibration time. Hence, 

the residual current (IR; A) is another term that needs to be added to the SPECS 

model to account for the IT. Thus, the IT current of the SPECS data can be given 

by Eq. 10.  

 IT=IP+IG+ID+IR (10) 

The current data from each potential step (i-t transient) can be used 

to calculate representative voltammograms at different scan rates by averaging 

the output current for a specified time after the potential step change. 

The voltamograms highlight the most important factors that affect the overall EC 

performance at various scan rates. Charge storage in EDL form (IP, IG), 

dominates at high scan rates (fast kinetics), leading to 'box-like' voltammograms 

and electrode-like capacitor behaviour. Although diffuse energy storage – redox 

(ID, IR) dominates at lower scan rates (slow kinetics) and is characterized 

by the battery response of the electrode [192]. 

Recently, the basic methodology for separating the individual IT components 

has been refined. The previous protocol assumed that each i-t transient step 

was independent of the former one. The basic protocol provides excellent relative 

information, but cannot reproduce the actual CV data. The revised methodology 

provides results much closer to that of the CV. It takes into account 

the interactions between the i-t transients in the next potential stages. The revised 

methodology emphasizes the independence of the EDL charge-storage 

processes compared to faradic processes. For the latter mechanism, the i-t 

transients depend on the previous [195]. 
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 Summary 

Nowadays, ECs occupy a limited electrochemical energy storage devices 

market niche. The low energy and high cost per Wh are the main reasons 

why they are not the preferred technology, and enhancing its value is the main 

challenge facing ECs developers. However, due to their irreplaceable properties, 

ECs create new possibilities for themselves and have the opportunity to enter 

the market more widely. This is already evident in emergency power areas 

and on a larger scale in hybrid capacitor systems development for electric vehicle 

power. The electrolyte has been recognized as one of the most important 

elements influencing EC performance. The main factors are conductivity, 

temperature range, and electrochemical/thermal stability. While significant 

progress has been made, there are various challenges that make it difficult 

to exploit the potential of certain solutions for commercial applications. Both 

the energy and the power density are directly dependent on the voltage. 

However, a higher voltage often degrades other electrolyte properties. 

Non-aqueous electrolytes (ionic and organic liquids) are suitable candidates 

for an energy density improvement. Unfortunately, they are characterized 

by lower conductivity, and their use in EC leads to lower capacitance and higher 

resistance in comparison to that in aqueous electrolyte-based systems. Still, 

the charge storage mechanism systems based on ionic liquids, solid electrolytes, 

and redox activity have not been fully explained. Other strategies that have been 

proposed to improve ECs performance include pseudocapacitance electrode 

materials, where charge storage is realized via pseudocapacitance redox 

reactions at the electrode surface. Furthermore, a compatibility 

of the electrolyte/electrode material is essential. Material research directions 

typically focus on novel, optimized structures and morphologies, and their contact 

with electrolytes ultimately maximize the amount of charge storage. Some in situ 

experimental advances and significant theoretical research have been achieved, 

but there is still some controversy regarding the phenomena 

at the electrode/electrolyte interface, the effect of organic solvent addition on the 

EDL formation, and the temperature effect. There is also a lack of a complete 
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understanding of the dynamics of ions in more complex electrode structures 

(e.g., hybrid nanostructures). Moreover, compared to basic research on EDL 

charge storage mechanisms, theoretical modeling of pseudocapacitance 

and hybrid devices with specific electrolytes is still very limited. There is an urgent 

need to establish standardized methods to characterize the performance of new 

systems. It is also not easy to select and compare the appropriate 

electrolyte/electrode material systems for a given application, as performance 

indicators are typically obtained under different conditions. From a practical point 

of view, optimizing individual stages of electrode production 

is also of key importance, leading to a reduction in financial outlays. 

The selection of the correct electrode manufacturing conditions should increase 

the efficiency of the ECs. Additionally, the energy, power density, and gravimetric 

capacitance given are based on the weight of the active electrode materials. 

However, an electrolyte and separator also make up a large content of the total 

mass, which should not be underestimated. The challenges presented 

in this section must be met while reducing costs, without sacrificing the long cycle 

life and extremely high efficiency that make ECs so different from batteries [196-

198].  
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Experimental part 

 Article A1 

Title: Toward better porous carbon-based electrodes by investigation 

of the viscoelastic properties of carbon suspension 

Authors: Przemysław Galek, Krzysztof Fic 

Journal: unpublished, restricted access until 29.09.2022 

DOI: - 

 

Motivation 

If the processing of electrode materials is improperly performed, 

the potential of electrochemical energy storage devices will not be fully 

used [199]. The subject of electrode suspension rheology, known as electrode 

slurry, is rarely discussed and this forms the basis for further research 

on this topic. The rheology of the electrode slurry combines all variables 

that ultimately affect the mechanical and electrochemical properties 

of the electrode [200]. To increase ECs efficiency, it is necessary to specify 

optimal manufacturing conditions, bearing in mind the cost of their production. 

The manufacturing optimization process leads to cheaper electrode production 

with improved properties such as efficiency, lifetime, safety, and production costs. 

Slurry processing and electrode production are some of the most important 

stages. These stages ensure high quality, reliability, performance, and safety 

of the assembled devices. The interactions between active and inactive 

electrochemical materials have an important impact on suspension stability, 

mixing efficiency, coating process, and final electrode properties. 
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Summary 

In Article A1 – ‘Toward better porous carbon-based electrodes 

by investigation of the viscoelastic properties of carbon suspension’ electrode 

slurry based on AC was assigned to the Newtonian fluid group. Only at very low 

shear rates does the material belong to non-Newtonian (shear-thinning) fluids. 

The research applicability comes when specifying the viscosity window of the 

electrode slurry, which provides even coverage of the current collector and finally 

ensures high EC efficiency. The viscosity limit is 0.3 Pa∙s. Below this value, 

the slurry spreads on the collector surface and, while the viscosity decreases, 

the level of the uncovered surface increases after a drying process. Above 14 

Pa∙s the material is characterized by solid response and does not allow 

it to spread as a film. On the basis of the delivered equation, it is possible 

to predict geometric dimensions of an electrode based on the slurry viscosity 

and its composition. Moreover, the developed economic analysis predicts 

the price of substrates necessary to produce electrode slurry at the given 

electrode end parameters. It can be concluded that the price of the electrode 

material does not change linearly with the AC content. The mixing process 

has a major influence on suspension stability. The positive impact of the ULTRA-

TURAX type mixer has been confirmed experimentally. This type of mixing 

results in chaotic circulation of the suspension throughout the volume. 

AC particles are evenly spaced from each other, and their mutual interactions 

are limited. The suspension remains stable after the shear forces have stopped. 

The aggregation is limited despite the long storage time of the sample. 

The presence of microstructure was confirmed in the final part of the research. 

Suspension has some energy storage capacity and should be able to return 

to some extent to its original configuration before applying some force. The slurry 

behaves as a flexible solid (although not an ideal one). The non-ideality comes 

from mechanical energy dissipating. The binder forms bridges between the AC 

particles. These bonds are destroyed under the influence of sufficiently high 

shear forces. The carbon-polymer-carbon bridges may be partially restored after 

shear forces have ceased. 
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 Article A2 

Title: Interfacial aspects induced by saturated aqueous electrolytes 

in electrochemical capacitor applications 

Authors: Przemysław Galek, Elżbieta Frąckowiak, Krzysztof Fic 

Journal: Electrochimica Acta, 2020, vol. 334, 135572-1 - 135572-12 

DOI: 10.1016/j.electacta.2019.135572  

 

Motivation 

The main purpose of the applicability of ‘water-in-salt’ electrolytes in ECs 

is to improve the energy density by increasing voltage. It is assumed 

that reducing the water in such a medium, by increasing the concentration 

of dissolved salt, may lead to an increase in the solvation power of water 

molecules with ions. Both the volume and weight of the dissolved salt should 

be greater than those of the water. The literature shows that it is possible to obtain 

2.4 V (comparable to the voltage of organic electrolytes), while in conventional 

water-based devices it is difficult to exceed 1.6 V. The limited voltage results 

from the low value of the water decomposition voltage reaching theoretically up 

to 1.23 V. The capacitance is improved in proposed concept systems. 

The energy density is up to three times that of conventional water-based devices 

and is on the same order of magnitude as redox-enhanced ECs. EC performance 

is obviously a trade-off between high concentration (to extend the potential 

window and energy density) and good ionic conductivity (to maintain 

an acceptable power density) [141]. 

https://sin.put.poznan.pl/journals/details/journal/electrochimica-acta
https://sin.put.poznan.pl/journals/details/year/2020-electrochimica-acta
https://sin.put.poznan.pl/journals/details/volume/vol.-334-2020-electrochimica-acta
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Summary 

The Article A2 – ‘Interfacial aspects induced by saturated aqueous 

electrolytes in electrochemical capacitor applications’ describes the concept 

of highly concentrated “water in salt” type electrolyte in the EC. The CsF 

was chosen for the research – a highly soluble inorganic ionic salt. In the research 

course, the optimal electrode material with the proposed electrolyte was selected. 

Furthermore, the exact electrochemical characteristics were determined 

for the three characteristic electrolyte concentrations (1 mol L-1 – reference, 

6.3 mol L-1 – with maximum conductivity and 15.1 mol L-1 – saturated). Basic 

physicochemical properties (conductivity, viscosity, and pH) were determined 

for the entire concentration range. With the use of saturated CsF, a positive effect 

on self-discharge and charge-discharge efficiency is observed. The concentrated 

electrolyte of increased viscosity suppresses the leakage current and the amount 

of gas generated during EC work. The disadvantage is that the capacitance 

decreases faster during the cyclic charge/discharge compared to that solution. 

It has been observed that the electrolytic solution with the highest conductivity 

does not necessarily provide the highest system capacitance. Moreover, 

concentrated solutions are characterized by a poor wettability of the carbon 

electrodes and exhibit high surface tension. The correlation between 

the microtexture properties of carbon, the viscoelastic properties 

of the electrolyte, and the capacitance is still unclear. The increase in voltage 

and energy is small. This is most likely due to a slight improvement 

in the solvation strength for the selected salt (the heavier the ion, the weaker 

the solvation strength). The interactions between ions and water molecules 

are still too weak to shift the water decomposition potential toward higher values. 

The concept of ‘water in salt’ has enormous application potential and is currently 

at the forefront of research on water electrolytes. However, this is a ground new 

topic and requires a more in-depth explanation of the phenomenon related 

to the solvation shell formation and the ions transport in the porous structure 

of the electrode material. 
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 Article A3 

Title:  Peculiar role of the electrolyte viscosity in the electrochemical 

capacitor performance 

Authors:  Przemysław Galek, Adam Ślesiński, Krzysztof Fic, Jakub Menzel 

Journal:  Journal of Materials Chemistry A, 2021, vol. 9, iss. 13, 8644 – 8654 

DOI:  10.1039/D0TA11230E  

 

Motivation 

The literature reports that the increase in electrolyte viscosity usually 

reduces the overall EC efficiency (energy, capacitance, increase resistance) 

[201]. It is mainly assigned to hindered mobility of ions in a conductive medium, 

which is associated with low conductivity [162, 166, 202-204]. The formation 

of an EDL at the electrode/electrolyte interface, is not fast enough during 

repeated charging/discharging processes. The literature is lacking reliable data 

that confirm the reflection of the behaviour in aqueous electrolytes. Each time 

the authors emphasize the negative effect of increased viscosity, whereas 

the positive aspects of such electrolytes are usually omitted. Our work aims to 

verify this popular approach in terms of the use of highly viscous electrolytes 

in ECs. 

  

https://sin.put.poznan.pl/journals/details/journal/journal-of-materials-chemistry-a
https://sin.put.poznan.pl/journals/details/volume/vol.-9-2021-journal-of-materials-chemistry-a
https://sin.put.poznan.pl/journals/details/number/iss.-13-vol.-9-2021-journal-of-materials-chemistry-a
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Summary 

In Article A3 – ‘Peculiar role of the electrolyte viscosity 

in the electrochemical capacitor performance’ the influence of increased aqueous 

electrolyte viscosity on EC performance was determined. Sodium 

carboxymethylcellulose (CMC) was added 1 mol L-1 lithium sulfate to increase 

its viscosity. One of the main conclusions to be highlighted is that the electrolyte 

viscosity itself does not significantly limit the mobility of ions (conductivity). 

However, the exchange of ions in viscous electrolytes in porous materials 

can be difficult. This may be related to insufficient pore penetration 

and deterioration in EC performance. Therefore, a system conditioning 

is recommended. This solution should increase the electrode wettability 

and device efficiency. Electrowetting depends on the polarization magnitude. 

Viscosity does not necessarily reduce energy and power. The effect of viscosity 

has been found to be complex. It depends greatly on the texture/structure 

of the carbon electrode properties and the availability of pores. Moreover, 

the viscosity does not affect the long-term stability, regardless of the porosity of 

the electrode material. Viscosity has a marginal effect on the potential window 

and does not affect the efficiency of the hydrogen sorption/desorption process. 

The self-discharge limitation in microporous materials is slight. In mesoporous 

materials, a significant reduction in self-discharge has been observed by limiting 

the delocalization of the charge in the EDL. The application of viscous electrolytes 

has been found to be beneficial in reducing leakage current and internal gas 

evolution. The results obtained may be of interest not only for aqueous 

electrolytes but also for ILs. Finally, these results give rise to being more sceptical 

of the general statement that viscosity itself is not a limiting factor for EC 

performance. 



 

Mathematical analysis of processes and phenomena 
in electrochemical energy storage and conversion systems 

 
 

 83  



 

Mathematical analysis of processes and phenomena 
in electrochemical energy storage and conversion systems 

 
 

84  



 

Mathematical analysis of processes and phenomena 
in electrochemical energy storage and conversion systems 

 
 

 85  



 

Mathematical analysis of processes and phenomena 
in electrochemical energy storage and conversion systems 

 
 

86  



 

Mathematical analysis of processes and phenomena 
in electrochemical energy storage and conversion systems 

 
 

 87  



 

Mathematical analysis of processes and phenomena 
in electrochemical energy storage and conversion systems 

 
 

88  



 

Mathematical analysis of processes and phenomena 
in electrochemical energy storage and conversion systems 

 
 

 89  



 

Mathematical analysis of processes and phenomena 
in electrochemical energy storage and conversion systems 

 
 

90  



 

Mathematical analysis of processes and phenomena 
in electrochemical energy storage and conversion systems 

 
 

 91  



 

Mathematical analysis of processes and phenomena 
in electrochemical energy storage and conversion systems 

 
 

92  



 

Mathematical analysis of processes and phenomena 
in electrochemical energy storage and conversion systems 

 
 

 93  

 

  



 

Mathematical analysis of processes and phenomena 
in electrochemical energy storage and conversion systems 

 
 

94  

 Article A4 

Title: New insight into ion dynamics in nanoporous carbon materials: 

an application of the Step Potential Electrochemical 

Spectroscopy (SPECS) technique and Electrochemical 

Dilatometry 

Authors: Przemysław Galek, Paulina Bujewska, Scott Donne, Krzysztof Fic, 

Jakub Menzel 

Journal: Electrochimica Acta, 2021, vol. 377, 138115-1 - 138115-7 

DOI: 10.1016/j.electacta.2021.138115  

 

Motivation 

Advanced analytical techniques (in situ or operando) are used to describe 

the flow of ion fluxes in the ECs. We can find here measurement of the frequency 

changes of the piezoelectric resonator acting as a working electrode 

(electrochemical a quartz crystal microbalance, EQCM) [205, 206] or electrode 

volume changes under polarization (electrochemical dilatometry, ECD) [207, 

208]. However, the correlation of the recorded changes with ion 

adsorption/desorption still does not provide full insight into the ion transport 

mechanism. However, comparisons of the results obtained with both methods 

do not always lead to unequivocal conclusions. This caught our attention 

https://sin.put.poznan.pl/journals/details/journal/electrochimica-acta
https://sin.put.poznan.pl/journals/details/year/2021-electrochimica-acta
https://sin.put.poznan.pl/journals/details/volume/vol.-377-2021-electrochimica-acta
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and prompted us to propose a new approach for determining the charge 

accumulation mechanism at the electrode/electrolyte interface. 

Summary 

In Article A4 – ‘New insight into ion dynamics in nanoporous carbon 

materials: An application of the step potential electrochemical spectroscopy 

(SPECS) technique and electrochemical dilatometry’ proposed a new 

methodology to determine a type of ion exchange mechanism in AC electrodes 

in symmetric ECs. Research was carried out using an electrolyte with a similar 

anion and cation size – the IL bis(trifluoromethylsulfonyl) imide 1-ethyl-3-

methylimidazolium (EMIM+TFSI-). Due to the combination of the step potential 

electrochemical spectroscopy (SPECS) technique and electrochemical 

dilatometry (ECD), the E ranges were distinguished, where the ion mixing region 

and the permselective adsorption regions occur. It was found that the mechanism 

of EDL formation strongly depends on the type of electrode material porous 

structure. The calculations allowed to extract and quantify the charge responsible 

for the movement of ions in the micropores. Experiments carried out have shown 

that the mass transport mechanisms are determined by the availability 

of the electrode pores. In microporous AC, cations are adsorbed by ion exchange 

and co-adsorption mechanisms, while the anions were initially adsorbed by ion 

exchange followed by a selective adsorption mechanism. In a micro/mesoporous 

AC, the anodic and cathodic polarization of carbon causes an analogous ion 

mixing mechanism, followed by selective adsorption of both ions. The data 

obtained are consistent with the data in the literature and provide new possibilities 

for measuring ion transport mechanisms in pores. A comparison of the collected 

and published data indicates that there is no universal description of the ion 

transport and the charge/discharge mechanism of the EDL in AC. Therefore, 

it can be concluded that it is a mixture of different mechanisms that depend 

on the size and availability of pores, the applied electrolyte type and electrolyte 

type. 
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 Article A5 

Title: Impact of electrolyte pH on the ion population 

at the electrode/electrolyte interface monitored 

by electrochemical dilatometry 

Authors: Paulina Bujewska, Przemysław Galek, Krzysztof Fic 

Journal: unpublished, restricted access until 29.09.2022 

DOI: - 

 

Motivation 

Aqueous solutions are often used as electrolytes in ECs because of safety 

and ecological issues [209]. The best energy/power/cycle life performance 

is reported when neutral pH electrolytes are used [210, 211]. Papers published 

to date indicate that the electrode porosity should match the a respective ion size. 

However, the question of which ions should be taken into account in such 

considerations is still open. In IL-based systems, the situation seems 

to be relatively straightforward, since only cations and anions, making an IL 

structure, are present in the electrolyte. In the case of electrolytes based 

on aqueous solutions, more factors must be considered: ions from a dissolved 

salt, their solvation shell, which certainly vary depending on several conditions, 

and hydrogen-based cations (H+, H3O+) as well as hydroxyl groups (OH-) coming 
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from water itself. To determine ionic fluxes within electrodes, different techniques 

can be adopted, e.g., electrochemical quartz crystal microbalance (EQCM), 

electrochemical dilatometry (ECD), scanning electrochemical microscopy 

(SECM), coupled with solid-state NMR or Raman spectroscopy. 

Summary 

Article A5 – ‘Impact of electrolyte pH on the ion population 

at the electrode/electrolyte interface monitored by electrochemical dilatometry’ 

in a comprehensive way presents the impact of OH- and H+ ions concentration 

in aqueous electrolyte on charge storage possibilities and ion flow in bulk 

of porous carbon electrodes. The EC performance is strongly dependent 

on the electrolyte pH. There is a significant alkalization of the electrolyte pH near 

the electrode during EC operation. It was concluded that the higher the pH 

of the electrolyte, the higher the OH- contribution to EDL formation. Furthermore, 

the transport of SO4
2- anions requires a very high driving force and causes 

irreversible changes within the texture of the material. The EC operating 

in an electrolyte of pH 6 is more stable and the electrode’s textural changes 

are reversible, even at very harsh conditions. The trend was shown 

to be comparable for electrolytes of pH 6 and 9. However, ECs with the pH 12 

solution exhibit similar behaviour to the LiOH solution, suggesting that during 

positive polarization, the primary role is played by OH- – despite the same salt 

concentration. Therefore, we conclude that different ions (or ions with various 

solvation shells) participate in the formation of EDL. This result raises an essential 

concern for the actual ion population at the electrode/electrolyte interface, 

which affects the water decomposition potential and triggers various parasitic 

reactions that impact the long-term performance. 
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 Computer software 

Title: SPECSfit - application for data conversion from Step Potential 

Electrochemical Spectroscopy technique 

Authors: Przemysław Galek, Maciej Staszak, Krzysztof Fic 

 

Motivation 

The motivation for creating the ‘SPECSfit’ software was the need to reduce 

the time spent on calculations and to increase the possibility of controlling 

the obtained results recorded with the Step Potential Electrochemical 

Spectroscopy (SPECS) technique. In the initial stage of using this technique, 

the recorded data was processed by the Origin® program, which did not allow 

automatic counting of the entire spectrum of the collected data. So far, only 

selected current curves recorded at a given potential step have been manually 

adjusted. It was related to the limitation of the time devoted to manual counting. 

The result of this procedure was to obtain results from only a part of a large data 

set. The generated charts were not liquid and often did not allow for a reliable 

interpretation of the results obtained. It was necessary to develop a tool allowing 

for quick data processing, calculations of the entire range in which they were 

collected, and real-time visualization of the obtained electrochemical parameters. 

Summary 

As a result of cooperation with Dr. Maciej Staszak, a ‘SPECSfit’ computer 

program was created to automatically process the results obtained 

with the SPECS technique. The program is based on the Visual Basic.NET 

programming language, and it can run on any computer operating system. 

‘SPECSfit’ is compatible with BioLogic Science Instruments EC-Lab® software. 

The data are loaded into the program with the Microsoft Project Template (MPT) 

file extension. The finally converted data are obtained in the Microsoft Excel Open 

XML Spreadsheet (XLSX) file. This file is automatically created when 
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the calculation procedure is started in the ‘SPECSfit’ program. Data are collected 

systematically as the implementation of the calculation procedure progresses. 

The application also enables visualization of the electrochemical parameters 

calculated on graphs in real time. 

Program description 

The SPECSfit program dialog box is shown in Fig. 7. 

 

Fig. 7. Dialogue box of the ‘SPECSfit’ program. 

1 – In this area, it is possible to select the language (English/Polish) in which 

the program dialog window will be displayed. 

2 – ‘Open’ button opens the source where the data are to be loaded from 

to the application. This source is previously exported as an MPT file from 

the EC-Lab program. The MPT file must be in the same folder as all 

‘SPECSfit’ related files. 

3 – The uploaded data are displayed in this area as sections. Each section 

represents a step potential for which data was recorded. In addition, next 

to the section, the range of time (in seconds) in which the data 

was collected during the experiment appears. 

4 – The value of ‘Step dt’ is usually read by the program automatically 

and means the time interval (in seconds) at which the points 
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of the recorded current curve were collected. This value is read from 

the specific line of the MPT file. However, the latest versions 

of the EC-Lab program do not always provide this value in the MPT 

source file. 

5 – The ‘Unit multiplier’ settings allow a quick change in the decimal place 

of the results obtained. 

6  – In this area, the user can choose one of the four options. 1) ‘ModelIV6 

(I1 and I2)’ where the component corresponding to the formation of EDL 

is divided into two components (porous I1 and geometric I2). 2) 

‘ModelIV4 (I)’ where the porous and geometric components are summed 

to one common component I1. 3) and 4) ‘Diffusion model’ where basic 

equation for diffusion current ID appears in tabs 1) and 2): 

iD=
B

t
0.5

 

is divided to an equation with more detailed parameters: 

iD=
FD∆C

h
(1+2∑ exp(-

k
2
π2Dt

h
2

))

∞

k=1

 

7 – In the given area, it is possible to make changes in the value range 

of individual components when calculations are realised. The first value 

is the initial value (always lower), the second one is the final value 

of the range (always higher). Selecting the range as close as possible 

to the final values increases the speed of the calculations performed. 

The third value in the line is the step at which the calculations 

are performed. The number of loops performed on the basis 

of the entered limit values and the number of steps performed 

is automatically displayed in the window. It is recommended to adjust 

the start values so that the number of loops ranges from 17 to 84. 

Too small loops number increases the calculation error, while too many 

loops unnecessarily extend the time of data processing without a further 
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error value reduction. A description of individuals' parameters is given 

below (more details are given in Chapter 4). 

 

R1, R2 – porous and geometric resistance (ohm) 

C1, C2 – porous and geometric differential capacitance (mF) 

B – diffusion component (C s0.5) 

IR – residual current (mA) 

ΔC – concentration difference of the diffusing species between the 

interface and bulk (mol m−3) 

H – diffusion layer thickness (m) 

D – concentration independent diffusion coefficient (m2 s−1) 

 

8 – By ‘Abort’ button the user can stop the calculation procedure at any time. 

9 – In the ‘From section’ and ‘To section’ windows, the user can define 

the range of calculated sections. 

10 – This area was added mainly due to program errors occurring from time 

to time. Single points that should be in the trend of the calculated 

parameters R1 or C1 are sometimes assigned R2 or C2 and vice versa. 

It is possible to force the program to count the searched values 

by entering the predicted ranges in which the calculated parameters 

should fall. Such an action prevents them from being flipped to the twin 

terms of the equation. 

11 - In ‘SPECSfit’ there is also a possibility to modify the importance 

of the searched variables and this option can be found in the area ‘Scale’. 

It is a factor that determines the importance level of a given component 

in the calculation procedure performed. By default, for all components, 

the importance is set to ‘1’, which means that there is no scaling. 

The larger the scale, the greater the weight of a given factor. This area 

allows us to control the obtained results. If the calculations are correct, 

assigning a different weight should not affect the final result. 

12 – It is necessary to mark the ‘Conversion’ item to correct the conversion 

of conversion of points using the method presented in the area (10). 

https://www.sciencedirect.com/topics/engineering/diffusion-layer
https://www.sciencedirect.com/topics/engineering/diffusion-coefficient
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There is also the possibility of automatic point point exchange 

by selecting the item 'In procedure'. However, this option has some 

disadvantages and does not always result in component swapping. 

13 – The ‘Calculate’ button starts and the 'Stop' button interrupts 

the calculation procedure. 

14 – ‘Tolerance (Eps)’ is an acceptable numerical relative error. The lower 

the value of this parameter, the longer the computational procedure 

takes, but more precisely. 

15 - After starting the application, the ‘Auto tolerance (faster calculation)’ 

option is automatically selected. 

16 – It is possible to copy the experimental data of a given section from 

the area (2) by clicking the ‘Copy’ button. 

17 – On the ‘Information’ tab, in the right-hand side of the dialog box, 

information about the calculation progress is displayed. 

18 – In the ‘Result List’ section numbers are displayed for which results have 

already been obtained. This list is completed as the procedure 

progresses. 

19 – The ‘Description’ area is a preview of the preview of the results obtained 

for the selected section. 

20 – Graphs are represented in the area in the lower part of the dialog box 

on the right side. After selecting the ‘Fit curves’ tab and the appropriate 

markers in the upper part of the area, the graph shows the dependence 

of the selected value (on the Y-axis) on the measurement time 

(in seconds) of a given section at a given E/U (X-axis). Symbol ‘E’ means 

the E/U at which the given section was recorded. ‘I exp/I cal’ 

is the experimental and the calculated (fit) current, respectively. The last 

box ‘R2’ defines the matching error value. In the ‘Current dynamics’ tab, 

the results (I cal, I1, I2, ID, IR, R2, without E and I exp) are displayed 

for all completed sections depending on the duration of the experiment. 

The last tab ‘Coefficients dynamics’ allows one to display the calculated 

parameters R1, C1, R2, C2, B, ΔC, h, D, and IR.  



 

Mathematical analysis of processes and phenomena 
in electrochemical energy storage and conversion systems 

 
 

 125  

 Summary 

The dissertation consideration emphasizes both the current state 

of knowledge and experimental research (applied and fundamental) within 

electrochemical capacitors. The first and fundamental element of high-

performance devices production is understanding the phenomena and processes 

related to the charge storage at the electrode/electrolyte interface 

at the molecular level. The research presented in this dissertation deals 

with this topic. The differences resulting from the wide application wide salt 

concentration in the aqueous electrolyte are discussed here, including the new 

concept of a saturated solution of ‘water in salt’ (Article 2). High salt 

concentration is associated with increased electrolyte viscosity, which 

has a significant impact on ECs performance (Article 3). Increased viscosity 

with system preconditioning and appropriate electrode material may lead 

to the improvement of such EC parameters as self-discharge or gas evolution. 

For effective charge storage in a given electrode material, it is necessary to match 

the ions' size with the pores diameter. The merging of electrochemical dilatometry 

with step potential electrochemical spectroscopy led to the definition of the type 

of charge storage mechanism depending on the electrolyte and electrode 

material (Article A4). However, manual data processing from SPECS is not 

the fastest way. The computer program developed ‘SPECSfit’, comes with help 

for fast and reliable data processing (Chapter 12). The influence of pH 

at the electrode surface has already been described, but only now 

has the influence of H+ and OH- ions concentration on ion movement in porous 

materials been thoroughly explained (Article 5). The electrodes production 

and device assembly are the last stage in which there is an opportunity to improve 

the ECs performance. This applies to improving the rheological properties 

of the electrode slurry, appropriate selection mixing technique, and current 

collector coverage (Article 1). The literature analysis and the presented 

experimental results cover a wide range of ECs elements and are to be the basis 

for undertaking new research paths in this subject.  
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 Articles not included in the dissertation topic  

Title: Revisited insights into charge storage mechanisms 

in electrochemical capacitors with Li2SO4-based electrolyte 

Authors: Krzysztof Fic, Anetta Płatek, Justyna Piwek, Jakub Menzel, Adam 

Ślesiński, Paulina Bujewska, Przemysław Galek, Elżbieta Frąckowiak 

Journal: Energy Storage Materials, 2019, vol. 22, 1-14 

DOI: 10.1016/j.ensm.2019.08.005 

Abstract 

The article comprehensively describes the latest achievements related 

to the use of neutral water-based electrolyte (1 mol L−1 Li2SO4 solution) in ECs. 

The basic physicochemical properties of aqueous electrolytes (conductivity, 

viscosity, etc.), EC operating parameters and a proposal for a new approach 

in the study of systems – operando tests were discussed. The operando studies 

performed included the use of electrochemical quartz crystal microbalance 

(EQCM), Raman spectroscopy, and scanning electrochemical microscopy 

(SECM). Interesting results were obtained concerning the specific and selective 

adsorption of ions with the use of the given methods. In addition is presented 

a post-mortem analysis of carbon electrodes subjected to the aging protocol. 

The effect of an anti-aging additive (tocopherol - vitamin E) on the electrode 

material and the electrolyte was investigated. Finally, mechanisms governing 

the capacitive and redox interfacial interactions are proposed. 
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Title: Three-dimensional architectures in electrochemical capacitor 

applications – insights, opinions and perspectives 

Authors: Przemysław Galek, Adam Maćkowiak, Paulina Bujewska, Krzysztof 

Fic 

Journal: Frontiers in Energy Research, 2020, vol. 8, 139-1 - 139-21 

DOI: 10.3389/fenrg.2020.00139 

Abstract 

This article is a summary of the latest news on electrode materials with a 3D 

structure in ECs applications. The division of this group of structures 

was systematized, taking into account the method of their production: 

into template and non-template strategies. The advantages and disadvantages 

for the selected groups have been summarized. Special attention has been paid 

to the carbon materials for their structural connection as they not only create 

the desired hierarchical porous channels, but also provide high conductivity 

and mechanical stability. For individual solutions, numerous examples from 

the literature are presented. Finally, the future challenges for this type of material 

are summarized. 

  

https://sin.put.poznan.pl/journals/details/journal/frontiers-in-energy-research
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Title: Deep eutectic solvents for high-temperature electrochemical 

capacitors 

Authors: Adam Maćkowiak, Przemysław Galek, Krzysztof Fic 

Journal: ChemElectroChem, 2021, vol. 8, 4028-4037 

DOI: 10.1002/celc.202100711 

Abstract 

In this article authors propose the concept of EC operating in high-

temperature conditions (100˚C). This solution is an electrolyte in the form 

of a deep eutectic mixture based on lithium nitrate and acetamide. To describe 

the chemistry of the mixture, infrared and Raman spectroscopy, differential 

scanning calorimetry, and gas chromatography with mass spectrometry 

were used. Electrochemical analysis includes verification of system aging, self-

discharge monitoring, leakage current measurement, and basic research related 

to determination of specific capacitance or maximum voltage. Additionally, 

a comprehensive analysis of the addition of lithium nitrate salt and an organic 

solvent to the operating system was performed, including the replacement 

of lithium ions with sodium or potassium. 

  

https://sin.put.poznan.pl/journals/details/journal/chemelectrochem
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Title: Contact angle analysis of surface topographies created 

by electric discharge machining 

Authors: Katarzyna Peta, Tomasz Bartkowiak, Przemysław Galek, 

Michał Mendak 

Journal: Tribology International, 2021, vol. 163, 107139-1 - 107139-14 

DOI: 10.1016/j.triboint.2021.107139 

Abstract 

The article specifies the relationship between the wettability and the surface 

microgeometry of the 6060 aluminum alloy resulting from electro-discharge 

machining (EDM). The analyzes were extended by calculating the strength 

of the correlation between the contact angles and the geometrical surface 

topography characteristics that change with the observation scale. Surface 

topographies are measured with a focal variation microscope and characterized 

by ISO parameters, geometric motifs, and multiscale curvature tensor analysis. 

The wettability of the finished structures was tested indirectly by measuring 

the contact angle. The analysis was performed by using aqueous solutions 

of a semi-synthetic polymer of various concentrations and viscosities. The study 

showed that aluminum alloy wetting can be easily controlled with a suitable EDM 

finish. 

  

https://sin.put.poznan.pl/journals/details/journal/tribology-international
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Title: Operando monitoring of activated carbon electrodes operating 

with aqueous electrolytes 

Authors: Jakub Menzel, Adam Slesinski, Przemyslaw Galek, Paulina Bujewska, 

Andrii Kachmar Elżbieta Frąckowiak, Ayumi Washio, Hirofumi 

Yamamoto, Masashi Ishikawa, Krzysztof Fic 

Journal: Energy Storage Materials, 2022, 518-528 

DOI: 10.1016/j.ensm.2022.04.030 

Abstract 

Remarkable changes in the volume of activated carbon electrodes 

operating with aqueous electrolytes were measured with scanning 

electrochemical microscopy (SECM) and electrochemical dilatometry (ECD) 

techniques. It appears that the electrolyte volume absorbed by the carbon 

electrode strongly depends on the polarization direction and the electrode 

potential. It is assumed that these changes result from different ion adsorption 

properties and the volume of the electrolyte. Furthermore, the electrode surface 

functionalities appear to change. This has been confirmed by operando contact 

angle measurements. In addition to the observations of volume changes, 

a method of preconditioning electrochemical capacitors is proposed, which 

is an outcome of the observed electrode dilatations and modulated wettability. 

The conditioning method promotes deep electrochemical impregnation 

of the electrodes by an electrolyte. In fact, remarkably better wetting 

of the electrodes is reflected in significant changes in the potential distribution 

between electrodes. Moreover, the internal pressure build-up during 

the potentiostatic hold test is reduced. Finally, in situ observations 

of the electrodes with X-ray tomography suggest the precipitation of insoluble 

deposits at the surface of the positive electrode near the separator. 

  

https://www.sciencedirect.com/science/article/pii/S2405829722002264#!
https://doi.org/10.1016/j.ensm.2022.04.030
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Subsidy for conducting research and related tasks aimed 

at the development of young scientists and participants of doctoral studies 

and doctoral schools financed under the internal competition procedure 

in 2020. 

 Scientific conferences 

18.1. Oral presentations 

International range 

1) ‘Impact of the Electrolyte Concentration on the Capacitor Performance’ 

Fic K., Galek P., Frąckowiak E.  

The 69th Annual Meeting of the International Society of Electrochemistry 

Bologna, Italy, 02-07.09.2018 

3) ‘Phenomena at Porous Carbon Electrode/Saturated Electrolyte Interface 

in Electrochemical Capacitors’ 

Fic K., Galek P., Menzel J., Frąckowiak E. 

Americas International Meeting on Electrochemistry and Solid State 

Science  

Cancun, Mexico, 30.09-04.10.2018 
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4) ‘Saturated water-based electrolytes in electrochemical capacitor 

application’ 

Fic K., Galek P., Frąckowiak E.  

International Symposium on Enhanced Electrochemical Capacitors 

Nantes, France, 06-10.05.2019 

5) ‘Operando exploration of the ionic fluxes at the electrode/electrolyte 

interface for better electrochemical capacitors’ 

Fic K., Płatek A., Menzel J., Ślesiński A., Bujewska P., Piwek J., Galek P., 

Frąckowiak E 

6th International Conference on Advanced Capacitors 

Ueda, Japan, 08-12.09.2019 

6) ‘Electrolyte – Important Component of Electrochemical Capacitor’ 

Frąckowiak E., Piwek J., Płatek A., Menzel J., Galek P., Fic K 

The Third International Conference on Energy Storage Materials 

Shenzhen, China, 28.11-01.12.2019 

7) ‘Insights into Ionic Fluxes at Electrode/Electrolyte Interface in Carbon-

Based Electrochemical Capacitors with SPECS Technique 

and Electrochemical Dilatometry’ 

Galek P., Menzel J., Bujewska P., Donne S., Fic K. 

2020 Virtual MRS Spring/Fall Meeting & Exhibit (online) 

Boston, USA, 27.11-04.12.2020 

8) ‘New Insight into Ion Dynamics in Nanoporous Carbon Materials: 

an Application of the Step Potential Electrochemical Spectroscopy 

(SPECS) Technique and Electrochemical Dilatometry’ 

Menzel J., Galek P., Bujewska P., Donne S., Fic K. 

72nd Annual Meeting of the International Society of Electrochemistry 

(online) 

Jeju , Korea, 29.08-03.09.2021 

  



 

Mathematical analysis of processes and phenomena 
in electrochemical energy storage and conversion systems 

 
 

136  

9) ‘Impact of OH- and H+ ions concentration on electrical double-layer 

formation and electrode expansion in porous carbon materials’ 

Galek P., Bujewska P., Fic K. 

International Symposium on Enhanced Electrochemical Capacitors 

Bologne, Italy, 11-15.07.2022 

10) ‘Analysis of carbon electrode dilatometric strain determined by Scanning 

Electrochemical Microscopy and internal pressure measurements’ 

Menzel J., Ślesiński A., Galek P., Bujewska P., Frąckowiak E., Fic K. 

International Symposium on Enhanced Electrochemical Capacitors 

Bologne, Italy, 11-15.07.2022 

11) ‘A step potential electrochemical spectroscopy (SPECS) investigation 

of the lithium intercalation process’ 

Maćkowiak A., Galek P., Jeżowski P., Fic K. 

Regional Meeting of the International Society of Electrochemistry 

Prague, Czech Republic, 15-19.08.2022 

12) ‘Influence of the Cation Size and the Electrolyte pH on the Electrical Double-

Layer Formation Determined by Electrochemical Dilatometry’ 

Bujewska P., Galek P., Fic K. 

Regional Meeting of the International Society of Electrochemistry 

Prague, Czech Republic, 15-19.08.2022 

13) ‘In-depth investigation of lithium intercalation into graphite layers using step 

potential electrochemical spectroscopy (SPECS)’ 

Maćkowiak A., Galek P., Jeżowski P., Fic K. 

72rd Annual Meeting of the International Society of Electrochemistry 

(online) 

12-16.09.2022 
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National range 

1) ‘Impact of the Electrolyte Viscosity on the Electrochemical Capacitor 

Performance’ 

Galek P., Menzel J., Fic K. 

XI Konferencja Naukowo-Techniczna ‘Materiały Węglowe i Kompozyty 

Polimerowe’ 

Jaszowiec, Poland, 02-05.04.2019 

2) ‘Electrochemical capacitors – mutual interactions of rheology 

and electrochemistry’ 

Galek P., Frąckowiak E., Fic K 

II Polish Carbon Society Scientific Workshop "New trends in carbon 

research" 

Poznan, Poland, 27.10.2019 

18.2. Poster presentations 

International range 

1) ‘Correlation of Rheological Parameters of Supercapacitor Components 

with Electrochemical Performance’ 

Galek P., Frąckowiak E., Fic K. 

The First International Conference on Energy Storage Materials 

Shenzhen, China, 18-21.11.2017 

2) ‘Correlation of Rheological Parameters of Activated Carbon Coatings 

with their Electrochemical Response in Aqueous Electrolytes’ 

Galek P., Frąckowiak E., Fic K. 

Supercapacitors: Store for the Future 

Goteborg, Sweden, 11-13.06.2018 

3) ‘Correlation of Rheological Parameters of Activated Carbon Coatings 

with their Electrochemical Response in Aqueous Electrolytes’ 

Galek P., Frąckowiak E., Fic K. 

Carbon 2018 – The World Conference on Carbon 

Madrid, Spain, 01-06.07.2018 
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4) ‘Electrolyte viscosity: limiting parameter of electrochemical capacitor 

efficiency?’ 

Galek P., Menzel J., Fic K. 

International Symposium on Enhanced Electrochemical Capacitors 

Nantes, France, 06-10.05.2019 

5) ‘Deep Eutectic Solvents Based on Lithium Nitrate and Acetamide 

as Electrolyte in High-Temperature Electric Double-Layer Capacitors’ 

Maćkowiak A., Galek P., Fic K. 

71st Annual ISE Meeting (online) 

Belgrad, Serbia, 30.08-04.09.2020 

6) ‘Unveiling the origin of carbon dilatometric changes with the application 

of novel SPECS technique’ 

Menzel J., Galek P., Bujewska P., Donne S., Fic K. 

71st Annual ISE Meeting (online) 

Belgrad, Serbia, 30.08-04.09.2020 

7) ‘Deep Eutectic Solvents Based on Lithium Nitrate and Acetamide 

as Electrolytes in High-Temperature Electric Double-Layer Capacitors’ 

Maćkowiak. M., Galek P., Fic K. 

12th European Symposium on Electrochemical Engineering (online) 

Leeuwarden, Holland, 14-17.06.2021 

8) ‘Point of Zero Charge - Meaning and Determination with the Electrochemical 

Quartz Crystal Microbalance’ 

Sroka S., Galek P., Płatek-Mielczarek A., Menzel J., Fic K. 

72nd Annual Meeting of the International Society of Electrochemistry (online) 

Jeju, Korea, 29.08-03.09.2021 

9) ‘New insights into Point of Zero Charge determination with Electrochemical 

Quartz Crystal Microbalance’ 

Sroka S., Galek P., Platek-Mielczarek A., Menzel J., Fic K. 

International Symposium on Enhanced Electrochemical Capacitors 

Bologne, Italy, 11-15.07.2022 
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National range 

1) ‘Correlation of Rheological Parameters of Activated Carbon Coatings 

with their Electrochemical Response in Aqueous Electrolytes’ 

Galek P., Frąckowiak E., Fic K. 

XI Konferencja Naukowo-Techniczna „Materiały Węglowe i Kompozyty 

Polimerowe” 

Jaszowiec, Poland, 17-20.04.2018 

2) ‘Electrical energy storage systems - perspectives for the future’ 

Galek P., Ślesiński A., Fic K. 

Polish Scientific Networks 2019 Conference 

Poznan, Poland, 19-21.10.2019 

 Awards 

1) Award for Master thesis: 

‘Determination of rheological parameters of the electrode slurry 

and electrolyte solutions and their correlation with electrochemical 

properties’ 

Galek P., Fic K. 

Polski Komitet Materiałów Elektrotechnicznych Stowarzyszenia Elektryków 

Polskich 

Wroclaw, Poland, 08.12.2017 

2) Poster prize: 

‘Electrolyte viscosity: limiting parameter of electrochemical capacitor 

efficiency?’ 

Galek P., Menzel J., Fic K. 

International Symposium on Enhanced Electrochemical Capacitors 

Nantes, France, 09.05.2019 

3) Cover page: 

‘Deep Eutectic Solvents for High‐Temperature Electrochemical Capacitors’ 

(ChemElectroChem 21/2021) 

Maćkowiak A., Galek P., Fic K. 

  

https://www.researchgate.net/publication/354973054_Deep_Eutectic_Solvents_for_High-Temperature_Electrochemical_Capacitors?_sg%5B1%5D=P2nmHMpqX-K3IiIbFxVEjNiiAZ6tcf1dahJXgw2OhOAbAa-y4fmdLObwa1uyYoOMVfLc0u_9rg
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4) Distinction: 

Award of the Poznan Department of the Polish Academy of Sciences 

for the best original creative work, the lead author of which is a PhD student 

from the Department area 

Poznan, Poland, 07.06.2022 

5) Scholarship: 

Poznan City Scholarship for young researchers from the Poznan scientific 

community 

Poznan, Poland, 27.06.2022 

 Research project 

1) Researcher in European Research Council (ERC) GA 759603 project 

‘If immortality unveil…’ – development of the novel types of energy storage 

systems with excellent long-term performance’ 

 Memberships in scientific organizations and other 

functions/trainings 

Memberships: 

1) International Society of Electrochemistry  

2) Polish Carbon Society 

Conferences organizer: 

1) ‘Komercjalizacja badań – wyzwanie dla młodych naukowców’ 

(Warsaw, Poland, 15.11.2018) 

2) ‘Polish Scientific Networks: Science and Technology Conference’ 

(Poznan, Poland, 19-21.09.2019) 

Trainings: 

1) ‘International Summer School (ISS) on Energy Storage Systems: New 

Developments and Directions’ (Zaragoza, Spain, 18-21.07.2022) 

2) ‘Battery energy storages in smart grids’ – Eunice European University 
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3) Statistica software: ‘DOE – computer aided planning and statistical analysis 

of innovative research’ 

4) Autodesk AutoCAD software (basic level) 

5) Origin software ‘Basics of data analysis in the program environment’ 

6) Autodesk Inventor (advanced level) 

7) Summer school: ‘Supercapacitors: Store for the Future’ (Goteborg, 

Sweden, 11-13.06.2018) 
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