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 “Be brave, be curious, be determined, 

overcome the odds. It can be done.” 

Stephen Hawking 
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Abstract 

The first chapter of the dissertation is dedicated to the literature review. It 

begins with an introduction to the motivation behind the conducted scientific 

research and a general overview of electrical energy storage systems. 

Subsequently, it highlights three main energy storage systems: electrical double-

layer capacitors, lithium-ion batteries, and hybrid metal-ion capacitors. Each 

section focuses on describing the energy storage mechanism in the respective 

device, the electrode materials used, and the electrolytes employed. The 

advantages and disadvantages are emphasized, applications are listed, and the 

characteristic parameters of these devices are presented. The formation of the 

solid electrolyte interphase layer is also described, along with a discussion of the 

most popular hybrid capacitors: lithium-ion, sodium-ion, and potassium-ion. 

Current pre-insertion techniques used by researchers are also presented. The 

next part of the review describes the electrochemical techniques used, with 

particular emphasis on the step potential electrochemical spectroscopy (SPECS) 

method utilized in this dissertation. The entire review concludes with a summary. 

The second chapter of the dissertation outlines the aims and objectives of 

the work, which are intended to help verify the proposed hypothesis. The 

hypothesis assumes the use of redox-active salt additives in the electrolyte to 

conduct a one-step assembly approach for metal-ion capacitors. The third 

chapter presents two studies (A1 and M1) that confirm the hypothesis by 

demonstrating that redox electrolyte containing thiocyanate anions enable 

insertion of metal ions into the structure of the negative electrode in lithium-ion, 

sodium-ion, and potassium-ion capacitors. The fourth chapter of the dissertation 

presents two studies (A2 and M2) that describe the use of the SPECS technique 

to study the intercalation of lithium ions into the graphite and the influence of an 

additional redox reaction on this process. The fifth chapter presents study A3, 

which discusses the use of redox additives other than thiocyanate salts in the 

electrolyte. The sixth chapter summarizes the results obtained from the research 

conducted for the dissertation. The final part presents the achievements of the 

dissertation author, along with a list of references and statements from co-

authors. 
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Streszczenie 

Rozdział pierwszy dysertacji jest poświęcony przeglądowi literatury. 

Rozpoczyna się od przedstawienia motywacji przeprowadzonych badań oraz 

ogólnego przeglądu systemów magazynowania energii elektrycznej. W dalszej 

części wyróżniono trzy główne systemy magazynowania energii: kondensatory 

podwójnej warstwy elektrycznej, ogniwa litowo-jonowe oraz hybrydowe 

kondensatory metalo-jonowe. W każdym rozdziale skupiono się na opisie 

mechanizmu magazynowania energii w danym urządzeniu, stosowanych 

materiałach elektrodowych oraz wykorzystywanych elektrolitach. Podkreślono 

wady i zalety, wymieniono zastosowania oraz przedstawiono charakterystyczne 

parametry tych urządzeń. Opisano również tworzenie się warstwy ochronnej 

elektrody ujemnej oraz omówiono najpopularniejsze hybrydowe kondensatory: 

litowo-jonowe, sodowo-jonowe i potasowo-jonowe. Przedstawiono także znane 

w literaturze techniki preinsercji. Kolejna część przeglądu opisuje stosowane 

techniki elektrochemiczne, ze szczególnym uwzględnieniem metody SPECS 

wykorzystanej w tej dysertacji. Całość wieńczy podsumowanie przeglądu 

literatury. 

Rozdział drugi dysertacji opisuje cele i zadania pracy, które mają pomóc w 

weryfikacji założonej hipotezy. Hipoteza zakłada wykorzystanie dodatku soli 

redoks do elektrolitu w celu przeprowadzenia jednoetapowej metody montażu 

kondensatorów metalo-jonowych. W trzecim rozdziale zaprezentowano dwie 

prace (A1 i M1), w których potwierdzono postawioną hipotezę, wykazując, że 

dzięki elektrolitowi redoks zawierającemu aniony rodankowe można 

zainsertować jony metalu w strukturę elektrody ujemnej w kondensatorach 

litowo-jonowych, sodowo-jonowych i potasowo-jonowych. Czwarta część 

dysertacji przedstawia dwie prace (A2 i M2), które opisują wykorzystanie techniki 

SPECS do badań interkalacji jonów litu w strukturę grafitu oraz wpływ dodatkowej 

reakcji redoks na ten proces. Piąty rozdział przedstawia pracę A3, która omawia 

wykorzystanie innych niż sole rodankowe dodatków redoks do elektrolitu. 

Rozdział szósty podsumowuje wyniki otrzymane w ramach badań wykonanych 

do dysertacji. W ostatniej części przedstawione zostały osiągnięcia autora, wraz 

z wykazem literatury i oświadczeniami współautorów. 
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Abbreviations and symbols 

Abbreviation  Description  

A  –  Surface area, m2 

AC –  Activated carbon 

ACN – Acetonitrile  

Ag2S – Silver sulfide 

Al – Aluminium  

B – Diffusion parameter, A s0.5 

BET –  Brunauer-Emmett-Teller isotherm 

BMIMBF4 – 1-Butyl-3-methylimidazolium tetrafluoroborate 

C  –  Capacitance, F 

C – Theoretical graphite capacity (372 mAh g-1) 

C2H2S – Thiirene 

C2H4 – Ethylene 

C2H6 – Ethane 

C6 – Carbon (graphite) 

CE –  Counter electrode 

CEDL – Capacitance from EDL, F 

CNTs – Carbon nanotubes 

CO – Carbon monoxide 

CO2 – Carbon dioxide 

COS – Carbonyl sulfide 

CS – Carbon monosulfide 

CS2 – Carbon disulfide 

CsF – Caesium fluoride 

Cu – Copper 

CV – Cyclic voltammetry  

CVD – Chemical vapour deposition 

�̃� – Diffusion coefficient, m2 s-1 

DEC – Diethyl carbonate 

DEG – Diethylene glycol 

DMC – Dimethyl carbonate 
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DME  – Dimethyl ether 

E – Energy, Wh  

ΔE – Potential change 

EC – Ethylene carbonate 

EDL  –  Electric double-layer capacitor 

EDLC  –  Electrical double-layer capacitor 

EDR – Equivalent distributed resistance 

EDS – Energy dispersive spectroscopy 

EESS – Electrical energy storage system 

EMIMBF4 – 1-Ethyl-3-methylimidazolium tetrafluoroborate 

ESR – Equivalent series resistance 

FEC – Fluoroethylene carbonate 

GCPL – Galvanostatic cycling with potential limitation  

GITT – Galvanostatic intermittent titration technique  

I – Current, A 

ID – Diffusive current, A 

IEDL – EDL current, A 

IL – Ionic liquid 

IR – Residual current, A 

IT – Total current, A 

KERS – Kinetic energy recovery system 

KIC  –  Potassium-ion capacitor 

KPF6 – Potassium hexafluorophosphate 

L – Sample thickness, m 

LCO – Lithium cobalt oxide, LiCoO2 

LEDC – Lithium ethylene decarbonate 

LFP – Lithium iron phosphate, LiFePO4 

LIB  –  Lithium-ion battery 

LiBF4 – Lithium tetrafluoroborate 

LiBOB – Lithium bis(oxalato)borate 

LiBr – Lithium bromide 

LIC  –  Lithium-ion capacitor 

LiF –  Lithium fluoride 
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LiNO3 – Lithium nitrate 

LiOAc – Lithium acetate 

LiOH – Lithium hydroxide 

LiOR – Lithium alkyl carbonate 

LiPF6 – Lithium hexafluorophosphate 

LiSCN – Lithium thiocyanate 

LiTFSI – Lithium bis(trifluoromethanesulfonyl)imide 

Li2CO3 – Lithium carbonate  

Li2C4O4 – Lithium squarate 

Li2MnO3 – Lithium manganite 

Li2O – Lithium oxide 

Li2RuO3 – Lithium ruthenate 

Li2S – Lithium sulfide 

Li5FeO4 – LFO, Lithium rich lithium ion 

Li6CoO4 – Lithium cobalt oxide  

LLTO – Lithium lanthanum titanium oxide 

LLZO – Lithium lanthanum zirconium oxide 

LMO – Lithium manganese oxide, LiMn2O4 

LTO – Lithium titanate, Li4Ti5O12 

MIC – Metal-ion capacitor 

MnO2 – Manganese dioxide  

MoS2 – Molybdenum disulfide 

MWCNTs – Multi-walled carbon nanotubes 

NaClO4 – Sodium perchlorate 

NaOAc –  Sodium acetate 

NCA – Lithium nickel-cobalt-aluminum oxide, LiNiCoAlO2 

NEC – Nippon Electric Company 

Ni-Cd – Nickel-cadmium battery 

Ni-MH – Nickel-hydrogen battery 

NIC  –  Sodium-ion capacitor 

NMP – N-Methyl-2-pyrrolidone 

NMC – Lithium nickel-manganese-cobalt oxide, LiNiMnCoO2 

OCV – Open circuit voltage, V 
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PAN – Polyacrylonitrile  

PANI – Polyaniline 

PAS – Polyacenic semiconductive 

PbO2 – Lead (IV) oxide 

PC – Propylene carbonate 

PE – Polyethylene 

PEG  – Polyethylene glycol 

PEIS – Potentiostatic electrochemical impedance spectroscopy 

PEO – Polyethylene oxide 

PP – Polypropylene 

PTFE – Poly(tetrafluoroethylene) 

PVDF – Poly(vinylidene fluoride) 

RE  – Reference electrode 

REDL – Resistance of EDL, Ohm 

rp – Particle radius, m 

RT  –  Room temperature, 21°C 

RuO2 – Ruthenium dioxide 

SCN- – Thiocyanate anion 

SEI  –  Solid electrolyte interphase  

SEM – Scanning electron microscopy 

SHE – Standard hydrogen electrode 

SO – Sulfur monoxide 

SOHIO – Standard Oil Company of Ohio  

SPECS – Step potential electrochemical spectroscopy 

SWCNTs – Single-walled carbon nanotubes 

t – Rest time, s 

τ – Time interval, s 

TEABF4 – Tetraethylammonium tetrafluoroborate 

TEM – Transmission electron microscopy 

TiN – Titanium nitride 

Ti2S – Titanium sulfide 

TMP – Trimethyl phosphate 

tp – Pulse duration, s 
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TPP – Triphenyl phosphate 

U – Voltage, V 

UPS – Uninterruptible power supply 

V  – Volume, dm3 

VC – Vinylene carbonate 

VEC – Vinyl ethylene carbonate 

WE  –  Working electrode 

X – % of 1 mol lithium ions intercalated into graphite structure 

XPS – X-ray photoelectron spectroscopy 

XRD – X-ray diffraction   
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 Motivation of the research 

Currently, life in the world has accelerated to an incredible level. Each of us 

uses an alarming amount of electricity daily, which we once did not need at all 

[1]. Every day we turn on lights, watch television, use smartphones and 

computers, drive cars or use public transportation. People often do not realize 

how dependent they are on electricity. In addition to these activities, there are 

also small everyday items that we take for granted, such as wireless headphones, 

electric toothbrushes, coffee machines, or induction cooktops. Can anyone today 

imagine life without a refrigerator? Without electricity, humanity would regress 

significantly in development, which is why it is so important to take care of the 

privilege of having access to it [2]. 

However, continuous technological development and consumerism have 

caused the demand for electricity to become unimaginably high and constantly 

growing. Popular nonrenewable fossil fuels, such as coal, natural gas, and oil, 

are depleting at an alarming rate [3]. Their continued use also has a negative 

impact on the environment, which is why there is increasing talk about global 

warming, the destruction of the ozone layer, and the doomsday clock, which 

indicates how close we are to midnight [4]. 

Scientists are trying to initiate innovative solutions to obtain green energy, 

aiming at a more ecological approach to environmental protection [4]. 

Geothermal, nuclear, solar, wind, and tidal energies are often utilized. All of these 

solutions generate energy in a more environmentally friendly process, but there 

are always downsides. For example, geothermal energy cannot be produced 

everywhere, wind farms take up a lot of space and pose a threat to birds, and 

nuclear energy, although it provides a huge amount of energy, carries the risk of 

radioactive waste and nuclear plant failures [5-7]. 

Therefore, local production of electricity is becoming increasingly popular. 

This involves, for example, photovoltaic panels on roofs of houses or 

electrolyzers that produce hydrogen [8]. Despite still high costs, these solutions 

are beginning to prove effective locally in meeting electricity demand and are also 

ecologically beneficial. This is evidenced by the large number of households that 

have decided to install photovoltaic panels on their roofs and the growing number 
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of hydrogen-powered vehicles (e.g., Solaris 18 Urbino Hydrogen) [9] [10]. 

However, these solutions show that humanity is moving toward renewable energy 

sources that are environmentally friendly and inexpensive to obtain, which is 

undoubtedly the right direction, although it will take time. 

 

Figure 1. Energy sources and methods used for its conversion [11]. 
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 Electrochemical energy storage systems 

Electrical energy storage systems (EESS) play a crucial role in the energy 

transition, enabling the management of renewable energy and ensuring the 

stabilization of power grids [12, 13]. Given the ever-growing demand for 

electricity, the development of EESS seems to be a necessity. EESS and 

conversion systems can be divided into three main groups: fuel cells, batteries, 

and capacitors. 

Fuel cells 

Fuel cells are devices that, in fact, convert chemical energy directly into 

electrical energy [14]. This occurs through an electrochemical reaction between 

a fuel, which can be hydrogen, methanol, or ethanol, and an oxidizer, most 

commonly oxygen. A typical fuel cell has a nominal voltage of approximately 0.7 

V with an efficiency of approximately 60% [15]. The operating principle involves 

supplying hydrogen, its oxidation on an electrode usually coated with platinum 

black, followed by the transport of H+ ions through an ion-exchange membrane 

to reduced oxygen at the cathode. Fuel cells are characterized by high 

operational purity due to green reaction products, which are electrical energy, 

heat, and water (in the case of the most popular hydrogen cells) [16]. 

Hydrogen fuel cells have a specific energy of approximately 1000 Wh kg-1, 

specific power around 2 W kg-1, and a lifespan of about 10 000 operational hours 

[17]. However, these cells have their drawbacks. Despite high initial efficiency, it 

rapidly declines, mainly due to impurities in the fuel supplied (hydrogen or 

oxygen) [18]. Additionally, the production of these cells is relatively expensive, 

and the storage of hydrogen raises many safety concerns [19]. Nevertheless, 

many see them as the future, primarily due to the simple reaction, which does not 

produce any highly harmful by-products for the environment. The main areas of 

application for hydrogen cells include backup storage systems in factories, 

cogeneration devices for electricity production (e.g., in combined heat and power 

plants), and increasingly in hydrogen-powered vehicles (such as the mentioned 

hydrogen-powered buses) [20].  
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Batteries 

The most common group of EESS is batteries, as they are used literally 

everywhere energy storage is needed: laptops, wireless headphones, 

smartphones, electric vehicles, small electronic devices, and as large-scale 

electrical energy storage systems. There are many types and classifications of 

batteries based on their operating principle or the materials used in their 

production.  

One of the most popular batteries is the nickel-metal hydride (Ni-MH) 

battery, where the cathode is a nickel plate, and the anode is a metal alloy that 

reacts with the hydrogen released during charging to form a metal hydride [21]. 

These batteries can achieve power (250 – 1000 W kg-1) and energy of about (70 

Wh kg-1), maintaining a lifespan of approximately 500 charge and discharge 

cycles [22]. Ni-MH batteries have completely replaced the previously used nickel-

cadmium (Ni-Cd) cells, mainly due to their higher specific energy and 

environmental aspect (absence of cadmium) [23]. Ni-MH batteries are most often 

used in a range of devices that require longer operating times and relatively fast 

charging and discharging parameters, such as power tools, medical devices, 

UPS systems, the lighting industry, radio-controlled toys, and alarm and 

measurement devices [24]. The disadvantages of Ni-MH cells include their high 

self-discharge rate and their susceptibility to damage caused by deep discharge 

or overcharging. 

The next group of batteries consists of zinc-air batteries. This type of battery 

is constructed with a zinc anode and a cathode with a large surface area (e.g., 

activated carbon, denoted further as AC) [25]. The electrolyte in these cells is 

usually a concentrated potassium hydroxide solution [26]. These cells are mainly 

used in electric fences and hearing aids due to their high specific energy (470 Wh 

kg-1), inexpensive raw materials for production, and low self-discharge rate [27]. 

The nominal voltage of the cell is around 1.5 V. However, drawbacks such as 

poor resistance to high and low temperatures, hygroscopicity, and the negative 

impact of CO2 significantly limit the application of zinc-air cells [28]. Moreover, 

these batteries belong to the group of primary cells, meaning that they can only 

be recharged through mechanical electrode replacement. 
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Another important group of batteries is lead-acid batteries. In these 

batteries, the negative electrode is made of a lead grid, while the positive 

electrode is made of lead dioxide (PbO2) [29]. The electrolyte is a 37% sulfuric 

acid solution [30]. The nominal voltage of a single cell is 2.1 V. Lead-acid cells 

are characterized by high energy (approximately 40 Wh kg-1), a low self-

discharge rate, and an average lifespan of 500 – 800 charge and discharge 

cycles [31]. Lead-acid batteries are known for their low cost, high efficiency, and, 

above all, reliability, which allows them to be widely used in most combustion 

engine vehicles [32]. However, because of the challenges of recycling caused by 

toxic components such as lead and sulfuric acid, they are increasingly being 

replaced by other energy storage solutions. 

Currently, the most popular group of both batteries and the entire EESS are 

lithium-ion batteries [33]. They have gained immense popularity due to their 

energy values being more than twice that of Ni-MH batteries (100 – 250 Wh kg-

1), and also because they do not suffer from the memory effect or the lazy battery 

effect [34, 35]. One of the electrodes in a Li-ion cell is made of carbon (mainly 

graphite), while the other is made of lithiated metal oxides, with an organic 

solution of lithium salts serving as the electrolyte [36]. These types of batteries 

can reach voltages as high as 3.8 V, maintain a lifespan of approximately 1000 

charge and discharge cycles, and have very low self-discharge [37]. However, 

the production of these cells is relatively expensive, the components are not 

environmentally friendly, and the availability of lithium on Earth is decreasing at 

an alarming rate [38]. Therefore, cheaper alternatives such as sodium-ion cells, 

which are currently gaining popularity, are being sought [39]. Li-ion cells are 

discussed in more detail in section 4 of chapter I. 

Capacitors 

The last group of EESS consists of electrochemical capacitors. Capacitors 

are devices that store electrical energy by accumulating electric charges on the 

surfaces of electrodes separated by a dielectric layer [40]. Initially, they were 

constructed with two metal plates with air between them, but with time, this 

concept was improved by creating electrolytic capacitors [41]. In these 

capacitors, one of the electrodes is an electrolyte, allowing much higher specific 
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energy values (approximately 0.02 Wh kg-1) [42]. Interestingly, the main 

advantage of capacitors is their ability to operate at high power values (up to 1000 

kW kg-1) [43]. Over time, electrodes with a large specific surface area were used, 

allowing capacitors to store ten times more energy (0.2 – 5 Wh kg-1) [44]. In these 

devices, the phenomenon of the formation of an electric double-layer was 

observed, hence the later name electrical double-layer capacitors (EDLCs). 

These devices often use an organic electrolyte, which allows for a nominal 

voltage of around 2.7 V [45]. A characteristic feature of capacitors is their very 

long lifespan, capable of reaching millions of charge and discharge cycles [46]. 

However, due to their low specific energy and high self-discharge [47], their 

application is limited to scenarios that require high power but low energy, such 

as computer memory, digital communication devices, or regenerative braking 

processes (KERS) [48]. A summary of the most important EESS is presented in 

Figure 2.  

 

Figure 2. Ragone plot of popular energy storage systems [49, 50].  
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The main goal and challenge facing researchers around the world is to 

construct the ideal energy storage device that is cheap to produce, made of 

environmentally friendly materials, and capable of achieving high energy and 

power values while maintaining long cycle life and low self-discharge [51]. This 

task is exceptionally demanding, but quite achievable. By improving existing 

solutions and likely combining them into a single device, it will be possible to enjoy 

the benefits of an ideal energy storage system. However, many years of research 

will unfortunately be needed before this happens. 

Currently, the best energy storage devices are lithium-ion batteries, mainly 

due to their high specific energy values [52]. Years of research, starting from 1974 

by Stanley Whittingham to the Nobel Prize in 2019, suggest that much has 

already been achieved in their development, and further improvements seem 

marginal [53]. Therefore, more novel breakthrough solutions must be sought. 

One of the most promising solutions is the combination of lithium-ion batteries 

with electrical double-layer capacitors, creating entirely new devices known as 

hybrid lithium-ion capacitors (LIC) [54]. Their inception is estimated to have been 

in the 1980s, but in reality, they appeared at the beginning of this century. These 

devices have graphite as negative electrode like lithium-ion batteries, while the 

positive electrode is usually activated carbon, as in the case of EDLCs [55]. The 

organic electrolyte allows the intercalation process and high operating voltage 

(even up to 4.2 V), preserving the high specific energy of these systems (up to 

70 Wh kg-1) [56]. Furthermore, by combining with capacitors, the hybrid system 

gains in power values (>10 000 W kg-1) and system lifetime (up to 100,000 charge 

and discharge cycles) [57]. However, the disadvantage of these systems is the 

need for the pre-intercalation process of the graphite electrode [58]. 

Unfortunately, despite their unique properties, hybrid capacitors are not widely 

used due to the high production costs associated with the complex assembly of 

these devices. But what if scientists could streamline the pre-intercalation 

process? Table 1 shows the comparison of most important parameters of EDLCs, 

LICs and LIBs.  
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Table 1. Comparison of EDLC, LIC and LIB [59]. 

 

 Electrical double-layer capacitors (EDLCs) 

Since the 1950s, engineers from General Electric have been experimenting 

with electrodes made of porous activated carbon primarily for fuel cell and battery 

application [60]. In 1957, H. I. Becker patented the first electrochemical capacitor. 

Becker's invention demonstrated that the use of activated carbon allowed very 

high capacitance in the capacitor [61]. 
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The shape of supercapacitors as we know today was invented by Robert A. 

Rightmire, a chemist at Standard Oil Company of Ohio (SOHIO) [62]. However, 

SOHIO did not find a practical application for the invention and licensed the 

product to the Nippon Electric Company (NEC). NEC commercialized the 

technology in 1975 [63]. Later, alternative technologies emerged. Between 1975 

and 1981, the concept of pseudocapacitance was developed by Brian Evans 

Conway, leading to the creation of capacitors exploiting pseudocapacitance 

effect at the device level. In 1994, the electrochemical-electrolytic hybrid 

capacitor was developed with two different electrodes used. In 1999 Conway 

defined a term “supercapacitor” [64]. In the early 2000s, the lithium-ion capacitor 

was invented [65]. Currently, work continues to improve the parameters of 

supercapacitors, with a major focus on specific energy. 

3.1. The electric double-layer (EDL) 

To begin considerations on EDLCs, one must begin by understanding the 

operation and mechanism of the electric double-layer (EDL). The electric double-

layer is a term for the model of the structure that appears at the interface of two 

phases [66]. It is fundamentally important to describe commonly encountered 

structures of matter. The distribution of electric charges in the layer is largely 

determined by the electrical conductivity of the bordering phases, that is, the type, 

mobility, and concentration of electric charges present or potentially forming in 

both phases. Furthermore, the adsorption and orientation of polar molecules and 

the induction of charges within them affect the potential distribution in interfacial 

areas. 

The first model of the electric double-layer was presented by Hermann von 

Helmholtz in 1879 [67]. Helmholtz believed that at the solid/liquid interface, the 

electric charge on the surface of the metal is neutralized by ions forming a layer 

closely adhering to the metal surface. This theory was refined by Louis Gouy and 

David Chapman, incorporating the diffuse nature of charges in the double-layer 

[68]. In 1910, Gouy observed that the thermal motion of ions in solution 

counteracts the ideal arrangement of ions in the electrochemical layer, causing 

its diffuse structure. In 1913, Chapman calculated the potential distribution as a 
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function of the distance from the metal (electrical surface). Later, in 1924, the 

German physicist Otto Stern seemed to combine the two previous EDL models 

[69]. He distinguished a stiff layer, i.e., ions directly adhered to the metal surface, 

and a diffuse layer, formed by ions further from the metal, performing chaotic 

thermal motions, yet simultaneously in a specific electrostatic order between the 

ionic charge and the charge on the metal surface. Ultimately, in 1947, David 

Grahame modified Stern's model by dividing the double-layer area with two 

planes parallel to the metal surface [70]. Grahame's model of the electric double-

layer remains valid to this day and is presented in Figure 3.  

 

Figure 3. Scheme of the electric double-layer formed at the  

solid state – liquid interface [70]. 
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3.2. Cell construction and applications 

Electrical double-layer capacitors (EDLCs) are a type of electrolytic 

capacitor with a specific design that exhibits much greater electrical capacitance 

compared to a classic capacitor. This is due to the use of symmetrical carbon 

electrodes with a highly developed surface area, where the charge is stored 

through the separation of ions in the Helmholtz double-layer between the 

electrode surface and the electrolyte (Figure 4) [71]. The main advantage of 

using EDLCs is their high specific power (>100,000 W kg-1), which allows for rapid 

charging and quick release of electrical energy [72]. Another benefit is their 

longevity, which can last uninterruptedly through even a million charge and 

discharge cycles [73]. Additionally, the "clean" electrochemical storage process 

results in very low energy losses during individual charge and discharge cycles. 

EDLCs can operate over a wide temperature range and, compared to other 

energy storage systems, are much more environmentally friendly.  

Unfortunately, EDLCs are characterized by a lower specific energy (0.2 – 5 

Wh kg-1) compared to batteries, which is due to the low maximum operating 

voltage (< 2.7 V). This relationship is explained by the equation for the energy of 

an electrochemical capacitor presented in Equation 1 [74]. 

𝐸 =
1

2
𝐶𝑈2         (1) 

Another limitation of EDLCs is their high self-discharge rate. Therefore, these 

devices are most commonly used when a small amount of energy is needed 

quickly. EDLCs can be used in energy storage systems to smooth power 

fluctuations and for short-term buffering. Additionally, they can be utilized in 

hybrid and electric vehicles to support regenerative braking systems and increase 

power, as emergency power supplies in UPS systems, and even in trams and 

buses for rapid charging at stops [75]. 
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Figure 4. Schematic construction of EDLC. 

3.3. Electrode materials 

The electrode material together with the electrolyte constitutes the most 

important part of an electrochemical capacitor. The type of electrode used, its 

porosity, density, and the presence of heteroatoms or other functional groups 

determine the proper functioning and characteristics of EDLCs [76]. Electrode 

materials are usually applied to a metal current collector in the form of thin 

coatings. Electrodes must exhibit excellent conductivity, high electrochemical and 

thermal stability, as well as corrosion resistance, and most importantly, a large 

active surface area [77]. Of course, they should also be environmentally friendly 

and inexpensive to produce. Theoretically, the larger the active surface area, the 

larger the resulting electric double-layer. However, in practice, this is not always 

advantageous. It is believed that the smaller the pores, the greater the 

capacitance of the EDLC and, consequently, the specific energy [78]. However, 

small pores cause an increase in equivalent series resistance (ESR), thereby 

reducing the specific power of the system [79]. Therefore, the pore size  

must be adjusted to the desired application. 
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Electrodes used in EDLCs can be divided into two main groups: carbon 

materials and pseudocapacitive materials (Figure 5).  

 

Figure 5. Electrode materials for electrochemical capacitors. 

Among pseudocapacitive materials, which in addition to non-faradaic 

charge attraction in the double-layer also exhibit redox activity, one can mention 

metal oxides (e.g., MnO2 [80], RuO2 [81]), metal nitrides (TiN [82]), metal sulfides 

(MoS2 [83]), conducting polymers (PANI [84]), and composite materials, which 

usually consist of a mixture of pseudocapacitive material with carbon material 

[85]. Despite the increased capacitance of such capacitors due to the additional 

redox reaction, they often face the problem of reduced number of charge and 

discharge cycles as well as higher production costs.  

Carbon materials can be divided into shaped carbon nano structures, 

graphene materials, and other carbon materials (Figure 5). The group of shaped 

carbon nanostructures includes nanofoams [86], nanofibers [87], nanohorns [88], 

nanoonions [89], and the most popular electrode materials for EDLCs – 

nanotubes (CNTs) [90]. CNTs consist of a hollow cylindrical tube made of one-

atom-thick sheets of graphene. Nanotubes can be divided into single-walled 

(SWNTs) nanotubes or multi-walled nanotubes (MWNTs). MWNTs are simply 

additional graphene walls built up, each larger than the previous one [91]. 
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Nanotubes typically have a diameter of 1 to 3 nm. They have a moderately high 

specific surface area, about ~800 m2 g-1. Their advantage as a capacitor material 

is their increased wettability and conductivity compared to activated carbon [92]. 

Nevertheless, more charge can be stored in activated carbon because of its 

larger specific surface area. Additionally, the use of nanotubes results in EDLCs 

being over ten times more expensive compared to using activated carbon. 

However, the high conductivity and wettability of nanotubes are often utilized in 

composite materials with activated carbon. 

The second group of carbon electrodes consists of materials made from 

graphene, such as graphene sheets [93], activated graphenes [94], fullerene 

soots [95], and graphite [96]. Graphite is composed of graphene layers arranged 

parallel to each other, with weak Van der Waals interactions between them [97]. 

It is the cheapest material due to the lack of a complicated production process. 

However, because of its low specific surface area, it does not find significant 

application in EDLCs. Graphite is better suited for lithium-ion batteries because 

of its layered structure and ability to intercalate metal ions. Graphene, as a 2D 

structure, is a one-atom-thick sheet made of hexagonally shaped carbon atoms. 

It has an excellent theoretical specific surface area of 2630 m2 g-1, which 

theoretically leads to a capacitance of 550 F g-1 [98]. Its advantages over 

activated carbon include excellent wettability and significantly better electrical 

conductivity. Unfortunately, the use of graphene comes with several challenges. 

Graphene sheets tend to restack and aggregate due to Van der Waals forces, 

leading to a significant loss of accessible surface area [99]. This reduces the 

effective surface area available for charge storage, diminishing the performance 

of the electrode. Maintaining the mechanical integrity of graphene-based 

electrodes over long cycles can be challenging. The electrodes can suffer from 

structural degradation during many charge-discharge cycles, which affects the 

long-term stability and performance of the EDLCs. Lastly, high-quality graphene 

is expensive to produce. Methods for producing graphene, such as chemical 

vapor deposition (CVD) or graphite exfoliation, are complex and costly, making it 

difficult to scale up for commercial applications [100]. 

The last group consists of other carbon materials. The main representatives 
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include carbide-derived carbons [101], template-derived carbons [102], carbon 

aerogels [103], carbon blacks [104], and the most popular carbon material for 

capacitors, activated carbons. Activated carbon (AC) is unique due to the network 

of micro and mesopores created during activation [105]. Activated carbon can be 

obtained through physical or chemical activation. Physical activation, also known 

as thermal activation, is carried out at a temperature of 400 – 1000°C in a 

continuous flow of carbon dioxide [106]. Chemical activation involves treating 

carbon at a temperature of 400 – 700°C in the presence of an activating agent 

such as H2SO4, KOH, or H3PO4 [107]. As a result of activation, a material with 

small pores and volume, high microporosity, and above all, a high active surface 

area exceeding 2000 m2 g-1 is obtained. By changing the temperature, pressure, 

activation time, or activating agents, the parameters of the activated carbon 

obtained can be controlled. Currently, EDLCs with activated carbon can achieve 

even 100 – 200 F g-1 with a specific energy of 1 – 2 Wh  

kg-1 at a given power of 10 000 W kg-1 [108]. Physical activation is commercially 

used because of the increased cost of chemical activation. 

3.4. Electrolytes 

The electrolyte in EDLCs is a very important component that significantly 

impacts the overall performance of the electrochemical capacitor. Aside from the 

type and porosity of the electrode, the composition of the electrolyte (salt and 

solvent) determines the formation of the electric double-layer. The most critical 

parameters appear to be ionic conductivity and viscosity, which influence how 

much charge can be stored and how quickly this process can occur [109]. Of 

course, the thermal and electrochemical stability of the electrolyte is also 

important, because the higher the voltage that can be applied to the cell, the 

higher its energy, according to Equation 1 [110]. Another characteristic feature 

of electrolytes is hydrophilicity, which can affect the composition of the electrolyte 

and complicate its storage. Environmental impact and safety are also important, 

with a focus on the explosiveness and flammability of the electrolytes. 

Corrosiveness is also significant, as the electrolyte can greatly affect the cyclic 

performance of the cell. All these features are ultimately topped by cost, as the 

electrolyte must be economically viable. Table 2 summarizes the mentioned 
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electrolyte characteristics and shows their importance in relation to aqueous, 

organic, ionic liquid, and solid-state electrolytes. 

Table 2. Advantages and disadvantages of the electrolytes used in the ECs 
[111]. 

 

 

Aqueous electrolytes 

Aqueous electrolytes are classified primarily into acidic, alkaline and neutral 

solutions, the most common being the solutions of KOH [112], NaCl [113], KCl 

[114], H2SO4 [115], and Na2SO4 [116] solutions. These electrolytes are used in 

applications requiring higher power outputs. Research on these electrolytes 

mainly focuses on increasing the stability of the electrochemical window. Water 

decomposition results in the release of oxygen at the positive electrode and 

hydrogen evolution at the negatively polarized electrode at just 1.23 V [117]. 

Therefore, moderate specific energy can be obtained. The advantage of aqueous 

electrolytes is their high ionic conductivity (100 – 1000 mS cm-1), which goes hand 

in hand with low viscosity and the ability to use high current regimes, resulting in 
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high specific power [118]. Typically, aqueous electrolytes are less flammable and 

explosive, making them suitable for everyday use. They are also easy to store 

because they are usually stable in air at room temperature, and their high 

hydrophilicity does not significantly affect them. Unfortunately, their downside is 

the high corrosiveness to steel systems, often due to the extreme pH levels used. 

Poorly chosen materials can cause corrosion, which can reduce the lifespan of 

the system. Additionally, aqueous electrolytes are not always environmentally 

friendly, as additives and extreme pH levels can alter the environmental water 

balance [119]. Nevertheless, the production of these electrolytes is very simple 

and cheap, which contributes to their popularity. 

Recently, an interesting option to increase the specific energy of EDLCs 

with aqueous electrolytes is the "water-in-salt" concept [120]. This concept 

involves increasing the concentration of conducting salt in water to the extent that 

there is more salt than water by volume and weight. An example is the use of 

cesium fluoride (CsF), where this solution can increase the electrochemical 

stability of the electrolyte even up to 2 V, as the remaining water is strongly bound 

to the salt and does not have direct contact with the electrode [121]. 

Unfortunately, this approach reduces the ionic conductivity of the electrolyte, 

leading to a decrease in specific power. Therefore, the solution must be tailored 

to the specific application. Another way to increase the specific energy in EDLCs 

is by using redox salt additives [122]. In this case, the use of iodides [123], 

bromides [124], or thiocyanates [125] causes an additional faradaic reaction at 

the electrode, increasing the working capacitance of the electrochemical 

capacitor. However, such a solution also reduces the specific power of the system 

due to the slower redox reaction process. Additionally, the redox reaction usually 

negatively affects the cycling performance of the entire cell. 

Organic electrolytes 

Organic electrolytes are currently the most widely used electrolytes in the 

industry for EDLCs, and tetraethylammonium tetrafluoroborate (TEABF4) in 

acetonitrile (ACN) is the most prevalent solution [126]. They are popular due to 

their high electrochemical stability (2.5 – 3 V), which translates into higher specific 

energy values compared to other types of electrolytes [127]. Additionally, their 
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moderate viscosity and ionic conductivity (1 – 10 mS cm-1) allow for decent 

specific power values. Organic electrolytes have little impact on the 

corrosiveness of systems; only additives to the electrolytes may cause issues in 

this regard. Unfortunately, organic electrolytes need to be stored in special 

chambers that maintain an inert environment, as they can evaporate, and despite 

their low hydrophilicity, any addition of water deteriorates their electrochemical 

stability. Furthermore, organic electrolytes are generally flammable and harmful 

to the environment, so safety precautions must be taken when working with these 

cells, primarily to prevent overheating [52]. The cost of organic electrolytes is 

moderate, which makes them attractive to industrial companies despite their 

numerous environmental drawbacks. The most commonly used organic solvents 

include ACN [128], propylene carbonate (PC) [129], ethylene carbonate (EC) 

[130], and dimethyl carbonate (DMC) [131]. Conductive salts used include 

TEABF4 [126] and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) [132]. 

Ionic liquids 

Due to the ability to design ionic liquids, there is increasing discussion about 

new compounds that improve the electrochemical performance of 

electrochemical capacitors [133]. Nevertheless, most ionic liquids (i.e., salts 

composed entirely of ions, often considered as salts with melting points below 

100°C) share common characteristics. Firstly, they have high viscosity, which 

affects their ionic conductivity, resulting in lower specific power values [134]. Ionic 

liquids are generally hydrophilic, and the presence of water decreases their 

electrochemical stability, which is their main advantage  

(4 – 5 V) [135]. Another drawback of ionic liquids is their high cost, because of 

the complex synthesis process, which often leaves substrates or byproducts that 

reduce the stability of the electrolyte. Additionally, the still-unknown 

environmental impact makes scientists cautious of these "green electrolytes". 

However, their low corrosiveness, lack of flammability, and explosiveness, and 

especially wide electrochemical stability window, make them an interesting and 

continuously evolving group of electrolytes. The most commonly used ionic 

liquids include 1-Ethyl-3-methylimidazolium Tetrafluoroborate ([EMIM]BF4) [136], 

1-Butyl-3-methylimidazolium Tetrafluoroborate ([BMIM]BF4) [137], and 1-Ethyl-3-
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methylimidazolium Bis(trifluoromethanesulfonyl)imide ([EMIM]TFSI) [138]. 

Solid-state electrolytes 

Solid-state electrolytes are solid ionic conductors that are also electrically 

insulating materials [139]. The first inorganic solid-state electrolyte was 

discovered by Michael Faraday in the 19th century, and it was silver sulfide 

(Ag2S) [140]. Currently, the most popular group of solid-state electrolytes consists 

of conductive polymers, with the first of them, polyethylene oxide (PEO), being 

invented in the 1970s by V. Wright [141]. Other popular polymer electrolytes 

include polyvinylidene fluoride (PVDF) [142], polyacrylonitrile (PAN) [143], and 

polyethylene glycol (PEG) [144] . Solid-state electrolytes have many advantages, 

such as high electrochemical stability, nonflammability, low corrosiveness, easy 

and stable storage at room temperature and reduced negative environmental 

impact. All these factors contribute to decent specific energy values. However, 

reduced ionic conductivity (ranging from 0.1 to 10 mS cm-1) makes these systems 

inefficient for applications requiring higher current regimes [145]. In such cases, 

it is better to use a lithium-ion battery, which will provide more energy. 

 Lithium-ion batteries (LIBs) 

At the beginning of the twentieth century, the enormous potential of lithium 

as a battery material was recognized. It is a metal with the lowest density, low 

electrochemical potential (around -3.05 V vs. SHE), and a high energy-to-mass 

ratio [146]. The American physical chemist George Newton Lewis began 

experiments with lithium batteries as early as 1912, but real work on lithium-ion 

batteries only emerged in the 1970s [147]. The breakthrough occurred in 1974 

when Stanley Whittingham first used titanium disulfide (TiS₂) as a cathode 

material, which had a layered structure and could accommodate lithium ions 

without significant changes in its crystal structure [148]. Another important step 

toward lithium-ion cells occurred in 1979. Professor John Goodenough at the 

University of Oxford replaced TiS2 with another cathode material – LiCoO2 [149]. 

They created a new type of lithium battery, where lithium could travel through the 

battery from one electrode to the other in the form of ions. This solution forms the 

basis for current lithium-ion batteries. Then, in 1985, Akira Yoshino used 
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petroleum coke as an anode material for batteries, where molecular-level spaces 

were observed that could host lithium ions [150]. Following this discovery, the first 

commercial lithium-ion battery appeared in 1991. It was introduced by Sony to 

their cameras, and other companies soon followed the Japanese giant's lead 

[147]. The great advantage of lithium-ion technology over then dominant nickel-

cadmium was quickly recognized. The advantages were not only the high density, 

allowing one to store twice the charge in a battery of the same size, but also the 

high cell voltage at 3.6 V. Whittingham, Goodenough, and Yoshino were awarded 

a Nobel prize in 2019 [151]. 

4.1. Principle of operation 

Lithium-ion batteries are made up of an anode (mainly graphite) and a 

cathode made of a lithiated metal oxide (e.g., LiCoO2), which are separated by a 

membrane soaked in an organic electrolyte (mainly LiPF6 salt dissolved in an 

EC:DMC mixture) (Figure 6) [152]. A characteristic feature of lithium-ion cells is 

their high specific energy (up to 250 Wh kg-1), which is due to the high capacity 

of the electrodes as well as the wide operating voltage range of the cell (3.6 – 3.8 

V) [153]. The cathode operates in a potential range up to 4.3 V vs. Li/Li+, while 

the anode can operate at a potential close to 0 vs. Li/Li+ [154]. The anode can 

operate at such a low potential due to a phenomenon called intercalation. The 

intercalation mechanism involves the reversible incorporation of lithium ions into 

the structure of transition metal compounds (which make up the cathode material) 

and graphite (which is usually the anode material) without fundamentally 

changing the crystal structural parameters of these substances [155]. The basic 

elements of the intercalated material unit cell remain unchanged except for minor, 

reversible distortions of the structure. The overall reaction that occurs during the 

charging of a lithium-ion cell is presented in Equation 2 [156], where x is the 

percentage of 1 mol of lithium ions intercalated into the graphite structure.  

𝐿𝑖𝐶𝑜𝑂2  +  𝐶6
𝐶ℎ𝑎𝑟𝑔𝑒
→      𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝐿𝑖𝑋𝐶6                    (2) 
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Figure 6. Lithium-ion battery construction. 

When a closer look at the curve (Figure 7) representing the galvanostatic 

charging of a graphite electrode is taken, one can observe that at a potential of 

about 1 V vs. Li/Li+, capacitive processes related to the formation of the SEI layer 

begin. Subsequently, the intercalation process occurs until the system reaches 

the theoretical value for graphite (372 mAh g-1) at a potential close to 0 vs. Li/Li+ 

[157]. However, this curve has a characteristic shape, indicating that the 

intercalation of lithium ions into the graphite electrode structure occurs gradually. 

The characteristic drop followed by a plateau in potential values is the result of 

progressing through successive stages of intercalation. Initially, there are no 

lithium atoms in graphite (C6), but upon reaching the stage 4, lithium enters the 

structure with ratio of one lithium atom for every 72 carbon atoms. In stage 3, 

there is already twice as much lithium (LiC36). In the second stage of intercalation, 

every other graphene layer is filled with lithium (LiC12). After reaching the first 

stage, all interlayer spaces in the graphite structure are filled with lithium, 

meaning one lithium atom for every 6 carbon atoms (Figure 8) [158]. Prolonged 
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charging of the system may cause lithium to deposit on the surface of the graphite 

(known as lithium plating), which is a highly undesirable phenomenon as it can 

lead to the formation of metal dendrites and poses a risk of short-circuiting the 

system [159]. 

 
Figure 7. Galvanostatic charging of the graphite electrode [158]. 

 

 

Figure 8. Schematic representation of each stage during the graphite 

intercalation process [158]. 
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 Lithium-ion batteries have several advantages and disadvantages. The 

most important advantage is their high specific energy, which means that they 

can store a large amount of energy per unit mass of the system. This makes them 

ideal for portable devices such as electronics, electric vehicles, and other 

applications where weight and space are critical factors. Another advantage is 

their long lifespan (up to 2000 cycles with NMC cathode) compared to other 

energy storage technologies. They also have a very low self-discharge rate, 

which means that once charged, they maintain their charge level for a long time 

[160]. In addition, these batteries can be charged relatively quickly and do not 

suffer from memory effect or lazy battery issues. However, their disadvantages 

include the high production cost (both for individual components and for the 

assembly process). There are also safety concerns, as they can potentially 

explode or catch fire in the case of overcharging or overheating. Furthermore, 

they are not environmentally friendly due to the use of organic solvents and rare 

metals in the cathodes [161]. Another significant issue is the decreasing 

availability of lithium worldwide, which will make these batteries increasingly 

expensive. In general, lithium-ion batteries offer a combination of benefits that 

make them suitable for many modern applications, but they also come with 

challenges that need to be managed effectively. 

4.2. Electrode materials 

The selection of electrode materials for lithium-ion batteries is complex and 

significant. The choice of cathode and anode materials impacts the final 

performance of the battery [162]. Each material comes with its unique benefits 

and drawbacks, making it appropriate for various applications depending on the 

needs for specific energy, specific power, safety, lifetime, and cost. 

Cathodes 

There are several main cathode materials available on the market  

(Figure 9). One of them is lithium cobalt oxide (LCO) [163]. LiCoO2 is 

characterized by a high capacity of approximately 150 mAh g-1 and good cycle 

stability (500 – 1000 cycles). The working plateau of the cathode is in the range 

of 3.8 volts - 4.3 volts vs. Li/Li+. However, the LCO electrode has poor thermal 
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stability (around 150°C) and is relatively expensive. In addition, there are 

environmental and ethical concerns with respect to the use and extraction of 

cobalt [164]. Despite these numerous drawbacks, cathode material is used in 

batteries for small electronics, smartphones, and laptops. 

 

Figure 9. Comparison of Li-ion batteries with different cathode materials and 

LTO anode material [165]. 

The next cathode material is lithium iron phosphate (LFP) [166]. LiFePO4 is 

characterized by a special olivine structure that provides excellent thermal 

resistance and safety. This electrode can operate for a very long time without 

signs of damage (over 2000 cycles). LFP also has a great capacity (160 – 170 

mAh g-1), but the low working plateau of the electrode (around 3.3 V vs. Li/Li+) 

means that the overall energy stored by batteries with this cathode is lower 

compared to other cathode materials. Batteries with LFP are used as energy 

storage systems and in electric vehicles specifically, where the lifespan of the cell 

is more important than the stored energy [167]. 

Another cathode material is lithium manganese oxide (LMO) [168]. LiMn2O4 

has a characteristic 3D spinel structure, which provides good thermal stability and 
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high-rate capability. Furthermore, this material is quite safe and relatively 

inexpensive. It has a slightly lower capacity compared to other materials (120 – 

130 mAh g-1), but with a working potential of 3.8 – 4.3 V vs. Li/Li+, it can remain 

competitive. However, cells with LMO cathodes quickly lose capacity over time, 

remaining effective for only about 300 – 700 cycles [169]. The short lifespan 

significantly limits their use to power tools and small medical devices. 

The next cathode material is lithium nickel cobalt aluminum oxide (NCA) 

[170]. LiNiCoAlO2 is primarily characterized by high specific energy and long 

lifespan. The capacity of the material is 175 mAh g-1, with a working plateau 

potential of 3.5 – 4.3 V vs. Li/Li⁺. Unfortunately, poor thermal stability (up to 

150°C), high electrode cost, and high safety concerns make this material rarely 

used in the current industry (primarily used in Tesla cars) [171]. 

The most versatile and currently the most widely used cathode material is 

lithium nickel manganese cobalt oxide (NMC) [172]. LiNiMnCoO2 is the most 

balanced cathode material, providing good thermal stability (210°C), long lifespan 

(1000 – 2000 cycles), and high capacity (150 mAh g-1 with a working potential of 

3.7 – 4.3 V vs. Li/Li+). NMC is used in most electronic devices and electric 

vehicles [165]. Nevertheless, because of the high production cost and the use of 

cobalt, a better alternative to NMC is still being sought. 

Anodes 

Anode technology has remained relatively consistent over the years, but 

advances in Li-ion cathodes, new materials, coatings, and manufacturing 

processes require ongoing research. Given the anode, enhancing the anode 

component is crucial for creating long-lasting batteries [173]. 

Currently, most commercially available batteries for mobile phones or 

laptops are lithium-ion batteries with a graphite anode. The graphite anode has 

the best compatibility with the cathodes used in Li-ion [157]. With its layered 

structure, low working potential (0.15 – 0.25 V vs. Li/Li+), good electrical 

conductivity, low cost, and stable cycling performance, graphite has dominated 

as anode materials for years. However, with its limited theoretical capacity (372 

mAh g-1) and high potential for lithium plating at high charge rates, it is still far 

from a perfect solution.  
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Another solution that is currently gaining popularity among scientists is 

silicon-based anodes [174, 175]. Their distinguishing feature is an enormous 

theoretical capacity (4200 mAh g-1), which is more than 10 times greater than that 

of the graphite currently used [176]. The operating potential of such electrodes is 

also very low (around 0.4 V vs. Li/Li+), allowing for a huge amount of specific 

energy to be obtained. Unfortunately, significant volume expansion during cycling 

leads to mechanical degradation and reduced lifespan. However, if the volumetric 

expansion of the electrode could be controlled, silicon-based electrodes would 

likely replace graphite electrodes [177]. 

The last anode material is lithium titanate (LTO) [178]. Li4Ti5O12 is 

characterized by a distinctive spinel structure, exceptional safety, and a long 

cycle life. Batteries with LTO anodes have been known since the 1980s. They 

are most commonly paired with NMC, allowing charging even at a 5C current rate 

[179]. The lifespan of cells with this electrode is estimated to be up to 7000 charge 

and discharge cycles [180]. Additionally, LTO is safe and performs well even at 

low temperatures up to -30°C. The use of LTO eliminates the formation of the SEI 

layer and the phenomenon of lithium plating on the electrode surface during fast 

charging. The thermal stability is also significantly better than that of other 

materials. Despite its numerous advantages, this material has a low capacity of 

175 mAh g-1 and operates at a potential of 1.5 V vs. Li/Li⁺, which results in a very 

low specific energy compared to graphite (around 65 Wh kg-1), making it more of 

a competitor to nickel-cadmium batteries [181]. 

4.3. Electrolytes 

The electrolyte in lithium-ion batteries is responsible for ionic conductivity 

between the cathode and anode during charging and discharging [182]. The 

choice of electrolyte affects the overall performance of the battery, its safety, and 

its longevity. A good electrolyte should provide high ionic conductivity while 

maintaining electronic insulation; additionally, it should be stable within the 

operating range of the cell, preferably nonflammable and nontoxic, and 

compatible with electrode materials [183]. Due to the high operating voltage of 

lithium-ion cells (3.6 – 3.8 V), aqueous electrolytes are disqualified in favor of 
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organic electrolytes. Currently, various electrolytes are used with different 

compositions and ratios of compounds. The most common electrolyte ensuring 

stability and high ionic conductivity is LP30, which is 1M LiPF6 in EC:DMC (1:1, 

V:V) solution [184].  

Ethylene carbonate (EC) has a high dielectric constant and forms a stable 

SEI layer on the surface of the anode [185]. Dimethyl carbonate (DMC) has low 

viscosity and improves ionic conductivity [186]. Other commonly used solvents 

include diethyl carbonate (DEC) [187], which is very similar to DMC but has a 

slightly higher boiling point (126°C), and propylene carbonate (PC), which is 

rarely used due to the formation of an unstable SEI layer with graphite. However, 

PC is used much more frequently in sodium-ion cells [188]. 

Among the salts dissolved in organic solvents, lithium hexafluorophosphate 

(LiPF6) is often used [189]. It is characterized by balanced conductivity, stability, 

and safety. During its decomposition, a protective film is formed on the electrode. 

However, this salt is very sensitive to the presence of water, as it can react to 

form strong hydrofluoric acid [190]. Another salt used in electrolytes is lithium 

tetrafluoroborate (LiBF4), which provides good stability and safety but has slightly 

lower ionic conductivity than LiPF6 [191]. Another salt is lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI), with very high thermal stability and 

high ionic conductivity [192]. However, due to higher production costs and the 

potential for corrosion of aluminium current collectors, it is less commonly used 

in industry. The last salt is lithium bis(oxalato)borate (LiBOB), which forms a 

stable SEI on the surface of the anode and also improves the battery life [193]. 

In addition to organic liquid electrolytes, solid electrolytes are also used, 

such as polyethylene oxide (PEO), which is flexible and can form thin films, but 

has lower ionic conductivity at room temperature [194]. Another type of solid 

electrolyte is ceramic electrolytes, which provide high ionic conductivity and 

excellent thermal stability. Examples of such electrolytes are LLZO [195], which 

has high conductivity and stability against lithium metal, and LLTO [196], which 

has moderate ionic conductivity but very high chemical stability. In addition, there 

are gel electrolytes, which are a hybrid between liquid and solid electrolytes. 

Here, polyethylene glycol (PEG) [197] is used, offering flexibility and ease of 
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processing, as well as polyacrylonitrile (PAN) [198], used in some gel 

formulations for its mechanical properties and compatibility with lithium salts. 

To boost battery performance, additives are often introduced into the 

electrolytes. The selection and combination of these additives depend on the 

specific needs of the battery, such as high specific energy, extended cycle life, 

safety, and operational conditions. Vinylene carbonate (VC) and fluoroethylene 

carbonate (FEC) are commonly used to enhance the stability of the SEI layer, 

extend the life cycle, and minimize capacity loss [199, 200]. Lithium 

bis(oxalate)borate (LiBOB) is added to enhance cathode stability, reduce 

decomposition at high voltages, and improve battery safety [201]. Triphenyl 

phosphate (TPP) and trimethyl phosphate (TMP) are employed to improve 

thermal stability and safety [202, 203]. Lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI) is used as a high voltage stabilizer to prevent oxidation [192]. Vinyl 

ethylene carbonate (VEC) helps reduce gas formation during cycling, preventing 

swelling, while lithium fluoride (LiF) is often used to enhance the ionic conductivity 

of the SEI layer [204, 205]. 

4.4. SEI formation 

The Solid Electrolyte Interphase (SEI) is a thin layer of chemical compounds 

formed on the surface of the anode material (mainly the graphite electrode) during 

the electrochemical reduction of the electrolyte [206]. This layer is usually about 

100 – 120 nm thick and is responsible for the stability of the electrode and the 

transfer of lithium ions into and out of the graphite structure [207]. At the same 

time, the SEI blocks the movement of anions and other compounds into the 

anode electrode. This layer plays an important role in the longevity of the entire 

battery system [208]. 

The SEI layer is mainly formed during the first charge-discharge cycle of a 

lithium-ion battery, where the electrode material reacts with the electrolyte at the 

solid/liquid interphase. At a potential between 1.2 V and 0.8 V vs. Li/Li+, the 

electrochemical reduction of the electrolyte occurs, leading to the formation of 

chemical compounds such as lithium fluoride (LiF) and lithium ethylene 

dicarbonate (LEDC) [209]. The formation of these compounds is accompanied 



 
One-step assembly of metal-ion capacitors using  

redox-active electrolytes  

 

Adam Maćkowiak, PhD Dissertation   |  44   

by a considerable volume of organic gases as by-products of this reaction. Gases 

emitted are mainly ethylene and ethane [210]. The released gases can pose a 

problem in the long term, as they increase the pressure in the system. In the 

production process of lithium-ion batteries, the gases released during SEI 

formation are removed using various techniques. For example, during the 

assembly of pouch cells, a special "pocket" is created, which is cut off after 

several charging cycles, and the generated gases are being removed [211]. 

During subsequent charge-discharge cycles, further reduction reactions of 

the electrolyte and the previously formed compounds occur. Here, LEDC is 

mainly further decomposed, forming additional compounds, both inorganic 

(lithium carbonate (Li2CO3), lithium oxide (Li2O), lithium hydroxide (LiOH)) and 

organic (lithium alkyl carbonates (LiOR) and polyethylene oxide (PEO)) [212]. 

During the cyclic operation of the system, gases are still released, but in much 

smaller quantities, and their composition is mainly limited to carbon dioxide (CO2) 

[213]. 

The breakdown of LEDC somewhat reduces the tightness of the SEI layer, 

which is why the so-called cycling formation of the system is important. In 

subsequent cycles, the SEI is resealed with additional decomposition products, 

building successive SEI layers and forming a stable structure (Figure 10). 

 

Figure 10. Stages of formation of the SEI layer on the graphite electrode using 

a conventional electrolyte (LiPF6 in EC:DMC, 1:1, v:v) [212]. 
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Several important factors influence the formation of the SEI. One of them is, 

of course, the electrolyte used (lithium salts with solvents and organic additives). 

The choice of electrolyte determines the composition and thickness of the SEI 

layer, which can ultimately affect its stability [214]. Furthermore, the rate of the 

SEI formation process depends on the applied current regime. A higher applied 

current will result in a thinner and more cracked SEI layer, whereas a slower 

charging current will result in a thick, tight, but more resistive SEI. Therefore, it is 

crucial to find the optimal solution for the system being used. Temperature is also 

a very important factor, since it influences the rate of chemical reactions and the 

solubility of salts in the organic electrolyte. The type of negative electrode, 

whether graphite, LTO, or silicon-based mixtures, will also affect the final 

composition of the SEI layer. 

As already mentioned, the formation of the SEI layer has a significant impact 

on the cyclic operation of the entire electrode. On the one hand, the process of 

SEI formation may seem unfavorable because part of the lithium is consumed, 

which increases the irreversible capacity of the system and also increases the 

resistance in the system, thereby lowering the ionic conductivity of the electrolyte. 

On the other hand, the SEI layer, which is insoluble in the organic electrolyte, 

protects the negative electrode from the continuous decomposition of solvents 

and also allows the unobstructed flow of lithium ions to and from the anode 

electrode, maintaining the operating potential of the electrode and significantly 

improving the cyclic performance and lifespan of the entire battery [215]. 

 Metal-ion capacitors (MICs) 

The development of hybrid metal-ion capacitors began in 1981 with Dr. 

Yamabe and Dr. Yata, who pyrolyzed phenolic resin at 400 – 700°C to synthesize 

polyacenic semiconductive (PAS) [216]. This material was explored for its high 

specific energy and commercialized by Kanebo Co. The PAS capacitor was first 

used in 1986, and by 1991, a similar material was used in the concept of LICs. 

Among various possible electrode material combinations, the pairing of an 

activated carbon positive electrode with a lithium intercalation negative electrode 

has proven to be the most effective so far. Consequently, the first LIC is 

considered to have been introduced in 2001 by Amatucci et al., introducing 
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activated carbon as the positive electrode, LTO as the negative electrode, and 

1M LiPF6 in EC:DMC as the electrolyte [65]. Since then, anode materials such as 

graphite and hard carbon have been tested to enhance energy capacity while 

maintaining power output comparable to that of EDLCs. As a relatively new 

energy storage technology, the research on lithium-ion capacitors is not as 

extensive as that on LIBs or EDLCs but is rapidly increasing each year [217]. 

5.1. Principle of operation 

Metal-ion capacitors are a class of hybrid electrochemical energy storage 

devices that combine the charge storage mechanism characteristic of EDLCs 

(charging electric double-layer) and Li-ion batteries (intercalation/deintercalation 

of lithium ions) [218]. They use a high specific surface area carbon material 

(characteristic of EDLCs) as the positive electrode and an intercalation material 

(mainly graphite, characteristic of Li-ion batteries) as the negative electrode, 

which undergoes reversible lithium-ion intercalation reactions. During charging 

and discharging, lithium ion intercalation and deintercalation occur within the 

negative electrode material, while on the positive electrode, ions are adsorbed 

and desorbed in the pores of the carbon material [219]. Since the process on the 

positive electrode is non-faradaic (no redox reactions or structural changes 

occur), it is relatively fast compared to the ion intercalation process occurring on 

the opposite electrode, limiting the power of such a lithium-ion capacitor to the 

negative electrode [54]. However, faradaic reactions that occur on the negative 

electrode result in a higher capacity on the anode, so the positive electrode limits 

the specific energy of the capacitor. Doping the anode lowers its potential, 

thereby achieving a higher output voltage for the capacitor. Typically, the output 

voltage for lithium-ion capacitors ranges from 3.8 to 4.0 V [56]. However, they are 

limited by a minimum voltage of 1.8 to 2.2 V because if the voltage drops below 

these values, lithium ions deintercalate faster than they can be restored during 

normal use. Lithium-ion capacitors can store 5-10 times more energy (up to 70 

Wh kg-1) than conventional electrical double-layer capacitors, and unlike 

batteries, they have a relatively higher specific power (up to 10 000 W kg-1) and 

longer lifespan (up to 100 000 cycles) [220]. The self-discharge rates for hybrid 

capacitors range between those of lithium-ion batteries and EDLCs because of 
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the use of activated carbon electrodes, which is the main cause of this 

undesirable process. 

5.2. Lithium-ion capacitors (LICs) 

Lithium-ion capacitors (LICs) are the leading hybrid metal-ion capacitors 

today, largely due to the distinctive electrochemical properties of lithium and the 

technological success of lithium-ion batteries [221]. LICs feature a negative 

electrode made from graphite or LTO, facilitating the intercalation process 

(Figure 11). The positive electrode typically consists of activated carbon or 

mixtures of activated carbon with lithiated salts or conductive polymers. A 

membrane made from fiberglass or polymers (PE, PP), saturated with an organic 

electrolyte (commonly 1M LiPF6 in EC:DMC), separates the electrodes [57]. This 

design offers several benefits discussed above, but there are notable drawbacks, 

mainly the high production cost. This cost is driven by the complex assembly and 

balancing procedures, including a pre-insertion phase and meticulous charge 

balancing between electrodes. Consequently, the high production cost confines 

its use to applications that require high power and energy [222]. 

LICs find applications in electric and hybrid vehicles, particularly in 

regenerative braking systems, enabling rapid energy capture and release [223]. 

They are also utilized in start-stop systems and as auxiliary power sources. LICs 

are beneficial for charge leveling and energy storage in renewable energy 

systems, such as solar and wind power, helping to balance supply and demand 

[224, 225]. In the industrial sector, LICs are used in equipment that requires 

dependable, high-power energy storage, such as backup power supplies and 

uninterruptible power systems (UPS). They also provide backup power for 

telecommunication systems, ensuring consistent performance during power 

outages. In addition, LICs are used in railway systems for power management, 

supporting auxiliary power units, and energy recovery during braking [226]. 
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Figure 11. Schematic construction of the lithium-ion capacitor [54]. 

5.3. Sodium-ion capacitors (NICs) 

Due to concerns about lithium availability, recent scientific research has 

turned to exploring sodium as a more cost-effective alternative [227]. 

Consequently, there has been an increase yearly in the number of articles on 

sodium-ion technology [228-230]. Activated carbon is used as the positive 

electrode in the construction of NICs (Figure 12). However, unlike lithium 

technology, graphite cannot serve as a negative electrode because sodium 

cannot form graphite intercalation compounds [231]. Initially, this was believed to 

be due to the larger size of sodium ions (0.95 nm) compared to lithium ions (0.6 

nm), making it difficult for sodium to fit into graphene structures. However, the 

main reason is the alteration in the chemical bond between alkali metal ions and 

carbon atoms [232, 233]. Therefore, hard carbon is frequently used as the 

negative electrode in sodium-ion systems, resulting in a more stable anode when 

sodium is inserted [234]. Unfortunately, hard carbon has a notable disadvantage 

compared to graphite: it has a higher irreversible capacity due to a different SEI 
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formation mechanism, giving it a theoretical capacity of about 320 mAh g-1, which 

is lower than graphite (372 mAh g-1), leading to a lower specific energy of the 

device [235]. Additionally, because of the different negative electrodes, other 

electrolyte solvents are used. The most common electrolyte is 1M NaPF6 in a 

mixture of EC:PC [236]. However, studies indicate that using NaClO4 in the same 

solvent mixture can improve NIC performance [237]. While the solvent mixture 

with PC provides stable SEI, it has lower ionic conductivity (~9 mS cm-1) 

compared to lithium electrolytes (~13 mS cm-1). 

Sodium-ion capacitors are intended to be a more affordable alternative to 

LICs but come with several disadvantages. The most significant is the reduced 

specific energy due to the lower capacity of the hard carbon electrode. 

Furthermore, the lower conductivity of the electrolyte and the different SEI 

formation mechanisms also make lithium-ion technology superior. Additionally, 

the negative electrode is less stable, resulting in a shorter lifespan for NICs 

compared to LICs. Despite these drawbacks, sodium-ion technology offers lower 

production costs, no problem with sodium availability, and higher specific power 

values, as hard carbon electrodes handle higher current regimes better than 

graphite electrodes [238]. 
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Figure 12. Schematic construction of the sodium-ion capacitor. 

 

5.4. Potassium-ion capacitors (KICs) 

Potassium ion capacitors (KICs) utilize potassium ions for storing charge 

and have a construction similar to lithium-ion capacitors (LICs) [239]. In KICs, 

graphite is typically used as the negative electrode and activated carbon is used 

as the positive electrode. The key difference lies in the electrolyte, which contains 

potassium ions instead of lithium ions, with 1M KPF6 in EC:DMC being the most 

common choice [240]. Recently, diethylene glycol dimethyl ether (Diglyme, DEG 

DME) has become increasingly popular as a solvent, as it enhances the 

performance of potassium-ion cells by reducing self-discharge rates and 

improving the cyclability [241]. The process of inserting potassium ions into 

graphite is well-documented, involving the melting of potassium over graphite 

powder to form a KC8 structure [242]. This process results in the potassium being 

inserted into the graphite, changing its color from black to bronze. The structure 

is characterized by the potassium ions being twice the distance between the 

hexagons in the carbon framework. However, fully intercalated graphite 
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electrodes are pyrophoric, which poses safety risks for potassium-ion systems. 

Despite these challenges, potassium-ion capacitors are a promising area of 

research in energy storage due to their potential cost benefits, abundance, and 

favorable electrochemical properties, although they still face significant 

challenges in materials development and long-term stability [243]. 

5.5. Pre-insertion techniques 

Unlike lithium-ion batteries, metal-ion capacitors require a stage called pre-

intercalation or pre-insertion [244]. This stage involves intercalating/inserting 

metal ions into the structure of the negative electrode during first charging cycle, 

so it gains the characteristics of a battery-type electrode. In LIBs, lithium ions 

come from the cathode; in the case of hybrid capacitors, it is activated carbon, 

and the lithium ions in the electrolyte are insufficient to intercalate the negative 

electrode. Unfortunately, the pre-insertion process is an additional step that 

needs to be performed during cell preparation, which significantly impacts the 

production costs of metal-ion capacitors. That is how it is so important to find a 

solution to the pre-insertion process to reduce the time, and cost of LICs 

assembly. Currently, four pre-insertion methods are known in the literature: using 

an auxiliary metallic electrode [245], using a positive composite electrode [246], 

using a concentrated (lithiated) electrolyte [247], and using a thicker positive 

electrode [248]. 

The first pre-insertion technique was proposed in 2006 by Fuji Heavy 

Industry and Aida et al., where they used an auxiliary metallic electrode [249]. 

Initially, this process involved first the assembly of a half-cell of lithium versus 

graphite, intercalation of the graphite, disassembling the cell and reassembling it 

with activated carbon (Figure 13). Later, the process was improved by 

introducing a small amount of metallic lithium into the assembled hybrid, which is 

intended to be entirely used for the graphite intercalation process in the first 

charging cycle. This solution was described by JM Energy in their ULTIMO 

systems [250]. Nevertheless, the construction of such a cell was very 

complicated, and there was a high risk of short-circuiting due to the lithium 

electrode. In addition, the use of lithium raised safety concerns. Another problem 
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was that lithium was often not fully used up in the intercalation process, and its 

residues quickly formed dendrites, causing system short circuits and, 

consequently, short lifespan of the hybrid capacitors. 

  

 

Figure 13. Assembly of lithium-ion capacitor using an auxiliary metallic 

electrode approach for pre-insertion. 

Another pre-insertion technique is the use of a composite positive electrode 

(Figure 14) [244]. In this case, the positive electrode of such a cell consists of a 

mixture of activated carbon with lithium metal oxide. The purpose of adding this 

to activated carbon is to conduct an irreversible chemical reaction that supplies 

the charge necessary to balance the capacity of the negative electrode and 

enable its intercalation. Additionally, during the reaction, lithium ions are 

released, which are essential for proper pre-insertion. The first composite 

material used was a mixture of activated carbon with lithium molybdate 

(Li2MoO3), with a total capacity of 207 mAh g-1 [246]. Unfortunately, the lithium 

molybdate oxidation reaction occurs at a potential of 4.7 V vs. Li/Li+, which 
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exceeds the electrolyte decomposition potential (for 1M LiPF6 in EC:DMC it is 

about 4.5 V vs. Li/Li+). Furthermore, approximately 30% of lithium is reinserted 

into the structure of the composite material, which is an undesirable 

phenomenon. In subsequent years, other additives were tried to increase 

capacity, such as Li2RuO3 [251] and Li5FeO4 [252], but only the use of lithium 

metal oxide (Li6CoO4) provided a lower reaction potential (4.3 V vs. Li/Li+) than 

the electrolyte decomposition potential [253]. However, this solution still did not 

solve the reversibility issues of the reaction.  

Therefore, over time, a new group of sacrificial materials was developed, 

designed to undergo electrochemical oxidation during the first charging cycle, 

rendering the compound inactive [254]. One example of such a salt is Li2DHBN, 

presented by Jeżowski et al. This salt, being of organic origin, was not only 

expected to completely decompose during the first charging cycle but also to 

have a positive environmental impact [255]. Despite excellent electrochemical 

performance and system longevity, the final oxidation product still remained in 

the electrolyte/electrode, making it a dead mass that degraded the performance 

of the LIC. Recently, attempts have been made to add compounds to the 

electrode that evolve to a gaseous state after electrochemical oxidation. An 

example of such a compound is dilithium squarate (Li2C4O4), which oxidizes to 

CO2, which can then be easily removed from the system [256]. Nevertheless, the 

increase in pressure and gas release causes irreversible changes in the positive 

electrode, leading to the search for other pre-insertion methods. 
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Figure 14. Assembly of a lithium-ion capacitor using a composite materials 

approach for pre-insertion. 

Another method of pre-inserting metal ions into the structure of the negative 

electrode is the use of a concentrated electrolyte [247]. In 2012, Decaux et al. 

proposed a pre-insertion method in which, using 10 successive charge/self-

discharge pulses, they pushed the lithium ions from the electrolyte (2M LiTFSI in 

EC:DMC) to the graphite electrode (Figure 15). However, this technique only 

partially intercalated the negative electrode, resulting in a reduced electrode 

capacity and consequently lower energy of the entire cell. Additionally, the 

presence of a very concentrated electrolyte negatively affects the viscosity 

parameter and, most importantly, reduces the ionic conductivity of the electrolyte. 

The use of this technique is also economically unfeasible because of the use of 

very large amounts of expensive LiTFSI salt. 

The last pre-intercalation method is using a thicker positive electrode. This 

method, known as mass balancing, aims to equalize the capacity between the 

positive and negative electrodes by increasing the mass of one of the electrodes 

[248]. Due to the higher theoretical capacity of graphite (372 mAh g-1) compared 

to activated carbon (about 70 mAh g-1), a larger positive electrode is used to 
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balance the charge between the electrodes. Unfortunately, this method often 

proves ineffective, and additionally, the resistance resulting from using such a 

thick electrode negatively impacts the performance parameters of the entire cell. 

Moreover, the very heavy positive electrode adversely affects the specific energy 

values, which are calculated based on the mass of the entire system.  

The presented pre-insertion methods allow for effective pre-insertion of 

metal ions into the structure of the negative electrode; however, each of them has 

its drawbacks and risks, making metal-ion capacitors still an unpopular and 

unprofitable device on the market. Therefore, new solutions that will contribute to 

the popularization of metal-ion capacitors are crucial. 

 

Figure 15. Pre-insertion of graphite electrode using 

concentrated electrolyte approach. 
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 Electrochemical research techniques 

There are many known electrochemical techniques in the literature that are 

commonly used in laboratories. These methods are used to study the behavior 

of electrochemical systems such as capacitors, batteries, fuel cells, single cells, 

and sensors. These techniques help to understand the properties of materials, 

electrolytes, and reactions at the electrode-electrolyte interface. Techniques are 

often divided based on whether the surface or the bulk of the electrolyte, collector, 

or electrode is being studied (Figure 16). Often, the potential or voltage of the 

cell is checked with an external current of zero (OCV). However, the most popular 

are dynamic techniques, in which the parameters of the components remain 

constant except for one, which is the subject of the study.  

Research can be conducted using either a two- or three-electrode setup. 

Two-electrode studies are typically used for full cells, industrial cells, where there 

are only two electrodes: the working electrode (WE) and the counter electrode 

(CE). Typically, these are the anode and cathode or positive and negative 

electrodes. However, in preliminary scientific research or fundamental studies, 

three-electrode studies are often used, where, in addition to the WE and CE, 

there is also a reference electrode (RE). The reference electrode has a known, 

stable working potential (e.g., metallic lithium, whose working potential in an 

organic environment is -3.05 V vs. SHE [257]), which allows the study of not only 

the entire system but also individual electrodes. 

 

Figure 16. Scheme of electroanalytical techniques [258]. 
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Cyclic voltammetry (CV) 

Cyclic voltammetry is one of the voltametric techniques in which a linearly 

variable potential is applied to the working electrode during measurement [259]. 

The term "cyclic" comes from the measurement method, where in the electrolyte 

a reaction X → Y, such as an electrooxidation reaction, is directly followed by the 

reverse process, i.e., an electroreduction reaction Y → X. This allows for 

obtaining information about the kinetics and mechanisms of electrode processes. 

The potential starts from a minimum value to a maximum value - the anodic cycle, 

after which the polarization direction of the electrode changes from the maximum 

value back to the minimum. Oxidation processes occur during the anodic cycle, 

whereas reduction processes occur during the cathodic cycle. Such a polarization 

cycle of the working electrode can be repeated multiple times. 

Galvanostatic cycling with potential limitation (GCPL) 

Using the GCPL technique, the changing potential of a cell is studied over 

time while a constant current value is applied [260]. Naturally, the study is limited 

by specified potential limits (upper and lower) to prevent cell damage. GCPL is 

the most standard tool for studying the cyclic operation of cells. The dependence 

C/h is often used, where C is the maximum theoretical capacity of the cell, and h 

is the time in which the user wants the cell to be charged to capacity C. The study 

of galvanostatic charging and discharging can be repeated many times; it is often 

performed until the cell exceeds 80% of its initial capacity. Such an exceedance 

suggests cell deterioration, and the number of charging and discharging cycles 

performed is often an indicator of the cell’s lifespan. 

Potentiostatic electrochemical impedance spectroscopy (PEIS) 

The electrochemical impedance spectroscopy has many applications in 

corrosion, battery, fuel cell development, sensors, and physical electrochemistry. 

It can provide information on reaction parameters, corrosion rates, porosity of the 

electrode surfaces, coating, mass transport, interfacial capacitance 

measurements [261]. The PEIS experiment performs impedance measurements 

in potentiostatic mode by applying a sinus around the DC potential that can be 

set to a fixed value. For very capacitive or low impedance electrochemical 
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systems, the potential amplitude can lead to a current overflow that can stop the 

experiment in order to protect the unit from overheating.  

Step-Potential Electrochemical Spectroscopy (SPECS) 

The SPECS technique is a relatively new method for characterizing energy 

storage systems. It was first introduced in 2015 [262], where it was used to 

describe electrode materials in electrical double-layer capacitors. This technique 

involves applying a series of gradual potential changes (called potential steps) to 

the system, which are separated by a rest time [263]. During these potential 

steps, the current response is measured. In this technique, it is very important 

that the potential steps are as small as possible, making the technique more 

precise. However, it is even more important that the rest time is long enough for 

the current response to stabilize. The total current response (IT) after each 

potential step is then thoroughly analyzed and separated into three components: 

IEDL, associated with the formation of the electric double-layer; ID, associated with 

diffusion processes; and IR, associated with additional redox reactions occurring 

in the system (Equation 3) [264].  

𝐼𝑇 = 𝐼𝐸𝐷𝐿 + 𝐼𝐷 + 𝐼𝑅              (3) 

To calculate each of the individual parameters, their components must be 

taken into account. It is important to note that during the formation of the electric 

double-layer, there are processes occurring on the porous surface of the 

electrode, as well as processes occurring in the bulk of the electrode. Therefore, 

considering the influence of the rest time (t) and the potential step (ΔE), it 

becomes feasible to compute additional components such as resistance (REDL), 

differential capacitance (CEDL), diffusion parameter (B) and residual current (IR), 

resulting in the formulation of the final equation (Equation 4) [265]. 

𝐼𝑇 = 
∆𝐸

𝑅𝐸𝐷𝐿
𝑒𝑥𝑝 (−

𝑡

𝑅𝐸𝐷𝐿+𝐶𝐸𝐷𝐿
) +

𝐵

𝑡0.5
+ 𝐼𝑅             (4) 

By combining the calculated system components, a thorough illustration of 

the performance of the system can be explained. Therefore, SPECS is a quick 

and effective method for determining the stability of electrode materials, 

evaluating ionic mobility within the electrolyte, measuring the equivalent series 
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resistance (ESR) of electrode materials, and optimizing cell engineering [266]. 

Galvanostatic intermittent titration technique (GITT) 

Unlike SPECS, GITT involves applying a current pulse to the system and 

measuring its potential response. GITT is a widely recognized and frequently 

utilized method, mainly for determining the diffusion coefficient in energy storage 

systems. The Weppner and Huggins equation is typically used to calculate 

diffusion values [267]. However, to accurately determine the diffusion coefficient 

in systems with a graphite electrode, a modified version of the equation is used 

[268]: 

�̃� =
4

9𝜋
(
𝐸4−𝐸0

𝐸2−𝐸1
)
2 𝑟𝑝

2

𝑡𝑝
𝑓𝑜𝑟 (𝜏 ≪

𝐿2

�̃�
)        (5) 

symbol �̃� represents the diffusion coefficient [m2 s−1], τ is the interval time from 

charging to discharging (excluding relaxation phase) [s], and L is the sample 

thickness [m] in Equation 5. The potential response observed during GITT 

comprises five distinct phases: starting from the initial potential (E0), transitioning 

through the voltage jump (IR drop, E1 − E0), progressing to the increment phase 

(E2 − E1), further proceeding through the subsequent IR drop (E3 − E2), and 

ultimately reaching the phase of final resting potential (E4) (Fig. 1). Using this 

equation, along with the potential response data, the values of tp (pulse duration) 

and rp (particle radius), allow the determination of the diffusion coefficient. 

 Summary 

Currently, people are increasingly using electronic devices, creating a 

continuously growing need for energy storage systems. However, the solutions 

currently in use are no longer sufficient. When people buy devices such as 

laptops or cell phones, the battery lasts for a few hours of intensive work and then 

needs to be recharged. After about two years, the battery is usually damaged and 

needs to be replaced. Therefore, it is crucial to develop new technologies that 

meet consumer needs and contribute to environmental protection. 

The most commonly used energy storage system today is lithium-ion 

batteries, which consist of a lithium-intercalated layered anode and a lithiated 

metal oxide as the cathode immersed in an organic solution. Li-ion batteries 
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currently provide the best specific energy relative to moderate power. For 

applications where rapid use of stored energy is required, EDLCs perform best. 

The absence of Faradaic reactions, which store energy solely based on 

electrostatic attraction, makes them well-suited for high-power applications. 

However, much has already been achieved in the development of both 

EDLCs and Li-ion batteries, so new solutions such as hybrid metal-ion capacitors 

are being sought. These combine both energy storage mechanisms – 

electrostatic attraction and the anode intercalation process. Hybrid capacitors 

have many advantages and represent an optimal solution where high power and 

high specific energy are needed, but they are limited by the necessary pre-

insertion stage. Currently, there are several pre-insertion techniques, but none 

can provide comprehensive lithium-ion insertion with an economic approach. 

Solving this problem could be a breakthrough in energy storage systems and, 

who knows, might one day replace the currently used batteries. 
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Aim and scope of thesis 

The main problem aimed to be solved during the dissertation is to optimize 

the assembling of metal-ion capacitors. The use of auxiliary metallic lithium 

electrodes is somehow dangerous for the working environment and expensive 

for industrial use. Furthermore, the presence of a dead mass on the positive 

electrode in sacrificial composites and the loss of conductivity during intercalation 

of concentrated electrolytes are issues that require further optimization [269]. At 

the same time, all of these problems might be solved using redox-active 

electrolytes. Therefore, the following hypothesis is proposed:  

In hybrid metal-ion capacitors, a redox-active electrolyte can work as a charge 

balancer and facilitate the insertion of metal ions from the electrolyte into the 

anode structure. 

The research concept is to dissolve the calculated number of electroactive 

species (namely thiocyanate salt) in common electrolytes used for Li-ion, Na-ion, 

and K-ion capacitors, which will allow for the full insertion of metal ions into the 

graphite or hard carbon electrode structure. During charging, redox reactions 

related to the dissolved compound in the electrolyte will take place at the positive 

electrode. The potential of the positive electrode should remain constant 

(plateau) or slope slowly, until the redox reaction is exhausted. During this time, 

metal ions (lithium or sodium or potassium from the electroactive compound) will 

intercalate into a carbon structure at the negative electrode. The cell charged in 

this way will be examined in terms of determining the operating voltage, self-

discharge, ageing or power/energy values. Then, detailed tests of both the 

electrolyte and electrode materials after electrochemical work will be carried out 

with the use of spectroscopic analyses. After understanding the processes in the 

cell and selecting the optimal conditions, electrolyte and electrode materials of 

the hybrid capacitor, the system will be assembled to compare the values with 

commercial systems. Finally, other redox-active additives will be searched that 

could find an application in the one-step assembly approach.  

The scientific novelty of the work is the approach of one-step pre-

insertion of the carbon-negative electrode in metal-ion capacitors. 
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Nevertheless, the pre-insertion process from the electrolyte is already described 

in the literature; however, it is not with the redox-active electrolyte and not with a 

completed full insertion process. This solution brings many advantages and 

solves problems encountered with the previous methods, especially the problem 

of the loss of electrical conductivity by the electrolyte and the cost of the cell 

assembly. The cell obtained by this method may additionally have higher power 

and energy values than the commercially used metal-ion capacitors and may 

constitute a breakthrough in energy storage devices. Further developments of the 

system could bring the Li-ion capacitors above those currently used Li-ion 

batteries, but this is still a far-reaching conclusion. Additionally, the SPECS 

technique was employed in the research, which so far has only been used to 

describe the operation of electrical double-layer capacitors. By utilizing the 

SPECS technique in systems with Faradaic reactions, it was possible to 

accurately describe important parameters like capacity, resistance, or diffusion 

coefficient during electrochemical operation. The SPECS technique may become 

a powerful tool for research on not only electrochemical capacitors but also 

battery cells. 

 

Structure of the thesis 

The doctoral thesis consists of three published scientific articles (A) and 

two manuscripts (M) submitted to peer-reviewed scientific journals, considered 

as unpublished results on the thesis submission date. The thesis is divided into 

six chapters. The first chapter describes a literature review regarding energy 

storage systems: electrical double-layer capacitors, lithium-ion batteries, and 

hybrid metal-ion capacitors. The second chapter presents the aim of the work 

with the research hypothesis highlighted, the main assumptions, and the 

structure of the entire dissertation. In the third chapter, article (A1) and 

manuscript (M1) are presented, which confirm the previously stated hypothesis 

regarding the use of redox electrolytes for conducting a one-step pre-metalation 

method for metal-ion capacitors. For this purpose, an electrolyte with the addition 

of thiocyanate salt was used. The fourth chapter presents article (A2) and 

manuscript (M2), which introduce the SPECS technique, as a comprehensive tool 
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for studying the intercalation process of graphite anodes and allows for the 

assessment of the impact of redox-active salt additives in the electrolyte. The fifth 

chapter describes attempts to use other redox-active salts instead of thiocyanate 

salts, which can be utilized in the one-step pre-metalation approach in metal-ion 

capacitors, with an example of acetate salts presented in article A3. The final, 

sixth chapter of the thesis is a description of the obtained results and a summary 

of the conducted research. At the end of the work, a list of the candidate's 

achievements is included, along with statements from co-authors about their 

contributions to the conducted research. 
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One-step assembly approach 

using thiocyanate additive 

  

 

Article 1: Redox-active electrolytes as a viable approach for the one-step 

assembly of metal-ion capacitors  

 

Manuscript 1: Li-ion capacitor exploiting a redox-active electrolyte 
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Context of the research and summary  

The motivation for conducting the research in the first two works is to solve 

the problem of assembling metal-ion capacitors. Current techniques make the 

construction of metal-ion capacitors expensive, time-consuming, dangerous, and 

often result in reduced cyclic performance of the cell. Based on a literature review 

[124, 125, 247, 270] and preliminary research, it was hypothesized that it is 

possible to insert metal ions into the structure of the negative electrode using a 

redox-active electrolyte. Naturally, this hypothesis needs to be confirmed, which 

is why the first two papers focus on attempting to insert metal ions into the 

structure of negative electrodes using the addition of thiocyanate salts to popular 

electrolytes. A series of electrochemical and spectroscopic studies were 

conducted to confirm the hypothesis and explain the changes occurring in hybrid 

capacitors. 

Article 1 focused on the insertion of lithium, sodium, and potassium ions in 

lithium-ion, sodium-ion, and potassium-ion capacitors, respectively. At the very 

beginning of the supplementary information, the exact procedure for calculating 

the addition of thiocyanates to the electrolyte is provided, along with instructions 

on how to assemble a hybrid capacitor with this electrolyte. Subsequently, tests 

were conducted in half-cells with activated carbon vs. metal (lithium, sodium, or 

potassium). Initially, cyclic voltammetry tests were performed, where irreversible 

activity of thiocyanate salts was observed. Furthermore, voltammograms for 

sodium, lithium, and potassium were compared, showing that despite very similar 

chemical composition, the activity of thiocyanates in each system is different. This 

is likely due to the size of the cation and its solvation shell, which causes charge 

storage in the pores at the electrode/electrolyte interface to vary. Additionally, 

galvanostatic charge and discharge tests were conducted in the same system, 

confirming the irreversibility of the thiocyanate reaction. It was observed that in a 

single charging cycle at a C/10 current, capacities of about 200 mAh g-1 could be 

obtained from the reaction. Adding the capacity of activated carbon can balance 

the capacities of the positive and negative electrodes. 
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Next, to confirm the hypothesis, a full system of graphite (or hard carbon) 

vs. activated carbon was assembled, with metal (lithium, sodium, or potassium) 

added as a reference electrode. In this system, a successful attempt was made 

to insert metal ions into the structure of the negative electrode. A plateau of the 

potential on the positive electrode was observed, allowing for the insertion of 

metal ions into the negative electrode. In the case of the graphite electrode, all 

stages of intercalation were observed. A comparative study was also conducted 

by assembling the same system without the addition of thiocyanates - this 

system, of course, did not allow for intercalation, and the potential of the positive 

electrode quickly reached the cut-off limit. Furthermore, cyclic studies were 

conducted in a three-electrode system to compare the performance of individual 

electrodes during cyclic operation, where gradual degradation of the negative 

electrode was observed. Electrochemical impedance spectroscopy studies were 

then conducted, comparing the resistance of a hybrid Li-ion capacitor assembled 

using the traditional method (with metallic lithium) and one assembled using the 

one-step assembly method with a redox-active electrolyte. Despite similar ESR 

values, the diffusive layer resistance for the system with SCN- was significantly 

lower, translating to lower resistance values in systems assembled with the redox 

electrolyte. PEIS also examined the conductivity of the electrolytes, suggesting 

that the addition of SCN- slightly lowers ionic conductivity (from 13 to 11 mS cm-

1), but after extraction, the conductivity value returns to the optimal value used in 

conventional electrolytes. 

Subsequently, the specific power and energy of five systems were 

calculated: a lithium hybrid assembled using the traditional method (71 Wh kg-1, 

130 W kg-1), a hybrid with the addition of LiSCN (115 Wh kg-1, 125 W kg-1), a 

hybrid with the addition of NaSCN (91 Wh kg-1, 156 W kg-1), a hybrid with the 

addition of KSCN (78 Wh kg-1, 130 W kg-1), and a hybrid assembled with a ten 

times heavier positive electrode (27 Wh kg-1, 179 W kg-1) to compare the charge 

balancing and mass-balancing techniques. It is evident that mass balancing is 

not effective, as adding mass to the system reduces the specific energy values. 

The values obtained using the one-step assembly technique with the redox 

electrolyte are higher than the energy values obtained using the traditional 
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technique. Even for the sodium system, which is limited by the lower capacity of 

hard carbon, higher specific energy was obtained. 

A series of spectroscopic studies were then conducted to examine both the 

electrolyte and the electrodes before and after electrochemical operation. FTIR 

studies showed that for the electrolyte before electrochemical operation, a signal 

from thiocyanates at a wavelength of 2072 cm-1 can be observed. However, this 

signal disappears after the first extraction and completely vanishes after a few 

cycles of system operation. Raman spectroscopy, X-ray diffraction (XRD), X-ray 

photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), 

High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy 

(HAADF-STEM), and Energy Dispersive X-ray Spectroscopy (EDS) studies were 

also conducted. Unfortunately, none of the techniques used provided a definitive 

answer about the composition of the final product of thiocyanate oxidation in an 

organic medium. It is likely that thiocyanate oxidation follows multiple pathways. 

However, the data suggests that the final product is still a mixture of sulfur and 

carbon precipitated on the surface of the positive electrode. The last study 

conducted in this article is gas chromatography with mass spectrometry to identify 

gases emitted during the first charging cycle of the system. It was observed that 

in addition to the characteristic gases released during the formation of the SEI 

layer, a large volume of gases with m/z = 44 and 76 are emitted. Mass 44 is 

responsible for the formation of an intermediate oxidation product of SCN to the 

unstable compound CS, which then transitions to the more stable form of CS2 

with a mass of 76. The conducted studies do not establish a uniform reaction for 

the thiocyanate anion, but they show that it may not be linear and can lead to the 

formation of several different products. Nevertheless, the hypothesis was 

confirmed, as it was successfully possible to insert metal ions into the structure 

of the negative electrode using a redox-active electrolyte in metal-ion capacitors. 

In Manuscript 1, the focus was on improving the process of lithium-ion 

intercalation into graphite structures in lithium-ion capacitors, then identifying the 

reaction mechanism of the thiocyanate anion, followed by optimizing the 

assembly process and comparing the obtained results with commercial systems. 

The main goal was to determine whether the one-step assembly approach has 
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marketable potential and how a system assembled this way compares to 

commercial cells, as well as to investigate what exactly happens with 

thiocyanates during pre-intercalation. 

The research began with a half-cell of activated carbon vs. metallic lithium 

in an organic electrolyte with added LiSCN to study the activity of the additive. 

Two reactions were observed, the first at a potential of about 3.5 V and the 

second at about 4.1 V vs. Li/Li+. The two oxidation reactions suggest the 

formation of an intermediate product and its subsequent oxidation to the final 

form. The reaction is also slightly reversible. However, after just 6 cycles, the 

redox activity completely disappeared, and the positive electrode exhibited only 

capacitive behavior. Next, the negative electrode was examined in a half-cell with 

and without LiSCN addition using galvanostatic charging and discharging. No 

significant difference was observed in the performance of the negative electrode, 

only a slightly higher capacity was used for SEI layer formation in the system with 

lithium thiocyanate, indicating an increase in the system's irreversible capacity. 

This observation suggests that SCN- ions may affect the thickness and integrity 

of the SEI layer. 

Subsequently, a three-electrode one-step pre-insertion was conducted with 

and without thiocyanate salt. In the setup, besides the negative electrode 

(graphite) and the positive electrode (activated carbon), metallic lithium was used 

as the reference electrode. LiSCN salt delivered additional capacity, allowing full 

intercalation of the graphite electrode. Without the thiocyanate salt, intercalation 

was not possible, and the positive electrode quickly reached the electrolyte 

decomposition potential. Then, the performance of both electrodes was 

examined during cycling tests in the voltage range of 2.2 V to 4.2 V. The positive 

electrode operated in a capacitive manner, characteristic of electrochemical 

capacitors, while the negative electrode maintained potential through redox 

reactions (intercalation). Over time, the negative electrode began to degrade. The 

system was then analyzed using impedance spectroscopy, and Nyquist and 

Bode plots were obtained for pre- and post-cycling operation. The equivalent 

distributed resistance (EDR) improves after cycling due to better intercalation of 
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the graphite; however, the curve shape indicates issues with the diffusive layer 

resistance during electrochemical operation. 

Next, the obtained cycling results were compared with a commercial 

system. The system with LiSCN recorded about 2400 cycles at a higher operating 

voltage, while the commercial system operated for tens of thousands of cycles at 

a voltage range of 2.2 V to 3.8 V. Additionally, self-discharge of the commercial 

LIC, a hybrid capacitor with LiSCN, and a commercial EDL capacitor was 

compared. Generally, EDL capacitors exhibit high self-discharge, which was also 

observed in this case. For the LIC with SCN, the voltage dropped by about 0.2 V 

after 12 hours, still giving a higher voltage than the commercial capacitor. 

However, the precise construction of the commercial capacitor results in minimal 

self-discharge (0.02 V after 12 hours) and contributes to improved system 

cyclability. Therefore, the next step was to compare the energy and power of the 

system. A Ragone plot was created to show the importance of the mass of 

individual components on the specific energy and power of the system. Specific 

energy was determined for the following components: active electrode mass, total 

electrode mass, current collector mass, separator mass, CR2032 casing mass, 

and electrolyte mass. The hybrid capacitor with LiSCN achieved better energy 

values (9 Wh kg-1) compared to the commercial LiC (7 Wh kg-1) when both 

systems exhibited a capacity of about 20 F and energy values were calculated 

based on all components. This result indicates that, besides effective charging, 

the one-step assembly technique allows for better specific energy values. 

Further studies aimed at identifying thiocyanate reactions were initiated. 

FTIR studies showed the disappearance of the signal at a wavelength of 2072 

cm-1, characteristic of SCN. Raman spectroscopy, SEM with EDS, XPS, and 

tomography images were also conducted, revealing the cracking of the negative 

electrode after cycling. GCMS was used to identify gases produced during the 

operation of the system with SCN. Characteristic gases for the SEI layer with 

masses 24, 25, 26 and 27 were observed from compounds C2H2, C2H4. 

Additionally, other masses not present in the system without SCN were identified: 

48 (SO), 58 (C2H2S), and 60 (COS). A sharp increase in mass 44 (CS, CO2) and 

76 (CS2) was also noted. The multitude of obtained masses suggests the 
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formation of many reaction products. Initially, an unstable CS compound likely 

forms, which can then react, mainly producing CS2 but also SO and COS, as 

confirmed by gas chromatography. Manuscript 1 presented a series of possible 

reactions and highlighted one with the highest probability, where ethylene 

carbonate reacts with LiSCN, yielding lithium cyanate and thiirane, with carbon 

dioxide as an intermediate product. The most important conclusion is that no 

harmful hydrogen cyanide is formed during oxidation, therefore LiSCN are safe 

to use as an electrolyte additive. 

In summary, both works present an effective one-step assembly pre-

insertion approach for metal-ion capacitors using redox-active electrolyte with 

thiocyanate salts. This technique saves time and money during the assembly of 

metal-ion capacitors and increases their specific energy. Of course, the solution 

has some issues, such as lower cyclability and higher self-discharge compared 

to commercial cells, but these can be addressed with proper electrode balance 

and better cell construction.  
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Context of the research and summary  

Due to the successful pre-insertion process in metal-ion capacitors using 

the one-step assembly technique with a redox electrolyte, it was decided to take 

a closer look at the influence of thiocyanate salts on the intercalation process 

itself. Several questions were raised, including: 

• What technique should be used to study the influence of electroactive 

compounds on intercalation? 

• Does the concentration of electrolyte ions affect the intercalation process? 

• What impact do electroactive compound have on the intercalation 

process? 

• How does the additional reaction influence the ion diffusion process? 

• How does the resistance of the electric double-layer change during the 

reaction of electroactive compounds? 

• Does the addition of an electroactive compound improve the conductivity 

of the electrolyte? 

To comprehensively study the effect of redox additives on the electrolyte, 

many electrochemical studies would need to be conducted, often disassembling 

and reassembling the system, which could disrupt the obtained data. Therefore, 

a search for a comprehensive solution began, which would allow obtaining plenty 

of data from the system with a single electrochemical test. Recently, a new 

technique called SPECS has emerged among electrochemical capacitors, 

allowing the acquisition of many data points from a single electrochemical test 

[262, 263]. Therefore, it was decided to investigate whether the SPECS technique 

could be used for comprehensive studies of metal-ion capacitors with a redox 

electrolyte. 

However, before proceeding to study redox electrolytes, it was necessary 

to check whether the SPECS technique, mainly used for measurements in 

electrochemical capacitors, could be applied to battery systems with an 

intercalated graphite electrode. Therefore, Article 2 presents SPECS studies 

conducted in half-cells of graphite vs. metallic lithium with four different 

concentrations of LiFSI salt electrolyte in an EC:DMC mixture. These studies aim 
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to prove that the electrolyte concentration significantly affects the intercalation 

process and to demonstrate that the SPECS technique allows for comprehensive 

measurements of Faradaic systems.  

Therefore, the study began by assembling half-cells of graphite vs. metallic 

lithium with four different electrolyte concentrations: 0.1M, 1M, 5M, and 10M. 

Next, three cycles of galvanostatic charging and discharging were performed to 

obtain a stable SEI, which at this stage of the study could interfere with the 

obtained SPECS results. Then, a SPECS measurements were conducted, 

maintaining a potential step of 10 mV and a rest time of 5 minutes from a potential 

of 1.5 V to 0.3 V vs. Li/Li+, and then the potential step was reduced to 1 mV and 

the rest time increased to 10 minutes in the intercalation range, i.e., from 0.3 V to 

10 mV vs. Li/Li+. After measurement, the polarity was reversed, maintaining the 

same process conditions in the given ranges. The presented change in potential 

step and rest time is necessary to stabilize the current curve, enabling the 

SPECSFit program to calculate individual parameters. Thus, by performing 

calculations for such a range of operation, the program based on equations can 

determine resistance, currents, and capacity of the porous, geometric, and 

diffusive components, the capacity of the residual component, time constant, and 

diffusion parameter. It is worth noting that in this case, the residual current will 

probably be the most significant, as this component describes all reactions 

occurring in the system. By comparing the total capacity of each of the studied 

systems, one can observe the exact moment when a particular intercalation stage 

begins. A repeatable transitional state between stages 2 and 3 was even noticed 

for each system. 

Evidently, the best concentration for conducting intercalation is the 1M 

solution due to high and narrow capacitive signals. For the 5M and 10M solutions, 

saturation with Li+ ions occurs, making diffusion difficult and delaying the 

transition through the appropriate intercalation stages. Nevertheless, the system 

with the 0.1M solution performs the worst, where the lack of lithium ions causes 

a very broad capacitive signal, suggesting problems with lithium diffusion. Next, 

the capacities for each component were compared, and as expected, the largest 

percentage was for the residual capacity (about 65%). However, the remaining 
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35 percent is mainly related to the EDL layer component, so it should also be 

considered in these systems. 

In the final step, it was decided to ensure that the results obtained by 

SPECS are reliable. Therefore, it was decided to compare the characteristic 

curve of the diffusion parameter with the diffusion coefficient determined in a 

separate study using known GITT technique. Both the diffusion parameter and 

the diffusion component curves were similar, suggesting that SPECS is a reliable 

technique. The values of capacity and resistance obtained by the GITT technique 

were also very close to the results obtained using the SPECS technique. Thus, it 

was confirmed that the SPECS technique can be used to describe battery 

systems. Additionally, it was confirmed that electrolyte concentration has a 

significant impact on the intercalation process. Although intercalation could be 

achieved at any concentration, considering the overall performance of the system 

and the economic aspect, the 1M solution is the best option. 

In Manuscript 2, the focus was on the addition of SCN to the electrolyte 

and its investigation using the SPECS technique. The goal was to understand the 

effect of the electrolyte additive on the performance of the positive electrode, the 

negative electrode, and the entire pre-intercalation process of the full hybrid cell. 

The study began with galvanostatic charging and discharging in half-cells. First, 

two half-cells, activated carbon vs. metallic lithium, with and without the SCN- salt 

additive, were examined. As previously shown, the SCN- salt increases capacity, 

matching the theoretical capacity of graphite. Next, two half-cells, graphite vs. 

metallic lithium, with and without the LiSCN salt additive, were tested. No 

significant differences were observed here, except for an increased irreversible 

capacity in the system with SCN-, suggesting its influence on the formation of the 

SEI layer. Then, a full cell, graphite vs. activated carbon, was tested, and a pre-

intercalation attempt was made with and without the thiocyanate additive in the 

electrolyte. Complete intercalation was observed in the system with the 

electroactive compound additive, while without the additive, the individual 

intercalation stages were not observed, and the potential of the positive electrode 

was above the electrolyte decomposition potential. 
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Before conducting the SPECS tests, electrochemical impedance 

spectroscopy was performed, showing that both the graphite half-cell and the full 

hybrid system with the thiocyanate anion had lower resistance values than the 

systems without the electroactive compound. The Nyquist plot curve exhibited a 

lower semicircle, indicating better charge transfer at the electrode/electrolyte 

interface. This difference may arise due to SCN- ions causing the formation of a 

less resistive SEI layer.  

Next, the SPECS studies were initiated. It is worth mentioning that all tests 

were conducted with a 1 mV potential step and a 10-minute rest time across the 

entire voltage range. Initially, tests were conducted on half-cells of activated 

carbon vs. metallic lithium with and without the SCN additive. A significant 

capacitive signal was observed at around 3.4 V vs. Li/Li+ for the system with SCN. 

Additionally, the resistance associated with the EDL layer was significantly lower 

for the SCN system, indicating that the reaction positively affects the positive 

electrode. There was also better ion diffusion in the system with thiocyanates. It 

should be noted that for the system without SCN, electrolyte decomposition 

occurs at around 4.3 V vs. Li/Li+, negatively leading to additional capacity and an 

increase in residual current. 

In the next stage, graphite vs. metallic lithium half-cells with and without 

lithium thiocyanate were examined. Both systems presented very similar values, 

especially currents for the intercalation stages, which almost overlapped (with a 

slight difference at the third intercalation stage). However, the SCN system, 

similar to the galvanostatic charging and discharging tests, showed additional 

capacity. It can be observed that the current curve at around 0.8 V vs. Li/Li+ 

slightly bends, suggesting the influence of the SCN anion on SEI layer formation. 

But will such a relationship also be observed in a full system where actual 

oxidation occurs at the positive electrode? To answer this question, SPECS tests 

were conducted on two full-cells, graphite vs. activated carbon, with and without 

lithium thiocyanate. The system without lithium thiocyanate was not intercalated 

at all, and the obtained capacity mainly came from the electrolyte decomposition 

reaction. In contrast, the current curve of the hybrid with SCN- anions clearly 

showed each intercalation stage. Moreover, an increase in capacity was 
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observed in the system due to the reaction between 1 V and 0.7 V vs. Li/Li+, 

suggesting the influence of SCN on SEI layer formation. In this case, the capacity 

associated with EDL formation was only 10% of the total, with the rest related to 

system intercalation. 

Next, a comparison was made between the graphite vs. metallic lithium half-

cell and the hybrid electrode. Both systems contained SCN- anions in the 

electrolyte. No significant differences were observed in terms of intercalation 

currents, EDL resistance, or time constants. However, the difference lay in the 

SEI layer formation. The hybrid with SCN showed greater capacity, suggesting 

that the reaction occurring at the positive electrode affects SEI layer formation 

and thus the performance of the entire cell. Additionally, an increase in the 

diffusion parameter was observed, suggesting that the SCN anion reaction at the 

positive electrode releases lithium ions, aiding intercalation. Therefore, it was 

concluded that redox electrolytes, by improving lithium ion diffusion, not only 

enable graphite electrode intercalation but also enhance intercalation compared 

to the traditional method with metallic lithium. Furthermore, it is important to study 

redox electrolyte systems in full cells, as the reaction at one electrode can 

influence the performance of the other electrode. 

Finally, the obtained SPECS results were compared with those obtained 

using the GITT technique to confirm the assumed conclusions. The GITT study 

curves confirmed the validity of the SPECS results, as the diffusion curves 

overlapped in the intercalation region. 

The obtained results confirm the effectiveness of using SPECS in systems 

with a battery negative electrode, as well as in full hybrid systems. It was 

confirmed that the presence of the SCN anion not only affects the SEI layer 

formation process but also improves the intercalation process by facilitating 

lithium ion distribution and reducing system resistance. It is also important to 

remember that the reaction at the positive electrode influences the performance 

of the negative electrode, hence the importance of studying complete cells. 

Despite the dominance of capacity related to the intercalation process, 

approximately 10% is also related to EDL layer formation, which is often 

overlooked by researchers. 
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Context of the research and summary  

The choice of a redox-active salt additive for the one-step pre-insertion 

approach of metal-ion capacitors is not straightforward. Such an additive must 

meet five criteria. The first criterion is that the salt must have a redox reaction. 

Without an oxidation reaction, there won't be additional capacity to balance the 

positive and negative electrode capacities. The second criterion is the reaction 

potential. This is crucial because even if the salt exhibits a reaction, if it occurs at 

a potential exceeding the decomposition potential of the electrolyte or electrode, 

it won't be applicable. Ideally, the reaction should occur significantly below the 

decomposition potential of the electrolyte, as different applied current densities 

can change the reaction potential, so it is wise to allow for a margin. The third 

criterion is that the reaction must be irreversible, meaning the oxidation of the 

electrolyte should occur. This is important because if the reaction is reversible, 

the positive electrode will function more like a battery than a capacitor which is 

not a case in this research. The fourth criterion is solubility in the electrolyte. If 

the salt is insoluble in the electrolyte, its reaction will either not occur or will occur 

to a very limited extent (with low efficiency). The final criterion is critical for the 

overall assessment of the cell's performance. Specifically, the theoretical capacity 

of the additive should be as high as possible relative to the mass of the salt. Each 

addition of salt increases the total mass of the system, as mentioned in 

Manuscript 1. Therefore, it is best to add a small amount of salt and achieve the 

highest possible capacity. 

Meeting all these criteria is challenging but not impossible. Previous studies 

utilized thiocyanate salt (412 mAh g-1), which proved effective in this approach 

and allowed for full intercalation of the graphite electrode and insertion of the hard 

carbon electrode. However, the choice of this salt was not random, as literature 

data indicated that thiocyanates exhibit redox activity [125], and our research 

group knew from experience that they could dissolve in an organic medium. It 

remained only to verify whether the reaction would be irreversible and if the 

intercalation would be possible. 
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After the success of the studies with thiocyanate salt, the search for other 

redox-active additives to the electrolyte began. First, an attempt was made to use 

lithium carbonate (Li2CO3) with a theoretical capacity of 724 mAh g-1. The higher 

theoretical capacity compared to thiocyanates was promising, as it allowed for 

the use of a smaller amount of salt. Additionally, it was believed that during the 

reaction, the lithium carbonate salt could oxidize to carbon dioxide, which could 

be easily removed using known techniques [211]. Thus, a half-cell of activated 

carbon vs. metallic lithium was assembled, and a small amount of lithium 

carbonate was added to the conventional electrolyte, then tested by galvanostatic 

charging assuming a C/20 current. As seen in Figure 17a, no redox reaction is 

observed for this salt. Moreover, with each cycle, the resistance in the system 

increases. The lack of reaction is most likely due to the salt not dissolving in the 

organic electrolyte, and its oxidation potential is probably higher than 4.5 V vs. 

Li/Li+. Therefore, despite its enormous theoretical capacity, lithium carbonate salt 

is not suitable for application in the one-step assembly approach. 

 

Figure 17. Electrochemical analysis of different redox-active additives to 

electrolyte a) Li2CO3 b) Li2S c) LiBr d) LiNO3. 
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The next tested additive to the electrolyte was lithium sulfide (Li2S) salt. The 

theoretical capacity of lithium sulfide is 1165 mAh g-1, which makes it almost three 

times higher than the capacity of thiocyanate salt. This allowed for a very small 

addition of the salt; however, despite this, it did not want to dissolve in the organic 

medium. Nevertheless, a half-cell of activated carbon vs. metallic lithium was first 

constructed, which showed additional activity at a potential of about 4.5 V vs. 

Li/Li+. Then, a full system of activated carbon vs. graphite was assembled where 

an attempt was made to use the one-step assembly technique (Figure 17b). 

Unfortunately, it turned out that additional capacity was obtained, probably 

related to the decomposition of the electrolyte. After testing the system for cyclic 

performance, a good capacity in the first cycle was observed, but it dropped 

sharply, and after 10 cycles, the system had less than 80% of the initial capacity. 

Another salt tested was lithium bromide (LiBr). The capacity of this salt is 

308 mAh g-1; however, it dissolves well in the organic electrolyte with EC:DMC. 

This compound was selected due to its known redox activity in aqueous 

electrolytes [124], so similar reactions were expected in an organic environment. 

Thus, a system of activated carbon vs. metallic lithium was assembled to check 

the activity of lithium bromide. Unfortunately, as shown in Figure 17c, the 

obtained capacity is significantly higher than the theoretical capacity. This is due 

to the corrosiveness of bromine towards metal current collectors, particularly 

stainless steel. Changing the collector to nickel or aluminum did not bring 

improvement, and protective layers made of conductive adhesives also did not 

protect the collectors from corrosion. Reducing the addition of bromides or using 

different charging currents also did not bring progress. Therefore, the use of 

lithium bromide was abandoned for the one-step assembly approach of metal-ion 

capacitors. 

Next, lithium nitrate with a theoretical capacity of 388 mAh g-1, similar to 

thiocyanates, was examined (Figure 17d). However, this salt completely did not 

dissolve in the organic electrolyte with EC:DMC. Therefore, it was decided to test 

the salt in another electrolyte – 1M LiFSI in DEG:DME (1:2, v:v). Lithium nitrate 

dissolved fully in this electrolyte, but after assembling the half-cell, a very high 

reaction potential close to 4.5 V vs. Li/Li+ was observed. For an electrolyte with 
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this solvent, this is relatively high, so part of the obtained capacity comes from 

the decomposition of the electrolyte. The additional electrolyte decomposition 

caused a subsequent drop in the system's capacity.  

The last salt tested was lithium acetate (LiOAc), and the results obtained from 

the studies on this salt are presented in Article 3. LiOAc has a theoretical 

capacity of 406 mAh g-1. Its organic structure was expected to aid in the solubility 

in the EC:DMC electrolyte. Here, similar to the case of lithium carbonate, it was 

anticipated that the main oxidation product would be carbon dioxide. Therefore, 

tests were conducted in half-cells, activated carbon vs. metallic lithium, starting 

with cyclic voltammetry, which confirmed the redox activity of lithium acetate at a 

potential of about 3.75 V vs. Li/Li+. This reaction is minimally reversible, 

disappearing completely after a few cycles. Then, galvanostatic charge and 

discharge tests were performed, confirming that a capacity of 342 mAh g-1 was 

obtained in the first cycle. After a few cycles, the redox activity fades, and the 

electrode behaves like an electrochemical capacitor. Following the optimistic 

results in the half-cell, it was decided to attempt intercalation in a full cell with 

graphite vs. activated carbon (using metallic lithium as the reference electrode). 

The intercalation of the graphite electrode was successful – achieving a full one-

step assembly approach in a Li-ion capacitor by using a redox-active electrolyte. 

The results were compared with tests without acetate additives, confirming that 

the presence of LiOAc is crucial for pre-intercalation. The system was then 

cycled, and it was noted that it easily withstood 100 charge and discharge cycles 

from 2.2 to 3.8 V. Following the success with LiOAc, it was decided to test sodium 

acetate. Similarly to lithium, the studies began with a half-cell where galvanostatic 

charge and discharge tests and cyclic voltammetry were conducted. In the case 

of cyclic voltammetry, the curve was different from lithium – a complete lack of 

reaction reversibility and a potential shift to 4.1 V vs. Na/Na+. The observed 

differences between the sodium and lithium systems are likely due to the varying 

accessibility of OAc- to the activated carbon pores. The solvation shell radii of Li+ 

and Na+ ions in the organic medium are 4.0 and 5.7 nm, respectively. During the 

polarization of the positive electrode, ionic attraction pulls Li or Na ions along with 

the anions. Li+ ions have a well-defined solvation shell involving only the carbonyl 



 
One-step assembly of metal-ion capacitors using  

redox-active electrolytes  

 

Adam Maćkowiak, PhD Dissertation   |  177   

oxygens of EC molecules, while Na+ ions' solvation shell includes both carbonyl 

and ether oxygens. This allows solvated Li ions to more effectively penetrate the 

mesopores of the positive electrode, bringing acetate closer to the activated 

carbon and facilitating faster reactions. In contrast, the larger solvated Na ions 

cannot fully penetrate the mesopores, causing the acetate reaction to primarily 

occur on the electrode's outer surface. Nevertheless, a capacity of 307 mAh g-1 

was obtained in the first cycle, allowing for an attempt to intercalate the anode 

material – hard carbon. Thus, after assembling the full cell, hard carbon vs. 

activated carbon (with sodium metal as the reference electrode), the successful 

insertion of sodium ions into the negative electrode was confirmed. The system 

also easily withstood 100 charge and discharge cycles. Finally, the specific 

energy and power values were determined for the Li-ion capacitor (104 Wh kg-1 

and 368 W kg-1) and Na-ion capacitor (89 Wh kg-1 and 22 W kg-1). In the next 

section of Article 3, the gases released during pre-insertion in both Li-ion and 

Na-ion capacitors with redox electrolyte were examined using gas 

chromatography with mass spectrometry. During the operation of the sodium 

hybrid, a significant increase in mass 44, indicating carbon dioxide, was observed 

as previously assumed. However, during the operation of the lithium hybrid, no 

increase in mass 44 was observed, suggesting a different pathway of the 

oxidation reaction. These studies confirm the different curves from cyclic 

voltammetry. This proves that the cation itself has a significant impact on the 

course of the reaction and the charge storage process.  
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Summary and conclusions 

Five works were prepared from the conducted research for the doctoral 

dissertation: three published scientific articles and two manuscripts submitted to 

scientific journals. Article 1 focused on confirming the main research hypothesis 

that it is possible to fully intercalate the negative electrode in metal-ion capacitors 

using a redox-active electrolyte. The novel approach for the pre-insertion of 

metal-ion capacitors, specifically Li-ion, Na-ion, and K-ion capacitors, was 

developed using thiocyanate salts. Thiocyanate salts, through an irreversible 

oxidation reaction at the positive electrode, inhibit the increase of the positive 

electrode potential, thereby enabling the insertion of metal cations into the 

structure of the negative electrode. The one-step assembly approach of metal-

ion capacitors allows for effective pre-insertion, which, compared to currently 

known methods, offers benefits by reducing the time and costs associated with 

assembling metal-ion capacitors. Furthermore, it has been proven that using this 

technique results in better specific energy values than other techniques, bringing 

metal-ion capacitors closer to the currently popular lithium-ion batteries. 

In Manuscript 1, it was demonstrated that the one-step assembly approach 

for Li-ion capacitors has the potential for commercial application due to achieving 

better energy values than currently produced commercial hybrid capacitors. 

Additionally, Manuscript 1 attempted to explain the oxidation reaction of 

thiocyanates. It was proven that SCN ions first oxidize to the unstable compound 

CS, which then transforms into CS2, COS, or SO compounds, but ultimately SCN 

is mainly converted into thiirane and lithium cyanate. More importantly, it was 

demonstrated that toxic hydrogen cyanide is not produced during operation.  

In Chapter IV of the dissertation, Article 2 demonstrated that the SPECS 

technique, previously used mainly in electrochemical capacitors, is also 

applicable to systems with a battery negative electrode. Thanks to the SPECS 

measurements, it was shown that electrolyte concentration plays a key role in the 

intercalation process. The obtained research results were confirmed using the 

GITT technique, which, when combined with the SPECS, provides a 

complementary description of the operation of energy storage systems. In 



 
One-step assembly of metal-ion capacitors using  

redox-active electrolytes  

 

Adam Maćkowiak, PhD Dissertation   |  191   

Manuscript 2, by using SPECS, it was verified that the SCN anion not only 

impacts the formation of the SEI layer but also enhances the intercalation process 

by aiding in lithium ion distribution and lowering system resistance. Additionally, 

it is crucial to consider that the reaction at the positive electrode affects the 

performance of the negative electrode, emphasizing the need to study complete 

cells. Although the capacity is largely dominated by the intercalation process, 

around 10% is attributed to EDL layer formation, which researchers often 

overlook. 

In Chapter V of the dissertation, the difficulty of finding the right redox-active 

salt for the one-step pre-insertion approach for metal-ion capacitors is described. 

Examples of several salts are presented, along with reasons why their application 

is either impossible or simply not cost-effective. However, in Article 3, an acetate 

salt is presented as an alternative to thiocyanate salts. It is proven that they can 

be effectively used in the one-step assembly approach for Li-ion and Na-ion 

capacitors. Additionally, it is shown how significantly the type of cation affects the 

performance of the metal-ion capacitor. A difference in activity potentials between 

the two systems was observed due to the difference in the sizes of solvated 

lithium acetate and sodium acetate molecules and their influence on the 

penetration of pores in the positive electrode. The electrolyte also affects the 

reactions, as confirmed by operando GC‒MS analysis where the CO2 emission 

was only observed for sodium-ion capacitors.  

 

Key findings of this dissertation include: 

• Possible pre-insertion of the negative electrode using a redox-active 

electrolyte with thiocyanate salt 

• Successful application of the redox-active electrolyte pre-insertion 

technique in Li-ion, Na-ion, and K-ion capacitors 

• One-step pre-insertion technique results in better energy values than other 

techniques known in literature 

• Capacitors intercalated using redox-active electrolyte achieve better 

specific energy values than commercially used LICs 
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• SPECS technique can be used to describe the storage of electric charge 

in systems with a battery negative electrode 

• Electrolyte concentration has a significant impact on the intercalation 

process 

• The presence of redox-active electrolyte causes better diffusion of lithium 

ions, which positively affects the intercalation process 

• Acetate salts can also be used in the one-step assembly approach of 

metal-ion capacitors using redox-active electrolyte 

• The type of cation has a significant impact on the mechanism of electric 

charge storage in metal-ion capacitors. 
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 Articles not included in the dissertation 

 

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: https://doi.org/10.3389/fenrg.2020.00139  

 

Abstract 

This article provides a summary of recent advancements in electrode 

materials with 3D structures for use in electrochemical capacitors (ECs). It 

categorizes these structures based on their production methods into template 

and non-template strategies, highlighting the pros and cons of each approach. 

The focus is particularly on carbon materials due to their ability to form 

hierarchical porous channels, as well as their high conductivity and mechanical 

stability. Numerous literature examples are provided for various solutions. The 

article concludes by discussing future challenges for these materials. 
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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: https://doi.org/10.1002/celc.202100711  

 

Abstract 

In this article, the authors introduce the concept of an electrochemical 

capacitor that operates under high-temperature conditions (100˚C). The 

proposed solution involves an electrolyte composed of a deep eutectic mixture of 

lithium nitrate and acetamide. To characterize this mixture, techniques such as 

infrared and Raman spectroscopy, differential scanning calorimetry, and gas 

chromatography with mass spectrometry were employed. The electrochemical 

analysis covers system aging verification, self-discharge monitoring, leakage 

current measurement, and fundamental research to determine specific 

capacitance and maximum voltage. Additionally, the study includes a thorough 

examination of adding lithium nitrate salt and an organic solvent to the system, 

as well as replacing lithium ions with sodium or potassium. 
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Title: Redox materials for electrochemical capacitors 

Authors: Chiku M., Abdollahifar M., Brousse T., Chen G. Z., Crosnier O., Dunn 

B., Fic K., Hu C. C., Jeżowski P., Maćkowiak A., Naoi K., Ogihara N., 

Okita N., Okubo M., Sugimoto W., Wu N. Li. 

Journal: Electrochemistry, 2024, vol. 92, 074002 

DOI: https://doi.org/10.5796/electrochemistry.24-70054  

 

Abstract 

Electrochemical capacitors are renowned for their high-power density and 

durability, with various redox reactions being explored to enhance their energy 

density. Recently, a wide range of redox materials, beyond the traditionally 

studied transition metal oxides, have been investigated for use in these 

capacitors. This review provides an in-depth examination of redox materials used 

in electrochemical capacitors. It begins with an analysis of manganese oxides 

and ruthenium oxides, common metal oxides known for their pseudocapacitance. 

The review also covers nickel oxides used in hybrid capacitors and highlights 

various 0D and 2D nanomaterials. Additionally, it discusses pseudocapacitance 

involving nanosized complex materials and metal-organic frameworks. 

Electrolyte systems with redox characteristics for electrochemical capacitors are 

also reviewed. 

 

 

https://doi.org/10.5796/electrochemistry.24-70054
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5) Hybrid electrochemical capacitor with redox-active electrolyte 

Fic K., Maćkowiak A., Jeżowski P., Matsui Y., Soeda K., Ishikawa M.  

7th International Symposium on Enhanced Electrochemical Capacitors 

(ISEECap), Bologna, Italy, 11-15.07.2022  

6) Novel type of Li-ion capacitor with improved energy/power performance 

Maćkowiak A., Jeżowski P., Soeda K., Matsui Y., Ishikawa M., Fic K. 

240th Electrochemical Society Meeting (ECS), 

Orlando, USA, 10-14.10.2021  

7) Novel concept for hybrid Li-ion capacitor 

Maćkowiak A., Jeżowski P., Matsui Y., Soeda K., Ishikawa M., Fic K.  

72nd Annual Meeting of the International Society of Electrochemistry (ISE) 
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Jeju, South Korea, 29.08 – 3.09.2021 

8) Synthesis and characterization of double-salt herbicidal ionic liquids 

comprising both 4-chloro-2-methylphenoxyacetate and trans-cinnamate 

anions 

Maćkowiak A., Czuryszkiewicz D., Ciarka K., Praczyk T., Pernak J.  

62 Zjazd naukowy Polskiego Towarzystwa Chemicznego 

Warsaw, Poland, 2-6.09.2019 

 

3.2. Poster presentations 

1) A step potential electrochemical spectroscopy (SPECS) investigation of the 

lithium intercalation process 

Maćkowiak A., Galek P., Jeżowski P., Fic K. 

8th International Symposium on Enhanced Electrochemical Capacitors 

(ISEECap), Vitoria-Gasteiz, Spain, 8-12.07.2024 

2) A step potential electrochemical spectroscopy (SPECS) investigation of the 

lithium intercalation process 

Maćkowiak A., Galek P., Jeżowski P., Fic K. 

7th International Conference on Advanced Capacitors (ICAC),  

Kamakura, Japan, 26-29.09.2023  

3) Redox-active electrolytes for pre-lithiation of graphite electrode in lithium-

ion capacitors 

Maćkowiak A., Jeżowski P., Matsui Y., Soeda K., Ishikawa M., Fic K.  

7th International Symposium on Enhanced Electrochemical Capacitors 

(ISEECap), Bologna, Italy, 11-15.07.2022  

4) Deep eutectic solvents based on lithium nitrate and acetamide as 

electrolytes in high-temperature electric double-layer capacitors 

Maćkowiak A., Galek P., Fic K. 

12th European Symposium on Electrochemical Engineering (ESEE), 

Leeuwarden, The Netherlands, 14-17.06.2021 

5) Deep eutectic solvent based on lithium nitrate and acetamide as electrolyte 

in high-temperature electric double-layer capacitors  

Maćkowiak A., Galek P., Fic K. 
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71st Annual Meeting of the International Society of Electrochemistry (ISE),  

Belgrade, Serbia, 31.08 – 4.09.2020 

6) Herbicidal ionic liquids containing the acetylcholine cation  

Maćkowiak A., Czuryszkiewicz D., Marcinkowska A., Praczyk T., Pernak J. 

III Szczecińskie Sympozjum Młodych Chemików 

Szczecin, Poland, 8.05.2018 
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 Awards 

1) 3rd place in EUNICE Imagine Innovation Cup 

for the project titled: AndanteCaps – Future Energy 

Issued by The European University for Customized Education (EUNICE) 

Santander, Spain, 07.2024 

2) Scholarship for young researchers from the Poznan scientific 

community 

Issued by Poznan City Hall  

Poznan, Poland, 06.2024 

3) Santander award for students and PhD students of the Poznan 

University of Technology  

Issued by Santander Consumer Bank 

Poznan, Poland, 06.2024 

4) Main award for best original creative work by PhD student in 2023 

For article titled: Redox-active electrolytes as a viable approach for the one-

step assembly of metal-ion capacitors 

Issued by the Polish Academy of Sciences  

Poznan, Poland, 06.2024 

5) 1st place in the PUT START UP competition for the best business idea 

for the project titled: AndanteCaps – Future Energy 

Issued by Academic Business Incubator of the Poznan University of 

Technology  

Poznan, Poland, 12.2023 

6) STER – Mobility scholarship  

for the project titled: Electroactive ionic liquids as electrolyte additives for 

metal-ion capacitors 

Issued by National Agency for Academic Exchange  

Poznan, Poland, 11.2023 

7) French Government Scholarship for a research stay in France  

for the project titled: Metal-ion capacitors as the future of energy storage 

Issued by French Government  

Paris, France, 12.2021 
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8) Cover picture of ChemElectroChem magazine 

For the article titled: Deep eutectic solvents for high-temperature 

electrochemical capacitors 

Issued by Wiley  

Poznan, Poland, 09.2021 

9) Rector medal for outstanding contribution to university life 

Issued by Poznan University of Technology  

Poznan, Poland, 07.2019 
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 Research projects 

1) Researcher in European Research Council (ERC) within the Proof of 

Concept project titled: It yet remains to see…’ – Hybrid electrochemical 

energy storage system of high power and improved cycle life 

Poznan, Poland, 05.2024 – 08.2024  

2) Researcher in Marie Skłodowska-Curie Actions within the project titled: 

ENERCAP – European Network to Empower Research on CAPacitors 

Poznan, Poland, 11.2023 – 05.2023 

3) Principal investigator in National Agency for Academic Exchange 

within the STER – Mobility IV project titled: Electroactive ionic liquids as 

electrolyte additives for metal-ion capacitors 

Montreal, Canada, 01.2024 – 04.2024 

4) Researcher in European Research Council (ERC) within the Starting 

Grant project titled: If immortality unveil…'– development of the novel types 

of energy storage systems with excellent long-term performance 

Poznan, Poland, 11.2019 – 09.2023 

5) Principal investigator in Poznan University of Technology project titled: 

Synthesis and application of a novel group of ionic liquids in electrochemical 

capacitors 

Poznan, Poland, 01.2023 – 11.2023 

6) Principal investigator in French Government within the BGF SSHN 

project titled: Metal-ion capacitors as the future of energy storage devices 

Mulhouse, France, 04.2022 – 06.2022 
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 Memberships and trainings 

Memberships: 

1) International Society of Electrochemistry 

09.2020 – 01.2024 

2) Council of doctoral students of the Faculty of Chemical Technology at 

the Poznan University of Technology 

11.2022 – 07.2024 

3) Council of doctoral students of the Poznan University of Technology 

02.2023 – 10.2023 

4) Supervisor of the badminton section of the Poznan University of 

Technology  

10.2018 – 07.2024 

 

Trainings: 

1) Elsevier Reviewer Recognition 

Issued by Elsevier, 02.2024 

2) Battery Energy Storages in Smart Grids 

Issued by University of Vaasa, 08.2022 

3) ASAP 2460 Gas Adsorption training 

Issued by Micromeretics Instrument Corporation, 04.2022 

4) Statistica software „DOE – Computer aided planning and statistical 

analysis of innovative research” 

Issued by StatSoft Polska, 05.2021 

5) Communication in intercultural setting 

Issued by Poznan University of Technology, 02.2021 

6) Effective time and work management  

Issued by National Agency for Academic Exchange, 12.2020  
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