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“If you want the moon, do not hide 

from the night. If you want a rose, do 

not run from the thorns. If you want 
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Abstract 
 

The content of this thesis can be divided into four main sections. The initial chapter 

provides an introduction as a literature review based on the fundamentals and 

operational principles of energy storage devices. The main focus is dedicated to the 

design and performance of electrochemical capacitors (ECs) because the target 

materials in this dissertation are engineered as electrode materials for ECs. The second 

chapter presents investigations and results already published during the realization of 

my PhD studies. In particular, four publications, named Article 1, Article 2, Article 3, 

and Article 4, were selected as they present studies on novel 2D materials (3DG/FeS2, 

3DG/VS2, MXenes) used as electrodes in ECs operating in aqueous media and ionic 

liquids. Article 1 and 2 concern meaningful information and strategies regarding the 

precise engineering of electrode materials based on transition metal dichalcogenides 

(TMDs) and carbons using hydrothermal reactors. The goal is to find safe potential 

limits for both EC electrodes, without electrolyte decomposition. Article 3 presents the 

fundamental understandings of the charge storage of transition metal carbides 

(MXenes) in aqueous media. The target is to clarify the type of bonding during 

charging/discharging of MXenes and to show alternatives for designing wide voltage 

range of ECs. Key information is related to the interactions involved in the hydrogen 

storage in MXenes. In Article 4, advanced operando technique such as electrochemical 

dilatometry is employed to track the volumetric expansion of different MXenes in ionic 

liquids. For the first time, a thorough investigation regarding the energy storage of such 

materials as TiMo/MXenes is presented. Two main members of MXenes, including Ti 

and Mo/Ti carbides, are prepared using different etching agents to remove Al from 

MAX phases. Various interlayer spacing and surface functionalities are obtained under 

different etching conditions. Ti carbides show high capacitive charge storage due to a 

high volumetric expansion in the negative potential range. In addition, faradaic 

currents driven by hydrogen bonding contribute to the capacitance of the electrode. 

In contrast, Mo/Ti carbides showed a significant strain increase for the positive 

electrode that correlates with the higher capacitance values.   
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The third chapter indicates the achievements, including publications, attended 

conferences, and projects that were conducted.  

 

Streszczenie 
 

Treść niniejszej pracy doktorskiej można podzielić na cztery główne części. Rozdział 

początkowy zawiera wprowadzenie będące przeglądem literatury dotyczącej podstaw 

i zasad działania urządzeń magazynujących energię. Główny nacisk poświęcono 

budowie i działaniu kondensatorów elektrochemicznych (EC), ponieważ materiały 

docelowe w tej rozprawie zostały zaprojektowane jako elektrody dla EC. W drugim 

rozdziale przedstawiono opublikowane wyniki badań, które zrealizowano w trakcie 

studiów doktoranckich. Wybrano cztery publikacje zatytułowane Artykuł 1, Artykuł 2, 

Artykuł 3 i Artykuł 4, które przedstawiają wyniki badań nowych 2D materiałów 

(3DG/FeS2, 3DG/VS2, MXenes) jako elektrody ECs, w środowisku wodnym oraz w 

cieczach jonowych. Artykuły 1 i 2 omawiają strategie dotyczące precyzyjnej preparatyki 

materiałów elektrodowych na bazie dichalkogenków metali przejściowych (TMD) i 

węgli w reaktorze hydrotermalnym. Celem tych badań było określenie potencjałów 

bezpiecznej pracy obu elektrod, bez rozkładu elektrolitu. Artykuł 3 przedstawia badanie 

procesu magazynowania ładunku w węglikach metali przejściowych (MXenes) w 

środowisku wodnym. Motywacją do tych badań było wyjaśnienie mechanizmu 

ładowania/wyładowania na granicy faz elektroda/elektrolit i zaproponowanie 

alternatyw dla projektowania EC o szerokim zakresie napięcia. Przedstawiono możliwe 

interakcje zachodzące podczas magazynowania wodoru w MXenes. W artykule 4 

zastosowano zaawansowaną technikę, tj. elektrochemiczną dylatometrię, w celu 

śledzenia rozszerzania się objętościowego różnych MXenów w cieczach jonowych. Po 

raz pierwszy przedstawiono szczegółowe badania dotyczące magazynowania energii w 

materiałach typu MXenes. MXenes na bazie Ti i Mo/Ti  spreparowano przy użyciu 

dwóch sposobów wytrawiania Al z fazy MAX, stąd różnią się odstępami 

międzywarstwowymi i grupami funkcyjnymi. Węgliki Ti prezentują wysoką pojemność 

w związku z objętościową ekspansją w zakresie ujemnych potencjałów oraz 

elektrochemiczną sorpcją wodoru. Przeciwnie, węgliki Mo/Ti wykazują objętościowe 
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zmiany podczas polaryzacji dodatniej elektrody, przy czym wzrasta także jej 

pojemność.  

W rozdziale trzecim wskazano osiągnięcia, w tym publikacje, udział w konferencjach 

oraz zrealizowane projekty.  

 

 

Abbreviations and symbols 
 

Abbreviation                  Description 

3DG                                         -three-dimensional graphene 

AC                                            -activated carbon 

Ar                                             -argon 

BeSO4                                      -beryllium sulfate 

BMP                                         -1-Butyl-3-methylimidazolium 

C3mpyr                                   - N-Propyl-N-methylpyrrolidinium  

CA                                            - Carbon Aerogel 

CO2                                          -carbon dioxide 

CV                                            -cyclic voltammetry 

CVD                                         -chemical vapor deposition 

CNT                                         -carbon nanotube 

CNF                                         -carbon nanfiber 

ECs                                          -electrochemical capacitors 

EDL                                          -electrical double-layer 

EDLC                                        -electrical double-layer capacitor 

EMIm                                      -1-Ethyl-3-methylimidazolium 

FeS2                                         -iron disulfide 

GO                                           -graphene oxide 

GCD                                         -galvanostatic charge-discharge 

GITT                                         -galvanostatic intermittent titration technique 

HCl                                           -hydrochloric acid 
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H2SO4                                      -sulfuric acid 

ILs                                            -ionic liquids 

MAX                                        -transition metal aluminum carbides/nitrides 

MXenes                                  -transition metal carbides/nitrides 

PTFE                                        -poly(tetrafluoroethylene) 

SWCNT                                   -single walled carbon nanotube 

TMDs                                      -transition mental dichalcogenides 

KF                                             -potassium fluoride 

LiF                                            -lithium fluoride 

Li2SO4                                      -lithium sulfate 

Mo2Ti2AlC3                                         -molybdenum titanium aluminum carbide 

Mo2Ti2C3Tx                                            -molybdenum titanium carbide 

MoS2                                                           -molybdenum disulfide 

NaF                                          -sodium fluoride 

Na2SO4                                    -sodium sulfate 

NH3                                            -ammonia 

NO3
-                                                    -nitrate 

NaNO3                                     -sodium nitrate 

TAA                                          -thioacetamide 

Ti3AlC2                                                        -titanium aluminum carbide 

Ti3C2Tx                                                        -titanium carbide 

TFSI                                          -(trifluoromethylsulfonyl)imide 

VS2                                           -vanadium disulfide 

WS2                                          -tungsten disulfide 
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Chapter 1 
  

 

Literature Review 
 

 

1. Motivation and context of the research 
 

Today's world is facing an urgent need to replace traditional energy sources with clean, 

renewable energies [1-4]. Concerns have been raised about the shortage and 

overgrowing consumption of fossil fuels [5-6]. Predictions state that the main 

reservoirs, including gas and oil, will run out by 2050 to 2060, and coal resources will 

be out of reach by 2080 [7-8]. Such exploitation significantly impacts air pollution and 

global warming [9]. As climate change accelerates, the global community at the UN 

Climate Conference 2015 agreed to reduce the earth's surface temperature by 

decreasing gas emissions [10]. Around the world, human beings are experiencing 

ramifications such as droughts, extinction of different species, food shortages, and 

rising sea levels [11-12]. Thus, social pressure to take necessary and effective measures 

for a quick transition from fossil fuels to green energies has been increased. The 

decarbonization of today’s energy systems allows us to moderate the temperature 

increase below 2 °C, and to create a more compatible climate [13]. 

Hopefully, the planet offers a variety of clean energy resources such as hydropower 

[14], biomass [15], tidal energy [16], wind power [17], and solar energy [18] to end the 

further CO2 pollution of our globe. Conversion of stored energy to electricity, 

transmission, and distribution between the consumers must be implemented to 

provide the required energy (Figure 1) [19]. 
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Figure 1. Schematic representation of necessary steps from the generation to the provision of 

electricity for the consumers. 

 

Therefore, the European Commission aims to accelerate the electrification of 

industries, grid infrastructure, and the transport sector to meet the EU’s 2030 climate 

and energy framework [20]. One of the key priorities is to establish strong, 

competitive, and sustainable energy storage devices in Europe. Meeting this target 

allows us to enhance the stability and efficiency of the power supply in not only 

portable applications such as transportation but also stationaries. The energy supply 

in the industry and grid sector is an example. In peak hours when the demand for 

power increases, the distribution system faces frequent interruptions as a result of an 

overload [21]. Natural accidents such as storms may disturb the stability of the energy 

supply to put a grid out of power for a time period, or even to cause a serious failure 

in electrical equipment [22]. This problem can be addressed by realizing backup power 

systems for a quick injection of electricity during the intervals [23]. Another issue is 

related to the cost of energy which varies at different hours of the day. In peak hours, 

consumers have to pay a higher price as the demand for energy supply goes up [24]. 

To decrease the power price, customers can store energy during the off-peak hours 

when the energy price is low and enjoy uninterrupted, cheap power in the high-

demand period [25].  
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Where do we need to be in 2030? By 2030, Europe should be the host of reliable and 

efficient energy storage systems to guarantee grid and transport electrification giving 

a significant reduction of CO2 emissions [26].  

 

2. Introduction 
 

From the Stone Ages till the modern era, energy supply is a must for having a 

convenient life and an essential production input. Without a doubt, energy can be 

considered the core driver for industrial evolution, where power accessibility led to a 

long-run growth of the economy, and subsequently, a rapid population increase [27]. 

In particular, the modified Newcome engine, also known as the Watt steam engine 

[28], allowed machines to be driven by steam instead of wind, water, or manpower. 

Noteworthy, Watt’s engine was turned into a principle for the production of the steam 

turbine, from which the globe’s electricity has been provided [29]. Although electricity 

generation lighted streets around the world, the primary energy for industry and 

transportation was provided by burning fossil fuels such as coal, oil, and natural gas 

[30]. The world gradually has become adopted for the maximum production, fast 

transportation, and easy utilization of energy. Overconsumption of traditional fuels has 

led to the pollution of the atmosphere, which subsequently causes major issues such 

as air pollution and global warming. We are at a critical stage in our lives, as society is 

encountering a fast transition from traditional to renewable energies and their 

consumption in the form of electricity. The stable and efficient provision of electricity 

depends on the development of energy storage devices [31]. The first battery was 

invented by Alessandro Volta in 1800, discovering the passage of current by soaking 

two pieces of silver and copper into an electrolyte. It is still the basis on which chemical 

batteries are working [32].  

 

2.1. Energy Storage Devices 

 
Electrical and electrochemical energy storage systems such as capacitors [33], 

electrochemical capacitors [34], batteries [35], and fuel cells [36] have attracted much 
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attention in the recent years. They can be categorized mainly based on the nature of 

the mechanisms or interactions by which energy is stored. Traditional capacitors are 

made of two conductive plates and a separator in between, made of solid dielectric 

materials like ceramic [37-38]. Once a potential difference between plates is applied, 

the negative and positive charges are polarized on the surface of the plate with the 

opposite charge. Such interactions are electrostatic, and no chemical reactions are 

involved [39]. The fast kinetics of adsorption/desorption allows capacitors to deliver a 

small amount of electrical energy on short notice [40-41]. On the other hand, batteries 

and fuel cells follow the second type of mechanism in which faradaic reactions are 

responsible for energy storage [42-43]. These reactions require the transportation and 

diffusion of active ions into the bulk of electrode materials, and therefore, they are 

slow in kinetics compared to electrostatic interactions [44]. Nevertheless, a higher 

energy is accessible because of the occurrence of faradaic interactions [45]. To exploit 

both high energy and power densities, electrochemical capacitors (ECs) were largely 

introduced [46]. In these devices, fast adsorption/desorption of ions at the surface 

rather than in the bulk of electrodes is at the origin of energy storage [47]. Hence, the 

kinetics of interactions are substantially faster than in-bulk faradaic reactions. Another 

advantage of ECs is their long cyclability in comparison with batteries [48]. This is 

because of the nature of surface interactions, which is more stable and less destructive 

than faradaic interactions that require repetitive ionic insertion/deinsertion into the 

bulk sites [49]. Figure 2, known as the Ragone plot, compares the energy versus power 

performance of different energy storage systems [50]. These factors are determined 

by the nature of reactions by which the energy storage system operates.  As a result, 

batteries and fuel cells with a slow kinetic interactions are located at the top left corner 

of the plot, while electrochemical capacitors can be found on the right side. On a 

practical basis, however, various factors govern the performance of a system, which 

will be discussed in detail further. 
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Figure 2. Comparing the energy and power performance of different energy storage  devices. 

 

 

2.2. Electrochemical capacitors (ECs) 

Electrochemical capacitors, or supercapacitors store energy by the fast 

adsorption/desorption of active ions at the electrode surface [50-51]. ECs consist of 

two electrodes and a porous membrane in between that is ionically conductive but 

electronically insulating. Electrodes are connected to the current collectors, and both 

of them are soaked in an electrolyte medium [52]. ECs can be divided into two main 

categories (Figure 3), distinguished by the type of involved interactions in each system 

[53].  
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Figure 3. The main category of ECs, including electrical double-layer capacitors (EDLCs), 

pseudocapacitors, and hybrid capacitors [53]. 

 

Electrical double-layer capacitors (EDLCs) store energy exclusively by charge 

separation [54-55]. In other words, the cell does not undergo chemical reactions. 

Applying an external voltage difference between the negative and positive electrodes 

results in the migration and accumulation of ions at the electrode surface with an 

opposite charge [56]. During the discharge, ions return to the bulk electrolyte. By doing 

so, a small amount of energy in a quick interval is accessible. The energy storage 

mechanism of EDLCs can be defined by different theories, including Helmholtz [57], 

Gouy-Chapman [58], and Stern models [59]. The Helmholtz theory is the earlier 

explanation, and the term “double-layer” comes from this model. During charge, 

electronic and ionic layers at the electrode/electrolyte interface are formed. These 

layers are insulated by a single layer of solvent molecules, named the inner Helmholtz 

plane, and therefore, no charge transfer occurs between the electrode and electrolyte 

[60-61]. The ionic layer is called the outer Helmholtz plane, which includes solvated 

ions with the opposite charge than the electrode surface. Furthermore, a second layer 
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of solvated ions, named the diffusion layer, is formed far from the surface [62]. The 

EDL capacitance can be taken as the sum of capacitances originating from the outer 

Helmholtz plane and diffusion layer [63].  In Equation 1, ε0 and εr are the permittivity 

of free space and relative permittivity of the electrolyte medium, A is the electrode 

surface area, and d stands for the thickness of electrode/electrolyte interface [63, 64].  

 

!"# = $%$&
'

"
                                                                                                 Equation 1 

 

According to Equation 1, the magnitude of EDL capacitance has a direct relation with 

the surface area of electrode materials. Therefore, carbon materials with a well-

developed micro and partly mesoporous structure are usually the best candidate as 

electrode materials for this application [65]. The second type of ECs, pseudocapacitors, 

indirectly store electrical energy by redox reactions at or near the electrode surface 

[66] rather than charge accumulation (EDLCs) or in-bulk redox mechanisms (batteries). 

The term “pseudo”, meaning false or fake, is being used as a prefix here to indicate the 

comparable but slower kinetics of interactions in comparison with EDLCs [67]. As 

faradaic reactions are responsible for the passage of charge, higher energy than EDLCs 

is stored, while the power performance of the cell may face a decline [68]. Up to now, 

three different types of pseudocapacitive interactions have been explored. The earlier 

one was introduced by Conway and Gileadi in 1962, where the quick electrochemical 

adsorption/desorption of hydrogen or hydroxides at the surface of platinum or metal 

oxide were responsible for charge storage [69]. These interactions were taken as 

“pseudocapacitive adsorption”, because the deviation of capacitance versus voltage 

was linear, and the adsorption of the aforementioned species was occurred exclusively 

at the surface. In 1997, the same assumption was used by the Conway group to hold 

“redox pseudocapacitive” currents responsible for the observed faradaic behavior of 

hydrous RuO2 in an aqueous acidic medium [70]. Recently, MXene metal 

carbides/nitrides have shown pseudocapacitive response during the ionic 

insertion/deinsertion, although the electrode shows no structural changes. These 

interactions are named as “intercalation pseudocapacitance” [71-72]. However, the 
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term intercalation usually is used for describing the interactions of ions with anodic 

graphite in batteries [73]. Figure 4 schematically compares the difference between the 

three types of pseudocapacitive interactions and the intercalation behavior of battery-

type electrodes. Noteworthy, all pseudocapacitive interactions are different from 

intercalation or insertion in battery materials, as during a pseudocapacitive response 

the electrode undergoes no phase or structural transformations due to faradaic 

reactions. Another misleading definition that must be highlighted here is that many 

researchers assign the term “pseudocapacitive” to the battery-like behavior of an 

electrode [74-76], but these two are different.  

 

Figure 4. Comparison between different types of pseudocapacitive mechanisms in 

electrochemical capacitors and intercalation with phase transformation in batteries 

 

Electrodes with a pseudocapacitive response usually suffer from a working in a narrow  
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potential ranges. Hence, materials with a pure capacitive behavior usually is employed 

as the counter electrode [77-79]. Integration of EDLCs and pseudocapacitors results in 

harvesting a high energy and power density simultaneously (hybrid supercapacitors) 

[80-81]. Improving the energy and power performance of the cell is also reachable by 

combining pseudocapacitive and EDL materials (hybrid electrodes) [82-84]. In 

particular, EDL materials such as nanotubes can act as a conductive additive, they also 

serve as a substrate for the deposition of pseudocapacitive materials.  

 

2.3. Electrode materials for electrochemical capacitors 

As it was mentioned, ECs store energy by ionic adsorption/desorption at the electrode 

surface, and therefore, high surface area materials are of interest. Traditionally, porous 

carbons have been used as active materials in EDLC applications [85-86]. Following the 

theoretical conceptualization of pseudocapacitance by Conway and Gileadi, various 

materials such as metal oxide/hydroxide [87,88], sulfide [89], carbide/nitrides [90] or 

conductive polymers [91] were employed as the electrodes to improve the energy 

performance of ECs. These materials can be classified based on the target application 

for which the electrode will be designed. Figure 5 presents different type of materials 

that is used as the electrode in ECs. 

 

Figure 5. Classification of various active materials for EC application. 
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2.3.1.  Carbon structures 

Carbon materials are well known for their outstanding properties, including low price, 

versatility in form, easy processability, being environmentally friendly, high 

conductivity [92-95]. In addition, they have a high chemical [96] and electrochemical 

[97] stability. Therefore, carbons have been widely used as active materials for various 

energy storage applications. In particular, the energy performance of EDCLs strongly 

depends on the surface properties of active material, where carbon structures with 

controllable micro and mesoporosity and a large surface area are among the best 

candidate [98-100]. These materials can be categorized based on their dimension. 

Figure 6 indicates examples of already investigated carbon structures as active 

materials.  

 

Figure 6. Carbon materials with various dimensions. 
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Activated carbons 

The most commonly used electrode materials for EC applications are based on 

activated carbons (ACs) [101-102]. Various natural or artificial raw materials can be 

carbonized and subsequently activated to prepare ACs [103]. Controlling the physical 

and structural properties of the material is doable by manipulating the reaction 

parameters, type of precursors, or the synthesis route [104]. Following the 

carbonization of raw materials, an activation step will be taken to enhance the surface 

area of the final product (up to 2000 m2 g-1) [105]. Having such a developed surface 

area, AC-based ECs can deliver a specific capacitance between 100 to 150 F g-1 which 

depends on the type of electrolyte medium [106]. The high corrosion resistance of ACs 

guarantees the stable storage performance of the cell over a long-period of charge-

discharge cycles. Physical activation of ACs can be done by applying microwave 

radiation [107] as well as CO2 or steam treatments at high temperatures [108]. For the 

chemical activation, exposure of AC particles to acidic media (1M H2SO4 or H3PO4) [109] 

or basic solutions (KOH) [110] at high temperatures is carried out. The porous texture 

of ACs must be tuned carefully as it plays an important role in the ionic mobility within 

the electrode. Template-based techniques can be employed to tune the porosity of the 

target AC with a high precision [111].  

 

 

Fullerene and carbon quantum dots 

Fullerenes comprise a highly symmetric cage-like skeleton in which each carbon has a 

sp2 hybridization and is connected to 3 other carbons.  Owing to its promising 

structural, electrochemical, and photophysical characteristics, such as a low band gap 

(1.6 eV), high electron affinity (2.65 eV) [112], and a strong electron-accepting 

property, C60 is the most studied member of the fullerene family [113]. One of the key 

features of fullerenes is their facile functionalization and integration with a variety of 

bulk components, to give high electronic and conductive features onto the surface of 
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the material. As an example, Ji et al. reported the preparation of cobalt/nitrogen-

doped fullerene electrode materials with a significant EC performance in 1M H2SO4, 

reaching a high capacitance of 416 F g-1 at the current density of 1 A g-1 [114]. 

Another example of 0D materials is carbon quantum dots (CQDs) [115], made of 

ultrafine and quasi-spherical nanoparticles with a π-conjugated system and a particle 

size ranging less than 10 nm. In addition, CQDs can be easily functionalized or even 

integrated with pseudocapacitive materials for high energy density applications. For 

instance, a designed core-shell structure based on carbon quantum dots and 

polyaniline was able to deliver a capacitance equivalent to 264 F g-1 at the current 

density of 2.5 A g-1 [116]. 

 

Carbon nanotubes and carbon nanofibers 

Carbon nanotubes (CNTs) are hollow tubes (diameters 15 to 40 nm and a length of 5-

20 µm) with single or multilayer sp2 hybridized carbon sheets.  They have low density, 

excellent conductivity, large specific surface area (50-1315 m2 g-1) [117], and high 

mechanical and chemical stability. Therefore, they are a suitable candidate for EC 

applications, especially for high power demands [118]. The tunable electronic and 

ballistic electron transport properties of CNTs and nanofibers drive researchers to 

design various composite electrodes. Xu et. al reported the preparation of CNT bundles 

coated with a thin layer of polypyrrole. The core-shell design in this study facilitated 

the charge transfer between the CNT and polymer. The assembled flexible EC cell 

based on this electrode showed a high specific capacitance of 350 F g-1 and good cyclic 

stability with preserving 75% of its initial capacitance after 5000 cycles [119].  

Conductive carbon structures with a high accessible surface area guarantee the 

effortless electronic and ionic transportation [120]. Owing to characteristics such as 

porosity and electrical conductivity, CNFs have attracted much attention in designing 

electrodes for high power performance applications. CNFs can be synthesized by a 

facile electrospinning step, followed by carbonization of polyacrylonitrile (PAN). The 

self-standing electrode based on the CNFs shows good conductivity and ionic diffusion 

due to the available mesopores. Therefore, a high energy and power density in 
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aqueous and nonaqueous-based electrolytes is reachable [121]. In another study, a 

binary MnO2/Co3O4 oxide was wrapped around carbon nanofibers by electrospinning 

technique. The uniform coverage of metal oxides at the CNF surface allows the EC-

based cell to reach high pseudocapacitive and EDL capacitance, hence, a high energy 

density of 64.5 Wh kg-1 at the power density of 1276 W kg-1 was obtained. 

Furthermore, the cell showed excellent capacitance retention by losing only 28.2% of 

its initial capacitance over continuous 11000 cycles [122]. 

 

Graphene 

Graphene is a remarkable 2D material composed of a single layer of sp2-bonded carbon 

[123]. Perhaps it can be nominated as the most reactive form of carbon materials, as 

both surfaces in a layer are accessible. Since its discovery in 2004 by Andre Geim and 

Konstantin Novoselov, many investigations has been oriented to utilize the 

outstanding chemical, physical, and electrical properties of graphene for various 

applications (Figure 7). It has a high theoretical surface area of 2675 m2 g-1 (equivalent 

to a theoretical specific capacitance of 550 F g-1) [124], excellent electrical and thermal 

conductivity, and great tensile strength (~ 1 TPa). Graphene can be synthesized by a 

variety of top-down and bottom-up approaches, including mechanical exfoliation 

[125], chemical vapor deposition (CVD) [126], liquid phase exfoliation [127], chemical 

oxidation/reduction [128-130], and epitaxial growth [131]. After the delamination, 

graphene layers tend to ripple to have higher stability in the environment [132]. The 

chemical oxidation/reduction method, which has been applied extensively by 

researchers, is a top-down approach consisting of two major steps. First, graphite is 

oxidized using acidic media in combination with oxidant agents such as potassium 

permanganate, and in the second step, chemical or thermal treatments will be carried 

out to reduce the resulting graphene oxide to graphene. Upon applying the process, 

structural defects may arise at the surface of layers.  
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Figure 7. Properties of graphene, and its possible applications [133]. 

 

Figure 8 presents the formation of structural vacancies in a graphene oxide layer during 

the oxidation step in acidic media. Although the presence of vacancies may be taken 

as an advantage in some applications, they interrupt the charge mobility at the surface 

of graphene layers [134]. Hence, the energy storage performance of the cell can be 

degraded. In addition, structural defects may disrupt the continuity of the layer, and 

the resulting exposed edges may enhance the susceptibility of electrode material to 

corrosion reactions [135]. Subsequently, the long-term stability of the cell may decline. 



Study of electrode/electrolyte interface of novel layered 2D materials 

 

                                                                                                                                                                                                                      
 

25 
 

 

 

Figure 8. Transformation of graphite to graphene oxide during the first step of the 

oxidation/reduction process and the formation of structural defects (pink dashed circles) at the 

surface. 

 

The high energy of the graphene surface makes it an ideal candidate for the decoration 

of pseudocapacitive materials or heteroatom doping. Liu et al. prepared nitrogen-

doped graphene (NGS) by grafting ethylenediamine on the surface using the 

microwave method. The assembled cell based on NGS delivered a capacitance of 197 

F g-1 at the current density of 0.5 A g-1 in an alkaline aqueous electrolyte. Furthermore, 

the cell showed 98% of capacitance retention after 5000 cycles [136]. In another work, 

a ternary electrode based on nickel foam/NiCo2O4 deposited on reduced graphene 

oxide was designed by the solvothermal method followed by a calcination step [137]. 

The EC-based hybrid electrode reached a promising energy density of 40.63 Wh kg-1 at 

a power density of 858.81 W Kg-1 and superior long-term cyclic stability by reaching 

90.1% of its initial capacitance after 20000 charge-discharge cycles.  

Despite such promising reports, graphene layers are suffering from a restacking 

tendency [138]. Agglomeration of graphene sheets to return to the former graphite 

structure results in a decrease in reactivity, initial surface area, and electrical 

conductivity. 
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In 2010, Shi et. al prepared a 3D graphene hydrogel (3DGH) by triggering the self-

assembly interaction between the 2D graphene layers [130]. Upon applying certain 

temperatures and pressures on graphene oxide aqueous dispersion with a specific 

concentration (>2 mg ml-1), the π-π attraction forces overcome the restacking 

tendency between graphene layers. At a critical point, the partial overlapping of layers 

results in a connection from the edges to produce a porous framework (Figure 9). By 

doing so, the agglomeration of graphene layers, which usually happens from basal 

planes is prevented. The resulting porous skeleton has pores with a wide range of size, 

a high electrical conductivity, very low density, and robust framework. Subsequently, 

the electrochemical performance of the prepared 3DGH was evaluated in a symmetric 

EC cell in aqueous electrolyte, where a specific capacitance of 160 F g-1 at the current 

density of 1 A g-1 was recorded. Elemental analysis showed the incomplete reduction 

of graphene oxide to graphene. Thus, the resulting 3DGH usually consists of untreated 

oxygen functionalities to some extent. Although the wettability of 3DGH electrodes in 

aqueous media considerably increases, the remained oxygen groups decrease the 

conductivity of the sample. 

Tuning the porosity of graphene hydrogel can be an effective strategy for improving 

ionic electronic transportation, thereby increasing the capacitive performance of ECs. 

Duclairoir group evaluated the possibility of manipulating the pore size in 3DGH during 

the self-assembly process. For this purpose, they used hydrazine, ethylenediamine, 

and 1, 4-diaminobutane as the linkage to control the distance between graphene 

layers before becoming connected from the edges. The obtained images from SEM 

studies revealed porous 3DGHs with different pore size depending on the selected 

linking agent. In addition, the elemental composition of the resulting hydrogels was 

different, as the treated GO suspension with hydrazine showed a lower oxygen than 

the other two products. Finally, a high specific capacitance of 190 F g-1, 152 F g-1, and 

136 F g-1 was recorded (current density of 0.5 A g-1) for the obtained 3DGH by 

hydrazine, ethylenediamine, and 1, 4-diaminobutane treatments, respectively [139]. 

Noteworthy, the hydrazine-based 3DGH showed a pure capacitive response even at 

extremely high current densities (100 A g-1). As these linkages have nitrogen in their 



Study of electrode/electrolyte interface of novel layered 2D materials 

 

                                                                                                                                                                                                                      
 

27 
 

structure, one can claim that the higher content of nitrogen, and therefore, the higher 

pseudocapacitive response in the treated sample with hydrazine is the reason for the 

higher capacitance of the cell. However, elemental analysis of samples proves that the 

hydrazine-based 3DGH has a lower N content than the other two samples. The higher 

capacitance of this sample can be attributed to the higher electrical conductivity (1141 

S m-1) of the hydrogel (higher EDL capacitance) rather than its nitrogen content (higher 

pseudocapacitance). 

 

 

Figure 9. Image of the graphene oxide (GO) suspension and 3DGH as the precursor and the 

product of the self-assembly treatment (a). The high robustness of the freeze-dried 3DGH in 

preserving its structure against applying high pressure or weight (b). SEM images from the 

porous structure of the freeze-dried 3DGH (c-e) [130]. 

 

Owing to the high robustness of the framework, 3DGH can be used as a support for the 

decoration by other active materials, in particular, for high energy density applications. 

Sun et al. reported the formation of composite electrodes based on MnO2 deposited 

on 3DGH by immersing the cylindrical graphene into a KMnO4 solution, and 

subsequent thermal treatment. The assembled asymmetric cell based on 3DGH/MnO2 

showed a capacitive behavior in a wide voltage range (up to 2V). Moreover, an energy 
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density of 34.7 Wh kg-1 at the power density of 1 kW kg-1 was obtained [140]. In another 

study, Wu and his co-workers designed a hybrid electrode based on V2O5 nanofibers 

decorated on 3D graphene hydrogel [141]. For this purpose, the mixture of precursors 

was left under vigorous stirring till the gelation of the final product. Figure 10 presents 

the physical properties of the freeze-dried 3DGH-V2O5 monolith. The yellow color of the 

resulting cylindrical monolith reveals the integration of pseudocapacitive part with the 

graphene substrate. From the SEM images, homogenous dispersion of V2O5 nanofiber 

over the graphene walls is visible. An ideal pseudocapacitive response in 1M Na2SO4 

aqueous electrolyte is reported using the symmetric cell. 

 

Figure 10. Structural properties of the freeze-dried 3DGH-V2O5 monolith, including a photo of 

the aerogel (a). SEM images from the interior framework of the composite (b-c) [141]. 

 

Another strategy to minimize the restacking tendency of graphene is by stabilizing the 

layers using spacers. Nanoparticles, conductive polymers, or carbon materials such as 

CNTs can be placed in the interlayer space between graphene layers to prevent their 

connection from the basal position. By doing so, the active surface area of graphene 

increases, as in this situation, both sides of the graphene layers are accessible to active 

ions. Mullen group engineered a composite electrode based on Fe3O4 nanoparticles 

and nitrogen-doped 3DGH, using a one-step hydrothermal self-assembly reaction 

[142]. Figure 11 indicates the morphological characterization of the prepared material. 

The SEM and TEM images revealed the presence of nanoparticles with a size ranging 

from 20-80 nm. Interestingly, it appears that some particles are encapsulated in 

between layers. A statistical analysis based on the obtained SEM images indicated that 

nearly 30% of the nanoparticles are sandwiched between two layers. 
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Figure 11. SEM (a-b), TEM (c), and HRTEM (d) images of the 3DGH/Fe3O4 hybrid material 

[142]. 

 

Carbon aerogels 

Carbon Aerogels (CAs) are lightweight, interconnected macro/meso porous 

frameworks in which pores are filled with air [143]. With the possibility of undertaking 

high thermal treatments, in contrast to carbon hydrogels, CAs can deliver a very high 

electrical conductivity [144]. Hence, they are favorable as electrode material for EDLCs 

for high-power rate applications. CAs synthesis can be implemented through both top-

down and bottom-up approaches [145-146]. In top-down methods, a thin layer of 

carbonaceous materials such as graphene and its derivatives are deposited at the 

surface of a porous substrate. Various techniques, including electrochemical 

deposition [147] and chemical vapor deposition (CVD) [148], can be used for this 

purpose. The thickness of the deposition can be controlled by the repetition of the 

process. Afterward, the substrate can be removed using a proper etchant [149]. The 

remained self-standing carbon may undergo further treatments for the decoration of 



Study of electrode/electrolyte interface of novel layered 2D materials 

 

                                                                                                                                                                                                                      
 

30 
 

secondary active material. Wei et al. reported the synthesis of a hybrid electrode based 

on reduced graphene oxide (RGO) by deep-coating, using nickel foam (NF) as the 

substrate. Afterward, the NF/RGO was decorated with Ni3S2 and MoS2 in a one-step 

hydrothermal reaction to enhance the energy performance of the electrode. An 

asymmetric cell based on the prepared composite showed a pseudocapacitive 

behavior in a wide voltage range (up to 1.6V) as well as high-rate capability and cycle 

performance [150]. The bottom-up routes for CAs production usually is divided into 

three stages. After gelation and subsequent aging, the material undergoes a solvent 

exchange step, followed by the final formation of the aerogel using various techniques 

such as pyrolysis, calcination, or carbonization. The resulting carbonaceous templates 

can act as the substrate for the deposition of pseudocapacitive materials. Bando and 

his co-workers reported the realization of self-standing 3D strutted graphene by a 

sugar-blowing approach [151]. The initiation of the gelation process was set by 

combining glucose with ammonium chloride. Furthermore, a specific temperature-

programmed calcination step under an inert gas allowed to control the properties of 

the foam-like graphene (Figure 12). The calculated porosity of 99.85% and a very low 

density (3 mg cm-3) for the product was calculated. The assembled CA-based EC has 

reached a power density of 893 kW g-1 at a very high current density of 100 A g-1. 

However, it is necessary to underline that volumetric capacitance for such a low 

density material will be extremely low that can exclude EC from practical application 

where a volume for energy device is limited.  

 

Figure 12. Schematic presentation of graphene-based CAs prepared by sugar-blowing process 

[151]. 

 

Designing electrodes that are thermally resistant and stable against corrosion 

improves the favorable capacitive behavior of the electrode. Activated carbon 
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electrodes provide a stable charge storage in a wide voltage range to 2.8 V in organic 

electrolytes. In practical applications, however, reaching a 300 to 500 V working 

voltage requires the stacking of a high number of ECs. To address this issue, Nishihara 

et al. suggested to increase voltage of a single cell by the preparation of mesoporous 

carbon sheets, using sacrificial alumina template [135]. In this design, the ratio of free 

edges to basal sites was reduced (Figure 13a). By doing so, the stability of the 

electrode, especially in high potential, was increased. The assembled cell based on this 

sample reached a very high voltage of 4.4 V with no obvious sign of electrolyte 

decomposition or electrode corrosion. Increasing the temperature of the study to 60 

°C, the cell was able to operate up to 3.5 V. In fact, a small content of free edges slightly 

decreases the stability of the electrode material. The low ratio of D to G band which 

can be further translated to the small portion of free edges to basal planes already was 

reported in study of grain boundaries during the growth of graphene. Chen et al. 

compared the Raman mapping of different graphene structures, and he observed high 

intensity of D band because of not only structural defects but also due to grain 

boundaries (Figure 13b-c) [152].  

 

Figure 13. Step by step synthesis procedure of graphene mesosponge (GMS) powder (a). 

Raman mapping of a single (b) and connected GMS layers (c) [152].  
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In this dissertation, the following carbon materials have been used: Three-dimensional 

graphene (3DG), activated carbon Black Pearl (BP2000), activated carbon (YP80F), 

carbon nanotubes (CNTs). 3DG material served as the component of composites (3DG-

FeS2 and 3DG-VS2), prepared by hydrothermal technique. 

 

2.3.2.  Transition metal dichalcogenides 

Transition metal dichalcogenides (TMDs) are an appealing family of two-dimensional 

layered materials with a general formula of MX2, in which M represents transition 

metals (from group 4 to 10 in the periodic table), and X stands for chalcogens (S, Se, 

and Te) [153-154]. In these materials, the covalently bonded atomic layers of 

chalcogen/metal/chalcogen form a sandwich structure which is taken as a layer of MX2. 

The metal atom share electrons from their d orbital (oxidation state +4). Coverage of 

both surfaces of the metal layer with two layers of chalcogens in the absence of 

dangling bonds provides good stability for the TMD layer against reacting with the air 

and the environment. TMDs naturally exist in the bulk state and are made of a few 

layers that are connected by Van der Waals forces. Based on the coordination of 

transition metal with chalcogen atoms, multi-layered TMDs can be found in different 

polymorphic phases, including trigonal prismatic (2H or 3R) and octahedral (1T) [155]. 

These phases can be differentiated based on the stacking order of atomic layers in each 

MX2 unit (Figure 14a-c).  Considering the first chalcogen layer as X1, the metallic plane 

as M, and the second chalcogen layer as X2, it can be stated that in a 2H phase the 

chalcogen planes in X1-M-X2 combination are faced exactly in front of each other, while 

in the 1T and 3R phases, X1 and X2 occupy different positions. Regardless of 

polymorphic arrangements, each transition metal atom is coordinated with 6 

chalcogen atoms. For example, MoX6 in 2H, 3R, and 1T phases has a hexagonal, 

rhombohedral, and tetragonal geometry, respectively.  In the bulk state, MX2 layers 

are connected by Van der Waals (VdW) forces (Figure 14d), that brings important 

physical properties to TMDs such as forming van Hove singularities [156], band gap 

evolving [157], lattice vibration [156], and the quantum Hall effect [158-159]. 

Furthermore, the weak nature of VdW forces facilitates the cleavage of layers from the 
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bulk to the single monolayers. However, TMDs have the same tendency as graphene 

layers to restack to each other in order to have a higher stability [160]. 

 

 

 

Figure 14. Top view schematic of 2H (a), 1T (b), and 3R (c) coordinations of transition metals 

and chalcogens in TMDs. Side view representation of two MX2 planes that are bonded by Van 

der Waals interactions (d). 

 

Having unique physical, chemical, and electrical characteristics, TMDs have found their 

pathway in a variety of applications ranging from electronics, optoelectronics, and 

valleytronics. Molybdenum disulfide is the first member of this family that was 

produced by Frindt in 1963. He used an adhesive tape to peel off a 100 Å-thick layer 

from its bulk phase [161]. In addition to molybdenum disulfides, there are various 
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TMDs such as WS2 , TiS2, NbS2, VS2 FeS2 that have been extensively studied during 

recent years.  Polymorphs in TMDs have an influence on topology, thermodynamic 

stability as well as electronic and structural properties [162]. For instance, the most 

abundant form of MoS2, the 2H phase, shows a higher stability and but lower 

conductivity than 1T coordination. As another example, 3R-MoS2 is promising in 

catalytic or photonic applications as there is a lack of inversion symmetry in their 

crystal phase in contrast to the 2H phase [163]. However, we cannot conceive a direct 

relation between the type of polymorph and the properties of TMDs. For example, WS2 

with a 1T phase has a metallic and distorted lattice, while its 2H phase has a higher 

conductivity. On the other hand, the 1T TiS2 or 1T and 2H NbS2 are superconductive. 

Figure 15 indicates the variation of TMD properties based on their polymorphic state.  

 

Figure 15. Most studied TMDs, which are based on transition metals from group 4 to 7, and 

their properties with respect to the 1T and 2H phases. 

 

TMDs can be synthesized by various physical and chemical approaches. The top-down 

preparation of these structures by mechanical exfoliation using scotch tape is of 

interest as it results in high-quality single layers, which are ideal for surface application. 

Such delamination is also feasible in the liquid solution through sonication of the bulk 

sample in a proper solvent such as N-methyl-2-pyrrolidone. This technique is suitable 

for large scale production of TMDs. Nevertheless, precise sonication parameters must 
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be applied to avoid the breakage of layers. Also, the exfoliation and expansion of bulk 

TMDs is possible by intercalating proper ions such as lithium. In most cases, the 

resulted product is composed of pure monolayers with a high yield. However, the 

process is time consuming and it requires high temperatures. Therefore, the properties 

of the final product can be affected. To overcome this issue, electrochemical 

intercalation by galvanostatic charge-discharge technique, followed by a subsequent 

exfoliation step in H2O or CH3OH can be employed. By doing so, a better control over 

the sample is reachable, as the ion intercalation step can be monitored. Although top-

down approaches are simple and inexpensive, they fail to provide monolayers with 

large lateral sizes like graphene. To solve this challenge, a proper substrate is 

submerged in a precursor solution to deposit a thin layer of TMD. The quality of the 

precipitated film can be improved by the calcination treatment in high temperatures. 

Preparation of large-area TMDs is doable by using the chemical vapor deposition (CVD) 

technique, which includes two stages of thermal treatments for converting precursors 

to the desired TMD and further heating to enhance the properties of the sample. 

Hydrothermal and solvothermal treatments are another bottom-up routes that have 

been used extensively for preparing TMDs. 

In these approaches, a high temperature and pressure are applied to combine and 

form TMDs with controllable morphology and size from their transition metal and 

chalcogen precursors. For example, the possibility of tuning the morphology of the 

MoS2 prepared in different solvents was evaluated by Wang [164]. They found that 

adding ethanol in a small amount to octylamine solvent during the solvothermal 

reaction alters the dimension of 2D TMDs nanosheets to a 3D hollow tubular 

arrangement that provides a higher ionic diffusion rate. In particular, ethanol 

molecules prevent nanosheets from interacting, which results in forming a tubular 3D 

morphology. The properties of TMDs can be tuned based on the target application. For 

example, reducing the thickness of the 2H-MoS2 results in changing the position of the 

valence and conduction band. Subsequently, the band gap is converted from an 

indirect state to a direct one, thereby improving the conductivity of MoS2 [165] for 

optoelectronic applications.  Moreover, TMDs generally show a low overpotential for 
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hydrogen evolution reactions, which makes them an ideal candidate for catalytic 

application [166]. Various parameters that are involved during the preparation of 

TMDs result in the formation of structural defects or an increase in the portion of high 

energy edge sites. One of the consequences in this case is an increase in the rate of 

catalytic activities [167].  

TMDs have attracted much attention in energy storage applications mainly due to their 

extremely high theoretical capacity, fast and highly reversible surface redox chemistry, 

and tunable interlayer spacing which can serve as the host for intercalation of active 

ions. This requires the exfoliation of bulk TMDs to their nanosheet structure, which 

improves the degree of surface interactions and reduces the charge transport 

pathway. From theoretical studies, TMDs such as thin layer MoS2 can reach a very high 

capacity which is comparable to that of carbon nanotubes [168]. For fast surface 

charge storage, in particular, monolayer TMDs with 1T phase shows a promising 

electrical conductivity between 10-100 S cm-1, considerably higher than that of 2H 

phases [169]. TMDs have attracted much attention from 1960s to 1970s for their 

energy storage performance, especially as the electrode in Li-ion batteries. However, 

major progress was initiated by the discovery of graphene in 2004, and since then, 

various efforts have been made to convert and isolate 3D TMDs into single layers. By 

doing so, better control on key physical and structural parameters, such as the changes 

in interlayer coupling and the degree of quantum confinement, was possible [170]. In 

recent years, there have been many studies on designing TMDs with a reduced 

dimension. One of the earliest investigations on TMD-based supercapacitors was 

carried out by Xie group. Briefly, the bulk vanadium disulfide was exfoliated to thin 

nanosheets by an ammonia-assisted approach. For this purpose, the bulk phase was 

undergoing a sonication step under the inert atmosphere [171]. Exfoliated VS2 films 

with a high conductivity were obtained. The assembled EC cell reached a high 

capacitance of 4760 µF cm-2 and a stable cyclic performance, showing no capacitance 

degradation after 1000 charge-discharge cycles. In 2015, Chhowalla et al. used the 

chemical exfoliation method to turn the bulk MoS2 into monolayers, where a mixture 

of 2H and metallic 1T phases with a proportion of 3 to 7 was obtained. The deposited 
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flexible electrode on the polyimide substrate (Figure 16a) was assembled into an EC 

cell in both aqueous and organic electrolytes. The MoS2-based EC (mainly 1T phase) 

showed a higher capacitive response than that of 2H MoS2 in all aqueous media. The 

higher conductivity of the 1T MoS2 improved the EC power output such that the cell 

maintained its capacitive performance at high CV scan rates of 200 mV s-1 (0.5M 

Na2SO4). A high volumetric capacitance up to 700 F cm-3 and a satisfactory capacitance 

retention (95%) was recorded after 5000 continuous charge-discharge cycles in 1M 

H2SO4 [172]. Nevertheless, the high rate of catalytic electrolyte decomposition was 

revealed at around 0.8V and 0.6V vs. NHE in neutral and acidic media, respectively 

(Figure 16c).  

 

Figure 16. The image of the prepared flexible electrode based on 1T MoS2 (a). The SEM image 

of the exfoliated 1T MoS2 (b). The CV response of the electrode in various aqueous media (c) 

[172]. 
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Wider voltage stability, by replacing the aqueous media with organic electrolytes, was 

observed (up to 3.5V). The higher viscosity and lower conductivity of organic solvents 

in comparison with aqueous media affect the power output of ECs. However, the cell 

based on 1T MoS2 in organic media showed a stable CV response up to 100 mV s-1. 

Dryfe compared the energy storage performance of various TMDs, named MoS2, 

MoSe2, WS2, and TiS2 to provide a better understanding of the mechanism involved in 

their charge storage [173]. For this purpose, a stable dispersion of each sample was 

prepared by sonication in N-methyl-2-pyrrolidone (NMP), followed by casting the 

dispersion on a PVDF membrane. A series of symmetric coin cells based on each sample 

were assembled in 1M Na2SO4. It was indicated that TMDs such as TiS2 show higher 

conductivity and charge storage properties than MoS2. In addition, they found that a 

combination of both EDL and pseudocapacitive currents are involved.  

Expanding the working voltage of TMD-based ECs is feasible by realizing asymmetric 

cells. Manyala et al. prepared VS2 nanosheets with a simple hydrothermal method, 

which further was assembled in a cell as the positive electrode versus activated carbon 

as the negative electrode [174].  A wide voltage range to 1.4V and a capacitance of 144 

Fg-1 at the current density of 1 A g-1 (in 6M KOH) was recorded. However, the cell 

showed a high ohmic drop and quite low energy efficiency.  

Integration of TMDs and carbon supports improves the electrochemical performance 

of the hybrid electrode. Pauzauskie reported the preparation of a composite electrode 

based on carbon aerogel decorated with 5-100 nm tungsten disulfide crystals [175]. 

Besides improving the conductivity and robustness of the hybrid electrode, the 

synergetic effect of the carbon framework led to an increase in the volumetric 

capacitance to 127%. The cell showed no capacitance degradation up to 2000 charge-

discharge cycles. 

 

 

2.3.3.  Transition metal carbides/nitrides 

Transition metal carbides (TMC) are carbon atoms bonded to transition metal from 

groups 3 to 6 of the periodic table with an empty d orbital [176]. Basically, they can be 
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counted as a combination of covalent solids and ionic crystals, as TMCs show a mixture 

of physical and chemical characteristics such as hardness, good electrical and thermal 

conductivity, and high melting point.  

MXenes, are a new family of 2D materials with a layered structure. MAX phase is the 

parental structure of MXenes, which is made of covalently bonded transition metals 

(M), metals from group 13 or 14 such as Al, Ga, or Si (A), and carbon/nitrogen (X). MAX 

phases are generally prepared by thermal reactions, where elemental precursors in a 

stoichiometric ratio are mixed and reacted. The general formula of this phase is 

Mn+1AXn, where the removal of the A element by various approaches results in the 

production of MXenes. During the etching process, the outer surfaces of each MXene 

unit will be covered by different functional groups such as –F, -Cl, and –OH, which give 

a hydrophilic nature to the material. Since early 2011 and by introducing Ti3C2Tx, as the 

first member of the MXenes family, there have been numerous reports based on other 

elemental combinations, including synthesized structures or predicted ones.  
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Figure 17. Schematic representation of MAX and MXene phases (a), and the diversity of the 

elemental combination in MXene materials (b). 

 

Figure 17 demonstrates the chemical structure of MAX phases and MXenes as well as 

their elemental composition. MAX phase versatility in terms of elemental combination 

allows scientists to design MXenes with desired properties. A high electrical 

conductivity, hardness, mechanical robustness, high negative zeta potential, and 

efficient electromagnetic wave adsorption can be reached by tuning the elemental 

composition of this material. 

Therefore, MXenes and their related composites have been employed in a variety of 

applications, such as energy storage, water desalination, catalysis, and drug delivery. 

There have been many reports on the synthesis of MXenes by wet-chemical 

approaches, which is also the earliest preparation method. The first attempt can be 

traced back to 2011, when Naquib et al. suggested the acidic etching of Ti3AlC2, using 

50% concentrated hydrogen fluoride solution at ambient temperature and for a 

duration of 2 h. In addition, they suggested a chain of reactions involved in the MXene 

preparation [177]. After removing the aluminum layer, an accordion-like structure with 

an uneven interlayer spacing remains (Figure 18). By doing so, the surface accessibility 

increases, although most MXenes have a very low surface area (66 m2 g-1 for titanium 

carbides or 19 m2 g-1 in the case of V2CTx), which is lower than the theoretical values 

(for example, 496 m2 g-1 for Ti3C2TX) [178]. 

 

Figure 18. SEM of a MAX phase (a) and the resulted MXene (b) by HF treatment. 
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Another mild approach to preparing MXene is treating the MAX phase with a mixture 

of concentrated HCl and lithium fluoride salt. Formation of HF after 20 min of mixing 

results in the cleavage of the aluminum layer. Besides the acidic media, the exfoliation 

of the MAX phase is carried out in concentrated basic solutions such as KOH, NaOH, 

and NH4Cl. The surface functional groups can be optimized by selecting the proper 

etchant. Yoon et al. used 6M KOH at a high temperature and pressure for the Al etching 

[179]. After 24 h of hydrothermal treatment, Ti3C2TX with a surface covered by oxygen 

and hydroxide functionalities was obtained. Interestingly, the aluminum content after 

the etching process was considerably decreased, which was comparable to that of acid-

treated MXenes. Zhang and his coworkers prepared a fluorine-free titanium carbide 

with high quality by NaOH treatment. Under different temperatures, the MAX phase 

showed an exfoliation to some extent. An effective removal of aluminum with a high 

efficiency was obtained by applying thermal treatments up to 270 °C. Furthermore, the 

electrochemical performance of the prepared MXene was analyzed in a symmetric EC 

cell. From the CV analysis in 1M H2SO4, a gravimetric capacitance of 314 F g-1 at 2 mV 

s-1 was recorded. Comparing voltammograms of HF and NaOH-treated MAX phases 

(Figure 19), different interactions are involved in charge storage of these two samples.  

 

Figure 19. The electrochemical performance of Ti3C2Tx synthesized from treating the MAX 

phase by HF (a) and NaOH (b) [180]. 

 

The prepared titanium carbides in acidic media showed a substantially higher 

hydrogen storage ability, which is visible as a pair of redox couple at around 0.6-0.8 V 
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vs. Hg/Hg2SO4 (Figure 19a) [180]. On the other hand, the prepared sample by the NaOH 

treatment presented a lower faradaic response. However, the power performance of 

cells was comparable (Figure 19b). In general, structural and chemical differences, in 

particular the type of functional groups with which the surface of the outer layered is 

covered, can be taken as a reason for such variation in charge storage.  

In another study, a mixture of diluted ammonium chloride (1M) and 

tetramethylammonium hydroxide (0.2M) was employed for preparing single-layer 

Ti3C2Tx from its MAX phase [181]. Compared to acidic etching, in general, alkaline-

based aluminum removal results in a bigger expansion between MXene layers, and 

usually, a higher gravimetric capacitance can be obtained [182]. Recently, solid 

solution-based approaches have been employed to prepare MXenes. These 

approaches are of interest, especially for being environmentally friendly compared to 

wet chemical acidic routes and for having better control over the functional groups at 

the MXene surface. Gogotsi et al. reported the preparation of layered titanium nitride 

(Ti4N3Tx) from its parent phase, using a one-step thermal treatment (550 °C) under 

inert gas at the presence of a mixture of fluorine based salts such as KF, NaF, and LiF 

[183]. Few-layered particles were further delaminated by sonication in a 

tetrabutylammonium hydroxide solution. Interestingly, analysis revealed that the 

surface of the sample is covered mainly by oxygen (more energetically favorable) 

rather than fluorine or hydroxide functionalities.  Simon et al. used the same approach 

in the presence of chlorine-based salts to etch the titanium aluminum carbide [184]. 

For this purpose, a compact tablet was made of MAX phase in combination with a 

eutectic salt, including NaCl and KCl. No inert atmosphere was used and to prevent the 

resulted MXene from oxidation, the prepared tablet was sealed and covered with a 

high amount of ZnCl2 during the reaction. The assembled half Li cell based on this 

sample showed a pseudocapacitive insertion response in a wide potential range and a 

high discharge capacity around 300 mAh g-1 at the current density of 0.1 A g-1 was 

obtained. However, the power performance of the cell was limited in organic 

electrolytes. To solve this problem, Gogotsi et al. was used polystyrene (PS) spheres 

for the preparation of porous titanium carbide [185]. A colloidal dispersion of few-layer 
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titanium carbide and PS spheres was taken under the sonication. Afterward, the 

supernatant was vacuum filtered, and the remained film was peeled off from the filter 

paper. To remove the template, the sample was annealed at 450 °C under an inert gas.  

The remained free-standing film was assembled into a three-electrode cell. 1M LiTFSI 

dissolved in different organic solvents, including carbonates, acetonitrile, and dimethyl 

sulfoxide, and they were used as the electrolyte. During cycling between 0 to -2.5V vs. 

Ag wire, the electrode showed a good power response by increasing the CV scan rate 

from 2 to 1000 mV s-1. Besides the aforementioned routes, other approaches including, 

microwave synthesis, chemical or physical vapor deposition [186-187], spark-plasma 

sintering [188], and sol-gel methods [189] have been employed for the preparation of 

MXenes. In some cases, adopting these procedures may result in defect-free MXene 

layers, in contrast to the wet chemical process.  

MXenes store energy by a combination of EDL and hydrogen storage. Nevertheless, 

there is a lack of explanation about the interactions or, in general, the chemistry behind 

the energy storage performance of MXenes. Most of the reported investigations, if not 

all, have presented the electrochemical performance of titanium carbide and other 

MXenes as a single electrode in a limited potential range (Figure 19). Hence, the 

performance of full EC cell built from MXene-based electrodes was remained 

unaddressed. 

A thorough investigation targeting fundamental aspects of charge storage in MXenes 

is presented in the second chapter of this dissertation (Article 3 and Article 4). For this 

purpose, Titanium Carbide (Ti3C2Tx) and Molybdenum Titanium Carbide (Mo2Ti2C3Tx) 

were prepared by two different etchants (HF and HCl/LiF) from MAX phases. 

Electrochemical investigations were carried out in aqueous media (H2SO4, Li2SO4, 

BeSO4, KOH) (Article 3) and ionic liquids ([EMIm][TFSI], [BMP][TFSI], [C3mpyr][FSI] 

(Article 4). 

 

2.4. Electrolytes for electrochemical capacitors 

The interaction of electrolyte ions and the surface of electrode materials plays a 

significant role in the electrochemical performance of ECs. Generally, electrolytes can 
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be categorized based on their physical state which are aqueous, organic, ionic liquids, 

and solid-state. Depending on their chemical and physical properties, each category 

shows promise in designing electrochemical capacitors with a specific electrochemical 

energy and power response. 

 

      2.4.1. Aqueous electrolytes 

The properties of aqueous electrolytes are significantly governed by the polarity of the 

solvents in which the salt is dissolved. These media offer excellent ionic conductivity 

due to their low viscosity, which makes them a perfect candidate for high-power 

applications. On the other hand, their stability is considerably limited by the 

decomposition of water, and therefore, they have a relatively narrow theoretical 

working voltage range (1.23 V). During the negative polarization, aqueous solvents are 

decomposed and hydrogen molecules are released. The positive polarization beyond 

the theoretical line leads to the formation of oxygen molecules. An effective approach 

for mitigating such drawback is reducing the amount of the water molecules inside the 

electrolyte. Increasing the concentration of salts, water molecules are tightly 

surrounded by ions, and therefore, the solvent shows higher stability against catalytic 

decomposition. For high energy density aqueous-based applications, “water-in-salt” 

electrolytes improve voltage stability of ECs beyond 2V. However, having a lower ionic 

conductivity in this case is inevitable. In most cases, aqueous electrolytes are 

environmental friendly, cheap, and they require no inert atmosphere for handling or 

doing the cell assembly. For long-term cycling, however, aqueous electrolytes are not 

in favor, as they reduce the stability of the cell due to the parasitic reactions. In 

particular, the cycle life declines and self-discharge of ECs increases. Aqueous 

electrolytes can be categorized based on their pH.  Acidic electrolytes such as H2SO4 

are highly conductive (0.8 S cm-1 at room temperature) [190]. The conductivity of an 

electrolyte depends on its concentration. In the case of sulfuric acid, a 1M solution 

provides the highest ionic mobility, which is greater than that of neutral media. For the 

cell assembly, however, current collectors based on noble metals such as platinum or 

gold are required. Alkaline electrolytes such as KOH with a proper concentration (6M) 
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can offer a superior ionic conductivity, as well. Interestingly, they have no corrosive 

effect on typical current collectors such as stainless steel. Similarly to highly acidic 

media, EC-based alkaline media usually offer a high capacitance but in a narrow voltage 

range. Neutral aqueous electrolytes, e.g., Li2SO4, NaNO3, are more attractive than 

acidic or basic media due to their higher electrochemical stability up to 1.8V. Redox-

active electrolytes are used to improve the energy density of ECs. The added faradaic 

activity may degrade some important parameters including the cyclic stability of the 

cell. However, such faradaic reactions that usually are localized within a specific 

potential range of one electrode, can be used as an effective strategy for regulating 

the charge balance between the negative and positive electrodes.  

 

      2.4.2. Organic electrolytes 

Organic solvents provides a wide voltage stability (up to 2.6V) and a long cycle life as 

their performance is not affected by parasitic reactions. These factors make organic 

electrolytes a good option from the industrial point of view. Nevertheless, the high 

viscosity of organic electrolytes reduces their conductivity, and therefore, the charge 

storage performance, and importantly, the power rate of the cell diminishes. Besides 

being expensive, their flammability and toxicity raise much concerns for the 

environment. They are expensive, as inert atmosphere and special equipment for 

drying and storage as well as cell assembly are required.  

 

      2.4.3. Ionic Liquids 

Ionic liquids (ILs) can be defined as organic salts composed of cations and anions with 

a low melting point (around 100 °C). Basically, the big dimension of cations results in 

inefficient packing of ions in the structure which results in decreasing the melting 

temperature of ionic liquids [191]. Room temperature ionic liquids are a category of 

this family which can remain in the liquid form at ambient conditions. ILs are 

environmentally friendly, nonvolatile, and air/water stable, which makes them a 

promising candidate for different applications such as energy storage. In contrast to 

two aforementioned category of electrolytes, there is no solvent in the composition of 
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ionic liquids (ILs), which brings both positive and negative features for this class of 

electrolytes. ILs can be categorized further into two main groups, including protic and 

aprotic. The most important characteristic of ILs is their superior electrochemical 

stability (lack of solvent decomposition), which allows them to operate in a wide range 

of voltage (up to 3V). Due to the very high decomposition temperature, around 300 °C, 

ILs based ECs can be employed for a wide range of temperature for sensitive energy 

storage applications. Versatility in term of ionic size, the charge storage behavior of 

ECs can be optimized by selecting proper ILs. IL-based ECs show a superior cycle life 

performance in the absence of susceptible  solvents. Nevertheless, their high viscosity 

results in a poor ionic conductivity (a few mS/cm) as well as limited power 

performance. Noteworthy, the conductivity of ILs is related to more than sole viscosity, 

because other parameters such as charge delocalization and density are involved. For 

example, [EMIm][BF4] has a viscosity equivalent to η = 41.2 mPa, which is higher than 

that of [EMIm][TFSI]. However, [EMIm][BF4] shows a higher conductivity.  

 

2.5. Electrochemical cells  

In this thesis, three different cells have been used for the purpose of electrochemical 

characterizations. The first one is named Swagelok® cell, which is designed in a two-

electrode symmetric system with the possibility of connecting the reference electrode 

for three-electrode cell experiments. Figure 20a represents the schematic of this cell, 

which is made of two current collectors from stainless steel or titanium/gold for the 

sake of running experiments in neutral/basic or acidic media, respectively. The main 

body of the cell is made of PTFE (Teflon) to prevent from the short circuit between 

electrodes. In this configuration, electrode materials usually are cut in a round shape 

with a diameter of ≤ 10 mm. A microfiber cellulose paper (GFD, Whatman GmbH) with 

a 12 mm diameter was used as the separator to prevent from the contact between 

electrodes. The amount of injected electrolyte was around a few hundred microliters 

(Article 1, 2, and 3).  

Another cell that was employed for evaluation of electrode materials in ionic liquids 

(Article 4) is named ECC-Ref cell from EL-CELL GmbH, which can be used in both two 
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and three-electrode fashion (Figure 20b). For this purpose, electrodes with a diameter 

of 16 mm were used in a symmetric way, where two cellulose papers (GFA, Whatman 

GmbH) with an 18 mm diameter served as the separator. A 700 microliters portion of 

different ILs was used as the electrolyte for these investigations. For three-electrode 

experiments, a small piece of carbon was used as the reference electrode. Finally, a 

dilatometer cell named ECD-3-nano from EL-CELL GmbH was employed to track the 

operando volumetric expansion of electrodes in ILs (Article 4). The dilatometer cell 

(Figure 20c) was assembled in a three-electrode configuration, where an oversized 

counter electrode is placed against the working electrode (10 mm diameter, 120 µm 

thickness). A small piece of carbon electrode was used as the reference electrode in 

these studies. The cell is equipped with a sensor to measure displacement in the z 

direction within the electrode structure.  
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Figure 20. Schematic representation of the electrochemical cells that were employed 

in this dissertation, including Swagelok® (a), ECC-Ref (b), and dilatometer ECD-3-nano 

(c) cells. 
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2.6. Electrochemical techniques  

Cyclic voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS), Galvanostatic 

charge-discharge (GCD), are three main techniques that were employed for the 

electrochemical investigations in this dissertation.  

 

      2.6.1. Cyclic Voltammetry 

In CV experiment of two-electrode or three-electrode configuration, the variation of 

current against voltage/potential is recorded at constant scan rate. Based on the shape 

of the obtained profile, important information about charge storage behavior of a 

single electrode or a cell is accessible. For instance, an ideal electrochemical capacitor 

should be characterized by a rectangular shape voltammogram and be able to preserve 

its rectangular response by increasing the scan rate during charge and discharge of the 

cell. Applying high scan rates in a CV experiment allows us to detect the capability of 

an EC for a stable energy storage response even at high charge/discharge kinetics. The 

electrochemical behavior of single electrodes can be monitored exclusively by 

switching from two-electrode to three-electrode configuration. For this purpose, CV 

measurements can be used to determine the charge storage as well as the limits of 

stable working potential of electrodes. Finally, differentiating between the proportion 

of capacitive and faradaic currents is doable by running CV analysis at different scan 

rates.  

 

      2.6.2. Electrochemical Impedance Spectroscopy (EIS) 

 

The EIS method provides important information regarding the resistivity and 

conductivity of an electrode material or a cell. Evaluation of electrochemical responses 

in a broad range of time from microseconds to hours allows us to make a separation 

between various charge storage processes based on their time constant. This 

technique can be performed either by controlling the voltage or current. For instance, 

a sinusoidal signal with a small amplitude is carried out at different frequencies, while 
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the voltage of the system is fixed. Then, a profile, called Nyquist plot is obtained. The 

intersection of profile with the X axis reveals the Electrical Series Resistance (ESR) of 

the cell. This parameter represents the resistance that exist within the bulk of the 

electrolyte medium. The EIS plot of an ideal EC is characterized by a vertical line, 

although in practice there is a semi-circle part, which indicates charge transfer 

resistance (Rct). The last element provides information about the resistivity of the cell 

versus ionic diffusion, which can be interpreted based on the angle of the observed 

vertical line after the semi-circle part. This part which is also called Warburg diffusion 

usually has an angle close to 90o in ECs. Another important data which can be extracted 

indirectly from the EIS spectra is the relation between the capacitive responses versus 

the applied frequency of the cell. An ideal EC usually shows the same capacitive 

response in wide frequency range. 

 

      2.6.3. Galvanostatic Charge-discharge (GCD) 

This technique is considered as the main evaluation experiment for targeting energy 

and power outputs as well as long term stability of an EC cell. Generally, the variation 

of voltage/potential versus the time, under a specific applied current, results in a 

profile with a triangular shape for an ideal EC. In comparison with CV, this analysis 

provides a more reliable information related to the practical working voltage of a cell. 

Usually the performance of electrochemical cell is affected by a resistance called ohmic 

drop or IR drop. As this parameter can be easily distinguished in a GCD profile, the 

correct working voltage range of a system should be selected for calculation 

energy/power of EC. Similar to the CV experiment, applying high current densities in a 

GCD measurement allows us to determine the stability of cell. The cycle life of cell is 

mainly determined by GCD test. For this purpose, the cell faces continuous and 

repetitive charge-discharge cycles in a designated working voltage until its capacitance 

drops by 20% with respect to the value from the initial cycle. The cyclability of a cell 

can also be evaluated by a technique called floating (accelerated ageing). 
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Chapter 2 

Experimental work 

3. Article 1 

 
Title:         Electrochemical Capacitor Performance of Nanotextured 

Carbon/Transition Metal Dichalcogenides Composites 

Authors:   Elżbieta Frąckowiak*, Masoud Foroutan Koudahi, Maciej Tobis 

Journal:    Small 

DOI:           https://doi.org/10.1002/smll.202006821  

 

 

Motivation 

Integrating carbon substrates and redox-active materials is an interesting approach for 

enhancing both energy and power density of ECs in aqueous media. Based on the 

electrochemical response of the active material, a carbon can play a role as either the 

substrate or the conductive additive. In the case of highly conductive TMDs with a box-

like CV profile, it is possible to increase the loading of redox-active materials and 

employ carbons only as the conductive agent. 

The main goal of this article was to improve the electrochemical performance of TMD-

based ECs by designing electrode materials with a wide working potential and fast 

frequency response. Various composite electrodes based on different TMDs (FeS2, 

ReS2) and carbons (3DG, CNTs) were prepared. To optimize the proportion of TMD-to-

carbon, hybrid electrodes based on interconnected porous 3DG and FeS2 with 5, 10, 
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15, and 20 wt% were prepared using a one-step hydrothermal reaction. Successful 

preparation of composites was confirmed using XRD analysis. SEM studies revealed 

that the surface accessibility of 3DG strongly depends on the amount of the deposited 

TMD. Loading up to 15 wt% FeS2 does not have a significant impact on the porosity of 

3DG (no significant agglomeration was detected), while further deposition results in 

blockage of micropores. The electrochemical performance of composites was studied 

both as the single electrode and in a full EC cell. 1M NaSO4 was used as the electrolyte. 

Comparing the CV response of the symmetric cells based on composites showed that 

increasing the loading of FeS2 to 15% results in an improvement in the energy storage. 

However, 3DG-20 wt% FeS2 presented a limited charge response.  

Furthermore, the cell based on 3DG-20 wt% FeS2 (the optimal sample) demonstrated 

a wide working voltage (1.5V), indicating its potential for further investigation. Three-

electrode cell characterization revealed the relatively low catalytic activity of FeS2 for 

hydrogen evolution, as the electrode can operate well below the theoretical HER value. 

On the other hand, the positive electrode was polarized no further than the theoretical 

O2 line. This finding has significant implications for the design of TMD-based ECs, it 

suggests that FeS2 can be used to enhance the energy storage of ECs with the neutral 

aqueous electrolyte. Another key factor is the roughness of electrode materials, which 

can accelerate the rate of catalytic water decomposition. 

The power response of cells was determined by EIS analysis, in which their charge 

storage was monitored in a broad frequency range from 100 kHz to 1mHz. The EC cell 

based on 3DG presented better frequency response than 3DG-15 wt% FeS2. CV and 

GCD results agreed with the EIS data, as the charge storage of EC based on this 

composite showed a decline by increasing the scan rate to 100 mV s-1 or the current 

density to 2 A g-1. However, the cell exhibited good cyclability maintaining 80% of its 

initial capacitance up to 8000 cycles.  

Another reason for conducting this study was to evaluate the effect of morphology and 

structural defects on the charge storage of TMDs. Materials with high roughness and 

defect-rich surface degrades the working voltage of the cell by promoting the rate of 

catalytic water decomposition. 
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4. Article 2 

 
Title:         Fast response supercapacitor based on carbon-VS2 electrodes with a wide 

operating voltage range 

Authors:   Masoud Foroutan Koudahi, Elżbieta Frąckowiak* 

Journal:    Energy Storage Materials 

DOI:          https://doi.org/10.1016/j.ensm.2022.04.021   

 

Motivation 

Designing electrodes with an optimized electrochemical performance is one of the 

main challenges in developing aqueous-based ECs. In general, researchers are trying 

to integrate pseudocapacitive and EDL capacitive materials to improve the energy 

output of the cell. However, one should consider that most of the trendy 

pseudocapacitve materials such as 2D layered TMDs and MXenes show a high catalytic 

activity for water decomposition in aqueous media which results in narrowing the 

working voltage of the cell.  

Previous studies revealed the instability of aqueous electrolytes in ReS2-based ECs, 

where the working potential of electrodes was limited even below the theoretical 

values. In contrast, metal oxide/sulfides based on transition metals such as Mn or V 

have delivered charge storage in a wider working potential. Therefore, VS2 was 

selected for this study as the pseudocapacitive material. Our approach, to improve the 

energy and power response of ECs in neutral aqueous electrolytes, was based on 

electrodes that are well-stable against parasitic reactions (catalytic activity for water 

decomposition and oxidation/corrosion). 
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The amount of TMD loading governs the charge response of a hybrid electrode. To 

highlight this influence further, two composites with different VS2-to-3DG carbon 

proportions were prepared using a one-step hydrothermal treatment. SEM studies 

revealed a well-interconnected porous structure for the optimal composite electrode. 

Importantly, the materials seem to be significantly less dense, as the walls of pores are 

made of only a few layers of graphene. TEM analysis showed the possibility of having 

some VS2 nanoparticles that are deposited not on the surface but even in between 

parallel layers. In fact, the deposited VS2 nanoparticles can play the role of spacer to 

prevent the restacking of graphene layers, thereby increasing the surface accessibility 

of the electrode. 

Temperature-programmed desorption (TPD) analysis showed a very low proportion of 

edge-to-basal sites for this sample, which was assigned further to the influence of 

ammonia and the other precursors in reducing the 3DG oxygen content and improving 

the dispersibility of graphene layers during the self-assembly treatment. 

Electrochemical characterization was conducted to analyze the electrode's charge 

storage. It has been proven that the catalytic activity of electrodes can restrict the cell 

voltage, even in the case of materials like VS2 with high loading. Notably, the optimal 

composite exhibited a stable charge response, not only below the theoretical H2 but 

also versus the O2 evolution line. This finding is significant as it means a wide working 

voltage (1.8V) was available for the assembled symmetric cell, enhancing its practical 

applicability. The high stability of the 3DG/VS2 electrodes against corrosion reactions 

was demonstrated. Three-electrode cell studies also revealed that VS2 exhibits faradaic 

activity at initial potentials during the positive polarization, while a pure capacitive 

response was observed during the negative sweeping.  

A very high power response was observed even at 1 Hz or high scan rates and current 

densities. The wide working voltage and high-frequency response improved energy 

and power density of EC. 
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5. Article 3

Title:         Ti3C2Tx MXene as Intriguing Material for ElectrochemicalCapacitor

Authors:   Masoud Foroutan Koudahi, Elżbieta Frąckowiak

Journal:    Small

DOI:          https://doi.org/10.1002/smll.202307165

Motivation

MXenes are an interesting class of 2D layered materials that have been investigated 

frequently as the EC electrode. However, the main focus was on their charge storage 

response in a narrow range of negative potentials and there was no information 

regarding the performance of MXenes in a full cell. The mechanism behind the 

hydrogen storage of titanium carbides was remained unclear, and therefore, this study 

aimed to elucidate it. For this purpose, it was needed to evaluate the electrochemical 

response of MXenes in aqueous media with different pH to understand its effect on

the hydrogen adsorption/desorption. In addition, it was necessary to understand the 

type of interactions by which hydrogen atoms or molecules are adsorbed at the surface 

of MXenes. Furthermore, the working voltage of MXene-based ECs was severely 

limited. Hence, it was important to find alternatives for realizing cells with efficient, 

wide voltage operating. 

Careful evaluation of electrochemical interactions at the electrode/electrolyte 

interface, provided us with key information regarding the severe charge and potential 

imbalance between the negative and positive electrode. It was found that titanium 
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carbide MXenes are exclusively active at the negative potentials, where a combination 

of capacitive and faradaic currents (hydrogen electrosorption) contribute to the energy 

storage. Different mechanism was suggested for the nature of interactions that are 

involved in the hydrogen storage of MXenes.  

The cell voltage significantly was improved by realizing asymmetric ECs based on 

MXenes as a negative electrode and positive electrode in the form of activated carbon. 

In this case, a very wide working voltage (2V) in neutral electrolyte was obtained. Long-

term cyclability of the cell was reached with 80% of its initial capacitance value after 

22000 cycles. 
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6. Article 4 

 
Title:         Charge storage and operando electrochemical dilatometry of MXene 

electrodes in ionic liquids 

Authors:   Masoud Foroutan Koudahi, Andres Camilo Parejo Tovar, François Béguin, 

Elżbieta Frąckowiak* 

Journal:   submitted 

DOI:          -  

 

 

Motivation 

ILs are one of promising class of electrolytes due to their high electrochemical stability 

for energy storage applications. MXenes show a rich charge storage behavior in 

aqueous-ECs, although their working potential is severely limited. Design of IL-based 

ECs is an important step in extending the applications of MXenes in energy storage. 

For this purpose, it is vital to understand the fundamentals of interactions at the 

electrode/electrolyte interface in these systems. A comprehensive study was carried 

out, where titanium carbides and molybdenum titanium carbides with different 

structural and chemical properties were prepared.  

Physicochemical characterizations such as XRD and SEM revealed the difference 

between the interlayer spacing of the samples. XPS analysis exhibited the possibility of 

controlling the surface functional groups, which play a significant role in the energy 

storage of MXenes. Ti carbides presented a well delaminated structure, while in the 

case of Mo/Ti carbide a relatively dense structure after etching was observed. 
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Typical electrochemical characterization but also operando electrochemical 

dilatometry measurements, were carried out to explain the importance of preparation 

method on key properties such as interlayer spacing and surface functionalities, and 

subsequently, their influence on the energy storage of MXenes-based ECs. Ionic liquids 

with different size of cation and anion served as electrolytes. CV response presented a 

combination of faradaic and capacitive current that are involved in the charge storage 

of titanium carbides during the negative polarization. Dilatometry investigations 

provided important information in linking the growing capacitive response of 

negatively polarized titanium carbides with its volumetric expansion. In contrast, 

Mo/Ti carbides exhibit volumetric expansion only during the positive polarization. 

Faradaic current could be interpreted by the hydrogen bonding, hydroxide surface 

groups at MXene can share their hydrogen with ionic liquids that can play the role of 

hydrogen acceptor. 

For the first time, charge/discharge phenomena of Mo/Ti carbides have been studied 

in ionic liquids using operando electrochemical dilatometry. 
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7. Article that are not included in this thesis 

 
Title:          Reline deep eutectic solvent as a green electrolyte for electrochemical 

energy storage applications† 

Authors:   Sara Azmi, Masoud Foroutan Koudahi, Elzbieta Frackowiak* 

Journal:    Energy & Environmental Science 

DOI:          https://doi.org/10.1039/D1EE02920G  

 

Motivation 

Deep eutectic solvents (DES) have been attracted much attention in the recent years 

due to their green and environmental friendly nature. In addition, they have an 

excellent anti-corrosion properties, resulting in the elongation of the working life of 

the current collectors in an electrochemical cell. Similar to organic electrolytes, 

solvent-free media can provide a stable working voltage for ECs, although the cell 

assembly requires inert atmosphere, which is expensive. Realizing DES-based ECs in 

ambient conditions results in a considerable decrease at the cost and the time of cell 

production. The flexibility of cell handling at the air allows us to have a better control 

over important characteristics of DES such as its high viscosity. In addition, the nature 

of interactions between DES molecules and the surface of porous electrodes is 

complex. Therefore, reline DES electrolyte with different viscosity and electrode 

materials with various porous texture were selected to gain a comprehensive 

knowledge about the mechanism of charge storage in these systems. It was found that 

a stable EDL response in a wide voltage range (up to 2.2V), with a high energy 

efficiency, and a long life span can be reached. Improving the rate of ionic diffusion 

was crucial, in particular from the bulk electrolyte to the inner structure of the 

electrode. Addition of small amount of water up to the certain value improved the 

charge storage of the cell without degrading key metrics such as cycle life or the self-

discharge. 
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