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2. ABBREVIATIONS AND SYMBOLS 

ac   alternating current 
AN  acetonitrile 
BET  Brunauer-Emmett-Teller  
C  capacitance 
CCC specific capacitance calculated from constant current 

charge/discharge data  
Cm specific capacitance 
Cm;CV specific capacitance calculated from cyclic voltammetry data  
Cp parallel capacitance  
Cs series capacitance 
CCCD  constant current charge/discharge method 
CDC  carbide derived carbon 
CNT  carbon nanotube 
CV  cyclic voltammetry 
ΔE  cell potential 
E  energy 
Eac(t)  ac potential 
E0,ac  ac potential amplitude 
Ein   energy density stored/accumulated 
Emax  maximum amplitude of ac potential 
Eout   energy density released 
EDLC  electrical double-layer capacitor 
EIS  electrochemical impedance spectroscopy 
EMImBF4 1-ethyl-3-methylimidazolium tetrafluoroborate 
Et3MeNBF4 triethylmethylammonium tetrafluoroborate 
ESR  equivalent series resistance 
f  frequency in Hz 
fint  frequency of interception points 
F  Farad 
g  gram 
Iac(t)  ac current 
I0,ac  ac current amplitude 
i  current density 
j  imaginary number 
m  mass 
NLDFT non-local density functional theory 
P  power 
PTFE   polytetrafluoroethylene 
PVDF  polyvinylidene fluoride 
P(ω)  active power 
p/p0  relative pressure 
q  charge 
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Q(ω)  reactive power 
Rp  parallel resistance 
Rs  high frequency series resistance 
Rpore  pore resistance 
RTIL  room temperature ionic liquid 
SAIEUS Solution of Adsorption Integrated Equation Using Splines 
sgTiC  titanium carbide synthesized by sol gel method 
SDFT  specific surface area  
SC  supercapacitor 
SEM  scanning electron microscopy 
S(ω)  complex power 
t  time 
TBABF4 tetra-n-butylammonium tetrafluoroborate 
TiC  titanium carbide 
TiC-CNT titanium carbide and carbon nanotube composite 
v  potential scan rate 
XRD  X-ray diffraction 
XRF  X-ray fluorescence 
Z   impedance 
Z′  real part of impedance    
Z″  imaginary part of impedance 
wt%  weight percentage 
σ  charge density 
ηcoul  coulombic efficiency 
ηen  energy efficiency 
θ  phase angle between voltage and current 
τR  characteristic time constant 
Ω  ohm 
ω  angular frequency 
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3. INTRODUCTION 

In recent years, the demand for versatile energy storage systems has risen quite 
fast. The environmental impact of energy consumption for some regions has 
additionally increased the necessity for new energy storage devices with high 
power and energy densities needed for the stable integration of sustainable, but 
fluctuating photovoltaic, wind, and concentrated solar power generation sys-
tems into very large-scale electricity grids [1–5].  

Modern electrical energy conversion/storage systems can be divided into 
four groups like supercapacitors, batteries, electrolysers, and fuel cells. Super-
capacitors and batteries are more suitable for so-called short- and medium-term 
electricity storage. Electrolysers and fuel cells combined can be used for the 
long term and even for seasonal electricity storage and regeneration of electri-
city [1–3,6–15]. 

The commercialization of supercapacitors vastly increased due to their extre-
mely high power delivery characteristics that fill the gap between the dielectric 
capacitors and traditional batteries. Supercapacitors complement batteries and 
fuel cells in applications where high power and energy densities are important 
such as peak power sources, hybrid electric vehicles, space devices, digital 
communication devices, mobile phones, and industrial applications [6–9,16–
19]. 

Supercapacitors have gained much attention because they have high specific 
capacitance, very long cycle life, very high power density, and very low main-
tenance costs [6,20]. The energy storage characteristics of supercapacitors are 
largely determined by the electrical capacitance, system resistance, and maxi-
mum cell potential all dependent on electrolyte properties used. Energy density 
is proportional to capacitance and is highly dependent on the micro-mesoporous 
structure of electrodes used [6–12,17,21,22]. 

One of the most used electrode materials in supercapacitors are different 
porous carbon materials, like activated carbons, carbon aerogels, carbon cloth, 
carbon black, etc. as well as carbide derived carbons. The unique porous struc-
ture of carbide derived carbon with the narrow pore size distribution and a 
possibility to fine-tune the pore size and volume has given them great potential 
as electrode materials in supercapacitors [9,17,23–27]. 

One limiting factor in achieving high energy and power density is the mode-
rate working cell potential of different electrolytes that can be applied for super-
capacitors [16,28–30].  

To achieve an excellent performance of a supercapacitor it is important to 
optimise the characteristics of components like electrodes and electrolytes. For 
electrodes, it is important to tune the micro-mesoporosity, pore size distribution, 
and thickness. For the used electrolyte it is important that it has a high electro-
chemical window and that the electrolyte ions suit the selected electrode mate-
rial and separator. 
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Sol-gel technology is a versatile technology, making it possible to produce a 
wide variety of materials like powders, fibers, coatings, and monoliths [31,32]. 
In the sol-gel method CNTs, dispersion, and liquid matrix precursors are mixed 
at a molecular level which allows homogeneous CNTs dispersion and a mole-
cular interaction with the matrix [33,34]. 

 
The main results and research directions of this work are:  
1. Modify the sol-gel synthesis methods for preparation of well developed 

micro- and mesoporous electrodes with optimal hierarchical structure. The 
sol-gel method gives additional mesoporosity to the initial carbide material 
that results also in the derived carbon material, unlike when the commer-
cially synthesized titanium carbide is used as a precursor for the chlorination 
reaction to synthesize carbon material. 

2.  Development of operando activation and passivation methods for future en-
largement of ideal polarizability region of electrodes and therefore electrical 
double layer supercapacitors power and energy densities. 

3. Application of modified novel porous carbon electrodes for preparation of 
high power and energy density symmetrical ideally polarizable electrical 
double layer supercapacitors and detailed testing and characterization of 
completed two electrode cells using various physical and electrochemical 
methods. 
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4. LITERATURE OVERVIEW 

4.1. Sol-gel process 

4.1.1. Synthesis of transition metal oxide by sol-gel process 

The sol-gel process is a wet chemical method used for the synthesis of different 
oxide materials. The technology can also be used in the preparation of non-
oxide materials like nitrides, carbides, fluorides, sulphides, etc. The sol-gel pro-
cess involves the generation of colloidal suspensions (“sols”) which then are 
subsequently converted to viscous gels and after thermal treatment are con-
verted to solid materials, for example, different powders and films (Fig. 1) [31, 
35–38].  

 
 

 
Figure 1. Sol-gel synthesis. 

 
Most used precursors are different metal alkoxides M-(OR)n that go under 
hydrolysis and polycondensation reactions. In the hydrolysis process a reactive 
metal hydroxy group M-(OH)n is generated according to Reaction 1: M-(OR)n+nH-OH→M-(OH)n+nR-OH.       (1) 
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Polycondensation will start as soon as hydroxo groups are generated and three 
competitive mechanisms (depending on the chemical reaction conditions) 
occur: alcoxolation, oxolation, and olation. Alcoxolation (Reaction 2) occurs 
when the alkoxy precursor reacts with the hydrolysed precursor: M-OH+M-OR →M-O-M+R-OH,                                            (2) 
oxolation (Reaction 3) occurs when hydrolysed precursor reacts with other 
hydrolysed precursors: M-OH+M-OH →M-O-M+H-OH,                                           (3) 
and olation (Reaction 4) occurs when bridging hydroxo groups are formed 
through the elimination of a solvent molecule:  M-OH+M →M-O-M+R-OH.                                                  (4) 
Olation occurs when the full coordination of the metal atom is not satisfied in 
the alkoxide formation. As a result of the three condensation mechanisms oligo- 
and polymeric chains (-M-O-)n are formed and this leads to the formation of a 
3D network. Dominating mechanism depends on the pH, water/alkoxide ratio, 
the concentration of the alkoxide, and the reaction temperature. Also, it is 
important to control the hydrolysis and polycondensation reactions to produce a 
homogeneous metal oxide network. For the metal alkoxide to go under full 
polycondensation reaction, the compound used for the carbon source must have 
at least two or more hydroxy groups. After the processes of hydrolysation and 
condensation, the gelation process takes place, where the formation of a 3D-
network of sol particles will occur. The gelation process begins with the 
interaction of the particles in the sol with each other and forming clusters that 
aggregate until a 3D-network, also called gel, is formed. The interaction can 
occur either via hydrogen bonding or via coalescence with the formation of M–
O–M bridges. After the gelation process, the forming of the gel network can be 
dried to form a porous xerogel [31,32,35–41]. 

 
4.1.2. Synthesis of carbide precursor by sol-gel process 

For synthesizing metal carbide precursor xerogel by sol-gel process, the metal 
alkoxide polycondensation is carried out by transesterification of the OR groups 
in metal alkoxide M-(OR)n by adding ligands which act as bridging ligands. For 
bridging ligands, diols or other chemicals are used that have two or more reactive 
OH groups [42,43]. The transesterification (Reaction 5) followed by poly-
condensation (Reaction 6) of M(OR)n is shown in sequent reactions as follows: M-(OR)n+HO-X-OH→(OR)n-1-M-O-X-OH+ROH        (5) 
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(OR)n-1-M-O-X-OH→ - ቂO-M(OR)n-2O-X-ቃm +ROH       (6) 
The transesterification process is necessary to increase the carbon content of 
carbon in precursor gel for carbothermal reduction to synthesize stoichiometry 
metal carbides [36]. 
 After the polycondensation reactions, the solvent is evaporated, and dried 
powder is obtained. This is followed by sequential heat treatments. Firstly, the 
pyrolysis of the dried gel results in metal oxide and carbon mixture. Final metal 
carbide is obtained via carbothermal reduction (in inert atmosphere) reaction of 
the resulting oxide and carbon according to Reaction 7 [44,45]: MeOn+(n+1)C→MeC+nCO.       (7) 
 

4.2. Electrical double layer theory 
An electrical double layer forms whenever two conducting phases meet at an 
interface. Usually, one of the phases is positively charged and the other phase is 
balanced by a counter charge so it is negatively charged [46].  
 There are many different electrical double layer models that include Helm-
holtz, Gouy-Chapman, Stern, Grahame, and more modern models like Amokrane-
Badiali and Kornyshev-Vorotyntsev models. 
 The term “electrical double layer” comes from the Helmholtz model that he 
created in 1853. In the Helmholtz model, two layers of charges are formed at 
the interface of electrode and solution (electrolyte) having opposite polarity and 
these layers are separated by a short distance (order of few angstroms). Ac-
cording to the Helmholtz model, the variation of the potential of the double 
layer with distance into the solution is linear and the electrical double layer 
leads to a difference of potential between the solid electrode and the liquid 
(electrolyte) phase. There are a few limitations that the Helmholtz model has. 
Firstly, it does not take into account that in a solution (due to the thermal 
motion of liquid molecules) there may not be a rigid array of charges at the 
interface. The model assumes a fixed layer of oppositely charged ions in a 
solution. Secondly, the Helmholtz model predicts a constant capacitance for the 
electrical double layer. Experimentally it is found that the capacitance is not 
constant with the cell potential. And thirdly, it does not consider the different 
properties of the double layer with concentration of electrolyte and temperature 
[6,17,47,48]. 
 The Gouy-Chapman theory is an expansion of the Helmholtz model that was 
proposed in the early 1900s. Gouy-Chapman's model considers that at the 
interface the electrical double layer is not fixed but there is a diffuse double 
layer. The diffuse layer means that one layer is fixed on the electrode and the 
oppositely charged layer is diffused in the electrolyte (the ions are spread out 
into the solution). The potential change from one layer to another is not linear 
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but exponential. The Gouy-Chapman model considers the properties of double 
layer change with electrolyte concentration and temperature and that the capa-
citance of the double layer changes with the electrode potential. Thus, the 
capacitance in the double layer is not constant and it depends upon the applied 
potential across the electrodes and the concentration of the electrolyte [6,17, 
47,48]. 
 The Stern theory combines the essentials of Helmholtz and Gouy-Chapman 
theories and was proposed in 1924. According to Stern theory, the electrical 
double layer has two layer regions. One layer is fixed at the electrode surface 
(Helmholtz layer) and the oppositely charged layer (diffused layer) consists of 
two parts. The first part remains almost fixed to the electrode (approximately of 
single ion thickness) and forms a compact layer near the electrode and the 
second part is distributed through the electrolyte and is thought to move freely 
along with the liquid. The variation of potential in the Stern model is that in the 
first layer (Helmholtz layer) there is a linear change in the potential but in the 
diffuse layer the potential change is exponential. The capacitance of the 
interface depends on the electrode potential and the concentration of electrolyte 
solution [6,17,47,48]. 
 More modern double layer models developed by Amokrane-Badiali and 
Kornyshev-Vorotyntsev are taking into account that the metal electrodes as well 
carbon electrodes are not ideal conductors (so called ideal metals). There is a 
potential drop inside of the electrode surface layer (a thin film of a metal 
surface) depending on the electronic characteristics of the metal, i.e. on the 
metal dielectric constant and the effective mass of the electron as well as on the 
number of electrons in the volume of the metal unit [49–52]. 
 
 

4.3. Supercapacitors 
The first electrochemical capacitor or so called supercapacitor device was 
patented by General Electric’s H.I. Becker in 1957 but the first theory about the 
electrical energy storage at the electrode|electrolyte interface goes back to the 
late 1800s as mentioned in the previous chapter [53]. 

Supercapacitors are one of the main energy storage devices that also include 
conventional capacitors, batteries, and fuel cells. Supercapacitors fill the gap 
between batteries, that have a high energy density, and electrolytic capacitors, 
that have high power density (Fig. 2) [8,17,54]. 



16 

 
Figure 2. Ragone plot for different energy devices [8,55]. 

 
Depending on their charge storage mechanism, electrochemical capacitors can 
be subcategorized in three different ways: electrical double layer capacitors 
(EDLCs), pseudocapacitors, and hybrid electrochemical capacitors. When the 
EDLC is connected to a power supply, the surface of electrodes is charged and 
attracts ions of the opposite charge form together an electrical double layer, 
where energy is stored (Fig. 3). The major difference of EDLCs compared to 
other types of electrochemical capacitors like pseudo and hybrid capacitors is 
that there are no redox reactions involved in the energy storage process, and the 
charges are stored only at the surface of the carbon electrode electrostatically. 
Pseudocapacitors store charges with fast and reversible faradic redox reactions 
and hybrid electrochemical supercapacitors use both electrical double layer and 
faradic mechanisms to store charges [5,6,17,20,28,48,56–61].  
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Figure 3. Mechanism of charge and discharge process of EDLC [61]. 

 
Supercapacitors are mainly used to generate high power pulses. The power 
density or the charge/discharge time for EDLCs will be determined by how fast 
the ions transport within the electrode material takes place [61]. The power 
density [56] of the EDLC cell can be expressed as Eq. 1: 𝑃 = (∆ா)మସோೞ         (1) 
where Rs is the equivalent series resistance (ESR) and ΔE is the maximal cell 
potential. To see how long the power lasts, the energy density is also calculated 
according to Eq. 2: E= C (∆E)22         (2) 
where C is the series capacitance and ΔE is the maximal cell potential. 

The main technical specifications besides energy and power density that 
electrochemical supercapacitors have and what we must consider as a whole set 
to get a good performance of an EDLC are: capacitance, equivalent series 
resistance, cycle-life, self-discharge rate, and thermal stability [10,11]. 

Supercapacitor consists of four main elements: electrodes, electrolyte, sepa-
rator (or membrane), and casing. Since those components each make up the 
overall price of the device, it is important to modify all components together to 
get the best performance and the biggest price reduction. The biggest share of 
the cost is usually the electrode materials (28%) and the electrolyte (27%). 
Separator makes up to 23% of the overall cost and casing and production 22% 
[60]. In the next chapters, the 3 main elements are viewed.  
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4.3.1. Carbide derived carbon as an electrode material 

Carbide derived carbons (CDCs) are porous carbons that are synthesized via 
halogenation (commonly chlorination with Cl2 gas) of metal or nonmetal 
carbides. The final structure of the carbon can be ordered or disordered which 
depends on the temperature of the halogenation reaction and the initial carbide 
used. The size of the pores in the final CDC is influenced by the distribution of 
carbon atoms in the initial carbide, the amount of chlorides formed and chlorine 
trapped in the CDC, the size of the chloride molecule, the presence of catalytic 
particles, and the effect of optional post-treatments, such as activation, or mild 
oxidation. Secondly, there is a temperature effect on the halogenation reaction 
kinetics and on the pore size distribution of the final carbon. Increasing CDC 
synthesis temperature generally leads to larger pores and eventually to a broader 
distribution of pore sizes. The optimum synthesis temperature for large specific 
surface area CDC would correspond to the conditions when all the pores formed 
in the CDC are open and large enough to be accessible to inert gases and are 
free from contaminants. Thirdly, CDCs final porosity is also affected by the 
porosity of the initial carbide. CDCs synthesized from carbide single crystals do 
not possess macroporosity, unlike carbons produced from porous sintered 
samples of carbides having initial porosity up to 16% by volume. This means 
that the meso-and microporosity in the initial carbide does not change noti-
ceably during the chlorination process and can be controlled by controlling the 
porosity of carbides. Thus, the total volume and characteristic dimensions of 
meso- and nanopores can be predicted and achieved by the selection of carbi-
des, and variation of the chlorination process parameters. For example, synthe-
sizing the initial carbide via the sol-gel method gives the initial carbide addi-
tional porosity which also results in the final micro- and mesoporous carbon 
material. Micro- and mesoporous CDC with open pores is a nearly ideal 
material for high power density supercapacitor devices [25,62–64].  
 
 

4.3.2. Electrolytes  

There are mainly three types of electrolytes used in supercapacitors: aqueous, 
organic, and ionic liquid electrolytes. All these electrolytes have their advan-
tages and disadvantages. Aqueous electrolytes have high ionic conductivity but 
the disadvantage is the small electrochemical thermodynamic stability window 
of water (up to 1.23 V), thus high energy and power densities (that correspond 
to a voltage that can be applied to the supercapacitor) are hard to achieve. On 
the other hand, aqueous electrolytes are the cheapest and since electrolyte cost 
is substantial to the overall cost of the supercapacitor, then it is another ad-
vantage.  

The second most common electrolyte used is an organic electrolyte (salt + 
organic solvent). Organic electrolytes have a larger electrochemical window (up 
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to 3 – 3.5 V) but they have lower conductivity and are pricier than aqueous 
electrolytes.  

The third electrolyte type applied and studied is ionic liquids. The ionic 
liquid electrolytes have the largest electrochemical window (up to 4 – 5 V) but 
have high viscosity and low ionic conductivity and the cost of some room tem-
perature ionic liquids is very high [56,60,65]. 
 
 

4.3.3. Separators 

To prevent the short circuiting of the supercapacitor, the electrodes need to be 
physically separated. For that, electrically insulating separator material is used. 
Although it must be porous so the ions of the electrolyte can pass through the 
separator for charge compensation during charging and discharging. The most 
used separators are made from porous polymeric membranes, such as cellulose, 
polypropylene, polyvinylidene fluoride (PVDF), and polytetrafluoroethylene 
(PTFE). Also, some other qualities that the separator must possess are chemical 
inertness to solvents and salts, thermal stability, good wettability, mechanical 
stability, and low weight and volume [60,66]. 
 
 

4.4. Physical characterization methods  

4.4.1. X-ray diffraction and Raman spectroscopy 

To characterize EDLC electrode materials, widely used techniques are X-ray 
diffraction and Raman spectroscopy analysis methods.  

X-ray diffraction (XRD) is a non-destructive technique for characterizing 
crystalline materials. XRD gives information about phases, structures, and their 
parameters, like grain size, crystallinity, and crystal defects. XRD patterns can 
be used to determine the deviation of a particular component from its ideal com-
position and/or structure. XRD peaks are produced by constructive interference 
of a monochromatic beam of X-rays scattered at specific angles from each set of 
lattice planes in the sample. The peak intensities are determined by the atomic 
positions within the lattice planes. For EDLC electrodes, amorphous carbon 
materials are used, therefore the XRD pattern measured for non-crystalline 
materials (amorphous solids), is essentially continuous in appearance, hence no 
solid peaks are determined but more of continuous bumps are shown in the 
diffractogram. However, for porous carbon materials synthesized from carbides, 
a typical diffractogram shows continuous wide diffraction peaks 002 (2θ ~ 26°) 
and 100/101 (2θ ~ 43°). The 002 peak corresponds to parallel-oriented graphite 
layers and 100/101 peak characterizes the size of the graphite layer [67–71]. 

Raman spectroscopy is an optical, vibrational spectroscopic technique that 
provides detailed information about molecular composition and molecular 
structure of material under examination. For disordered amorphous carbon 
materials, Raman spectra demonstrate two peaks which are typical for 
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amorphous carbon materials including carbons synthesized from carbides. The 
first peak is so-called G-peak at 1590 cm─1 and the second is so-called D-peak at 
1350 cm─1 [65,72–75].  

 
 

4.4.2. Gas sorption method 

The gas sorption method is used to analyse the porosity of the electrode mate-
rials. IUPAC classification of pore sizes are as follows: micropore diameter is 
below 2nm, mesopore diameter varies from 2 to 50 nm and macropores have 
diameter above 50 nm. Pores can be opened and/or closed. When the material 
has closed pores, then that means that no substances can get into those pores. 
For CDCs pore structure, the most used method is low-temperature nitrogen 
sorption. The resulting isotherm is analysed and applying an appropriate theory, 
we can conclude if the material is micro-, meso- or macroporous. For more pre-
cise characterization CO2 and Ar are also used and the isotherm and pore size 
distribution analysis is a combined method of two or more gases [65,76–78]. 

For comparison of different materials, quantitative analysis of isotherm data 
is required and for this, several methods are used. The most common methods 
are Brunauer-Emmett-Teller (BET) and non-local density functional theory 
(NLDFT). The NLDFT is well suited for the analysis of micro- and mesoporous 
materials. In recent years, Micromeritics company has developed SAIEUS 
(Solution of Adsorption Integrated Equation Using Splines) program that uses 
the 2D-NLDFT model, that tries to take into account the energetic heterogeneity 
of the carbon surface [65,77,79–81].  

 
 

4.5. Electrochemical characterization methods 

4.5.1. Cyclic voltammetry 

Cyclic voltammetry (CV) is very commonly used to characterize the behaviour 
of an electrochemical cell conducting or an electrode material characteristics if 
a three electrode system is used. Cyclic voltammetry measures the current that 
flows through an electrochemical cell as the voltage is swept over a voltage 
range. In CV measurements the voltage is swept between the two limiting 
potentials and a pair of sweeps in opposite directions is called a cycle. The scan 
rate shows the rate of voltage change over time during each of these cycles. In 
the case of an ideal EDLC, the C, ΔE plot shape is rectangular and it is sym-
metrical relative to the zero current line [82–85]. 

The total capacitance of a two-electrode cell can be calculated from the CV 
data (current density vs voltage curves) according to Eq. 3: 𝐶 = ூ௩                                                                                      (3) 
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where I is current in amperes and v = dΔE/dt is the potential scan rate. With this 
equation we assume that the total capacitance of the cell is constant, a series 
resistance is very small Rs → 0, and therefore the current I → 0. For more 
correct analysis the medium capacitance values can be calculated over the cell 
potential range ΔE using the integrated total charge density (σ) values, obtained 
according to Eq. 4: 𝜎 = ׬ 𝑖(∆𝐸)𝑑𝑡 ≡∆ாమ∆ாభ ׬ 𝑖(∆𝐸) ௗ(∆ா)ா∆ாమ∆ாభ .       (4) 

This equation can be used only within the region of moderate cell potential scan 
rates (if the values of current density i are small) as only in these conditions the 
potential drop due to cell resistance R→ 0 is negligible. When the electro-
chemical cell consists of a symmetrical two-electrode system (electrodes are in 
series) then the specific capacitance Cm (F g─1) can be calculated with the 
following Eq. 5: 𝐶௠ = ଶ஼௠           (5) 
where m is the mass of the carbon material in one electrode. For this equation, 
the positively and negatively charged electrodes have the same capacitance at 
fixed ΔE [22,63,86–90]. 
 

4.5.2. Constant current charge/discharge method 

The constant current charge/discharge method (CCCD) is a standard technique 
to evaluate the performance and cycle life of EDLCs and batteries. In CCCD, 
the constant current density is applied to the electrochemical cell against time 
and the dependence of potential going through the cell is measured. For ideal 
EDLCs, the measured potential vs time plot is symmetrical and linear. The 
capacitance of the real cell is calculated by using the integration of the dis-
charge curve: 

𝐶஼஼ = ׬ ௜ௗ௧∆ಶమ∆ಶమௗ(∆ா)                                                       (6) 
where i is the current density, dt is the change in time and ΔE is the change in 
cell potential [70,91]. 

The cycling efficiency (coulombic efficiency ηcoul) is calculated as a ratio of 
charge densities released and accumulated during the discharging and charging 
steps. For more correct analysis energy efficiency (ηen) is calculated i.e., the 
CCCD curves are integrated, and the energy densities stored (Ein) and released 
(Eout) are calculated by Eq. 7: 
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𝐸௜௡,௢௨௧ = 𝑖 ׬ ∆𝐸(𝑡)𝑑𝑡௧(∆ா೘ೌೣ)௧(∆ா೘೔೙)         (7) 

where t is time in seconds and Emax and Emin are maximal and minimal cell 
potentials applied. The value of ηen is calculated according to Eq. 8: 𝜂௘௡ = ா೚ೠ೟ா೔೙ ∙ 100%         (8) 

where Eout is energy released and Ein is the energy accumulated during constant 
current charging cycle [65,91]. 
 
 

4.5.3. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is an electrochemical technique 
to measure the impedance of a system independence on ac frequency. EIS is a 
popular technique because it allows separating the influences of different com-
ponents, like the contribution of the electron transfer resistance, double layer 
capacitance, faradaic reaction capacitance, and more. 

In EIS measurement, a sinusoidal potential signal (Eq. 9) is applied to the 
system and the corresponding current (Eq. 10) is measured: 𝐸௔௖(𝑡) = 𝐸଴,௔௖𝑠𝑖𝑛(𝜔𝑡)        (9) 𝐼௔௖(𝑡) = 𝐼଴,௔௖𝑠𝑖𝑛(𝜔𝑡 + 𝜃)                  (10) 
where E0,ac is the ac potential amplitude, I0,ac is the amplitude of the ac current, 
ω is the angular frequency (2πf), t is the time and θ is the phase angle. For 
complicated electrical circuits, the current and potential are often out of phase, 
the potential is lagging the current and for the ideal capacitor, the phase angle 
value is ─90° [92,93].  
 In real electrochemical systems, consisting of resistive and capacitive ele-
ments, i.e. with corresponding components, the complex impedance is presented 
as follows: 𝑍(𝜔) = 𝑍ᇱ(𝜔) + 𝑗𝑍ᇱᇱ(𝜔)       (11) 
where Z′(ω) = Rs is the real part of impedance (θ = 0°) and Z″(ω) = (─1)/ωC  
(θ = ─90°) is the imaginary part of impedance [92,93]. 
 EIS measurement data can be presented in different ways. The first and most 
common one is the Nyquist plot, Z″(ω) vs. Z′(ω). The second one is called the 
Bode plot, |Z(ω)| vs. ac frequency, and the third one is the phase angle graph, θ 
vs. ac frequency [7,17,18,87,94–96]. 
 The Nyquist plot for a typical EDLC consists of three parts: a semicircle at 
higher ac frequencies, a ─45° slope region at intermediate ac frequencies, and a 
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vertical line at the low ac frequency range. The semicircle at higher frequencies 
corresponds to charge storage steps, the series resistance of the electrode mate-
rial, charge transfer resistance inside the electrode material structure, and the 
mass transfer resistance. The intermediate frequency region with a slope of ─45° 
is characteristic of the mass transfer limited process with adsorption boundary 
conditions in the electrode matrix. In the low-frequency ac region, so-called 
double-layer capacitance region (finite length region), there is a line with a 
slope of −90°, which indicates the adsorption step rate limited process inside the 
electrodes. The “knee” frequency (where the ─45° slope becomes −90°) indi-
cates accessibility of ions into the pores and the higher the “knee” frequency 
value, the easier access of electrolyte ions into the pores of the electrode 
material and better performance of the EDLC at fast charge and discharge con-
ditions. In the case of an ideal EDLC, only the vertical line (capacitance) of the 
Z″(ω) vs. Z′(ω) plot is constant over the entire frequency range [6,8,17,93–99]. 

The value of series capacitance is calculated according to Eq. 12: 𝐶௦(𝜔) = ିଵఠ௓ᇴ(ఠ)      (12) 
where ω is an angular frequency (2πf) [6,65,97,98]. 

The values of complex power can be expressed as: 𝑆(𝜔) = 𝑃(𝜔) + 𝑗𝑄(𝜔)       (13) 
where the active power P(ω) is: 𝑃(𝜔) = 𝜔𝐶ᇱᇱ(𝜔)|Δ𝐸௥௠௦|ଶ       (14) 
and the reactive power Q(ω) is: 𝑄(𝜔) = −𝜔𝐶ᇱ(𝜔)|Δ𝐸௥௠௦|ଶ       (15) 
with |Δ𝐸௥௠௦|ଶ = ୼ா೘ೌೣ√ଶ  and Emax is the maximum amplitude of ac potential. In 
the case of an ideal capacitor, there is no real part and there is only the reactive 
contribution to the complex power, so Eq. 13 simplifies as follows: 𝑆(𝜔) = 𝑗𝑄 = − ௝୼ாೝ೘ೞమ|௓ᇲᇲ| = −𝑗𝜔𝐶Δ𝐸௥௠௦ଶ .       (16) 
Systems with ideal resistive behaviour have no imaginary part and the equation 
for complex power takes the form: 𝑆(𝜔) = ୼ாೝ೘ೞమ|௓ᇲᇲ| .       (17) 
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Characteristic charging/discharging time constant τR values can be calculated 
from the frequency of interception points fint of the |P|/|S| and |Q|/|S| curves: 𝜏ோ = ଵଶగ௙ೃ.                 (18) 
The time constant τR shows how much time it takes to release half of the stored 
energy [6,17,94–96,100].  
 
 

4.5.4. Constant power method 

In the constant power method, the power is held constant, i.e. as the potential 
decrease in discharge step the current is gradually increased: 𝑃 = 𝐼 ∙ ∆𝐸 = 𝑐𝑜𝑛𝑠𝑡                 (19) 
where P is the power, I is the current and ΔE is the cell potential. 

Plotting energy (specific energy Wh kg─1 or energy density Wh dm─3) and 
power (specific power kW kg─1 or power density W dm─3) relationship we get 
the so-called Ragone plots. The Ragone plot is a useful tool to compare various 
energy storage devices, like batteries, fuel cells, capacitors, etc. because it 
shows the optimal working areas of different energy storage devices [6,10,101, 
102].  

To get the Ragone graphs, the energy stored in the studied system is mea-
sured (released) at different constant powers, and energy is calculated according 
to the following equation taking into account the system mass or volume: 𝐸ሾ𝑊 ∙ ℎሿ = 𝑃ሾ𝑊ሿ ∙ 𝑡ሾℎሿ                  (20) 
where t is the time during which the system is discharged at constant power. 
Usually, the system is discharged to half of the maximal cell potential as then 
75% of the stored energy is received.  
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5. EXPERIMENTAL 

5.1. Synthesis of carbide derived carbons 
In this work sol-gel process was used to synthesize titanium carbide and then 
the synthesized carbides were chlorinated to obtain micro-mesoporous titanium 
carbide derived carbons. To increase the mesoporosity of the carbide derived 
carbon and increase the material conductivity, carbon nanotubes were added in 
various concentrations. 
 

5.1.1. Sol-gel synthesis of titanium carbide precursor 

As a metal source, titanium tetrabutoxide, Ti(OC4H9)4 (99+%, Alfa-Aesar), was 
used and benzene-1,4-diol, C6H6O2 (99.0%, Sigma-Aldrich), was used as a carbon 
source. 1 mol Ti(OC4H9)4 was dissolved in ~2.7 mol 1-butanol (C4H9OH, 
≥99.7%, Sigma-Aldrich) under argon in a three-neck flask. The solution was 
heated up to 80°C. For extra carbon source, C6H6O2 in 1-butanol was added to 
the heated solution (for 1 mol Ti(OC4H9)4, 0.55 mol C6H6O2 was added). 
C6H6O2 in 1-butanol was added dropwise, followed by heating the solution to 
105 – 115°C and holding it at that temperature for two and a half hours for the 
reaction to be complete. Butanol was removed with simple distillation and a 
xerogel was received after the sample was dried completely. The dried sample 
was ground into a homogeneous powder. The synthesis scheme is drawn out in 
Fig. 4.  

One sample was prepared without the addition of carbon nanotubes (CNT) 
and for two samples various amounts of CNTs (multiwall carbon nanotubes,  
0.5 – 200 μm long, outer diameter 7 – 15 nm, inner diameter 3 – 6 nm, bundle, 
>95%, Aldrich) were added (1 wt% and 2 wt%). For the dispersion of CNTs, 
the surfactant of polyvinylpyrrolidone, (C6H9NO)m (avg. M=40 000g mol–1, 
Sigma-Aldrich) was used. 1-butanol was used as a solvent. The molar ratio of 
surfactant/CNTs was 10:1. All solutions were treated with an ultrasonic probe 
(UP 200S, amplitude 50%, cycle 0.5) for three hours. 
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Figure 4. The scheme for the synthesis of titanium carbide precursor xerogel. 

 
 

5.1.2. Pyrolysis, carbothermal reduction and chlorination 

All sol-gel precursor materials were heat treated (pyrolyzed) at 800°C under 
argon atmosphere for 1h (reaction 8). The heating rate was adjusted to 200 °C 
h–1 and held at 800°C for 1 hour. TiC precursor 800°Cሱ⎯⎯ሮ TiO2 + C          (8) 
Pyrolyzed precursor materials were reduced via carbothermic reaction (reaction 
9) at 1350 °C in a vacuum at 7 – 8·10–2 mbar in a tube furnace (WEBB 107) and 
the carbothermal reduction time at the maximum temperature was 120 min. The 
heating rate was adjusted to 200 °C h–1.  TiO2+3C 1350°Cሱ⎯⎯⎯ሮ TiC+2CO↑         (9) 
The carbothermal reduction of titanium carbide takes place in a sequence of 
solid reaction products as follows: TiO2 → Magneli phase (Ti4O7) → Ti3O5 → 
Ti2O3 → TiOxC1–x → TiC. When the carbothermal reduction sequence is not 
fully completed, then the final carbide might have oxygen or oxycarbide left in 
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its structure. This might happen because the reduction temperature is too low 
and/or pressure is too high [36,103]. 

The synthesized titanium carbide and carbon nanotube composite (TiC-
CNT) materials were then chlorinated using a tube furnace. The powder mate-
rials were placed into a quartz boat and then at T=950 °C chlorination reaction 
took place under steady flow of Cl2 (AGA, 99.99%): TiC + 2Cl2↑ → C + TiClସ ↑.       (10) 
The flow rate of Cl2 was fixed at 50 ml min−1. 

After chlorination, the CDC was treated with clean electrolytic H2 at 900 °C 
for 1.5 h to dechlorinate thoroughly the CDC powders as well as to remove the 
residual chlorides, chlorine, and oxygen-containing functional groups from the 
surface of the porous carbon [104]. 
 
 

5.2. Physical characterization of carbon materials 
For the physical characterization of the carbon materials X-ray diffraction, 
Raman spectroscopy, scanning electron microscopy methods were used and for 
the porosity analysis sorption measurements were performed.  

XRD analysis was carried out at room temperature. The diffractograms were 
recorded using CuKα radiation (45 kV, 35 mA, λ = 0.154056 nm) with a step 
size 0.01º of glancing angle θ and with the holding time of 2 s at fixed θ on 
Bruker D8 Advance diffractometer (Bruker Corporation). 

The Raman spectra were recorded using spectrometer Renishaw micro-
Raman (setup equipped with 514 nm continuous mode argon ion laser, laser 
power 1.3 mW) and the spectral resolution was approximately 1.5 cm−1. 

The structures of the samples were studied using a scanning electron micro-
scopy (SEM) using FEI Helios Nanolab 600. 

Sorption measurements with nitrogen were carried out using the 3Flex 
system (Micromeritics) and secondly the carbon dioxide ASAP 2020 system 
(Micromeritics) was used. The specific surface area, SDFT, was calculated 
according to NLDFT. The BET model was used for better comparison with pre-
viously published data [105,106]. Pore size distributions have been calculated 
by applying non-local density functional theory to N2 adsorption isotherms and 
CO2 adsorption isotherms applying program: Solution of Adsorption Integral 
Equation Using Splines (SAIEUS, Micromeritics). The models used for pore 
size distribution calculation were Carbon-N2-77, 2D-NLDFT Heterogeneous, 
and Carbon-CO2-273, 2D-NLDFT Het Surface [107,108]. 
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5.3. Electrochemical characterization  
For electrochemical measurements, the EDLC electrodes were composed of an 
aluminium current collector and a mixture of the synthesized CDC material and 
a 6 wt% binder (PTFE, 60 % dispersion in H2O). This mixture was laminated 
and roll-pressed (HS-160N, Hohsen Corporation, Japan) together to form a 
flexible layer of the active electrode material with a thickness of 150 ± 5 μm. 
After drying under vacuum, the pure Al layer (2 μm) was deposited onto one 
side of the electrode by magnetron sputtering method. A two-electrode standard 
Al test cell (HS Test Cell, Hohsen Corporation) with two identical electrodes 
(geometric area of about 2.0 cm2) was completed inside a glove box (Labmaster 
sp, MBraun; O2 and H2O concentrations lower than 0.1 ppm). A carefully dried 
25 µm thick TF4425 (Nippon Kodoshi) separator sheet was used for mechanical 
separation of electrodes. All electrochemical experiments were carried out at 
room temperature (T = 20°). 

Electrochemical measurements were carried out using two different electro-
lytes: the organic solvent based 1 M Et3MeNBF4 + AN and room temperature 
ionic liquid (RTIL) EMImBF4. 

Because of the high viscosity of the ionic liquid electrolyte, the completed 
cell was left to stand for a day to allow the electrodes thoroughly wet with the 
electrolyte. Before measurements, all the cells were cycled up to 3 V until a 
stable CV curve was achieved, and we were assured that the whole system was 
wetted with the electrolyte. The electrolyte was added in small excess to ensure 
the complete filling of all the pores. 

Electrochemical characteristics have been studied by cyclic voltammetry, 
constant current charge/discharge, and the electrochemical impedance spectros-
copy methods using a SI1287 Solartron potentiostat and 1252A frequency 
response analyzer over ac frequency, f, range from 1 mHz to 300 kHz at 5 mV 
modulation. Constant power tests were performed on a BT2000 testing system 
(Arbin Instruments, USA). For the passivation of TiC-CDC electrodes, step by 
step (100 mV) widening of the potential region (from 3.0 to 3.7 V) and 
repetitive (up to 3.4 V) cell potential cycling (up to 2500 times) was applied. 



29 

6. RESULTS 

6.1. Sol-gel synthesized carbon materials 

6.1.1. Physical characterization results 

6.1.1.1. X-ray diffraction analysis 

The XRD diffractograms in Fig. 5 are demonstrating the formation of TiC (111 
and 200 reflections) after the carbothermal reduction process. The material 
containing 2 wt% CNTs also exhibits very small reflection near 25 – 26°, which 
can be related to the 002 peak of graphitic carbon originating from CNT. As 
titanium carbide and titanium oxycarbide have nearly the same lattice para-
meters, it was not possible to determine the exact stoichiometry of the synthe-
sized TiOxC1–x/TiC materials based on the XRD measurements conducted. It 
has been shown by other authors that the exact stoichiometry depends noti-
ceably on the carbothermal treatment temperature and duration [103,109]. XRF 
measurements conducted for TiC and TiC/2%CNT materials show that some 
oxygen is left in the final carbide material (Table 1). The stoichiometric carbide 
should contain about 80 wt% of titanium and 20 wt% of carbon. From Table 1 
we can see that the carbides contain 74 – 79 wt% of titanium, 10 – 13 wt% of 
oxide, and 11 – 13 wt% of oxygen. 
 
 

 
Figure 5. XRD patterns for synthesized carbides. 
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Table 1. XRF determination of C, O, and Ti in titanium carbide and titanium carbide 
carbon nanotube composites. 

Element TiC (wt%) TiC/2%CNT (wt%) 

C 11 13 

O 10 13 

Ti 79 74 

 
 

Even though the carbothermal reduction process did not lead to a fully stoichio-
metric TiC, the CDC materials obtained (Fig. 6) after the high temperature 
chlorination process exhibit classical XRD diffractograms characteristics of the 
highly disordered micro- and mesoporous carbons [67,68,70,71,86,110]. For 
porous carbon materials synthesized from carbides, a typical diffractogram 
shows continuous bumpy diffraction peaks 002 (2θ ~ 26°) and 100/101 (2θ ~ 
43°). The wide 002 peak corresponds to parallel-oriented graphite layers and 
100/101 peak characterizes the size of the graphite layer [62–66]. 
 
 

 
Figure 6. XRD patterns for synthesized carbide derived carbons. 
 
 

6.1.1.2. Raman spectroscopy data 

The Raman spectra show two main peaks for all the synthesized materials: at 
wavenumber 1348 cm−1, the so-called D-peak that originates from the edges of 
the ordered areas (for example from defect regions in carbon structure) and at 
wavenumber 1587 cm−1, the so-called G-peak that originates from the sp2 

carbon areas [65,111]. The Raman spectra (Fig. 7) for synthesized sol-gel 
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derived carbon materials are characteristic of highly disordered micro and 
mesoporous carbons [71,110]. The addition of CNTs to the precursor carbide 
makes the resulting carbon material more disordered, evident of the intensity of 
the D-peak. For the carbon material with 2 wt% CNT addition, a well-deve-
loped 2D-peak can be seen at 2700 cm−1 (2D-peak, the second-order peak of D-
band) which characterizes the well-developed graphitization and stacking of sp2 
layers [65,110,111].  
 
 

 
 

Figure 7. Raman spectra for synthesized carbide derived carbons. 

 
 

6.1.1.3. Porosity characteristics 

The specific surface areas and pore size distributions have been calculated from 
combined N2 and CO2 adsorption isotherms using two-dimensional non-local 
density functional theory and heterogeneous surface model (2D-NLDFT-HS) 
[80]. The adsorption/desorption isotherms show hysteresis loops for synthesized 
carbides (Fig. 8a) and carbon (Fig. 8b) materials; thus, all the materials are 
micro- and mesoporous.  

The pore size distribution data corresponds to the isotherm data that the 
materials (both carbides and carbons) are micro- and mesoporous and have a 
big amount of micropores below 2 nm and a well-expressed amount of meso-
pores above 2 nm (Fig. 9). 

Compared to commercial titanium carbide derived carbon, the sol-gel 
synthesized carbide derived carbon also has mesopores (Fig. 10).  

The SDFT data (Table 2) show that the carbon material without CNTs has the 
highest DFT specific surface area (1710 m2 g−1) and a high degree of meso-
porosity in addition to microporosity. 
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Table 2. Results of the sorption measurements for the synthesized sol-gel titanium 
carbide and corresponding derived carbon (calculated by applying non-local density 
functional theory). 

Sample 

Carbide Carbon 

SDFT  
(m2 g−1) 

SDFT  
(m2 g−1) 

Vmicro  
(cm3 g−1) 

Vtot  
(cm3 g−1) 

SgTiC-CDC 244 1710 0.45 2.85 

SgTiC/1%CNT-CDC 152 1560 0.39 2.99 

SgTiC/2%CNT-CDC 276 1510 0.38 2.94 
 
 

 
 

Figure 8. N2 and CO2 adsorption/desorption isotherms for synthesized a) carbides and 
b) carbons. 
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Figure 9. Differential pore size distribution vs. pore width plots for synthesized a) 
carbides and b) carbons. 
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Figure 10. Differential pore size distribution vs. pore width plots for carbon derived 
from sol-gel synthesized titanium carbide and commercially available titanium carbide. 

 
 

6.1.1.4. Scanning electron microscopy analysis 

The scanning electron microscopy (SEM) images show that the precursor 
carbides synthesized via the sol-gel method have wide particle size distribution 
(Fig. 11a). Carbon material particle sizes without CNT addition (Fig. 11b) and 
with 1 wt% – 2 wt% CNT addition (Figs. 11c and 11d) vary from 1 μm to 20 μm. 
Carbon nanotubes can be seen in the carbon sample with 1 wt% CNT addition 
(Fig. 11c). Partially bundled carbon nanotubes can be seen on the surface of 
carbon particles in the sample with 2 wt% CNT addition (Fig. 11d). Big, crys-
tallised particles can be seen in Figs. 11a – 11c, with exposed surface rough-
ness. However, in Fig. 11b, very big particles with comparatively flat surfaces 
can be seen. 
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Figure 11. SEM images of the sol-gel synthesized a) TiC/2%CNT, b) TiC-CDC, c) 
TiC/1%CNT-CDC and d) TiC/2%CNT-CDC materials. 
 
 

6.1.2. Electrochemical characterization  

6.1.2.1. Cyclic voltammetry data 

The cyclic voltammograms (CVs) for EDLC cells were measured within 
various cell potential regions ΔE (up to 3.8 V) at potential scan rates (ν) from 1 
to 500 mV s−1. 

The specific capacitance (Cm;CV) vs. cell potential (ΔE) curves for all samp-
les (Figs. 12 – 14) demonstrate that there is a small, but clearly recognizable 
dependence of capacitance on the CNT fraction in the TiC-CDC powders. This 
could be explained by the specific surface area differences or that the pores or 
surfaces formed due to the inclusion of CNTs are not suitable for the formation 
of the electrical double layer [89]. All sol-gel TiC-CDC synthesized materials 
based EDLCs demonstrate practically ideal capacitive behaviour at cell 
potential scan rate ν = 500 mV s−1 and up to ΔE = 3.4 V in 1 M Et3MeNBF4 + 
AN and up to ΔE ≤ 3.8 V in ionic liquid EtMeImBF4. The carbon material 
without CNT additions shows ideal capacitive behaviour up to ΔE ≤ 3.6 V at 
cell potential scan rate ν ≤ 100 mV s−1 (Fig. 15).  

Comparison of CV curves shows that the capacitance values for 1 M 
Et3MeNBF4 + AN electrolyte based EDLC are 15 – 20% lower than those for 
EtMeImBF4 based EDLC. At potential scan rate v ≥ 500 mV s−1, less expressed 
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deviation of CV curves from the shape for ideally polarizable electrode has 
been observed for 1 M Et3MeNBF4 + AN electrolyte system explained by the 
lower viscosity and higher conductivity of RTIL electrolyte (Figs. 12 – 14). 

The integral capacitance [6,64,112] values have been calculated over the cell 
potential range ΔE from 0 to 3.2 V using the integrated total charge density σ 
values obtained according to Eq. 4. In a symmetrical two-electrode system the 
specific capacitance Cm;CV (F g−1) for one activated carbon electrode can be 
calculated from cell capacitance C with Eq. 5. All the calculated data are given 
in Table 3. The capacitance values depend on the CNT additions in the resulting 
carbon material. The addition of CNT to TiC precursor material decreases the 
capacitance values of the EDLC. This can be explained by the decrease of 
specific surface area (Table 2) [70,85,113,114]. The highest integrated capa-
citance value 122 F g−1 at v = 10 mV s−1 from cyclic voltammetry data was 
obtained for the sample without CNT addition.  
 
 

 
 

Figure 12. Specific capacitance vs. cell potential curves calculated from CV curves at 
potential scan rate v = 10 mV s−1. 
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Figure 13. Specific capacitance vs. cell potential curves calculated from CV curves at 
potential scan rate v = 100 mV s−1. 

 
 

 
 

Figure 14. Specific capacitance vs. cell potential curves calculated from CV curves at 
potential scan rate v = 500 mV s−1. 
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Figure 15. Specific capacitance vs. cell potential curves calculated from CV curves at 
different potentials at scan rate v = 100 mV s−1. 

 
For more detailed analysis Cm;CV vs ΔE curves have been integrated and the 
charge density σ vs ΔE plots received are given in Fig. 16. This data shows that 
very high σ values have been achieved for all EDLCs tested. Data in Fig. 17 
show that EDLCs completed using TiC-CDC material without CNT addition, σ 
vs ΔE plots are symmetrical within a very wide potential region (up to 3.6 V), 
and only at higher potentials very weak influence of faradaic processes can be 
seen.  
 
 
Table 3. Integral specific capacitance values calculated from cyclic voltammetry data 
(ΔE from 0 V to 3.2 V; v = 10 mV s−1; v = 100 mV s−1; v = 500 mV s−1). 

Electrolyte Electrode material 
Capacitance Cm;CV (F g−1) 

10 mV s−1 100 mV s−1 500 mV s−1 

EtMeImBF4 
SgTiC-CDC 122 116 96 
SgTiC-CDC/1%CNT 115 109 94 
SgTiC-CDC/2%CNT 103 96 80 

1 M 
Et3MeNBF4 + 
AN 

SgTiC-CDC 112 111 106 
SgTiC-CDC/1%CNT 104 103 100 
SgTiC-CDC/2%CNT 93 92 89 
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Figure 16. σ vs. ΔE plots for the EDLCs completed using different sol-gel titanium 
carbide derived carbon materials as electrodes, using EtMeImBF4 electrolyte. 

 
 

 
 

Figure 17. σ vs. ΔE plots for the EDLCs completed using sol-gel titanium carbide 
derived carbon material at different maximum cell potentials, using EtMeImBF4 electro-
lyte. 

 

 
Sol-gel synthesized TiC-CDC materials show one of the best capacitive be-
haviour at potentials over 3.2 V in 1 M Et3MeNBF4 + AN and at very high 
potential scan rates, while retaining good capacitive behaviour previously 
obtained only via different methods involving templating of CDC materials or 
electrospinning [115–118]. This indicates that even at such high potential scan 
rates (v = 500 mV s−1), there is no significant potential drop arising from the 
slow mass-transfer step in the porous CDC matrix. This is probably due to the 
extra generated mesoporosity because the sol–gel synthesis method provides 
additional pores in the range from 4 to 10 nm. 
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6.1.2.2. Constant current charge/discharge data 

The EDLCs were tested at constant current charge/discharge (CCCD) regimes 
(at current densities from 0.05 to 10 A g−1) at the cell potentials from 0 to 3.8 V 
for EtMeImBF4 based EDLC, and from 0 to 3.0 V for 1 M Et3MeNBF4 + AN 
based EDLC. The discharge and charge capacitances, CCC, were calculated from 
the data of the third cycle according to Eq. 6. 

The CCCD curves (Figs. 18 – 19) for the synthesized materials are nearly 
linear and symmetrical at all current densities applied (1–10 A g−1), showing 
very good electrochemical reversibility. The nearly linear shape of CCCD 
curves at different current densities (1 A g−1 and 10 A g−1) demonstrates that 
there is no significant contribution of the faradaic reactions inside of the micro-
mesoporous carbon electrode structure. The IR-drop values are very low at 
current density 1 A g−1. Only a very small IR-drop (from 0.05 V to 0.10 V) can 
be seen for EDLCs at 10 A g−1 charging/discharging current. 

Very slightly different capacitance values obtained by CCCD method at 
discharge current density 10 A g−1 from CV method at v = 10 mV s−1 data 
(Tables 3 – 4) can be explained by physical differences in methods applied for 
charging/discharging of the electrodes and by the fact that at 10 A g−1 the full 
adsorption/desorption equilibrium has not been established yet. 

 
 

 
 

Figure 18. Constant current charge/discharge data at current density i = 1 A g−1. 
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Figure 19. Constant current charge/discharge data at current density i = 10 A g−1 using 
EtMeImBF4 electrolyte. 
 
Table 4. Capacitance (CCC) values calculated from constant current measurements (in 
EtMeImBF4 ΔE = 3.2 V; in 1 M Et3MeNBF4+AN ΔE = 3.0 V; i = 1 A g−1 and i = 10 A 
g−1). 

Electrolyte Electrode material 
Capacitance CCC (F g−1) 

1 A g−1 10 A g−1 

EtMeImBF4 
SgTiC-CDC 123 112 
SgTiC-CDC/1%CNT 117 106 
SgTiC-CDC/2%CNT 102 92 

1 M 
Et3MeNBF4 + 
AN 

SgTiC-CDC 111 N/A 
SgTiC-CDC/1%CNT 103 N/A 
SgTiC-CDC/2%CNT 90 N/A 

 
 
The cycling efficiency or the so-called coulombic efficiency (ηcoul) has been 
calculated as a ratio of charge densities released and accumulated (σdischarge/ 
σcharge) during the discharging and charging steps of the EDLCs. The calculated 
data are given in Table 5. The ηcoul values for all materials exceed 99%. For a 
more correct analysis of energy accumulation, the CCCD curves were inte-
grated, and the energy densities stored (Ein) and released (Eout) were obtained 
based on Eq. 7. The values of energy efficiency ηen have been calculated based 
on Eq. 8 and given in Table 5. The ηen values vary from 93 to 95% at 1 A g−1. 
Coulombic efficiency values (ηcoul above 99%) show that sol-gel titanium 
carbide derived carbon materials combined with EtMeImBF4 and 1 M 
Et3MeNBF4 + AN as electrolytes, are nearly ideal components for various 
energy/power storage complexes. 
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Table 5. Energy efficiency (ηen) and coulombic efficiency (ηcoul) values calculated from 
constant current measurements (in EtMeImBF4 ΔE = 3.2 V; in 1 M Et3MeNBF4 + AN 
ΔE = 3.0 V; i = 1 A g−1 and i = 10 A g−1). 

Electrolyte Electrode material 1 A g−1 10 A g−1 
ηen ηcoul ηen ηcoul 

EtMeImBF4 
SgTiC-CDC 95.10 99.99 83.08 99.58 
SgTiC-CDC/1%CNT 94.24 99.98 81.07 99.56 
SgTiC-CDC/2%CNT 93.51 99.9 80.04 99.07 

1 M 
Et3MeNBF4 + 
AN 

SgTiC-CDC 97.56 99.38 N/A N/A 
SgTiC-CDC/1%CNT 97.75 99.96 N/A N/A 
SgTiC-CDC/2%CNT 95.59 99.26 N/A N/A 

 

6.1.2.3. Impedance spectroscopy data 

The Nyquist (−Z″, Z′) plots were measured in an ac frequency range from  
1 mHz to 300 kHz at fixed cell potentials from 0 to 3.8 V for ionic liquid 
electrolyte EtMeImBF4 and from 0 to 3.4 V for organic electrolyte 1 M 
Et3MeNBF4 + AN solution. 

The shape of the Nyquist plot (Fig. 20) is independent of ΔE applied, if ΔE < 
3.4V for EtMeImBF4 and ΔE < 3.2V for 1 M Et3MeNBF4 + AN based EDLCs, 
indicating that there are no quick faradaic processes at or inside of the sol-gel 
synthesized TiC-CDC electrodes and there is no noticeable deviation from ideal 
polarizability conditions. The shape of the Nyquist plot in Fig. 21 shows that 
there is no noticeable deviation from ideal polarizability conditions for 
EtMeImBF4 up to 3.6 V and for 1 M Et3MeNBF4 + AN up to 3.2 V. 

The Nyquist plot for the studied materials consists mainly of two parts. First, 
the so-called ‘‘porous’’ region with a slope of nearly −45° in ac frequency 
region 0.1 < f < 100 Hz, characteristic of the mass transfer limited process with 
adsorption boundary conditions in the micro-mesoporous carbon electrode 
matrix of an electrode [65,97]. In our EDLC completed with the synthesized 
sol-gel material, there is no semicircle visible in the Nyquist plots at higher ac 
frequencies, indicating that the mass transfer and adsorption steps are very 
quick inside of the synthesized carbon electrodes and the series resistance of a 
material, charge transfer resistance inside of the micro/mesoporous carbon 
structure as well as the mass transfer resistance (RCE) are very low and prac-
tically independent of ΔE applied if ΔE ≤ 3.2 V.  

The second region observed within the low-frequency ac region is the so-
called double-layer capacitance region (finite length region) with a slope of a 
−90° that indicates the adsorption step rate limited process inside the porous 
electrodes are the rate determining for EDLC [65,97,114,119]. 

Sol-gel TiC-CDC without CNT addition has the highest value of “knee” 
frequency (0.38 Hz), which indicates easier accessibility of electrolyte ions into 
the pores and better performance at fast charging and discharging conditions 
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[99,120]. Comparison of the data for two electrolytes shows that the series 
resistance value depends noticeably on the electrolyte used, increasing from 1 
M Et3MeNBF4 + AN to EtMeImBF4. The so-called “porous region” length in 
Nyquist plot with slope −45° determining the mass transfer resistance value 
(Rpore ≤ 0.5 and 2.5 Ω cm2, respectively), is very short (3.5–4.0 times shorter) 
for AN based electrolyte, explained by the higher conductivity of 1 M 
Et3MeNBF4 + AN electrolyte. 
 
 

 
Figure 20. Nyquist plots for sol-gel titanium carbide derived carbon materials. 

 
 

 
Figure 21. Nyquist plots for SgTiC-CDC at different maximum cell potentials. 
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The phase angle, θ, vs. ac frequency dependencies are shown in Fig. 22. For all 
synthesized materials, the phase angle θ was nearly −90° at f ≤ 0.1 Hz demon-
strating nearly ideal capacitive behaviour of systems under study [65,91, 97,98].  

The phase angle values start to increase with increasing the cell potential ΔE 
≥ 3.3 V (Fig. 23) because of the beginning of very slow faradaic reactions at the 
highly negatively and positively charged electrodes. Comparative analysis of 
impedance data with CV data indicates that these materials could be occa-
sionally charged up to 3.2 or 3.4 V and as a result, only a slight loss in a lifetime 
could be expected due to the very slow rate of faradaic processes. 

 
 

 
 

Figure 22. Phase angle vs. ac frequency dependencies. 

 

 
 

Figure 23. Phase angle vs. ac frequency dependencies for SgTiC-CDC at different 
maximum cell potentials. 
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The specific series capacitance, Cs values have been calculated from the impe-
dance spectroscopy data at ac frequency f = 1 mHz according to Eq. 12. The Cs 
vs. f plots have long plateaus at f < 1 Hz and the highest capacitance value of 
155 F g−1 (at 3.2 V) has been established for SgTiC-CDC (Fig. 24). This could 
be explained by the specific surface area differences [89]. For 1 M Et3MeNBF4 
+ AN based EDLCs the Cs values are somewhat lower (140 F g−1) than those for 
ionic liquid based EDLC, explained by larger molar volume of Et3MeN+ than 
that for EtMeIm+ or lower surface concentration of cation Et3MeN+ compared 
with EtMeIm+ at the micro-mesoporous electrode surface. The series capaci-
tance Cs vs. f plots for EDLC completed using Sg-TiC-CDC material (without 
CNT addition) (Fig. 25) have long plateaus at f < 1 Hz and Cs increases with the 
cell potential applied, explained by the increase of Gibbs adsorption of ions at 
higher positive and negative surface charge densities [121]. 

 

 
Figure 24. Specific series capacitance vs. ac frequency dependencies. 
 

 
Figure 25. Specific series capacitance vs. ac frequency dependencies at different cell 
potentials.  
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According to electrochemical characterization, the high frequency series resis-
tance Rs and so-called pore resistance Rpore were calculated, indicating that the 
different samples have quite similar electrochemical properties (Table 6).  

 
 

Table 6. Electrochemical characteristics for different samples calculated using EIS data 
at cell potential ΔE = 3.0 V (Rs – high frequency series resistance, θ – phase angle at f = 
1 mHz, Rpore – pore resistance, using 1 M Et3MeNBF4 + AN electrolyte. 

Electrode material Rs (Ω·cm2) θ (°) Rpore (Ω·cm2) 

SgTiC-CDC 0.23 −87.0 0.45 

SgTiC/1%CNT-CDC 0.22 −87.0 0.44 

SgTiC/2%CNT-CDC 0.22 −86.0 0.46 

 
 
The values of complex power were calculated according to Eq. 17 and the 
dependence of the normalised real part (|P|/|S|) and imaginary part (|Q|/|S|) of the 
complex power on ac frequency are presented in Fig. 26. Characteristic 
charging/discharging time constant τR values, also given in the Fig. 26 and 
Table 7, have been calculated from the frequency of interception points fint of 
the |P|/|S| and |Q|/|S| curves. The τR value obtained for SgTiC-CDC|EtMeImBF4 
system (τR = 0.80 s) is substantially shorter compared with τR obtained for 
activated sucrose derived carbon (τR = 20 s) [122] carbon cloth (τR = 8s) [123], 
carbon material synthesized from commercially available TiC (τR = 1.76 s) [85] 
and D-glucose derived carbon (τR = 1.1 s) [120] systems in EtMeImBF4.  

Somewhat shorter τR value (τR = 0.15 s) have been calculated for SgTiC-
CDC|1 M Et3MeNBF4 + AN (given in Fig. 26 and Table 7) system and for 
microporous TiC-CDC|Et3MeNBF4 + AN system (τR = 0.54 s) [66]. Extremely 
short characteristic time constants and high capacitance values indicate that 
synthesized materials can be used for completing very high power density 
EDLCs. 

It should be noted that the relaxation time constant is a parameter that can 
somewhat change from cell to cell. The time constant depends both on the cell 
capacitance, but also on the cell resistance, the latter being mainly affected by 
the contact resistance between the electrode and the current collector, which 
probably varies between the cells used by different work groups and are, thus, 
not always very well comparable. However, in our work very high capacitance 
values indicate that the resistance values are very small in agreement with the 
data dismissed above, thus, very high power densities at high energy densities 
can be expected. 
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Table 7. Capacitance values calculated from impedance spectroscopy measurements (in 
EtMeImBF4 ΔE = 3.2 V; in 1 M Et3MeNBF4 + AN ΔE = 3.0 V; f = 1 mHz) and time 
constant (τR) values for the electrode materials in different electrolytes applied. 

Electrolyte Electrode material Cs (F g─1) τR (s) 

EtMeImBF4 
SgTiC-CDC 155 0.80 
SgTiC-CDC/1%CNT 147 0.86 
SgTiC-CDC/2%CNT 132 0.85 

1 M Et3MeNBF4 
+ AN 

SgTiC-CDC 139 0.15 
SgTiC-CDC/1%CNT 130 0.14 
SgTiC-CDC/2%CNT 117 0.14 

 
 

 
 

Figure 26. Normalised reactive power |Q|/|S| and active power |P|/|S| vs. ac frequency 
plot with corresponding time constants a) in EtMeImBF4 electrolyte and b) 1 M 
Et3MeNBF4 + AN electrolyte. 
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6.1.2.4. Constant power measurement data 

Ragone plots were experimentally measured from the constant power tests 
within the cell potential range from 3.2 V to 1.6 V for EtMeImBF4 and 1 M 
Et3MeNBF4 + AN based EDLCs and the specific energy, E, vs. specific power, 
P, dependencies calculated to the total material weight of two electrodes. The 
Ragone plots show that at high specific energy 10 Wh kg−1 very high specific 
power ∼100 kW kg−1 was achieved. Somewhat lower specific energy has been 
calculated for 1 M Et3MeNBF4 + AN based EDLCs at moderate power values 
because the densities of all systems (electrodes, membrane, and electrolyte) are 
higher for AN based EDLC compared with RTIL based EDLC (Fig. 27). 
 

 

 
Figure 27. Gravimetric Ragone plot for EDLCs completed with synthesized materials. 
 
 
The quicker decrease of specific energy for ionic liquid EtMeImBF4 based 
EDLC is due to higher series resistance values caused by lower conductivity 
and higher viscosity of the ionic liquid electrolyte.  

Good energy densities E = 7 Wh dm−3 at P = 10 kW dm−3 have been 
achieved as well (Fig. 28).  
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Figure 28. Volumetric Ragone plot for EDLCs completed with synthesized materials. 

 
 

The EDLCs completed show weak influence of the CNT addition into the 
precursor carbide derived carbon electrode characteristics including on the 
stored specific energy and power values delivered by EDLCs completed using 
sol-gel synthesized carbon material based electrodes. 

The comparison of Ragone plots with other EDLCs containing EtMeImBF4 
(ionic liquid) or 1 M Et3MeNBF4 + AN as an electrolyte is given in Fig. 29. The 
sol-gel synthesized TiC-CDC based EDLCs have higher specific energy at 
higher specific power values, compared to for example previously published 
works like microporous carbon derived from commercially available TiC [65], 
D-glucose derived carbon (GDAC-12h) [120], micro-mesoporous D-glucose 
derived carbon (MMP GDAC) [124], steam activated carbon derived from SiC 
[125] and carbon derived from granulated white sugar (GWS carbon) [113]. 
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Figure 29. Ragone plot for EDLCs completed with different synthesized materials. 
 
 

6.1.2.5. Lifetime test results 

The combined cyclability testing method used for SgTiC-CDC and 1 M 
Et3MeNBF4 + AN system is shown schematically in Fig. 30 [126]. After cyclic 
voltammetry measurements (Fig. 31) and 500 galvanostatic charge/discharge 
cycles (1 A g─1) within potential regions from 0 to 3.0 V (Fig. 32) and 10 h 
holding of the cell at 3.0 V, the impedance spectra were measured at 3.0 V (Fig. 
33). Results in Fig. 31 indicate that there is a very slow decrease of cell 
capacitance calculated from cyclic voltammograms (from 130 to 125 F g─1) as 
well as shortening of charging/discharging times 5 – 10 % (Fig. 32). The 
Nyquist plots shape is practically independent of cycle numbers applied, 
however, a very small increase of series resistance (6 – 7 %) from 0.28 to 0.30 
Ω cm2 takes place (inset in Fig. 33). According to series capacitance, Cs, 
calculations (Fig. 34) the capacitance values decrease less than 15 % during 
2500 constant current charge/discharge cycles (total number) and 50 h (total 
holding) applied. Throughout the cyclability test, the electrode material 
demonstrated nearly ideal capacitive behaviour. 
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Figure 30. The electrochemical cyclability test’s measurement setup cycle (N). 
 
 

 
 

Figure 31. The electrochemical cyclability test’s cyclic voltammograms measured 
within a cell potential range ΔE from 0 to 3.0 V using 1 M Et3MeNBF4 + AN 
electrolyte.  
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Figure 32. The electrochemical cyclability test’s constant current charging/discharging 
curves measured within a cell potential range ΔE from 0 to 3.0 Vusing 1 M Et3MeNBF4 
+ AN electrolyte. 
 
 
 

 
Figure 33. The electrochemical cyclability test’s Nyquist plots measured at cell 
potential ΔE = 3.0 V using 1 M Et3MeNBF4 + AN electrolyte. 
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Figure 34. The electrochemical cyclability test’s specific series capacitance vs. ac 
frequency dependencies measured at cell potential ΔE = 3.0 V using 1 M Et3MeNBF4 + 
AN electrolyte. 

 
 

6.2. Operando passivation of electrodes 

6.2.1. Characterization methods 

For the passivation studies in 1 M Et3MeNBF4 + AN electrolyte the carbide 
derived carbon (TiC-CDC) was synthesized from the commercial titanium 
carbide (TiC, 99.5% purity, −325 mesh powder, Sigma-Aldrich) and the passi-
vation of TiC-CDC electrodes was achieved by the step by step (100 mV) 
widening of the cell potential region (from 3.0 to 3.7 V) and repetitive (up to 
3.4 V) potential cycling (up to 2500 times). The electrochemical characteristics 
of the completed EDLC cells were studied by the CV, CCCD, EIS, and the 
constant power methods. 

Infrared spectra before and after electrochemical tests were recorded under 
nitrogen atmosphere with Perkin-Elmer Spectrum GX FT-IR (Fourier-transform 
infrared) system using ATR configuration [127,128]. Ge hemisphere and IR 
beam angle of 65° were applied and the Raman spectra were obtained with  
514 nm excitation using Renishaw inVia Raman spectrometer. The electrode 
was placed into a closed argon-filled cell with a glass window. 

 
6.2.2. Analysis of electrochemical data 

Data in Fig. 35 show that for TiC-CDC two-electrode symmetrical cell no quick 
faradaic reactions occur up to 3.7 V if the widening of cell potential has been 
taken by small 100 mV steps. It should be noted that after measuring CVs at 
each potential window, the charge and discharge (CCCD) curves at constant 
current density were obtained. Thereafter an impedance spectrum was mea-
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sured, thus after holding the TiC-CDC cell at the given maximum potential for ∼90 min. Comparison of the Cm;CV vs. ΔE curves measured at different 
potentials scan rates v from 5 to 500 mV s−1 (Fig. 36) indicates that the values of 
Cm;CV do not decrease noticeably up to v = 200 mV s−1, demonstrating that only 
very quick adsorption/desorption step rate limited reversible processes occur. At 
v = 500 mV s−1, there is no ideal shape CVs for TiC-CDC EDLCs, indicating 
that the absorption equilibrium has not been established. A very good 
agreement of current (capacitance) values can be seen in Fig. 35, independent of 
the maximum cell potential (up to 3.7 V) applied. Thus, differently from the 
results of papers [129–133], there are no noticeable quick faradaic processes at 
the electrodes under study in agreement with the results of other works 
[127,128,134,135]. 

For operando electro-reduction of surface active functional groups, the cell 
was repetitively charged/discharged up to 3.4 V at scan rate v = 50 mV s−1 
applying many (from 500 to 2500) CV cycles (Fig. 37), and nearly ideal 
polarizability has been observed for the 2 electrode EDLC system even after 
2500 cycles. 
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Figure 35. Specific capacitance vs. cell potential curves in 1 M Et3MeNBF4 + AN 
electrolyte calculated from CV curves at potential scan rates: a) 5 mV s−1 and b)  
200 mV s−1 if the electrode potential was increased with 100 mV steps. * denotes 
measurement after reaching 3.7 V. 
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Figure 36. Specific capacitance vs. cell potential curves in 1 M Et3MeNBF4 + AN 
electrolyte calculated from CV curves measured at different scan rates at a fixed cell 
potential ΔE = 3.4 V. 
 
 

 
 

Figure 37. Specific capacitance vs. cell potential curves in 1 M Et3MeNBF4 + AN 
electrolyte calculated from CV curves measured at 50 mV s−1 (ΔE = 3.4V), after 1, 
1000, 1500 and 2500 cycles. 

 
 

The constant current charge/discharge (CCCD) plots obtained during longer 
ageing (holding at constant potential) tests (Fig. 38) are linear and have a sym-
metrical shape. The energetic efficiency values and the coulombic efficiency 
values have been calculated from CCCD plots and data established are given in 
Fig. 39. The values of energy efficiency are very high (90%), up to 240 h 
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holding time of the two-electrode cell at ΔE = 3.4 V. At longer holding times, t 
> 240 h, a noticeable decrease in efficiency takes place. However, a noticeably 
quicker decrease of efficiency takes place for the TiC-CDC based cell without 
operando passivation.  

The IR-drop values are very low for pre-treated partially passivated cells. 
IR-drop starts to increase only after polarization at 3.4 V for 300 h (Fig. 39) in 
agreement with CV and impedance data (Figs. 35 and 41). The increase of IRdrop 
is very low in the case of the passivated electrode system. However, the quick 
increase of IRdrop at ΔE = 3.4 V can be seen for the cells with unblocked (or not 
passivated) electrodes, similar to other results [130–133]. 

 
 

 
 

Figure 38. Constant current charge/discharge cycles in 1 M Et3MeNBF4 + AN electro-
lyte at current density i = 1 A g−1. During the cell lifetime measurement, the CCCD 
curves have been measured after total holding at 3.4 V for the noted time for the system 
passivated at 3.7 V. 
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Figure 39. Charge and energy efficiencies vs. holding time plots in 1 M Et3MeNBF4 + 
AN electrolyte calculated from CCCD curves at 1 A g−1 (at testing times cycled from 0 
to 3.4 V) for passivated and not passivated systems. 
 
 

 
 

Figure 40. Internal ohmic drop for passivated and not passivated systems in 1 M 
Et3MeNBF4 + AN electrolyte. 

 
 

The analysis of the Nyquist plots measured at fixed cell potentials, the notice-
able deviation from ideal polarizability started at ΔE ≥ 3.3 V if the preliminary 
passivation process was not used (Fig. 41). For operando electro-reduction of 
surface active functional groups, the cell was repetitively charged/discharged up 
to 3.4 V applying many CV cycles (from 500 to 2500). After CV tests, the 
Nyquist plots were measured and data in Fig. 41 show that, surprisingly, after 
reaching the cell potentials up to ΔE ≥ 3.5 V, deviation from ideal polarizability 
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decreases, and nearly ideal polarizability has been observed for the 2 electrode 
EDLC system even at ΔE = 3.7 V. For similar systems, without repetitive CV 
and CCCD measurements (Fig. 41) such passivation effect never occurred, no 
matter how long the system had been kept at the fixed ΔE = 3.4 V cell potential. 
Repetitive cell polarization up to ΔE ≤ 3.4 V generates the surface conditions, 
where a system subjected to very high potentials (polarized at ΔE ≥ 3.5 V) is 
much more stable at fixed ΔE ≥ 3.4 V than a system, which has never been 
polarized repeatedly at cell potential more than ΔE ≥ 3.4 V. Due to different 
electrode precondition treatment methods applied somewhat different behaviour 
of carbon electrodes in non-aqueous and ionic liquid electrolyte based EDLCs 
have been observed [130–133,136]. However, data in Fig. 41b inset show that 
during holding and impedance measurements at 3.4 V, the high-frequency 
series resistance increases nearly 20 – 25%, indicating that either a thin less 
conducting film has been deposited onto TiC-CDC electrode surfaces or some 
morphological changes have taken place in the electrodes.  

Series resistance values are given in Figure 42. A slight increase in 
resistance that can be seen in Fig. 42a can be explained by adsorption of gases 
onto/into macropores of the TiC-CDC electrodes. It is interesting that the series 
resistance values (Rs) at low frequency (f = 0.001 Hz) only very weakly depend 
on the cell potential applied (Fig. 42b). 

Data in Fig. 43 show that the so-called porous material resistance value 
(Rpore), usually connected with the mass transfer of ions in mesopores [6–
12,21,22,69,96,135], weakly depends on cell potential applied and can be 
explained that there is only weak blocking of mesopores.  

The Rpore data are in a very good agreement with log|−Z″|, logf plot data [136], 
presented in Fig. 44, where two linear regions have been observed: first from 100 
to 0.5 Hz (porous region) with −0.492 slope, i.e. nearly equal to that for ideal 
semi-infinite mass transfer process (for ideal process the slope is −0.5), and the 
second linear region (slope −0.992) at lower frequencies (from f < 0.5 Hz) which 
is equal to that for ideal adsorption step limited processes (slope −1.0). The shape 
of the log|−Z″|, logf plot is clearly independent of the cell potential applied. It 
demonstrates that the capacitance values are nearly independent of cell potential 
and CV or CCCD cycle number applied. Thus, based on Orazem et al. [136] and 
previous papers published in our workgroup [66,119,137,138], the systems under 
study are ideally polarizable up to 3.7 V, if very careful passivation (pre-treatment 
of electrodes, i.e. repetitive potential cycling up to 3.4 V and step by step 
widening of cell potential up to 3.7 V) has been applied. Only at the high 
frequency region, there is an increase of log|−Z″| values explained by the 
formation of gases or dielectric layer between carbon electrodes and Al current 
collectors (mainly positively charged current collector).  

The θ vs. f plot results in Fig. 45 are in agreement with the Nyquist plot. At 
fixed ΔE = 3.4 V, when the system was never subjected to repetitive cell 
polarization or for CV cycling to higher cell potentials ΔE ≥ 3.5 V, the absolute 
phase angle θ values decrease at very low f ≤ 3 mHz. However, after some 
hundred CV and CCCD cyclization steps and polarizing of the system at 
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potentials ΔE ≥ 3.5 V, the absolute values of phase angle θ started to increase 
indicating that some passivation (or stabilization) in the cell takes place. 
Surprisingly, the cells retain nearly ideal polarizability even up to 3.7 V. 

The values of series capacitance have been calculated according to Eq. 12 and 
are given in Fig. 46. The Cs vs. f plots have long plateaus at f < 1 Hz and Cs 
weakly increases with the cell potential applied (explained by the increase of 
Gibbs adsorption of ions at higher positive and negative surface charge densities). 
Long linear plateaus at f → 0 indicate that equilibrium capacitance values have 
been established and the systems under study are nearly ideally polarizable up to 
3.4 V (without passivation/stabilization) and even up to 3.7 V if the TiC-CDC 
electrodes have been carefully passivated/stabilized at ΔE ≥ 3.5 V.  

 
 

 
 

Figure 41. Nyquist plots for system in 1 M Et3MeNBF4 + AN electrolyte subjected a) 
to passivation up to 3.7 V, b) after measurement CV cyclation up to maximum potential 
3.4 V. * denotes measurement after reaching 3.7 V and (1) – (5) in (b) denotes mea-
surement after 500, 1000, 1500, 2000 and 2500 cycles at 50 mV s−1. 
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Figure 42. Series resistance vs. logf plots in 1 M Et3MeNBF4 + AN electrolyte a) for 
system subjected to passivation at 3.7 V, b) for system at a fixed cell potential 3.4 V 
after 2, 1000, and 2500 cycles. * denotes measurement after reaching 3.7 V. 
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Figure 43. Pore resistance vs. cell potential plot for a system in 1 M Et3MeNBF4 + AN 
electrolyte subjected to passivation for different ΔE up to 3.7 V at f = 1 mHz. * denotes 
measurement after reaching 3.7 V. 
 

 
Experimental Ragone plots for the two-electrode EDLC cells completed are 
given in Fig. 47, indicating that very high energy and power densities, higher 
than those for traditional AN based TiC-CDC electrodes (ideally polarizable 
only up to 3.0 V), have been achieved. The P and E values obtained are 
comparable with corresponding data for sol-gel method synthesized TiC-CDC 
electrodes and ionic liquid based systems.  

For time-stability analysis, the holding tests were conducted (Fig. 48). It is 
very well visible that the cell is more stable after systematic step by step 
repetitive treatment at high cell potentials (ΔE ≥ 3.5 V) than the cell without the 
special passivation steps. Very stable energy densities at fixed power density 
have been observed for the first 150 h test for electrochemically operando 
modified electrodes differently from non-passivated TiC-CDC electrodes.  
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Figure 44. log│−Z″│ vs. logf plots in 1 M Et3MeNBF4 + AN electrolyte a) for a pas-
sivated system (measured from 0 to 3.7 V), b) for system at a fixed cell potential of  
3.4 V, after 2, 1000, and 2500 cycles. * denotes measurement after reaching 3.7 V. 
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Figure 45. Phase angle vs. ac frequency dependencies for a system in 1 M Et3MeNBF4 
+ AN electrolyte a) subjected to selected potentials to passivation at 3.7 V and b) 
repeated impedance measurements after potential cycling up to maximum potential at 
3.4 V. * denotes measurement after reaching 3.7 V (a) and (1) – (5) in (b) denotes mea-
surement after 500, 1000, 1500, 2000 and 2500 cycles at 50 mV s−1. 
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Figure 46. Specific series capacitance vs. ac frequency dependencies in 1 M 
Et3MeNBF4 + AN electrolyte. 

 
 

 

 
 

Figure 47. Ragone plots for the passivated system measured at different potential 
regions in 1 M Et3MeNBF4 + AN electrolyte 
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Figure 48. Energy densities calculated from the CCCD curves at 1 A g−1 measured 
from 0 to 3.4 V for the passivated and the non-passivated system in 1 M Et3MeNBF4 + 
AN electrolyte. 
 
 

6.2.3. Results of spectroelectrochemical measurements 

IR peaks characteristic of CH3CNBF3 and its decomposition products were not 
noticeable in the IR spectra (Fig. 49) differently from those measured at 
platinum electrode surface for tetra-n-butylammonium tetrafluoroborate 
(TBABF4) oxidation at + 2 V (vs. Ag wire in 0.01 M AgNO3 + 0.01 TBABF4 in 
AN). Foley et al. concluded that the products formed are CH3CNBF3 and 
fluorinated acetonitrile [139].  

Our data indicate that at the carbon electrodes the intermediates are either 
soluble in acetonitrile or therefore have been removed during the electrode 
washing process before FTIR measurements. Another possible explanation is 
that only very thin polymeric compound films have been formed at the most 
active carbon sites, however due to the very low surface concentration, not 
detectable by FTIR. 

Fluorinated carbon IR peaks should appear within the range from ∼1000 to 
1100 cm−1. However, based on the experimental details, carbon fluorination is 
unlikely to happen to a large extent because it can proceed only at much higher 
cell potentials than 3.7 V, but so high potentials have never been applied in this 
work [127,134,135,140]. This effect has previously been tested in the case of 
EtMeIm+BF4

− systems [140]. Conducted infrared spectroscopy study (Fig. 49) 
only identified the anions and/or cations of (C2H5)3CH3NBF4 salt in the porous 
carbon structure. The corresponding signal of BF4

− peaks was stronger at a 
positively charged electrode and, thus, the amount of adsorbed BF4

− ions were 
larger for passivated positively polarized electrode if compared with negatively 
polarized electrode data. 
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Raman spectroscopy data for the passivated positive electrode show some 
increase in the carbon G- and 2D-peak heights (Fig. 50), thus, indicating some 
increase in the relative amount of graphitized areas (probably due to dissolution 
of sp3 amorphous carbon areas at high positive potentials) at the surface of 
passivated positively polarized carbon grains [129]. 

It may be concluded that careful repetitive overvoltage treatment at ΔE ≥ 3.5 
V causes dissolution (through many oxidation/reduction steps) of some 
amorphous sp3 carbon areas from the TiC-CDC surface and (relative) increase 
in the graphitic sp2 carbon areas (Fig. 51). This effect has been systematically 
established in all 4 experiments conducted under identical experimental condi-
tions, thus these results are statistically reproducible.  

Similar effects were not observed at negatively passivated electrodes, and 
when the maximum potential did not exceed 3.2 V. Possibly the electrochemical 
oxidation/reduction reaction at high cell potentials eliminates electroactive 
surface trace groups from the porous carbon TiC-CDC surface, such as -Cl, -H, 
OH, =O, Si, Fe, etc [127,134,135,140–142]. The remaining cleaned TiC-CDC 
surface is more graphitic and therefore electrochemically less active [129] and 
higher cell potentials can be applied to the EDLC cell without initiating the fast 
faradaic processes. Due to reduction reactions and probable gas evolution taking 
place at the negatively overcharged electrode at ΔE > 3.7 V, probably the PTFE 
binder degenerated at more high negative surface charge densities [130–
133,141,142]. Thus, there is slow hydrogen evolution at negatively overcharged 
electrode [85,85,127,128,134,141,142,142,143], but only soluble (or very thin 
film) compound formation at the positively overcharged electrode, which 
explains why negatively charged electrode starts degrading somewhat faster 
than the positively charged electrode at cell potentials ΔE ≥ 3.7 V. 

 

 
Figure 49. Baseline corrected IR spectra for a) regular electrode, b) positively charged 
electrode, and c) negatively charged electrode at a cell potential 3.2 V, d) positively 
charged electrode, and e) negatively charged electrode passivated at cell potential 3.7 V. 
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Figure 50. Raman spectra of regular, positively, and negatively charged electrodes at 
3.2 V. 
 

 
Figure 51. Zoom in of a) D- and G-peak and b) 2D-peak range of Raman spectra of 
regular, positively, and negatively charged electrode at 3.2 V. 
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SUMMARY 

The sol-gel synthesis process was applied to prepare the titanium carbide (TiC) 
and titanium carbide/carbon nanotubes (CNT) composites. Samples with two 
different CNT wt% (1 wt% and 2 wt%) concentrations were prepared to study 
the possibilities to improve the electrochemical properties of the resulting 
carbide derived carbon (CDC) materials. Synthesized CDCs were used as 
electrode materials for very high power density supercapacitors.  

Both the initial carbides and the final carbon material powders synthesized 
have micropores and mesopores. The density functional theory (DFT) specific 
surface area (SDFT) values of the carbides vary between 152 and 274 m2 g─1. The 
synthesized CDCs have high SDFT values, up to 1710 m2 g─1, which are some-
what higher values than usually obtained for chlorinated TiC-CDC (1350 – 
1500 m2 g─1).  

The addition of CNTs decreases the overall specific surface area, although 
the pore size distribution remains mostly unchanged. The increase in mesoporo-
sity and SDFT values may be caused by the non-stoichiometric structure of TiC 
and the existence of TiOxC1–x inside the raw carbide powder. The oxygen left 
inside the raw complex material as titanium oxycarbide is reacting with the 
formed carbon (forming CO2 or CO) and as a result, a more porous hierarchical 
structure will be created.   

The energy-related properties of the electrical double layer capa- 
citors (EDLCs) based on 1-ethyl-3-methylimidazolium tetrafluoroborate 
(EtMeImBF4) ionic liquid and 1 M triethylmethylammonium tetrafluoroborate 
(Et3MeNBF4) in acetonitrile  (AN) electrolytes and on the electrode materials 
synthesized from sol-gel titanium carbide derived carbon (SgTiC-CDC) were 
investigated using the cyclic voltammetry (CV), galvanostatic charge/discharge 
(CCCD), electrochemical impedance spectroscopy (EIS) and constant power 
(CP) discharge methods. 

CV data show that completed EDLCs demonstrate practically ideal 
capacitive behaviour at cell potential (ΔE) up to ΔE ≤ 3.6 V and at potential 
scan rates (v) up to v ≤ 500 mV s−1.  

Very high specific series capacitance (Cs) value of 176 F g−1 at ΔE = 3.6 V 
(155 F g−1 at ΔE = 3.2 V) for EtMeImBF4 system has been established. The 
electrochemical measurements data indicate that even at very high potential 
scan rates (v ≤ 500 mV s−1), there is no significant potential drop in the porous 
CDC matrix. This is probably caused by the extra developed mesoporosity 
because the sol-gel synthesis provides some amount of additional mesopores 
(from 4 to 10 nm). The highest specific series capacitance values from EIS data 
were obtained for the carbon material without CNT addition; Cs = 176 F g−1 for 
EtMeImBF4 at ΔE = 3.6 V and Cs = 145 F g−1 for 1 M Et3MeNBF4 + AN at ΔE 
= 3.0 V. A little bit lower capacitance values have been observed if compared 
with materials that have CNT addition in a raw paste. Phase angle values above 
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─85° for all materials (at low frequencies) indicate that nearly ideally 
polarizable EDLCs have been completed and tested.  

The calculated energy efficiency values vary within the range from 93% to 
97% (at charging current density 1 A g−1), while the calculated coulombic 
efficiency values exceed 99%. Very high specific power (> 100 kW kg−1) at 
high specific energy (30 Wh kg−1) has been achieved for 1 M Et3MeNBF4 + AN 
based EDLCs. For EtMeImBF4 based EDLC somewhat lower specific energy 
10 Wh kg−1 at specific power 100 kW kg−1 has been established.  

Thus, in addition to optimised mesoporosity of the electrode material, the 
electrolyte viscosity should be reduced, and conductivity should be increased 
for very high energy density devices at extremely high power densities. 

Also, it was demonstrated that it is possible to stabilize the EDLC based on 
TiC-CDC electrodes in 1 M Et3MeNBF4+ AN at cell potentials higher than  
3.4 V if careful electrochemical pre-treatment of the system (step by step 
widening of potential cycling region and repetitive CV polarization up to 3.7 V) 
has been applied. The passivation effect can be explained by oxidation/reduc-
tion (electrochemical elimination of functional active groups from carbon 
surface) of the more amorphous and active sites, i.e., electrochemical disso-
lution of more active carbon sites from TiC-CDC surface and enrichment of the 
surface with more stable graphitic sp2 regions or by the formation of the thin 
passive polymeric films.  

The exact mechanism for the stabilization/passivation phenomenon cannot 
be determined in this PhD work but is definitely going to be studied in more 
detail using long-lasting cell potential cycling experiments applying in situ 
FTIR or by secondary ion mass spectrometry and synchrotron radiation based 
XPS methods. EDLCs with such high cell potential might not have the same 
very long-lasting stability as the current commercial supercapacitors (cell 
potential lower than 3.0 V), but they surpass the commercial EDLCs signi-
ficantly in energy and power densities. These EDLCs can be used for 
applications, where extremely high power densities are inevitable. 
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SUMMARY IN ESTONIAN 

Uudsete süsinikmaterjalide süntees ja karakteriseerimine suure 
võimusega superkondensaatorite rakendusteks 

 
Titaankarbiidi (TiC) ja titaankarbiidi/süsiniknanotorude (TiC/CNT) komposiiti-
de sünteesimiseks kasutati sool-geel meetodit ning vastava karbiidset päritolu 
süsinikmaterjali (CDC) elektrokeemiliste omaduste varieerimiseks ja uurimi-
seks valmistati kahe erineva CNT osakaaluga komposiiti (1% ja 2% massiprot-
senti). Sünteesitud süsinikmaterjale kasutati elektroodide valmistamiseks väga 
suure võimsusega superkondensaatorite testrakkudes. 

Nii algne TiC kui ka vastav CDC materjal omavad mikro- ja mesopoorsust. 
Karbiidide eripinnad jäävad vahemikku 152 and 274 m2 g─1 ning sool-geel 
meetodiga sünteesitud karbiidid ja nendele vastavate CDC eripinnad ulatuvad 
väärtuseni kuni 1710 m2 g─1, mis on kõrgem kui tavaliselt saavutatud kommert-
siaalsest TiC sünteesitud süsinikmaterjalil (TiC-CDC) (1350 – 1500 m2 g─1). 
Sool-geel meetodiga sünteesitud titaankarbiidil põhinev süsinik omab suuremat 
mesopoorsust võrreldes kommertsiaalse TiC-CDC-ga. 

Süsiniknanotorude lisamine vähendab üleüldist süsinikmaterjali eripinda, 
kuid ei mõjuta selle poorijaotust, mis jääb enamvähem samaks. Süsinikmaterjali 
mesopoorsuse ja eripinna suurenemine võib olla ühelt poolt tingitud titaan-
karbiidi mittestöhhiomeetrilisest struktuurist, aga võib olla põhjustatud ka 
oksükarbiidi olemasolust esialgses karbiidipulbris. Oksükarbiidis olev hapnik 
reageerib saadud süsinikuga (andes CO2 või CO), mille tulemusena tekib 
poorsem hierarhilise struktuuriga süsinikmaterjal. 

Elektrokeemiliste karakteristikute uurimiseks pandi kokku mitu erinevat 
elektrilise kaksikihi kondensaatori (EDLC) testrakku, mis koosnesid sünteesitud 
süsinikmaterjalidest, separaatorist ja elektrolüüdist. Elektrolüütidena kasutati nii 
ioonset vedelikku 1-etüül-3-metüülimidasooliumtetrafluoroboraati (EtMeImBF4) 
kui ka 1 M trietüülmetüülammooniumtetrafluoroboraadi (Et3MeNBF4) lahust 
atsetonitriilis (AN). Kokkupandud testrakke testiti tsüklilise voltamperomeetria 
(CV), konstantse vooluga täis- ja tühjakslaadimise (CCCD), elektrokeemilise 
impedantsspektroskoopia (EIS) ja konstantse võimsuse (CP) meetodite abil. 

Tsüklilise voltamperomeetria meetodi korral näitasid kõik uuritavad süsinik-
materjalidel põhinevad EDLC-d ligilähedaselt ideaalset mahtuvuslikku käitumist 
rakupotentsiaalini (ΔE) kuni 3.6 V ja potentsiaali laotuskiiruseni 500 mV s−1. 
Isegi väga suuretel laotuskiirustel (v ≤ 500 mV s−1) puudub CDC maatriksis 
märkimisväärne potentsiaalilangus, mis tuleneb arvatavasti süsiniku maatriksis 
esinevast suuremast mesopoorsusest. 

Suurimad järjestikmahtuvuse väärtused (Cs) 176 F g−1 (ΔE = 3.6 V, 
elektrolüüdiks EtMeImBF4) ja 145 F g−1 (ΔE = 3.0 V, elektrolüüdiks 1 M 
Et3MeNBF4 + AN) saadi ilma nanotorude lisandita materjali korral. Kõikide 
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testitud materjalide puhul näitasid kokku pandud EDLC testrakud ideaalset 
mahtuvuslikku käitumist, saavutades faasinurgad ligikaudu ─85°. 

Arvutatud energia efektiivsused jäid kõikide materjalide ja mõlema elektro-
lüüdi puhul 93–97 % vahele (laadimise voolutihedusel 1 A g−1) ning elektrilised 
efektiivsused ületasid 99%. 

Uuritavatel süsinikmaterjalidel põhinevad EDLC-d omavad ülihead võimsus-
tihedust P > 100 kW kg−1 energiatiheduse E = 30 Wh kg−1 korral (elektrolüüdiks 
1 M Et3MeNBF4 + AN). Ioonsel vedelikul EtMeImBF4 põhineva EDLC omab 
samal võimsustihedusel (100 kW kg−1) natukene väiksemat, aga siiski väga 
kõrget energiatihedust 10 Wh kg−1. Seega lisaks elektroodimaterjali mesopoor-
suse optimeerimisele tuleb vähendada ka elektrolüüdi viskoosust ning tõsta selle 
juhtivust, et saavutatada energiasalvestusseadmetel ülisuur võimsustihedus väga 
suurtel energiatihedustel. 

Samuti näidati, et TiC-CDC elektroodidel põhinevat EDLC-d on võimalik 
stabiliseerida rakupotentsiaalidel üle 3.4 V, kasutades elektrolüüdina 1 M 
Et3MeNBF4 + AN kui rakendada süsteemile hoolikalt elektrokeemilist eel-
töötlemist (potentsiaalitsükli piirkonna samm-sammult laiendamise ja korduva 
CV polariseerimisega kuni 3.7 V). Passiveerimise/stabiliseerimise efekt on sel-
gitatav amorfsemate ja aktiivsemate kohtade (reaktsioonitsentrite) oksüdee-
rumise/redutseerimisega, mis tähendab, et toimub aktiivsemate funktsionaalsete 
rühmade elektrokeemiline lahustumine TiC-CDC pinnalt. Selle tulemusena 
toimub pinna rikastamine rohkema süsinikuga ja stabiilsemate grafiitsete sp2 
süsiniku piirkondadega. Samas võib passiveerimine toimuda ka õhukeste pas-
siivsete polümeersete kilede moodustamise teel. 

Stabiliseerimis-/passiveerimisnähtuse täpset mehhanismi ei saa käesolevas 
doktoritöös kindlaks teha, kuid seda uuritakse kindlasti üksikasjalikumalt edasi 
pikaajaliste katsete käigus, kasutades tulemuste analüüsimiseks in situ FTIR-i, 
sekundaarset ioonmassispektromeetriat ja sünkrotronkiirgusel põhinevaid XPS 
meetodeid. Nii suure rakupotentsiaaliga EDLC-del ei pruugi olla sama kaua-
kestvat stabiilsust kui praegustel kommertsiaalsetel superkondensaatoritel 
(rakupotentsiaal alla 3.0 V), kuid energia- ja võimsustiheduse poolest ületavad 
need märkimisväärselt vastavate EDLC väärtuseid. Neid EDLC-sid saaks kasu-
tada rakendustes, kus soovitakse saavutada ülisuuri võimsustihedusi. 
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