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2. ABBREVIATIONS AND SYMBOLS 

A  cross-section area 
ac  alternating current 
AN  acetonitrile 
BET  Brunauer-Emmett-Teller 
C  capacitance 
Ccc  capacitance calculated from constant current data 
Cm  specific gravimetric capacitance 
Cm;CV  gravimetric capacitance calculated from cyclic voltammetry 

data 
Cp  parallel capacitance 
Cs  series capacitance 
C’(λ)  wavelength-dependent constant 
C’(ω)  real part of complex capacitance 
C’’(ω)  imaginary part of complex capacitance 
CDC  carbide-derived carbon 
CC  constant current 
CC/CD  constant current charge/discharge 
CV  cyclic voltammetry 
d  distance 
D-R  Dubinin-Radushkevich 
E  energy 
EDLC  electrical double layer capacitor 
EDS/EDX energy-dispersive X-ray spectroscopy 
EELS  electron energy loss spectroscopy 
EIS  electrochemical impedance spectroscopy 
EMImBF4 1-ethyl-3-methylimidazolium tetrafluoroborate 
F-R  Ferrari-Robertson 
f  ac frequency  
fR  characteristic relaxation frequency 
f(W)  pore size distribution 
FWHM  full width at half maximum 
HRTEM high-resolution transmission electron microscopy 
HS  heterogeneous surface 
I  current 
I0  amplitude of current signal 
ID  intensity of the D-peak 
IG  intensity of the G-peak 
IUPAC  International Union of Pure and Applied Chemistry 
j  current density 
La  crystallite diameter 
Lc  crystallite height 
m  mass 
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N(p/p0)  point in NLDFT adsorption isotherm 
N(p/p0,W) point in NLDFT adsorption isotherm corresponding to the pore 

with width W 
NLDFT Non-local density functional theory 
P  power  
p  pressure 
p/p0  relative pressure 
PTFE  polytetrafluoroethylene 
q  charge 
R  resistance of the system 
rp  average pore size 
RTIL  room-temperature ionic liquid 
S  specific surface area 
Smicro  micropore surface area 
SAIEUS Solution of Adsorption Integrated Equation Using Splines 
SC  supercapacitor 
t  time 
T  temperature 
TEABF4 tetraethylammonium tetrafluoroborate 
TEM  transmission electron microscopy 
TEMABF4 triethylmethylammonium tetrafluoroborate 
TK  Tuinstra and Koenig 
Vads  volume of adsorbed gas 
Vm  molar volume of adsorbate 
Vmicro  micropore volume 
Vtot  total pore volume 
U  cell potential 
U0  amplitude of potential 
w  extent of reaction 
W  mass of adsorbed gas 
Wm  mass of gas in monolayer 
XRD  X-ray diffraction 
Z(ω)  impedance 
Z’(ω)  real part of impedance 
Z’’(ω)  imaginary part of impedance 
|Z(ω)|  impedance modulus 
β  full width at half maximum 
ε  dielectric constant of the enivronment 
ε0  dielectric permeability of vacuum 
λ  wavelength, 
ν  potential scan rate 
τR  characteristic relaxation time constant 
φ  phase angle 
χ  activation burn off (loss of mass) 
ω  angular frequency 
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3. INTRODUCTION 

Activated carbons are widely used materials for various applications due to 
which their global consumption is increasing every year. This also gives a boost 
to the relevant scientific research [1–4]. The production methods of activated 
carbons can be divided into two types, chemical or gas phase (also called phy-
sical) activation, but the gas phase activation has become somewhat more favor-
able. Different biomasses, sugar, carbides, polymers, etc. can be used as pre-
cursors. 

Most common applications of porous carbons include for example water 
purification by adsorption and/or filtration, catalyst support and electrode mate-
rials in energy storage devices. The structure and porosity characteristics of the 
activated carbon materials are especially important in terms of suitability for the 
respective application [1–13]. 

The interest in supercapacitors is still increasing due to their various appli-
cations from portable electronic devices to electric vehicles and also because of 
their long cycle life, high electrical (energetic) efficiency and high power rates 
[1, 7, 10–24]. Porous carbons are the most studied electrode materials for super-
capacitors. Different activated carbons are used because of their high surface 
area, low cost and excellent chemical stability [3, 7, 10]. The precursor material, 
synthesis and activation parameters and conditions have a strong influence on 
the resulting materials physical properties. This in turn effects the materials 
suitability for being used as an electrode material in supercapacitors with diffe-
rent electrolyte. Therefore, the influence of production parameters and condi-
tions on the resulting materials properties has to be thoroughly studied and 
controlled to prepare materials with the exactly right properties for the cor-
responding application [3, 10, 13–15]. 

The aim on this study was to analyze and optimize the synthesis steps of 
activated carbons prepared from silicon carbide. Silicon carbide has been 
chosen due to its very cheap price compared to other carbides and also to the 
preferable properties of the carbide derived carbons. Therefore, this work 
includes the analysis of the influence of the different synthesis and activation 
parameters on the obtained materials structural and porosity characteristics, 
which strongly influence the electrochemical properties. The main objective 
was to evaluate the suitability of the resulting materials as high power density 
electrode materials for supercapacitors. Physical characterization of the 
materials was performed using low temperature nitrogen sorption analysis, X-
ray diffraction method, Raman spectroscopy and transmission electron 
microscopy. For the investigation of electrochemical properties cyclic 
voltammetry, impedance spectroscopy, constant current and constant power 
discharge methods were used. 
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4. LITERATURE OVERVIEW 

4.1. High surface area carbon materials and  
their applications 

High surface area carbons are materials, which due to their porosity can have a 
very high surface area (more than 2000 m2 g-1). The production of commercial 
carbon is mostly based on cheap biomass, for example different tree barks, fruit 
shells, wood, charcoal, peat and various carbohydrates (sugar, starch, etc.) have 
been used [1–9, 25]. In addition to biomass also some synthetic polymers, oil 
and gas industry wastes are used. The availability, price and critical amount of 
inorganic impurities are important factors for the choice of the raw material for 
carbon synthesis [26]. 

Most porous carbons are produced by pyrolysis from organic materials [1, 
27, 28]. The carbonization of the raw material takes place at a high temperature 
in an inert gas atmosphere, whereby the organic compound decomposes and 
non-volatile carbon remains [2]. Usually some pre-treatment of the raw mate-
rials is required before pyrolysis. The material must be crushed and sieved to 
obtain the required particle size. Sometimes it is necessary to treat the raw 
material with water or acid to remove impurities and reduce the content of 
mineral substances [26]. In case of closed pores activation process is used to 
open them and also increase the surface area of the material [1, 27, 28]. 

In addition to organic materials, porous carbons can also be produced from 
various carbides. These carbons are called carbide-derived carbons (CDC). The 
main advantages of CDCs over carbons synthesized from organic materials are 
greater purity, narrower pore size distribution and better conductivity [3, 10, 11, 
14, 27, 29–31]. 

Due to their variable microstructure, high electrical conductivity and various 
forms (powders, fibers, foams, etc.) [32, 33] porous carbons have a number of 
potential applications, such as the storage of hydrogen and methane including 
the separation of certain gases from mixtures. The use of porous carbon mate-
rials as a catalyst support, filter material in water and air filters, sorbent for 
chromatography or as an electrode material in Li-ion batteries and super-
capacitors are also common. Depending on the application, mainly micro-, 
meso- or macroporous carbon is required [1-3, 10, 26–28, 30, 31, 33–37]. 
 
 

4.1.1. Supercapacitors 

Supercapacitors (SC) are energy storage devices consisting of two electrodes 
impregnated with an electrolyte and separated by an ion-permeable separator. In 
terms of energy and power density, they fill the gap between batteries and con-
ventional dielectric capacitors [13, 23, 26, 29, 34, 38–43, 47]. SCs have many 
advantages over batteries: fast charging and discharging, long lifetime (up to 
one million charging cycles), high efficiency. Compared to batteries SCs have a 
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very high power density (~ 10 kW kg-1 vs. battery ~1 kW kg-1), but their energy 
density is significantly lower (~ 10 kW kg-1 vs. battery ~100 kW kg-1). 
Although SCs have similarities to batteries, their charge storage mechanisms are 
different [14, 15, 17, 18, 21, 26, 32, 34, 38, 42, 44–47]. 

Based on the energy storage mechanism the supercapacitors are classified 
into two types: electrical double layer capacitor (EDLC) and pseudocapacitive 
(Faradaic) capacitor (pseudocapacitor) [15, 40–43]. In the EDLC energy is 
stored by the accumulation of charge within the electrical double layer at the 
electrode|electrolyte interface. When charging, the cations move to the negati-
vely and anions to the positively charged electrode. It is a reversible process 
based on purely electrostatic interactions and therefore allows very fast energy 
storage and release (up to a few seconds to minutes). Only the electrolyte-
accessible surface contributes to the charge storage, so optimizing the pore size, 
pore structure and surface properties of the electrode material is extremely 
important [32, 33, 39, 40, 48–50]. 

In a pseudocapacitive capacitor the energy storage takes place in addition to 
the electrical double layer also by redox reactions. The main difference between 
the EDLC capacitance and pseudocapacitor capacitance lies in faradaic origin of 
the last – reversible redox reactions occur at the electrode|electrolyte interface, 
where one of them can be origin of pseudocapacitance. Due to the increased 
Faradaic capacitance the pseudocapacitors have a somewhat higher energy 
density than EDLCs. Conversely, their power density is lower because of the 
slower Faradaic reactions [38, 39, 45, 48, 49].  

In addition to the pseudocapacitor and EDLC, there are also hybrid capa-
citors, in which one electrode behaves according to the electrical double layer or 
pseudocapacitive mechanism and the other electrode is a battery-type electrode 
that stores energy through Faradaic processes. With this design it is possible to 
take advantage of both electrode materials, hence increase the potential range, 
but also energy and power densities. Although the different energy storage 
mechanisms in the hybrid capacitor take place at the same time, mostly one of 
them is more dominant [39, 40, 49–51]. 

Most important parameters to compare in different SC applications are the 
capacitance, energy and power densities. The capacitance C of one electrode 
can be found by the following equation: 

 

,0

d
A

C


             (1) 

 
where ε is the dielectric constant of the environment, ε0 the dielectric per-
meability of vacuum, A the area of the boundary and d is the distance between 
the plates. The capacitance of a two-electrode SC is equal to the sum of the 
capacitances of two capacitors connected in series: 
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where C is the capacitance of the cell, C1 and C2 are the capacitances of the 
positive and negative electrode, respectively.  

The stored energy E is represented by the equation: 
 

,
2
1 2CUE              (3) 

 
where C is the capacitance and U the cell potential of the two electrode cell. The 
maximum power P also depends on the cell potential U applied and can be 
found according to the equation:  
 

,
4

2

R
UP              (4) 

 
where R is the internal resistance of the system. The dependency of energy 
density and power density is presented as a graph called Ragone plot [3, 33, 43, 
46, 52, 53]. 

The main contribution to the systems internal resistance comes from: the 
resistance of the electrode material, contact resistance between particles, the 
resistance between the electrode and current collector, the resistance of the 
electrolyte, the resistance of the mass transport of ions to the micropores of the 
carbon material and porous separator [19, 20]. The high internal resistance 
limits the capacitor capacitance, power density and ultimately its applicability 
[38, 41–43, 46]. 

The performance of an EDLC depends mainly on two factors. The choice of 
electrode material has a significant effect on capacitance and the electrolyte 
used primarily determines the cells potential range [13, 16–18, 21, 34, 42, 43, 
46]. 

For EDLCs mostly carbon materials are used as electrode material, whereas 
for pseudo-capacitive capacitors conductive polymers, transition metal oxides/ 
hydroxides or carbons modified with heteroatoms (e.g. oxygen or nitrogen) are 
used. Several different types of carbons can be used for EDLC electrodes, in-
cluding high specific surface area activated carbons, carbon aerogels, carbon 
nanotubes, activated carbon fibers, graphene etc. The capacitance of the 
electrode depends to a large extent on the material used, particularly its specific 
surface area, pore size distribution, electrical conductivity and surface wettabi-
lity [12, 15]. Theoretically the increase in specific surface area should also in-
crease capacitance, but in reality the dependence between them is not linear, but 
logarithmic [3]. The ideal electrode material must include micropores, which 
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are important for the adsorption of ions, as well as mesopores, which are 
necessary for the rapid transport of ions within the material [3].  

The capacitance of the carbon electrodes can be significantly increased by 
modifying the surface with heteroatoms (e.g. O, N, S, P, B), which generate 
additional pseudo-capacitance on the surface of the carbon and improve surface 
wettability, but noticeably reduce the lifetime of the system. The main ad-
vantages of carbon materials are: availability, fairly cheap price, good electrical 
conductivity, high surface area, easy processing, chemical stability in various 
solutions and thermal stability over a wide range of temperatures [26, 32–34, 
38–41, 43, 44, 46–49, 53]. 

In commercial EDLCs mostly used electrode materials are activated carbons 
produced from organic raw materials, characterized by irregular and wide pore 
size distribution. They are supplemented with an electrically conductive 
compound, mostly a more graphitic carbon material with better conductivity, 
e.g. carbon black is added into electrode matrix. Advantages of conductive 
polymers with capacitive behavior due to rapid Faradaic processes are low cost, 
good conductivity in doped state and high porosity. The main problem is long-
term stability as they degrade quickly by cycling. In case of transition metal 
oxides or hydroxides electrodes the energy density is higher than that of carbon 
materials, but nevertheless they are so far not used in commercial SCs as they 
have: 1) lower conductivity, which increases the resistance and decreases the 
power density; 2) lower electrochemical stability while cycling; 3) complex 
optimization of surface area, pore size distribution and porosity is needed; 4) 
high cost [26, 32, 34, 38–41, 43, 44, 46–49, 53]. 

Choosing the SC electrolyte two main factors have to be considered: the 
electrochemical stability, which determines the applicable potential range, thus 
the energy and power densities (Eqs. 3 and 4), and the conductivity, which also 
has a significant effect on the power density (Eq. 4). The electrolytes in SCs are 
divided into three groups: 1) electrolytes based on aqueous solutions; 2) 
electrolytes based on organic solvents (acetonitrile, propylene carbonate, etc.); 
3) ionic liquids and mixtures of ionic liquids. The advantages of aqueous solu-
tions (e.g. H2SO4, KOH, Li2SO4, Na2SO4) over other electrolytes are higher 
capacitance and conductivity and lower cost, but their main drawback is the 
very limited applicable potential range (up to ~ 1 V). Most common organic 
solvents used are propylene carbonate and acetonitrile in which quaternary 
ammonium salts are dissolved (e.g. tetraethylammonium tetrafluoroborate, 
TEABF4). These electrolytes can operate at higher potentials (generally up to ~ 
2.7 V, but in very clean conditions even up to 3.2 V) [10, 13, 14, 17] and 
therefore allow higher energy and power densities (Eqs. 3 and 4). Compared to 
aqueous solutions they provide lower capacitances and electrical conductivity. 
Ionic liquids are salts in liquid phase at room temperature, due to which sol-
vents are not required. Therefore the vapor pressure of such electrolyte is very 
low, which increases safety and reduces harmful effects on the environment. 
SCs operating with ionic liquid electrolyte allow for higher potential range (up 
to ~ 3.7 V) and good cyclability, but due to their high viscosity and lower 
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conductivity their resistance at room temperature is significantly higher than for 
other organic and H2O based electrolytes [13, 22–24, 38, 41, 43–46, 52, 53]. 

A very important role in achieving high power in SCs has also the choice of 
separator [19, 20]. The separator used must be electrochemically stable, highly 
porous, thermally and chemically inert and wet well with the electrolyte used. 
The separator is not an active material in the SC, so it must be as thin as 
possible to reduce the internal resistance of the system. However, the thickness 
must be sufficient to maintain the mechanical strength of the separator and to 
avoid direct electrical contact between the electrodes. For example, cellulose 
and glass fibers can be used, but different synthetic polymers are more common 
[19, 20, 42, 48].  

SCs are suitable for applications that require powerful energy pulses in a 
short time. They allow to reduce the size of the main energy source and increase 
the efficiency of the system. SCs are added to various electronic devices as a 
backup power source, for example in cameras, computers and mobile phones. 
Due to fast charging and discharging, long lifetime and high electrical effi-
ciency (over 95%), SCs are also suitable for the recovery of so-called kinetic 
energy, i.e. in applications, where kinetic energy is converted into electrical 
energy. In this way, SCs are used in means of transport, where energy is stored 
during braking and released during acceleration. A similar method can be found 
for cranes and elevators. Additionally, SCs can be used as an alternative source 
of energy, when during daytime solar panels generate energy and at night the 
necessary energy comes from the fully charged SCs. Fast charging and dis-
charging also allows them to be used in military and aerospace industries, be-
cause batteries are too slow for some applications and dielectric capacitors are 
too large and low in energy [13, 23–38]. 

In hybrid energy systems, SCs are combined with batteries or fuel cells to 
improve the systems energy density, lifetime and efficiency. In addition to high 
energy and power densities, SCs have some significant advantages in em-
ploying them – they are safe, maintenance-free, long lifetime, working at lower 
temperatures and wider working temperature range, no moving parts in the 
system and generally do not need a cooling system [23–38]. 

 
 

4.1.2. Electrical double layer theory 

There are several theories about the electrical double layer structure, first of 
which was created by Helmholtz in 1853. The term “double layer” derives from 
Helmholtz model, which represents the electrode|electrolyte boundary as two 
parallel charged layers, which are of opposite signs and whose distance is equal 
to the diameter of the solvent molecule. Based on this theory, an electrical 
double layer can be observed as a conventional flat capacitor, which capacitance 
C can be found as follows: 
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,0
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              (5) 

 
where ε is the dielectric constant of the environment, ε0 the dielectric perme-
ability of vacuum and d is the distance between the plates. 

Although the Helmholtz model is fairly in accordance with experimental 
data, this model has several drawbacks as it does not take into account the capa-
citance dependence on the electrolyte concentration, electrode potential, system 
temperature, etc [38, 42, 45–48, 54]. 

At the same time Gouy and Chapman independently of each other developed 
the next electrical double layer model, which also takes into account the applic-
able electrode potential, electrolyte concentration and the effect of ions heat 
motion on the system capacitance. In this model it was assumed that the ions are 
point charges, which distribution is subordinated to the Boltzmann equation. 
Based on the Gouy-Chapman theory, the electrode does not form a compact 
layer such as Helmholtz described, because the ions are in constant heat motion. 
Therefore, in the Gouy-Chapman model a double layer is called a diffuse layer. 
This theory is consistent with experimental results only for solutions with a very 
low concentration, because the dimensions of the ions are not taken into account 
[42, 45, 46, 48, 54]. 

Stern combined Helmholtz and Gouy-Chapman models, taking into account 
the true size of the ions and the possibility of specific adsorption. This model 
combines both Helmholtz’s compact layer and Gouy-Chapman theory’s diffuse 
layer formed by the ions heat motion. The total capacitance of the system can be 
found from the capacitance of capacitors connected in series. The Stern model 
provides a much better prediction of electrode capacitance than previous 
theories [38, 42, 45, 46, 48, 54].  

The Stern model was greatly enhanced by Grahame, eliminating several 
drawbacks of previous models. He pointed out that the electrostatic and specific 
adsorption of ions are of a different nature. In the first case, the effective forces 
are weak, ions do not deform during adsorption, they continue to participate in 
the heat motion and their closest distance from the electrode is equal to the so-
called outer Helmholtz layer distance. In the second case, stronger chemical 
forces occur, ions deform, the solvate layer decomposes and ions lose their 
mobility. These specifically adsorbed ions form the inner Helmholtz layer. 
Thus, based on this theory there are three layers: 1) inner Helmholtz layer 
located at a distance, which plane passes through the centers of specifically 
adsorbed ions (ions are not fully solvated); 2) outer Helmholtz layer, which 
passes through the centers of solvated and non-specifically adsorbed ions (ions 
drawn toward the electrode with the coulombic forces); 3) diffuse layer, formed 
of ions in heat motion outside the outer Helmholtz layer. The inner and outer 
Helmholtz layer form a compact layer. The total charge of the compact and 
diffuse layer completely compensates the electrode charge [45, 48, 54, 55]. 
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In addition to these four most well-known electrical double layer theories, 
many more sophisticated models were developed, such as the Bockris, Devana-
than and Müller models [38, 42, 43]. 

The final capacitance of the electrical double layer is influenced by a number 
of parameters: electrode material, electrode area, accessibility to electrode sur-
face, electric field strength through the electrode and electrolyte/solvent pro-
perties [38]. 
 

4.2. Carbide-derived carbon (CDC) 
Carbide-derived carbons are synthesized from carbides using different methods 
[10, 11, 18, 34–36]. The structure of CDCs can be both disordered or highly 
ordered. This depends mainly on the synthesis method and the initial carbide 
used, whereby generally the original shape and size of the particles in main-
tained. Thus, by varying the processing conditions, it is possible to obtain mate-
rials with different surface area and pore size distributions [3, 10, 11, 34–36]. 

In this study the widespread “initial carbide-CDC” terminology is used, as it 
clearly indicates which carbide has been used. Other variants of the literature 
may be found, wherein the carbon synthesized from SiC is SiC-CDC, SiC-DC, 
Si-CDC or SiCDC. The latter two do not reflect the various stoichiometric co-
efficients of the initial carbide are not applicable to carbons synthesized from 
carbonitrides and other complex compounds, and therefore are not recom-
mended [35]. 

 
 

4.2.1. CDC synthesis methods 

There are three main methods to synthesize carbon materials from carbides: 
halogenation, hydrothermal method and thermal decomposition.  

Halogenation, in particular chlorination, has become one of the most applied 
methods for producing CDC [10, 11, 35]. Carbon material is formed by selec-
tive removal of metal atoms from the crystal structure of the carbide, resulting 
in a carbon skeleton [10, 11, 35, 56–58].  

Chlorination of SiC was initially used to produce silicon tetrachloride 
(SiCl4). When gaseous chlorine and SiC react, SiCl4 and carbon are formed and 
this reaction is described in simplified terms by: 

 
SiC(s) + 2 Cl2(g)  → SiCl4(g) + C(s).            (6) 
 
Carbon was considered an unwanted by-product and only later the great value 
of porous CDC was recognized. A variety of binary and ternary carbides can be 
used for CDC synthesis: Al4C3, BaC2, CaC2, Cr3C2, Fe3C, Mo2C, Nb2C, SiC, 
ZrC, Ta2C, TaC, Ti2AlC, Ti3AlC2, TiC, Ti3SiC2, VC, W2C, WC, etc [3, 10, 11, 
34–36, 58]. 
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During chlorination the initial shape and size of carbide particles are main-
tained in the CDC formation process [10, 34–36, 57, 58]. In some cases there is 
a partial collapse of the carbon structure due to very high porosity and lattice 
parameters of the initial carbide [35]. The structure, pore size distribution and 
specific surface area of the CDC depends on the initial carbide and the halo-
genation temperature [31, 34–36, 57, 58]. As the temperature increases, the dis-
ordered amorphous carbon gradually becomes more ordered and graphitic. In 
CDCs some other structures can also be found: bulbous structures, nanotubes, 
fullerene-like structures, etc [35, 36, 57]. 

Reaction products left in the pores, such as metal chlorides, can be removed 
by post-synthesis treatment, the most common of which are treatment with 
argon, hydrogen or nitrogen at high temperature. Compared to argon, hydrogen 
is more effective for removing chlorine because it is capable to react with 
chlorine to form hydrochloride (HCl) that can be easily removed from the pores 
due to the smaller molecule diameter. The final properties of the resulting 
carbon also depend on the post-treatment process parameters in addition to the 
initial carbide and the synthesis temperature [3, 35]. 

In addition to chlorination, CDCs can be produced by hydrothermal degrada-
tion. This method is based on the decomposition of carbides in supercritical 
water under the influence of high pressure and temperature. In addition to 
carbon, metal oxides (MOx), methane (CH4), carbon monoxide (CO) and hydro-
gen (H2) [34–36, 59] are formed during the process. Synthesis is mainly af-
fected by the temperature, pressure and mass ratio of water:carbide [34–36]. 
With the hydrothermal method it is possible to obtain both amorphous, graphitic 
and variable structure carbons [35]. 

SiC and several other carbides decompose at high temperatures. Such ther-
mal decomposition under vacuum or in an inert gas environment results in 
carbon formation and evaporation of the carbide-forming metal [34–36]. In case 
of SiC, the process proceeds following: silicon from the outer layer of the 
carbide evaporates and the microporous layer of carbon remains, the silicon 
diffuses from the inner layer to the outer surface and evaporates. The movement 
of silicon atoms from the inner layers to the outer surface also contributes to 
some extent to the reorganization of carbon atoms, i.e. porous structure develop-
ment [34]. Structural reorganization is more easily carried out at higher tempe-
ratures, since then the mobility of the carbon atoms is higher. For synthesis of 
carbon by thermal decomposition, the minimum temperature is considered to be 
800 °C, where a reduced pressure is also required. Due to SiC anisotropy, 
various carbon nanostructures [35] can be obtained, such as nanotubes, graphite 
like, turbostratic and onion-like carbon particles [34–36]. 
 
 

4.3. Activated carbons 
During the synthesis, closed pores can be retained within the porous carbon, for 
which activation is used to open them and also expand the surface area. 
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Activation processes are often in literature divided into two groups: gas phase 
and chemical activation [1–3, 5]. Gas phase activation methods are based on 
high temperature treatment of carbon materials with different gases. In case of 
chemical activation, the initial carbon material is mixed with a solid or liquid 
chemical (i.e. reagent) and heated [1, 2, 60]. There are two phases of activated 
carbon production: carbon synthesis of initial carbide material and activation of 
the resulting product [1, 3, 46]. The properties of the resulting carbon material 
largely depend on the activation process. Even small changes in reaction para-
meters (temperature, time) can significantly alter the pore structure, surface 
chemistry and morphology [37, 60, 62]. 

The applications of activated carbons are significantly affected by chemical 
composition of the surface. Depending on the activation method, different func-
tional groups are formed on the surface of the carbon materials, most common 
of which are oxygen-containing functional groups. Molecular oxygen can dis-
sociate into atoms that chemically react with carbon to form surface com-
pounds. In addition to oxygen compounds, further nitrogen or hydrogen com-
pounds with carbon can be found. Surface functional groups have a significant 
effect on how different adsorbates interact with carbon electrodes [3, 9, 26, 62]. 
 
 

4.3.1. Gas phase activation 

During gas phase activation, the carbon material is usually oxidized with H2O-
steam, oxygen or carbon dioxide [1, 2, 13, 26, 37, 62–64]. Selective removal of 
carbon atoms occurs: the oxidizing gas reacts with carbon atoms, which results 
in formation of CO and increased porosity of the material [2, 3, 56, 63]. 

Gas phase activation is simple, inexpensive, environmentally friendly and 
unlike chemical activation, where metal ions can remain in the carbon material, 
it does not produce impurities in the material [1, 5, 9, 37, 44]. The speed of 
activation increases with increasing temperature. If the activation is too exten-
sive, the carbon structure will collapse and the specific surface area will begin 
to decrease again [5]. 

CO2 is a fairly moderate oxidant compared to O2 and allows better control 
over the microporous structure during activation [37, 64]. Activation with O2 
requires lower temperatures compared to CO2 or water vapor activation due to 
increased reactivity, due to which the process is more difficult to control. For 
both O2 and CO2 activations, the micropore volume is usually the highest at 
short activation times and decreases with time. Initially, micropores are formed, 
which over time expand into mesopores. The low activation temperature is 
favorable for micropores formation. At higher temperatures and shorter activa-
tion times, the volume of mesopores generated is higher and micropores forma-
tion is unfavorable. The increase of porosity can take place in two steps: 1) 
formation of new micropores, 2) expansion of existing pores into larger pores 
over longer periods of activation, increasing the total pore volume [37, 44, 56, 
64].  
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CO2 and steam are the most widespread activating agents due to the endo-
thermic nature of their reactions with carbon, which facilitates process control. 
In the initial stages of activation, CO2 favors microporosity formation, whereas 
steam activation favors microporosity widening, and thus activated carbon 
prepared by steam activation exhibit a lower micropore volume at the expense 
of larger meso and macropore volumes. Therefore, both CO2 and steam can be 
suitable activating agents, depending on the choice of precursor material and 
process conditions [1, 9, 47, 64] 
 
 

4.3.2. Chemical activation 

In addition to gas phase activation, chemical activation with different solutions 
or solids is often used [13, 26]. The initial material is impregnated or mixed 
with the reagent and then heated. The resulting product should be thoroughly 
washed to remove reagent residues. The selection of the activation temperature 
and time depends on the reagent used [26]. The most commonly used reagents 
for chemical activation are NaOH, KOH, HNO3, H2SO4 and H3PO4 [13, 37]. 
Chemical activation with KOH was introduced at the end of 1970s and the 
corresponding activated carbons have been available since 1980 [61]. 

Chemical activation has several advantages over gas phase activation. From 
the point of view of conducting the activation, lower activation temperature and 
shorter reaction time is needed. Also higher yields and porosity of material can 
be achieved. However, significant disadvantages are expensive and corrosive 
reagents (compared to water vapor and CO2) and further on, the washing of the 
resulting product is required, which results in wastewater production [5, 8, 25, 
65]. Chemical activation can give a material with larger specific surface area 
and more uniform pores, but metal ions can stay in the carbon material, which 
are difficult to remove afterwards [44]. The specific surface area is significantly 
influenced by the mass ratio of carbon to reagent, activation temperature and to 
some extent on the activation time [8]. By increasing the activation temperature, 
mesoporosity, micropore volume and the total pore volume of the resulting 
material increase. Porosity may increase due to existing pore expansion and 
formation of new pores [61]. 
 
 

4.4. Characterization methods of carbon materials 

4.4.1. Gas sorption 

4.4.1.1. Surface area and porosity 

Carbon materials with large specific surface area have a complex pore network 
consisting of pores of different sizes. According to the IUPAC classification, 
the pores are divided as follows: 

 Micropores (nanopores): diameter below 2 nm; 
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 Mesopores: diameter 2 – 50 nm; 
 Macropores: diameter above 50 nm [26, 66, 67]. 

Micropores may in turn be further divided into supermicropores (0.7 – 2 nm) 
and ultramicropores (˂ 0.7 nm). Pores can be both open and closed. Closed 
pores have no contact with the outside environment, which means that no 
substances from the surrounding environment can get into the closed pores.  

Physical sorption of different gases is used to characterize the pore structure 
of the carbon material. Low-temperature (T = 77 K) liquid nitrogen sorption is 
the most commonly used analysis method [26]. 

 
 

4.4.1.2. Adsorption/desorption isotherms 

Adsorption isotherm is a dependence between the amount of adsorbed gas 
(adsorbate) and the partial pressure at a constant temperature [66, 67]. When 
measuring the isotherm, the partial pressure of the adsorbate is first gradually 
increased and the gas molecules adsorb onto the adsorbent surface. Subse-
quently, the partial pressure of the adsorbate is reduced and the gas molecules 
are desorbed from the material surface. The shape of the resulting isotherm de-
pends on the porosity of the material and on the shape of the pores. According 
to the IUPAC distribution, there are six different isotherm types according to 
their shape: 

 Type I isotherm is characteristic of microporous materials. At lower 
relative pressures, the isotherm is convex with respect to the x-axis and 
at higher relative partial pressures approaches to the limit value. There 
may also be a hysteresis. 

 Type II isotherm is characteristic of macroporous or non-porous 
materials. In the p/p0 > 0.1 region, the isotherm turns, the amount of gas 
adsorbed at high relative pressures p/p0 > 0.9 increases sharply. The 
adsorption and desorption branches coincide and there is no hysteresis. 
The turning point describes a step in which the adsorbate forms a com-
pletely filled monolayer on the adsorbent surface. At higher relative 
pressures, the adsorbate forms a multilayer. 

 Type III isotherm is concave with respect to the x-axis, since the adsor-
bates own molecular attraction is stronger than the adsorbate-adsorbent 
interactions. The adsorption and desorption branches coincide and there 
is no hysteresis. The corresponding isotherm is rare, an example can be 
water adsorption to porous hydrophobic materials. 

 Type IV is characteristic of mesoporous materials that undergo capil-
lary condensation, usually referred to by the presence of hysteresis. 

 Type V isotherm occurs with mesoporous materials with low adsorption 
energy. Hysteresis also occurs due to condensation. 

 Type VI isotherms are rare. The corresponding isotherm describes 
layer-layer adsorption process and occurs on a very homogeneous 
and/or non-porous surface [2, 66, 67]. 
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If the adsorption and desorption branches of the isotherm do not overlap, there 
is an area between these branches called the hysteresis loop. The shape of the 
hysteresis loop provides information on the shape of the pores. According to 
IUPAC, there are four types of hysteresis loops [26, 66, 67]: 

 H1 type hysteresis loops have parallel and almost vertical branches. 
This type of hysteresis is characterized by cylindrical pores, that are 
well interrelated and the pore size distribution is very uniform. 

 H2 type hysteresis has a triangular shape with a sharp desorption 
branch. It is characterized by a material with a narrow pore size 
distribution, predominantly in the form of bottle neck pores. 

 H3 type hysteresis is characterized by slit-shaped pores. 
 H4 type hysteresis loop has parallel and almost horizontal branches. 

This type characterizes narrow slits-shaped pores [26, 66, 67]. 
Quantitative interpretation of isotherms is required to compare different mate-
rials. For this purpose, several methods are used, the most common of which are 
the models of Brunauer-Emmett-Teller (BET), Dubinin-Radushkevich (D-R), 
Langmuir and non-local density functional theory (NLDFT) [8, 66]. 
 
 

4.4.1.3. Brunauer-Emmett-Teller theory 

The Brunauer-Emmett-Teller (BET) theory is one of the most usable methods 
for calculating the specific surface area of porous materials based on the deter-
mination of the monolayer capacity (number of adsorbed molecules in mono-
layer on the surface of the material). The BET equation is as follows: 
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where W is the mass of the adsorbed gas at relative pressure p/p0 and Wm is the 
mass of the adsorbate in the monolayer. C is the constant of the BET equation 
associated with adsorption energy of the first adsorbed layer [2, 26, 66, 67]. 

The following assumptions have been made for the BET equation: the sur-
face is smooth, all the adsorption centers have equal energy levels, there are no 
lateral interactions between the adsorbed molecules, adsorption energy for all 
molecules is equal to the liquefying energy, except for the first layer molecules 
and the adsorbate can form infinite number of layers. In case of activated 
carbons all these assumptions do not apply. For example, the surfaces are geo-
metrically and energetically not homogeneous and there are lateral interactions 
between the adsorbed molecules. Despite these problems, the BET theory has 
become the standard approximation for finding the specific surface area of 
microporous materials [26]. 
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4.4.1.4. Calculation of total pore volume 

To find the total pore volume Vtot, the relative pressure must be as close as pos-
sible to the saturation pressure, since in this case it can be assumed that all pores 
are filled with liquid adsorbate. The amount of liquid nitrogen adsorbed into the 
pores can be found by the following equation: 
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where p is the pressure, Vads is the adsorbed volume of nitrogen, Vm is the molar 
volume of nitrogen, R is the universal gas constant and T is the temperature. 

In case of cylindrical pores, the average pore size rp can be estimated by the 
total pore volume Vtot of the equation: 
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where SBET is the specific surface area of the material, found on the basis of 
BET theory [66]. 
 
 

4.4.1.5. The t-plot method 

The t-plot graph depicts the relationship between the volume of adsorbed gas 
and the statistical thickness of the adsorbed layer. The thickness of the adsorbed 
layer t at each point in the isotherm can be found by the equation: 
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where 3.54 is the thickness of the monolayer of nitrogen (Å) and Vads/Vm is the 
ratio of the adsorbed nitrogen and the monolayer nitrogen volumes at the same 
relative pressure on the non-porous surface. 

There are several different equations for evaluating the thickness of the 
adsorbed layer, but the most commonly used are Harkins and Jura and 
Broekhoff-de Boer [66–68]. The work of Harkins and Jura deals primarily with 
the method of finding the surface area of a solid, where unlike the BET theory 
the molecular surface σ is not used. They show that the graph: 
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reaches a linear area, where the layer is condensed (A and B are Harkins-Jura 
isotherm constants). The adsorbed amount is related to the statistical thickness 
of the adsorbed layer and is described by the de Boer equation [26, 66–68]: 
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4.4.1.6. Non-local density functional theory and  
pore size distribution 

The non-local density functional theory (NLDFT) is well suited for micro- and 
mesopore size analysis, enabling the calculation of the materials pore size distri-
bution from the adsorption isotherm data. The pore size distribution is the pore 
volume or area distribution according to the pore size. Whenever possible, the 
adsorption part of the isotherm is used to determine the pore size distribution, 
since in this case the filling of pores is independent from the size and filling of 
surrounding pores. This model objectively describes local fluid structure near 
curved solid surfaces. The shape of the adsorption isotherm is determined by the 
liquid-liquid and liquid-solid intermolecular interactions. The relationship 
between molecular forces and the shape of adsorption isotherms can be 
described by the generalized adsorption isotherm (GAI) equation: 
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where N(p/p0) is a point on the adsorption isotherm, W is the pore width, 
N(p/p0,W) is the point with corresponding pore width W and f(W) pore size 
distribution. This equation assumes that the entire isotherm consists of several 
individual “single pore” isotherms multiplied by their relative distribution f(W) 
over the total pore size distribution. The N(p/p0,W) isotherms are obtained from 
a DFT method using a computer program and the pore size distribution is used 
to solve the GAI equation [66, 67]. 

In this study the SAIEUS (Solution of Adsorption Integrated Equation Using 
Splines, Micromeritics) program is used to find pore size distribution data, 
which unlike the classic NLDFT model also takes into account the energetic 
heterogeneity of the carbon surface [69–71]. 
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4.4.2. X-ray diffraction 

X-ray diffraction (XRD) analysis is a widely used method for studying and 
quantitative analysis of crystalline structures [72]. 

Diffractograms of carbon materials synthesized from powdered carbides 
typically have four to five diffraction peaks: 002 (2θ~26°) and 004 (2θ~54°) 
correspond to parallel-oriented graphite layers and 100/101 (2θ~43°) and 110 
(2θ~78°) characterize the size of the graphite layer. 

To characterize the structure, the distance between the layers d, crystal 
height Lc and crystallite diameter La are determined. The diameter and height of 
the crystal can be found using the Scherrer equation: 
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where λ is the wavelength of X-ray beam, β is the width of the corresponding 
peak at half maximum in radians in the 2θ scale, θ is the position of the peak in 
radians and K is the constant, which depends on the reflection plane (0.91 and 
1.84 respectively for Lc and La). The La value is calculated using the peak value 
of 100 and the value of 002 or 004 for Lc. For the characterization of CDC, 
XRD is also used to determine the approximate proportion of amorphous (with-
out long-range crystalline order) carbon in the material. Degree of graphiti-
zation can be found using the equation: 
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where I002 and I100 are the integrated intensities of the respective peaks and Cemp 
is the empirical constant [73–75]. 
 
 

4.4.3. Raman spectroscopy 

Raman spectroscopy is a standard non-destructive analysis method, which is 
common to characterize crystalline and amorphous carbon [73, 76–78]. In near-
infrared region, the Raman spectra of carbon materials have two peaks called D 
(disordered) and G (graphitic) peaks. The shape of both peaks depend mainly on 
the regularity of sp2 bonds and indirect also of sp3 bonds. The following data 
(peak positions) apply in case of Ar laser with excitation wavelength λ = 514 nm. 
Regularly oriented pyrolytic graphite exhibits only the G peaks at ~ 1580 cm-1 

[77, 79]. The G peak is derived from planar carbon-carbon sp2 valence oscilla-
tions and has E2g symmetry. This oscillation occurs for all sp2 bonds and thus 
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the presence of a 6-fold aromatic ring is not required to generate the G peak [73, 
77, 78, 80]. The height of the G peak may characterize the order of the graphene 
layers. The expansion of the peak indicates an increase in the irregularity of the 
inter-bond angles [77]. The D peak is located at ~ 1350 cm-1 and does not 
appear in the ideal graphite. Since the D peak occurs only in the presence of 
irregularity, the intensity of the given peak is used to characterize the order of 
the amorphous material. The D peak results from sp2 oscillations of 6-mem-
bered aromatic carbon rings and has A1g symmetry [73, 77, 78, 80]. In addition, 
a second order D peak, called 2D peak, may occur at ~ 2700 cm-1. This peak 
characterizes the two-dimensional regularity of graphene layers [81]. 

The presence and position of the D and G peaks, their intensity ratios (ID/IG) 
and the full width at half maximum (FWHM) value provide information about 
the material structure. The ratio of D and G peaks intensities (ID/IG) characte-
rizes the degree of graphitization of the material [77, 78]. In the case of Tuinstra 
and Koenig equation, the following principle applies: the smaller the ID/IG ratio, 
the more graphitic is the carbon material and the larger the crystal diameter. The 
average diameter of the crystallite La can be found using the Tuinstra and 
Koenig (TK) equation: 
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where ID and IG are D and G peak areas (or intensities), respectively. The para-
meter C depends on the wavelength and is described by following equation: 
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where C0 = -12.6 nm and C1 = 0.033. This equation assumes that the crystallites 
are larger than 2 nm and all C-C bonds are in the sp2 hybridization. For more 
amorphous materials, the Ferrari-Robertson (F-R) equation is used, which is 
applicable in case of crystals smaller than 2 nm: 
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where C’(λ = 514 nm) = 4.362, which is a wavelength-dependent constant. In 
this equation, the following principle applies: the smaller the ID/IG ratio, the 
more amorphous the carbon and the smaller the crystallite diameter. The higher 
the synthesize temperature of the carbon material, the narrower the D and G 
peaks, the lower the FWHM values and the higher the ID/IG ratios are as the 
ordering increases [77–80]. 
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4.4.4. Transmission electron microscopy 

Transmission electron microscopy (TEM) is one of the most powerful tools for 
visual examination of materials in micro and nanoscale. This method allows to 
achieve atomic resolution and to study the structural properties of thin objects 
[82–86]. High-resolution transmission electron microscopy (HRTEM) makes it 
possible to see individual atoms and defects, making it a valuable tool for 
studying the properties of crystalline materials at nanoscale [84–86]. 

The two main requirements to work with TEM is the working environment 
and the thickness of the object. TEM works in vacuum, because even in thinned 
gases the dispersion of electrons is too high. The object must be thin enough 
(usually 10 nm to 1 μm) to allow the electrons to pass through without energy 
losses [84–86]. The resolution of TEM depends mainly on the aberrations of the 
lenses and images with magnification of 103 to 106 times can be captured [84].  

The electron acceleration voltage is usually in the range of 100–300 kV, but 
in some cases it can be up to 3 MV [84–86]. When accelerated electrons enter 
the sample, electrons are scattered. In the interaction between the incoming 
accelerated electron and the atomic nucleus, elastic scattering occurs, in which 
case the electron changes its direction, but the energy is not lost. In case of 
interaction between the accelerated electrons and the electrons at atom, non-
elastic scattering occurs and the electron loses its energy significantly. Electrons 
from elastic scattering are used to produce TEM images and non-elastic scat-
tering is used in electron energy loss spectroscopy (EELS). Energy-dispersive 
X-ray spectroscopy (EDS/EDX) for energy scattering is used for quantitative 
analysis [84]. 

In the TEM images of porous carbon material, the gaps are pores and appear 
bright because the electron beam passes through them and the atoms are dark, as 
there is the dispersion of electrons [26]. 

 
 

4.5. Electrochemical measurement techniques 

4.5.1. Cyclic voltammetry 

Cyclic voltammetry (CV) technique is based on changing the cell potential (U) 
at a constant scan rate and measure the corresponding current density (j) going 
through the system [3, 45, 48]. The system is cyclically charged-discharged. 
The resulting j vs. U plot is called a cyclic voltammogram. In case of an ideal 
EDLC, the plot has a rectangular shape and a mirror image symmetry of the 
current responses about the zero current line. In real systems, the porous 
electrodes have an obstruction of mass transfer and therefore the voltammogram 
begin to deform, which is particularly evident at higher scan rates. In case of 
reversible Faradaic reactions there are peaks present in the CV plot, due to 
which this method is also suitable for studying chemical processes taking place 
with electrochemically active compounds [42, 45, 54, 55, 89]. 
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The total capacitance C of the electrochemical system can be found ac-
cording to the equation: 

 
,)/( 1 dtdUIC              (19) 

 
where I is the current flow through the system, ν = dU/dt is the potential scan 
rate, U is the cell potential and t is time. If the system consists of two sym-
metrical electrodes, it is possible to find the specific capacitance Cm (F g-1) of 
one electrode as follows: 
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where m is the mass of the active carbon material in one electrode. This equa-
tion assumes that the capacitances of the positive and negative electrodes are 
equal [42, 45, 54, 55, 88, 89]. 
 
 

4.5.2. Constant current charge/discharge measurements 

With the constant current (CC) method, a constant current density is applied to 
the system and the dependence of the potential going through the system over 
time is measured. This method allows evaluation of several parameters: capaci-
tance, resistance, charge, cyclability/lifetime. The stored charge q is found 
according to the equation: 
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The internal resistance R of the system can be calculated from the potential drop 
Udrop that occurs when the current polarity is changed: 
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For EDLC, the potential-time graph is usually linear for smaller current densi-
ties. In this case, the capacitance can be found from slope of the discharge curve 
by the following equation: 
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For a non-linear curve, the average integral capacitance is found: 
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where I is the charge or discharge current, Δt is the discharge or charge time and 
ΔU is the potential range, where the dependency is linear. 

For evaluating the EDLC efficiency, the ratio of charge released and stored 
is calculated [42, 45, 87]. 

 
 

4.5.3. Electrochemical impedance spectroscopy 

To perform electrochemical impedance spectroscopy (EIS) measurement, a 
sinusoidal potential signal is applied to the system: 
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and the resulting current signal is measured: 
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where U0 and I0 are the amplitudes of the potential and current signal respec-
tively, ω = 2πf is the angular frequency, t is the time and φ the phase angle.  

Usually real electrochemical systems have both a resistive and capacitive 
component, therefore impedance is defined as: 
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where Z  (ω) and Z  (ω) are the real and imaginary part of impedance, respecti-
vely. In case of the resistive component, the real part of impedance is indepen-
dent of frequency: 
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and phase angle φ = 0°. Capacitive component has frequency-dependent impe-
dance imaginary part: 
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and phase angle φ = –90°. 
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EIS data are usually presented in three different ways: 1) Z  (ω) vs. Z  (ω), 
called Nyquist plot; 2) |Z(ω)| vs ac frequency, called Bode plot; 3) phase angle 
vs ac frequency. In case of an ideal EDLC, only the vertical line, i.e. capaci-
tance, of the Z  (ω) vs. Z  (ω) curve is constant over the entire frequency 
range. For real systems this is not valid, because there is also the mass transfer 
resistance component. In this case, the graph has a linear region at medium 
frequency range with a slope value of –45° (so-called Warburg) range, which at 
lower frequencies turns to a nearly vertical Z  (ω) vs. Z  (ω) dependence [3, 
42, 43, 48, 50, 54, 88–90]. 

The capacitance of a real EDLC can be calculated from the EIS data using 
the following equation: 
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The capacitance can in turn be expressed as a combination of the real and 
imaginary components: 
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where the real component C (ω) can be calculated as: 
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and imaginary componentC  (ω) is: 
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The low frequency C (ω) value is equal to the capacitance of the EDLC, which 
can be calculated from the CC charging-discharging methods data and C  (ω) 
corresponds to the dissipation of energy during non-reversible Faradaic charge 
transfer process. C  (ω) vs. frequency graph shows a maximum at relaxation 
frequency fR, which determines the systems time constant τR. This is found by 
the equation: 
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The time constant τR shows how much time it takes to release half of the stored 
energy [3, 42, 43, 48, 50, 54, 88–90]. 
 
 

4.5.4. Constant power measurements 

The constant power method is used to estimate the power and energy densities 
of the EDLC and is particularly applicable to commercial systems. In this 
method, the current is changed so that the power is constant over a given range 
of potentials. This dependency is given by the equation: 
 

,constIUP            (35) 
 
where P is the power, I is the current and U is the cell potential. 

The time-dependent current I is expressed as: 
 

tUCI d/d .           (36) 
 
Thus, when discharging the EDLC the cell potential decreases, so the current 
must increase for the power to remain constant. Using the constant power 
method, it is possible to find the energy vs. power density dependences, the so-
called Ragone curves [45]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



32 

5. EXPERIMENTAL 

In this work silicon carbide derived carbons (SiC-CDC) were synthesized at two 
different temperatures (1000 °C and 1100 °C), which were subsequently acti-
vated with CO2, steam or with CO2-steam mixture at different temperatures and 
times. The effect of activation on porosity and structure of the resulting mate-
rials has been studied. 

Low-temperature nitrogen sorption measurements data were used to calcu-
late the specific surface area, pore size distribution and porosity of the carbon 
materials synthesized. X-ray diffraction, Raman spectroscopy and transmission 
electron microscopy techniques were used to perform structural analysis.  

For electrochemical analysis cyclic voltammetry, constant current charging-
discharging, electrochemical impedance spectroscopy and constant power 
methods were used. 
 
 

5.1. Synthesis and activation of  
the carbide derived carbons 

The following chemicals were used for carbon synthesis and activation: 
 α-silicon carbide (Alfa Aesar, 98.5%, 32.5–36.0 µm, main additives Si 

< 0.6%, SiO2 < 0.7%, C < 0.4%) 
 α-silicon carbide (Alfa Aesar, 99.8%, 2 µm, main additives O2 0.7%, Al 

0.02%, Fe 0.03%, Ca < 0.002%) 
 Chlorine Cl2 (AGA gas, 99.99%) 
 Argon Ar (AGA gas, 99.999%) 
 Hydrogen H2 (Linde hydrogen generator NMH2-500, 99.9999%) 
 Carbon Dioxide CO2 (AGA gas, 99.99%) 
 Saturated potassium hydroxide solution KOH 

The synthesis of silicon carbide derived carbon is described in a simplified 
manner by the following equation: 
 
SiC(s) + 2Cl2(g)→ SiCl4(g) + C(s).          (37) 
 
Silicon carbide was placed in a horizontal tube furnace in a quartz vessel and 
the system was flushed with argon (flow rate 1000 ml min-1) to remove air. The 
system has then heated up to the synthesis temperature (1000 °C or 1100 °C) in 
argon flow, after which gaseous chlorine (100 ml min-1) was directed to the 
system. Silicon tetrachloride and chlorine residues were led into a neutralizer, 
which first part contained distilled water and the second KOH solution. After 
chlorination, the system was cooled down to room temperature under argon 
flow. The chlorination time applied depended on the selected synthesis tempera-
ture, as the reaction proceeds faster at higher temperatures. The completion of 
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the reaction was evaluated based on the extent of reaction w, which was calcu-
lated according to equation: 
 

CMC

MC

mm
mmw




 ,          (38) 

 
where mMC is the mass of the initial carbide, mC the theoretical mass of carbon 
obtained and m is the actual mass of the carbon prepared. After chlorination, the 
resulting SiC-CDC was treated with hydrogen at 900 °C for 2 hours to remove 
SiCl4 and chlorine residues from the carbon material [78]. 

For CO2 activation process the resulting SiC-CDC 1000 or 1100 (synthe-
sized from SiC 98.5%, 320 grit) was placed again in a horizontal tube furnace in 
a quartz vessel. The system was flushed with argon to remove air and then 
heated up to the activation temperature under argon flow. Upon reaching the 
appropriate temperature, CO2 was directed to the system (50 ml min-1). After 
the activation process, the system was allowed to cool down to room tempe-
rature under argon flow. All gases leaving the system were passed through a 
water trap. After activation the material was treated with H2 at 900 °C for 1 hour 
[93, 94]. 

The steam activation process was carried out in a similar way. The SiC-CDC 
1100 (synthesized from SiC 99.8%, 2 µm) carbon materials were activated at 
fixed temperatures (900 °C and 1000 °C) for 2 hours. The saturated steam 
content in the carrier gas (Ar or CO2 for CO2-steam co-activation) was 47% and 
the carrier gas flow rate was 50 ml min-1. After activation half of each material 
was treated with H2 at 900 °C for 1 hour to remove oxygen-containing functio-
nal groups from the surface of the porous carbon material. The other half of the 
carbon powder was not treated further. This enables the comparison of H2-
treated and non-H2 treated materials [95, 96]. 

The loss of mass during activation (activation burn-off) was estimated by 
equation: 

 

%,100
C

actC 



m

mm
x           (39) 

 
where mC is the initial mass of carbon and mact the mass of carbon after activa-
tion. 
 

5.2. Physical characterization 
Low-temperature nitrogen sorption measurements were performed using the 
3Flex system (Micromeritics). In addition to nitrogen, sorption measurements 
were also performed with argon and carbon dioxide to establish whether any 
functional groups on the surface are interacting differently with different gases 



34 

(N2 or Ar) and to get a better estimation of smaller pores with CO2 testing gas. 
The sorption measurements with Ar (at –185.15 °C) and CO2 (at 9.85 °C) were 
performed using the ASAP 2020 system (Micromeritics). Before measurements, 
the samples were heated at 350 °C for 12 hours under vacuum. The specific 
surface area (SBET) and parameters for porous CDC carbon materials were 
calculated according to BET theory. The total volume of pores (Vtot) was ob-
tained at the conditions near to saturation pressure p/p0 = 0.97. The micropore 
surface area (Smicro) and micropore volume (Vmicro) were calculated using the t-
plot method. The pore size distributions have been calculated applying non-
local density functional theory (NLDFT) to nitrogen adsorption isotherms 
within relative pressure range from 10-7 to 0.95 with new program Solution of 
Adsoprtion Integral Equation Using Splies (SAIEUS, Micromeritics). Com-
pared to previously introduced modifications of NLDFT, the current application 
provides smoother and more realistic shape of pore size distribution for diffe-
rent amorphous carbon materials successfully taking into account the surface 
heterogeneity of amorphous carbons [69–71, 93–96]. 

XRD analysis were carried out at room temperature, using CuKα radiation 
(45 kV, 35 mA, λ = 0.154056 nm) with a step size 0.01° of glancing angle θ and 
with the holding time of 2 s at fixed θ on Bruker D8 Advance diffractometer 
and position-sensitive LynxEye detector (Bruker Corporation). The samples 
were pounded before measurements, because the synthesized materials were not 
sufficiently homogeneous and contained larger sheets of graphite or flakes. 
Topaz 4.0 software was used to model the crystalline and amorphous phase 
content in the carbon material, where the phase ratio was calculated using the 
Rietveld method. The integral intensity (area) of amorphous carbon peaks was 
compared to the graphite phase for the estimation of the degree of graphitization 
of the carbon materials, provided that the first is proportional to the amorphous 
carbon content. Since both are carbons, it can be assumed that the ratio of inte-
gral intensities also corresponds to the ratio of the contents of the amorphous 
and graphite phase. 

The Raman spectra were recorded using a Renishaw inVia micro-Raman 
spectrometer using Ar laser excitation (λ = 514 nm). Gauss and Lorentz’s com-
bined function was used to model the D- ja G-peaks. Based on the obtained 
data, the ratio of the intensities of D- and G-peaks of the first order spectrum of 
Raman was obtained. Using the Ferrari-Robertson equation (18) the crystal size 
La was also calculated. 

TEM measurements were performed at acceleration voltage 120 kV with 
Tecani 12 measuring system in Aalto University. To perform the measurements, 
a suspension of carbon material was prepared in ethanol, which was applied to 
copper grid base. 

 
5.3. Electrochemical characterization 

The EDLC electrodes comprised of 96 wt% carbon active material and 4 
wt% binder (PTFE, Sigma Aldrich, 60% dispersion in H2O). This mixture 
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(carbon and binder) was laminated and roll–pressed (HS–160N, Hohsen Corpo-
ration, Japan) together to form a 100 ± 5 µm flexible layer of the carbon 
electrode. After drying under vacuum (10-8 mbar), the electrodes were covered 
from one side with pure Al layer (2 µm) by the magnetron sputtering method. 

For the measurements two different electrolytes were used. The organic 
solvent based electrolyte was prepared from pure acetonitrile (AN, Sigma 
Aldrich, H2O < 20 ppm) and from dry (C2H5)3CH3NBF4 (Stella Chemifa). The 
room-temperature ionic liquid (RTIL) used was EMImBF4 (Fluka Analytical, 
for electrochemistry, ≥ 99.0%, H2O ˂ 200 ppm). The 25 µm thick TF4425 
(Nippon Kodoshi) separator sheet was used for mechanical separation of the 
working electrodes. The 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 an Ar filled glove box (Labmaster sp, MBraun; O2 
and H2O concentrations lower than 0.1 ppm) and all electrochemical experi-
ments were carried out at temperature T = 20 °C [93–96]. 

In case of the RTIL electrolyte, after assembly the cells were left to stand for 
24 hours to allow the electrodes to wet with the electrolyte. In addition, before 
the actual measurement the EDLCs were cycled up to 2.5 V until a stable CV 
curve was achieved, to ensure that the whole system has been wetted by the 
ionic liquid. Also, it has to be noted, that the electrolyte was added in small 
excess to ensure the complete filling of the pores [94, 96]. 

For electrochemical analysis the following methods were used: cyclic 
voltammetry (CV), constant current charge/discharge (CC/CD) and the electro-
chemical impedance spectroscopy (EIS) methods, using a SI1287 Solartron 
potentiostat and 1252 A frequency response analyzer over ac frequency (f) 
range from 1 mHz to 300 kHz at 5 mV modulation. The constant power method 
(using a BT2000 testing system, Arbin Instruments, USA) has been used for 
obtaining the experimental Ragone (energy density vs. power density) plots. For 
data analysis CorrView, Zview and MS Excel softwares were used [93–96]. 
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6. RESULTS 

6.1. Effect of chlorination and activation parameters 
In this study, it was found that the carbon synthesis temperature has a signifi-
cant influence on the reaction time and rate. Higher chlorination temperature 
lead to faster carbon synthesis. Depending on the synthesis temperature and the 
amount of initial carbide, the minimum reaction time applied was 8 hours and 
maximum 16 hours. The synthesis resulted in an average of 10 grams of carbon 
(with a reaction yield ~30%, relative to the initial carbide mass). According to 
the data of extent of reaction calculations (Eq. 38), the reactions were fully 
completed at both temperatures (1000 °C and 1100 °C), at lower temperatures 
the chlorination reaction did not proceed completely to end within a reasonable 
time and unreacted carbide particles remained in the CDC. 

Activation of SiC-CDC with CO2 also proceeded more rapidly at a higher 
temperature. Table 1 shows the burn-off values resulting from SiC-CDC activa-
tions at different temperatures and activation times. The highest burn-off value 
was obtained with activation at 950 °C for 16 hours and the lowest at 900 °C. At 
lower temperatures the reaction slowed down considerably and achieving higher 
burn-off values took much more time. At higher temperatures the good burn-off 
values could be achieved in a significantly shorter periods of time. However, the 
characterization of the carbon materials revealed that it was not important at 
what temperature or time the burn-off was achieved, but the burn-off amount 
itself was decisive. 
 
 
Table 1. Synthesis parameters of CO2-activated SiC-CDC materials. 

 
Abbreviation 

 

Synthesis 
temperature 

(°C) 

CO2 activation 
temperature 

(°C) 

Activation  
time 
(h) 

Activation 
burn-off 

(%) 
SiC-CDC 1000 1000 - - - 
SiC-CDC 1000 A1 1000 900 6 15 
SiC-CDC 1000 A2 1000 950 3 30 
SiC-CDC 1000 A3 1000 950 8 48 
SiC-CDC 1100  1100 - - - 
SiC-CDC 1100 A1 1100 900 6 19 
SiC-CDC 1100 A2 1100 950 3 29 
SiC-CDC 1100 A3 1100 950 16 68 

 
 
The results for steam and CO2-steam co-activation were similar, especially 
regarding the final activation burn-off percentage (Table 2). Main difference is 
that the steam activation reaction proceeds more rapidly, so similar results can 
be achieved in a much shorter reaction time. Also the steam activation processes 
had better repeatability, compared to CO2 activation. Activations carried out 
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below 900 °C resulted in a burn-off about 2 to 8%, which is not sufficient. Also 
the saturated steam content in the carrier gas gave a smaller effect on the acti-
vation, when the values were lower than 47%, whereas at higher contents the 
steam began to condense, due to which 47% was observed to be the optimum 
value. Using Ar as the carrier gas for steam activation, the achieved burn-off 
values were slightly lower than for steam-CO2 co-activation, where CO2 was 
used as the carrier gas. Therefore the carrier gas has some influence on the 
parameters of the resulting activated carbon material. 
 
 
Table 2. Synthesis parameters of steam and CO2-steam co-activated SiC-CDC 
materials. 

 
Abbreviation 

 

H2O 
(%) 

Acti-
vation 
time 
(h) 

Carrier 
gas 

 

Acti-
vation 
tempe-
rature 
(ºC) 

Acti-
vation 

burn-off 
(%) 

H2 
treated 

St-900 

47 2 

Ar 900 15 
No 

St-900-H2 Yes 
St-1000 

Ar 1000 50 
No 

St-1000-H2 Yes 
St-CO2-900 

CO2 900 19 
No 

St-CO2-900-H2 Yes 
St-CO2-1000 

CO2 1000 60 
No 

St-CO2-1000-H2 Yes 
 
 
Since the SiC-CDC 1100 chlorination process proceeds faster than SiC-CDC 
1000 reaction and all different analysis results showed for SiC-CDC 1000 based 
materials very similar or slightly lower values, then this study focuses on the 
SiC-CDC 1100 based activated materials. 
 
 

6.2. Physical characterization 

6.2.1. X-ray diffraction analysis 

The XRD patterns of SiC-CDC CO2 activated materials (Fig. 1a) show in all 
diffractograms two (002) (2θ ~ 26°) peaks, where the first is a flat and the other 
is a narrow peak. This is caused by the non-homogeneity of the materials. As 
the activation burn-off increases, the intensity of the flat (002) peak somewhat 
decreases and the intensity of the narrow sharp peak increases. The narrow peak 
characterizes the graphite phase and the flat diffuse (002) peak is resulting from 
amorphous carbon. Thus, it can be concluded that during the activation process, 
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CO2 reacted preferably with the amorphous part of the carbon material and the 
graphite phase content slightly increases due to the high temperature treatment. 
In addition to the double (002) peak, the (004) (2θ ~ 54°) peak is also present in 
the diffractogram, both of which characterize the parallel graphene layers, and 
the (100/101) (2θ ~ 43°) peak, which can be associated with the 2D in-plane 
symmetry along the graphene layer. Nevertheless, the intensities of the (004) 
and (100/101) peaks are small and do not change significantly. 
 

 
 

Figure 1. XRD spectra of SiC-CDC CO2 activated materials (a) and steam activated 
materials (b). 
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The XRD patterns for steam and CO2-steam co-activated materials (Fig. 1b) are 
all almost identical. The patterns show low intensity reflections at 2θ ~ 26° 
(002) peak and at 2θ ~ 43° (100/101) peak, which refer to small graphitic areas 
but there is no significant long-range ordering of material. Therefore these 
results show that no structural changes take place during the steam activation 
process. It also has to be noted that the steam activation reaction time was only 
2 hours, which is considerably shorter time compared to CO2 activation pro-
cesses conducted. Due to this, CO2-activated materials which had a long high 
temperature treatment, have resulted in a higher graphite phase content. Also, 
the non-homogeneity of the materials and different particle size have somewhat 
influence on difference of the spectras. 

The graphite and amorphous phase content in the carbon materials were 
calculated using the Rietveld method. The results showed the graphite phase 
content 0.8 to 1.5% and amorphous phase 98.5 to 99.2% for all the materials 
studied. However, taking into account the uncertainty of the calculation method 
used, no clear correlations of the influence of activation on the structure of the 
resulting carbon material can be established.  

From the XRD data analysis it can be concluded that all the SiC-CDC 
materials resulting from both activation methods are all mainly amorphous with 
a small graphite phase content and no remarkable structural changes take place 
during the activation processes [93, 95] 
 

6.2.2. Raman spectroscopy data 

The Raman spectra for CO2 activated materials (Fig. 2a) and steam activated 
materials (Fig. 2b) look very similar and same tendencies can be observed for 
both material groups. The spectra are characteristic of disordered amorphous 
carbon and show three peaks: the disorder-induced D-peak at ~ 1350 cm-1, the 
so-called graphite G-peak at ~ 1580 cm-1 and the second-order peak of D-band 
2D-peak at ~ 2700 cm-1. The spectra of all the activated materials coincide very 
well, due to which it can be concluded that the carbon structure and morphology 
did not change significantly during the activation processes. Although the 
structural changes are minimal, it can be identified, that with the increase of 
burn-off during activation, the peaks become a bit narrower. This refers to the 
increase in the structural order, which is also consistent with the XRD analysis 
results. Based on the results of Raman spectroscopy, the average diameter of 
crystallite La was calculated, applying the Ferrari-Robertson formula (Eq. 19), 
using the peak areas in the calculations. This formula is more suitable than 
Tuinstra-Koenig’s, as the crystallites are smaller than 2 nm. The results of the La 
calculations were very similar for all the studied materials, having La values in 
the range of 0.77 to 0.79 nm. Although the average diameter of the crystallite 
does not change significantly, there is a slight increase in the ID/IG ratio, 
correspondingly to the activation burn-off increase, indicating an increase in the 
structural order. This also confirms the previous conclusion that with high 
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temperature activation the order in the carbon material increases and the burn-
off takes place rather from the amorphous material phase regions [93, 95]. 
 

 
 

Figure 2. Raman spectra of SiC-CDC CO2 activated materials (a) and steam activated 
materials (b). 
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6.2.3. HRTEM analysis 

HRTEM studies of the CDC materials revealed the microstructure at the atomic 
scale. The images show that structure is similar in the initial SiC-CDC 1100 
material (Figs. 3a–b) as well as in the activated SiC-CDC 1100 A2 material 
(Figs. 3c–d). For both it can be seen that the materials contain in addition to the 
mainly amorphous carbon also some graphitic layers, which are mostly located 
in outer areas. 
 
 

 
 

Figure 3. HRTEM images for SiC-CDC 1100 (a, b) and SiC-CDC 1100 A2 (c, d). 
 
 
The examination of the HRTEM images showed that the materials contain some 
impurities (Fig. 4). EDS analysis was used to determine this more exactly and it 
was identified that the materials contain aluminum oxide particles, which is 
likely originating from the initial carbide. 
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Overall the information obtained from the TEM images is consistent with the 
results of other analysis methods, which suggest that the material is mostly 
amorphous with some smaller more graphitic areas [93]. 
 
 

 
 
Figure 4. EDS analysis 
 
 

6.2.4. Porosity characteristics 

Characteristics calculated from the results of low-temperature N2 sorption 
measurements are shown in Table 3. A clear correlation between the sorption 
characteristics and activation burn-off value was found – as the burn-off in-
creases, the values of SBET, Vtot and average pore size increase. The corres-
ponding values are the highest for the steam-CO2 co-activated material St-CO2-
1000, which also had the second higher burn-off percentage (60%). Although 
the materials are still mainly microporous, there is some increase in the meso-
porosity as the burn-off increases. Figure 5 shows that overall with similar burn 
off percentages, steam activation results in materials with higher SBET and Vtot 
values. 
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Figure 5. Burn-off vs. specific surface area (a) and burn-off vs. total pore volume (b) 
dependencies for CO2 and steam activation methods. 
 
  

 



44 

Table 3. Results of the sorption measurements for initial SiC-CDC 1100 and correspon-
ding CO2 activated and steam activated materials. 

Abbreviation SBET 
 (m2 g-1) 

Smicro 
 (m2 g-1) 

Vmicro 
 (cm3 g-1) 

Vtot 
 (cm3 g-1) 

SiC-CDC 1100  1140 1135 0.51 0.52 
SiC-CDC 1100 A1 1580 1575 0.71 0.74 
SiC-CDC 1100 A2 1960 1948 0.88 0.92 
SiC-CDC 1100 A3 2230 2192 1.22 1.30 
St-900 1700 1570 0.77 0.96 
St-900-H2 1720 1620 0.73 0.87 
St-1000 2410 2260 1.09 1.32 
St-1000-H2 2290 2180 1.00 1.35 
St-CO2-900 1670 1600 0.72 0.82 
St-CO2-900-H2 1750 1660 0.74 0.88 
St-CO2-1000 2610 2470 1.22 1.44 
St-CO2-1000-H2 2400 2270 1.20 1.32 

 
 
The adsorption/desorption isotherm (Figs. 6a-b) for the initial SiC-CDC 1100 
can be classified as type I isotherm, according to IUPAC classification, which is 
characteristic for microporous materials. For all the SiC-CDC activated mate-
rials the isotherms are either type I or type IV. Type I isotherms can be observed 
for the activated materials that had smaller activation burn-off values, so they 
were still mainly microporous and similar to the initial SiC-CDC. Type IV 
isotherms were established for the materials with higher activation burn-off 
values, which suggest that the mesoporosity of these materials has been 
increased. In some cases also small hysteresis can be seen in the isotherms, 
which suggests that capillary condensation of the adsorbate takes place in the 
mesopores developed during activation. 
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Figure 6. Low-temperature N2 adsorption/desorption isotherms for SiC-CDC CO2 
activated materials (a) and steam activated materials (b). 
 
 
The pore size distributions plots calculated by the SAIEUS method (2D-
NLDFT-HS) are given in Figure 7. The initial SiC-CDC 1100 is microporous, 
but both activation methods increase noticeably the mesoporosity of the CDC 
materials. Higher activation temperatures lead to higher activation burn-off 
values, which in turn lead to increased mesoporosity. The comparison between 
the steam activated SiC-CDCs materials with additional H2-treatment and non-
treated powders (Fig. 7b) show that the H2-treatment has a minimal effect on the 
porosity characteristics. Some differences may result also from measurement 
and modeling accuracy. Overall, it can be observed that both CO2 and steam 
activations have a significant effect on widening of the pores [93–95]. 
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Figure 7. Pore size distributions of SiC-CDC CO2 activated materials (a) and steam 
activated materials (b). 
 
 
For the SiC-CDC steam activated materials, additionally H2-treated and non-
treated samples, sorption measurements were also performed with Ar and CO2, 
in addition to N2, to determine if there are any functional groups on the carbon 
surface interacting differently with different gases (Ar or N2) and also using 
CO2 to get better estimation of smaller micropores. The results for St-1000 and 
St-1000-H2 using different gases are shown in Figure 8, but these tendencies 
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were similar for all the measured materials. As expected, the data for CO2 
measurement shows a bigger peak below 1 nm, i.e. for the smallest pores, 
whereas Ar and N2 show more peaks within a bit wider range. Also there is 
small dependence of the peak position on the gas used, which indicates that 
there might be specific adsorption interactions between the used gas and the 
carbon surface. However, the pore size distribution plots shape depends on the 
model used for fitting the adsorption data. Nevertheless, the comparison of Ar 
and CO2 adsorption confirms that the difference between H2 treated and H2-
untreated materials is negligible. However N2 adsorption data shows some 
influence of the H2 treatment step on the shape of pore size distribution [95, 96]. 
 

 
 
Figure 8. Pore size distribution plot for different gases (N2, CO2, Ar), obtained using 
SAIEUS method. 
 
 

6.3. Electrochemical characterization 

6.3.1. Cyclic voltammetry data  

6.3.1.1. CV data for EDLCs in 1M TEMABF4+AN  

In this study all the CV curves are expressed as specific gravimetric capacitance 
(Cm;CV) vs. cell potential (U). The CVs were measured within various electrode 
potential regions at potential scan rates (ν) from 1 to 500 mV s-1. The SiC-CDC 
CO2-activated materials (Fig. 9) and steam activated materials (Fig. 10) both 
show very similar behavior, having a nearly mirror image symmetry of the 
current response about the zero current line, obtained at U ≤ 3.0 V and  
ν ≤ 200 mV s-1. All the materials even continued showing quite good capacitive 
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behavior up to 3.4 V. On the contrary for the non-activated initial SiC-CDC 
1100 poor capacitive behavior was observed, even at low cell potentials and low 
scan rates. Although the materials had different activation and treatment 
parameters and as a result of that they also differed by their porosity parameters, 
all CV curves are quite similar and also the differences in capacitance are not 
remarkable. Therefore the SBET, Vtot and other porosity parameters have only a 
moderate influence on the EDLCs electrochemical parameters. 
 

 
Figure 9. Cyclic voltammograms for CO2 activated materials at potential scan rate 100 
mV s-1

 (a) and SiC-CDC 1100 A3 material at different potential scan rates (b). 
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Figure 10. Cyclic voltammograms for steam activated materials at potential scan rate 
50 mV s-1

 (a) and St-1000 material at different potential scan rates (b). 
 
  

The specific gravimetric capacitance Cm;CV values were calculated (Eqs. 19, 20) 
from the linear region of the CV curves after changing the direction of the 
potential scan rate at U = 3.0 V and are shown in Table 4. The capacitance 
values increased up to 2.5 times compared to the initial SiC-CDC 1100 (56 F g-1). 
The highest capacitance value obtained for the CO2-activated materials was  
125 F g-1 and for the steam activated materials 142 F g-1. Thus, the EDLCs 
based on steam activated materials demonstrated a bit higher capacitance values 
compared to CO2-activated systems [93, 95]. 
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Table 4. Calculated specific capacitance values from cyclic voltammetry (U = 2.7 V;  
v = 100 mV s-1 discharge capacitance), constant current (U = 2.7 V; j = 5 mA cm-2) and 
impedance spectroscopy measurements (U = 3.0 V; f = 1 mHz) data. 

Abbreviation 
 

Cyclic 
voltammetry 

(F g-1) 

Constant 
current 
(F g-1) 

Impedance 
spectroscopy 

(F g-1) 
SiC-CDC 1100  56 43 40 
SiC-CDC 1100 A1 113 91 108 
SiC-CDC 1100 A2 121 109 125 
SiC-CDC 1100 A3 125 101 122 
Calculated specific capacitance values from cyclic voltammetry (U = 3.0 V; v = 
5 mV s-1), constant current (U = 3.0 V; j = 1 A g-1) and impedance spectroscopy 
measurements (U = 3.0 V; f = 1 mHz) data. 
St-900 134 116 132 
St-900-H2 126 112 123 
St-1000 142 118 141 
St-1000-H2 138 118 134 
St-CO2-900 125 117 135 
St-CO2-900-H2 132 113 132 
St-CO2-1000 124 115 135 
St-CO2-1000-H2 130 115 136 

 
 

6.3.1.2. CV data for EDLCs in EMImBF4 

The EDLCs based on different SiC-CDC activated materials as electrode 
materials and EMImBF4 as an electrolyte were studied by using the CV method. 
The CV curves were measured at different potential scan rates from 1 to  
500 mV s-1 and in a very wide cell potential range up to 3.8 V (sometimes up to 
4.0 V), to obtain the region of ideal polarizability. 

Figure 11a clearly shows that the SiC-CDC 1100 material has very limited 
capacitance values, this is due to the too narrow pore sizes, which are inacces-
sible for EMImBF4 electrolyte ions. The CV curves for CO2 activated materials 
(Fig. 11a) indicate influence of the activation parameters on the resulting EDLC 
capacitive behavior. The CO2 activated SiC-CDC materials based EDLCs 
demonstrate in EMImBF4 nearly ideal capacitive behavior at scan rates  
ν ≤ 20 mV s-1 and up to U ≤ 3.6 V (Fig. 11b, Fig. 13a). At cell potentials  
U ≥ 3.6 V the Cm;CV values start increasing exponentially, which is caused by 
the decomposition of an insignificant amount of residual water in EMImBF4, 
due to which electrochemical reduction of O2 and H2O traces takes place. At 
potential scan rates over 20 mV s-1 the CV curves become distorted in the 
region of potential switchover due to the slow mass-transfer step in the porous 
CDC matrix because of the high viscosity of EMImBF4. 
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Figure 11. Cyclic voltammograms for CO2 activated materials at potential scan rate 10 
mV s-1

 (a) and SiC-CDC 1100 A3 material at different potential scan rates (b). 
 
 
The SiC-CDC steam activated materials based EDLCs demonstrate nearly ideal 
capacitive behavior at ν ≤ 50 mV s-1 and up to U ≤ 3.6 V (Figs. 12a-b, Fig. 13b). 
Even at U ≤ 3.8 V there are only small deviations from ideal capacitive 
behavior. At lower ν values some increase of faradaic capacitance can be 
observed, explained by the slow mass transfer process of electrochemically 
active residual component (H2O) from EMImBF4 to the electrode surface. At 
moderate potential scan rates 20 ˂ ν ˂ 200 mV s-1 small deviations from the 
ideal capacitive behavior CV shape are caused by very low concentration of 
residuals in the systems under study. Figure 12a shows that St-CO2-900 based 
EDLC falls out from the others and has smaller capacitance value. This is due to 
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the smallest SBET, Vmicro and Vtot values (Table 3) and narrowest pore size distri-
bution (Fig. 7), being more similar to the CO2 activated materials. For all the 
other steam activated materials very similar electrochemical behavior is 
observed. 
 

 
Figure 12. Cyclic voltammograms for steam activated materials at potential scan rate 
10 mV s-1

 (a) and St-1000 material at different potential scan rates (b). 
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Comparing the CO2 and steam activated materials we can see that steam 
activated materials based EDLCs allow using a bit higher potential scan rates 
and have a lower influence of IR-drop on the shape of CV curves, where the 
capacitive behavior remains nearly ideal. This is mainly due to the more 
expressed amount of bigger micropores and mesopores at the steam activated 
materials surface, which decreases the mass-transfer resistance of electrolyte in 
the mesoporous matrix. 
 
 

 
Figure 13. Cyclic voltammograms at different cell potentials for CO2 activated SiC-
CDC 1100 A3 material (a) and steam activated St-1000 material (b). 
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The Cm;CV values calculated (Eqs. 19–20) for both CO2 and steam activated 
materials based EDLCs are given in Table 5. For the SiC-CDC 1100 material 
the Cm;CV value is only 5 F g-1, but the CO2 activated materials obtained 
capacitance up to 129 F g-1 and steam activated materials up to 145 F g-1. 
Therefore, here the huge influence of activation conditions on the SiC-CDC 
materials is clearly proven.  

As the CV data showed, the activated SiC-CDC materials differed only a 
little in their electrochemical behavior, although their activation and treatment 
parameters as well as their specific surface areas and pore volumes were 
different. This confirms again the previously observed correlation – micro-
porous region characteristics determine the nearly linear correlation between 
specific surface area and capacitance values, visible up to SDFT ~ 1000 m2 g-1 
[94, 96]. 

 
 
Table 5. Calculated specific capacitance values from cyclic voltammetry (U = 3.6 V;  
v = 1 mV s-1 discharge capacitance), constant current charge (discharge) (U = 3.0 V; 
j = 0.1 A g-1) and impedance spectroscopy measurements (U = 3.6 V; f = 1 mHz) data. 

Abbreviation 
 
 

Cyclic 
voltammetry 

(F g-1) 

Constant 
current 
(F g-1) 

Impedance 
spectroscopy 

(F g-1) 

SiC-CDC 1100 3 0.15 NA 
SiC-CDC 1100 A1 118 84 136 
SiC-CDC 1100 A2 124 130 155 
SiC-CDC 1100 A3 129 138 170 
Calculated specific capacitance values from cyclic voltammetry (U = 3.6 V; v = 10 
mV s-1), constant current (U = 3.0 V; j = 1 A g-1) and impedance spectroscopy 
measurements (U = 3.6 V; f = 1 mHz) data. 
St-900 132 120 148 
St-900-H2 140 124 157 
St-1000 145 125 162 
St-1000-H2 138 120 165 
St-CO2-900 131 130 142 
St-CO2-900-H2 143 125 157 
St-CO2-1000 138 121 154 
St-CO2-1000-H2 133 117 148 
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6.3.2. Constant current charge/discharge measurements results 

6.3.2.1. CC data for EDLCs in 1M TEMABF4+AN  

The EDLCs based on SiC-CDC CO2-activated materials and 1M 
TEMABF4+AN were tested at constant current charge/discharge regimes from 1 
to 50 mA cm-2 at cell potentials from 0 to 2.7 V. The EDLCs based on SiC-
CDC steam activated materials were tested similarly, from 0.05 to 1 A g-1 at cell 
potentials from 0 to 3.0 V. This U region correlates to the maximum limit of 
commercially available EDLCs. The discharge and charge capacitances Ccc 
were calculated from the data of the third cycle. Since the CC/CD plots are not 
ideally linear, the integration of CC and CD has been conducted and integral 
capacitance values have been calculated according to Eq. 24. The calculated Ccc 
values for all the studied systems are shown in Table 4. The slightly lower Ccc 
values compared to capacitance values obtained by the CV method can be 
explained by the physical differences in the CV and CC/CD methods and also 
the adsorption equilibrium of ions in the micro-mesoporous surfaces might not 
be entirely established. Nevertheless, the values obtained are consistent with 
each other and the same tendencies occur. In Figure 14 it is clearly visible, that 
the curve for the SiC-CDC 1100 is non-linear and non-symmetrical and also the 
capacitance is quite low. Figure 14 and 15 show that for both types of the 
activated materials the curves are nearly linear and quite symmetrical and the 
IR-drop is negligible, even at higher current densities applied. Therefore, CO2-
activated and steam activated SiC-CDC materials based EDLCs with 
TEMABF4+AN as the electrolyte show nearly ideal capacitive behavior. The 
coulombic efficiency has been calculated as a ratio of charge released and 
accumulated during discharging and charging of EDLCs. For all the CO2-
activated systems the efficiency values remained within the range of 98 to 99% 
and for the steam activated systems within the range of 99 to 100%. Therefore 
the SiC-CDC activated materials show a great potential for different energy 
storage applications [93, 95]. 
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Figure 14. Constant current charge/discharge data at j = 10 mA cm-2 for the CO2 
activated materials. 
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Figure 15. Constant current charge/discharge data for steam activated materials at j = 
0.1 A g-1 (a) and j = 1 A g-1 (b). 
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6.3.2.2. CC data for EDLCs in EMImBF4  

The CO2 and steam activated materials and EMImBF4 ionic liquid based 
EDLCs were both tested at different fixed constant current regimes from 0.01 to 
5 A g-1 applying charging-discharging steps within the cell potentials from 0 to 
3.0 V (Figs. 16 and 17). The calculated Ccc values are shown in Table 5. 

The CC/CD curves for CO2 activated materials are almost symmetrical and 
linear at j = 0.1 A g-1 (Fig. 16a), but at higher current densities j = 1 A g-1 (Fig. 
16b) the curves are distorted to a higher extent. It is visible that the IR-drop 
increases significantly, which is caused by the slow mass-transfer process. The 
SiC-CDC 1100 A1 data differs noticeably from the other CO2 activated 
materials characteristics due to its smallest SBET, Vmicro, Vtot and the narrowest 
pore size distribution, which are not sufficient enough when using EMImBF4 as 
the electrolyte. 

The CC/CD curves for steam activated materials are nearly linear and 
symmetrical at smaller current densities (Fig. 17a). At higher current densities 
(Fig. 17b) there is only a weak deviation from the linear shape and a small IR-
drop can be observed. Therefore, these completed EDLCs demonstrate excellent 
electrochemical reversibility. The St-CO2-900 is here again the exception, 
which behaves more like the CO2 activated material due to its low porosity and 
pore size characteristics. 

The coulombic efficiencies were for both activated materials in the range of 
97 to 99% at j = 0.1 A g-1 and 99 to 100% at j = 1 A g-1 [94, 96]. 
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Figure 16. Constant current charge/discharge data for CO2 activated materials at j = 0.1 
A g-1 (a) and j = 1 A g-1 (b). 
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Figure 17. Constant current charge/discharge data for steam activated materials at j = 
0.1 A g-1 (a) and j = 1 A g-1 (b). 
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6.3.3. Impedance spectroscopy data 

6.3.3.1. EIS data for EDLCs in 1M TEMABF4+AN  

The impedance complex plane plots, i.e. Nyquist plots, for all the activated 
materials and 1M TEMABF4+AN based EDLCs have been measured within the 
ac frequency range from 1 mHz to 300 kHz at fixed cell potentials from 0 to 3.4 
V (Figs. 18 and 19). Figure 18a and Figure 19b indicate, that the Nyquist plot 
shape is nearly independent of the U applied, if U ≤ 3.2 V. At higher cell 
potential values the low frequency part slowly starts to drift away from the ideal 
–90 degree slope. The Nyquist plot shows again the significant difference of the 
activated materials compared to the initial SiC-CDC 1100 (Fig. 18b). For all the 
CO2 and steam activated SiC-CDC materials nearly ideal capacitive behavior 
can be observed. In the Nyquist plots mainly two different regions can be 
identified: 1) in the ac frequency range of from 300 Hz to 1 Hz with the nearly 
–45° slope is the so-called porous region, which is characteristic of the mass 
transfer limited process (with adsorption boundary conditions) in the micro/ 
mesoporous carbon electrode matrix; 2) at f ˂ 1 Hz, the low frequency double-
layer capacitance region with a slope of nearly –90° has been observed, which 
is caused by the finite length absorption effect. In case of more microporous 
materials, also a third region, expressed as a small semicircle, which can be 
observed at higher ac frequencies f > 300 Hz. This region is influenced by the 
adsorption kinetics of ions at the mesoporous areas of carbon electrode, on the 
series resistance of the materials and mass transfer resistance inside the porous 
carbon structure. In Figure 19b it can be seen that for the H2-treated materials 
based EDLCs slightly lower high frequencies series resistance is obtained, 
which confirms the positive effect of the finishing H2-treatment onto the ideal 
double layer formation kinetics. 

The specific series capacitance values, Cm, calculated from the Nyquist plots 
at U = 3.0 V and f = 1 mHz, are shown in Table 4. The Cm values for the CO2 
activated materials were in the range of 108 to 125 F g-1 and for the steam 
activated materials from 123 to 141 F g-1, whereas the initial SiC-CDC 1100 
demonstrated only 40 F g-1. Therefore, it can be concluded that the activation 
processes have increased the series capacitance to a great extent.  

Figure 20 shows the phase angle φ vs. ac frequency dependencies. The phase 
angle values for both CO2 (Fig. 20a) and steam activated materials (Fig. 20b) 
are in a similar range from –84° to –87°. A small drop in the phase angle values 
can be observed at low ac frequencies. This is probably caused by a small 
quantity of water residues and other electrochemically active components in the 
system. 
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Figure 18. Nyquist plots of SiC-CDC 1100 A3 material at different cell potentials (a) 
and for the CO2 activated materials at U = 3.0 V (b). 
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Figure 19. Nyquist plots of St-1000 material at different cell potentials (a) and for the 
steam activated materials at U = 3.0 V (b). 
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Figure 20. Phase angle vs. ac frequency dependencies for CO2 activated material (a) 
and steam activated materials (b). 
 
 
In an ideally polarizable system the ratio of Cm;p/Cm;s should be 1. In Figure 21 
it can be seen that in our experimental conditions all the activated materials 
demonstrated a long plateau and the Cm;p/Cm;s ratio approaches 1. For all steam 
activated materials based EDLCs a bit more expressed deviation has been 
observed for than CO2 activated materials. 
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The EDLC systems time constants τR were calculated according to Eq. 34 
and are shown in Table 6. For TEMABF4+AN based EDLCs the τR values for 
CO2 activated materials were in the range from 0.53 to 0.59 s and for the steam 
activated materials based EDLCs from 0.37 to 0.53 s. Thus, very quick 
charging/discharging processes have been taken place. 

Overall, it can be concluded, that in TEMABF4+AN based EDLCs both CO2 
and steam activated SiC-CDC materials are suitable as electrode materials and 
there is only weak dependence of τR on materials characteristics (i.e. on activa-
tion conditions used).  
 

 
 

Figure 21. Cm;p/Cm;s vs. ac frequency dependencies for CO2 activated materials (a) and 
steam activated materials (b). 
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Table 6. Time constants at U = 3.6 V. 

Abbreviation 1M TEMABF4 + AN EMImBF4 

SiC-CDC 1100 A1 0.59 26.6 
SiC-CDC 1100 A2 0.53 10.6 
SiC-CDC 1100 A3 0.55 13.3 
St-900 0.51 2.66 
St-900-H2 0.42 1.33 
St-1000 0.53 3.35 
St-1000-H2 0.42 1.05 
St-CO2-900 0.55 8.41 
St-CO2-900-H2 0.37 1.67 
St-CO2-1000 0.44 1.68 
St-CO2-1000-H2 0.41 1.69 

 
 

6.3.3.2. EIS data for EDLCs in EMImBF4 

Nyquist plots have also been measured for EDLCs based on EMImBF4 and all 
the studied activated materials. The initial SiC-CDC 1100 is not shown in this 
paragraph due to its nearly zero capacitance in EMImBF4 based EDLC. The 
measurements were carried out in a ac frequency range from 1 mHz to 300 kHz 
at fixed cell potentials from 0 to 3.6 V or sometimes from 0 to 3.8 V. Figures 
22a and 23a show how the shape of the Nyquist plot depends on the cell 
potential applied. The dependence is naturally somewhat influenced on the used 
materials characteristics, but the overall tendency is similar for all SiC-CDC 
materials, showing the Nyquist plot shape to be independent of the applied cell 
potential if U ≤ 3.2 V. When higher U values are applied, the Nyquist plot shape 
slowly deviates from the ideal –90° slope at f → 0. For steam activated mate-
rials the drift is overall somewhat smaller if compared with the CO2 activated 
materials. Figures 22b and 23b show the Nyquist plots for all the studied 
materials. The similarities with previously described Nyquist plots for 1M 
TEMABF4+AN based EDLCs are clear and same characteristic regions can be 
observed in the plots. For the CO2 activated materials there are again the three 
regions: 1) small distorted semicircle can be seen, which depends on the 
adsorption kinetics and series resistance of electrolyte in meso/macropores; 2) 
the “porous” region with a –45° slope, characteristic of the mass transfer limited 
process within meso/micropores; 3) double-layer capacitance region, which in 
this case at U = 3.6 V is with a slope in within –70° to –80°.  

For the steam activated materials, only two regions are observed and the first 
small semicircle region is not present. It can be explained by fact (BET data) 
that these materials have more bigger micropores and mesopores than the CO2 
activated materials. Also, it is observed that for the H2-treated materials slightly 
lower resistance is obtained, which confirms the positive effect of the surface 
finishing by H2-treatment. 
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Figure 22. Nyquist plots of SiC-CDC 1100 A3 material at different cell potentials (a) 
and for the steam activated materials at U = 3.6 V (b). 
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Figure 23. Nyquist plots of St-1000 material at different cell potentials (a) and for the 
steam activated materials at U = 3.6 V (b). 
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The specific series capacitance values Cm have been calculated from the EIS 
data and are shown in Table 5. The Cm values are in the range from 136 to 170 
F g-1 for CO2 activated materials and from 142 to 165 F g-1 for steam activated 
materials. Nevertheless, it has to be taken into account that sometimes the EIS 
method can overestimate the capacitance values, due to enhanced contribution 
of parasitic reactions to the electrochemical response in porous carbons.  

The phase angle vs. ac frequency dependencies show that φ values are in the 
range of –60° to –70° for the CO2 activated materials (Fig. 24a), whereas for the 
steam activated materials φ values are from –83° to –86°. At very low frequen-
cies there are small plateaus in the φ vs. f plots. Three of the steam activated 
materials indicate similarities with the CO2 activated materials results. Also, 
again the H2 treated steam activated materials show higher φ values. 

As already noted previously, in an ideally polarizable system the ratio of 
Cm;p/Cm;s should be 1. In this case the CO2 activated materials (Fig. 25a) do not 
show a plateau in the Cm;p/Cm;s vs. f plots and the Cm;p/Cm;s ratios are between 
0.87 to 0.96. The steam activated materials all show a clear plateau in Cm;p/Cm;s 
vs. f plots (except St-CO2-900, which has been brought out previously) and the 
ratios are very near to 1. Therefore, ideal capacitance values have been estab-
lished for steam activated based EDLCs. 

The characteristic time constant τR values (Table 6) very clearly indicate the 
difference between the differently activated materials. As for CO2 activated 
materials based EDLCs, the obtained τR values are from 13.3 to 26.6 s, but for 
the steam activated materials the τR values vary from 1.05 to 8.41 s. Therefore, 
the steam activated materials based EDLCs allow to release the stored energy 
about 10 times faster than CO2 activated materials based EDLCs. 

Taking into account the results discussed, it can be concluded, that steam 
activated materials have better capacitive behavior when using a RTIL as 
electrolyte and thus in this case these materials should certainly be preferred for 
EDLC applications [94, 96]. 
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Figure 24. Phase angle vs. ac frequency dependencies for CO2 activated material (a) 
and steam activated materials (b). 
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Figure 25. Cm;p/Cm;s vs. ac frequency dependencies for CO2 activated materials (a) and 
steam activated materials (b). 
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6.3.4. Constant power measurements data 

Ragone plots (energy density E vs. power density P dependencies) are 
calculated from constant power tests in the cell potential range from 3.0 V to 1.5 
V. The gravimetric Ragone plots for all the SiC-CDC activated materials and 
1M TEMABF4+AN based EDLCs are shown in Figure 26 and for EMImBF4 
based EDLCs in Figure 27. The corresponding volumetric Ragone plots are 
shown in Figure 28 and 29. The data is calculated to the total material weight, 
including active carbon electrode materials, the PTFE binder and Al current 
collectors. The active carbon makes up 90% of the total electrode weight.  

The Ragone plots again confirm the benefits of the activation processes for 
SiC-CDC materials for energy storage applications. The CO2 activated materials 
show increased energy densities up to E ~ 27 Wh kg-1 at P = 1 kW kg-1 (E ~  
16 Wh dm-3 at P = 1 kW dm-3, Fig. 28a) and E ~ 23 Wh kg-1 at P = 10 kW kg-1 
(E ~ 12 Wh dm-3 at P = 10 kW dm-3, Fig. 28a), whereas the initial SiC-CDC 
1100 shows very low values ~10 Wh kg-1 (~ 7 Wh dm-3, Fig. 28a) and  
~ 2 Wh kg-1 (~ 1 Wh dm-3, Fig. 28a), correspondingly (Fig. 26a). The steam 
activated materials show very similar E values and differ only a little from each 
other, having E values from 30 to 35 Wh kg-1 at P = 1 kW kg-1 (E up to 18 Wh 
dm-3 at P = 1 kW dm-3, Fig. 28b) and from 20 to 27 Wh kg-1 at P = 10 kW kg-1 
(Fig. 26b) (E up to 13 Wh dm-3 at P = 10 kW dm-3, Fig. 28b).  

In case of RTIL based EDLC, the CO2 activated materials (Fig. 27a) have E 
values from 13 to 25 Wh kg-1 at P = 1 kW kg-1 (~ 15 Wh dm-3, respectively, Fig. 
29a) and only from 0.3 to 3.5 Wh kg-1 at P = 10 kW kg-1 (~ 2 Wh dm-3, 
respectively, Fig. 29a). At the same time the steam activated materials (Fig. 
27b) demonstrated E values from 24 to 37 Wh kg-1 at P = 1 kW kg-1 (~ 26Wh 
dm-3, respectively, Fig. 29b) and from 5 to 15.7 Wh kg-1 at P = 10 kW kg-1  
(~ 11 Wh dm-3, respectively, Fig. 29b). Therefore, steam activated materials 
based EDLCs show in case of both electrolytes higher energy and power 
densities, but there is only a slight difference between steam and steam-CO2 co-
activated materials. 

Some increase of power densities depending on the increase of activation 
extent can be explained by the creation of larger pores during the activation 
process, which in turn reduces the mass-transfer resistance. Due to wide micro-
mesopores, the ions can move faster in the porous electrode matrix and thus the 
energy stored in the system can be released more quickly, generating higher 
power [93–96]. 
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Figure 26. Gravimetric Ragone plots for CO2 activated materials (a) and steam 
activated materials (b) based EDLCs in 1M TEMABF4+AN. 
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Figure 27. Gravimetric Ragone plots for CO2 activated materials (a) and steam 
activated materials (b) based EDLCs in EMImBF4. 

 



75 

 
Figure 28. Volumetric Ragone plots for CO2 activated materials (a) and steam activated 
materials (b) based EDLCs in 1M TEMABF4+AN. 
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Figure 29. Volumetric Ragone plots for CO2 activated materials (a) and steam activated 
materials (b) based EDLCs in EMImBF4. 
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6.3.5. Lifetime test results 

Lifetime test was carried out for St-CO2-1000 material and EMImBF4 electro-
lyte based EDLC. The test was done by CC/CD method for 5000 cycles at 
constant current density j = 1 A g-1 between cell potentials from 1.5 to 3.0 V 
(Fig. 30). The capacitance values decrease from 140 F g-1 to 107 F g-1 by the 
end of 5000th cycle. At the same time, the CC/CD curves (Fig. 30, inset) still 
show practically linear shape even after the 5000 cycles. The IR-drop was 
nearly constant up to 2000th cycle, after which it started to increase very slowly. 
After 5000 cycles the energy efficiencies dropped only from 96% to 94%, 
whereas the coulombic efficiencies remained in the range of 97–99% during the 
all cycling period. Therefore, the lifetime test confirmed the previously dis-
cussed results, which suggest that steam activated SiC-CDC materials are 
suitable for various high energy storage applications [96]. 
 

Figure 30. Capacitance vs. cycle number dependency and lifetime test charge/discharge 
cycles. 
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SUMMARY 

The main aim of this study was to analyze the influence of the synthesis and 
activation parameters on the SiC-CDC materials physical and electrochemical 
characteristics and therefore find the optimal combination of carbon powder 
treatment parameters. 

The SiC-CDC materials were synthesized via chlorination from SiC and 
thereafter activated at different temperatures and activation times with CO2, 
steam or steam and CO2 mixture. For detailed characterization of the materials 
synthesized, different methods were used: X-ray diffraction, Raman spectro-
scopy, transmission electron microscopy, low-temperature N2 (for some mate-
rials also Ar and CO2) sorption and different electrochemical measurement 
methods.  

It was found that the synthesis and activation temperature influenced the 
carbon oxidation reaction rate and there is a clear correlation between the extent 
of the burn-off during activation and the porosity parameters of the materials 
prepared. This in turn has significant influence on the electrochemical proper-
ties. The physical characterization tests confirmed that the materials are mainly 
amorphous, with a small content of graphitic layers. During the activation pro-
cesses the porous carbon structure did not change significantly. Sorption mea-
surements data showed that with the increase of the burn-off of amorphous 
carbon areas, the mesoporosity increased and microporosity somewhat 
decreased. Also, the total pore volume and average pore width of micro-
mesoporous carbon pores increased. Therefore, based on the physical charac-
terization it can be concluded that the burn-off during the activation takes place 
preferably from the carbon materials amorphous parts. 

The SiC-CDC activated materials based EDLCs showed in 1M TEMABF4 + 
AN nearly ideal capacitive behavior and excellent coulombic efficiency of 98–
99%. The achieved capacitance values were more than two-times higher than 
for the initial non-activated SiC-CDC 1100. Also, energy and power densities 
increased more than 40% as a result of the activation step. For EMImBF4 based 
EDLCs the steam activated materials had somewhat better capacitive behavior 
and higher negative phase angle values. This is due to their higher mesoporosity 
and increased content of the bigger micropores, compared to the CO2 activated 
materials. With RTIL electrolyte the initial SiC-CDC 1100 material based 
EDLC had almost no capacitive behavior. 

However, for both activation methods applied the results of this study show 
minimal change in the macrostructure of carbon materials, but significant 
increase in specific surface area, pore volume and pore widths, thus in meso- 
and micropores scale. These changes in turn have a strong impact on the SiC-
CDC electrochemical characteristics. Due to that, with simple and cheap activa-
tion methods (CO2, H2O and combined CO2+H2O methods) it is possible to 
synthesize micro-mesoporous hierarchical SiC-CDC materials, demonstrating 
comparable electrochemical characteristics to other carbide derived carbons, but 



79 

being greatly cheaper. Steam activation is somewhat more efficient, less time 
consuming and results in materials with more expressed capacitive behavior in 
different electrolytes (TEMABF4 + AN, EMImBF4). Therefore, the H2O as the 
activation agent should be preferred to the CO2 activation for synthesis of 
electrode materials for high power and energy density non-aqueous electrolyte 
based EDLCs. 
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SUMMARY IN ESTONIAN 

„Mikro- ja mesopoorsete hierarhilise struktuuriga  
süsinike sünteesimeetodite arendamine ja  

materjalide karakteriseerimine“ 

Antud uurimustöö põhieesmärgiks oli analüüsida sünteesi ja aktveerimise prot-
sesside parameetrite mõju SiC-CDC materjalide füüsikalistele ja elektrokeemi-
listele omadustele ning leida optimaalsed materjalide töötlemisparameetrid. 

SiC-CDC materjalid sünteesiti kloreerimise teel ränikarbiidist ja seejärel 
aktiveeriti erinevatel temperatuuridel CO2, veeauru või veeauru ja CO2 koos-
aktiveerimise meetoditega. Sünteesitud materjalide detailseks karakteriseeri-
miseks kasutati erinevaid meetodeid: röntgendifraktsioon, Raman spektro-
skoopia, läbivkiirguse elektronmikroskoopiat, madaltemperatuurse lämmastiku 
(osade materjalide puhul ka argoon ning süsinikdioksiid) sorptsiooni mõõtmisi 
ning erinevaid elektrokeemilisi mõõtmismeetodeid. 

Tulemustest selgub, et sünteesi ja aktiveerimistemperatuur mõjutasid reakt-
siooni kulgemise kiirust ning on selge seos toimuva massikao ja materjalide 
poorsuse karakteristikute vahel. See omakorda mõjutab oluliselt elektrokeemi-
lisi omadusi. Füüsikaline karakteriseerimine kinnitas, et materjalid on peamiselt 
amorfsed, sisaldades väikeseid grafiitseid alasid. Aktiveerimisprotsesside käi-
gus ei muutunud materjalide struktuur märkimisväärselt. Sorptsioonanalüüsi 
tulemused näitasid, et massikao suurenedes kasvab mesopoorsuse osakaal ning 
mõnevõrra vähenes mikropoorsus. Samuti suureneb kogu pooride ruumala ja 
keskmine pooride laius. Seega saab füüsikaliste karakteriseerimise tulemustest 
järeldada, et aktiveerimise käigus aset leidev massikadu toimub eelistatult 
süsinikmaterjalide amorfsetest osadest. 

Aktiveeritud SiC-CDC materjalidel ja 1M TEMABF4+AN elektrolüüdil 
põhinevad superkondensaatorid näitasid peaaegu ideaalset mahtuvuslikku 
käitumist ja suurepärast elektrilist efektiivsust 98–99%. Saavutatud mahtuvuse 
väärtused olid enam kui kaks korda suuremad võrreldes esialgse aktiveerimata 
SiC-CDC materjaliga. Samuti suurenesid energia- ja võimsustihedused üle 
40%. EMImBF4 elektrolüüdiga superkondensaatorite korral saavutasid vee-
auruga aktiveeritud materjalid mõnevõrra parema mahtuvusliku käitumise ning 
kõrgemad absoluutse faasinurga väärtused. See on tingitud nende poorsuse 
karakteristikutest – suurenenud mesopoorsus ning ka suurem laiemate mikro-
pooride osakaal, võrreldes CO2-ga aktiveeritud materjalidega. Esialgse SiC-
CDC materjali mahtuvus ioonset vedelikku sisaldavas superkondensaatoris oli 
nulli lähedane. 

Mõlema aktiveerimismeetodi puhul näitavad teostatud analüüsid, et mater-
jalide makrostruktuur muutub ainult minimaalselt, kuid poorsuse karakteris-
tikud (eripind, pooride koguruumala, pooride laius) muutuvad väga märkimis-
väärselt. Need muutused omakorda mõjutavad oluliselt SiC-CDC materjalide 
elektrokeemilisi omadusi. Seeläbi on lihtsa ja odava aktiveerimismeetodiga 
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(CO2, veeaur või veeaur+CO2) võimalik sünteesida SiC-CDC materjale, mis 
näitavad teiste karbiidest päritolu süsinikega võrreldavaid tulemusi, kuid samas 
on oluliselt odavamad materjalid. Veeauruga aktiveerimise protsess on mõne-
võrra tõhusam, vähem aeganõudev ning saadavad materjalid näitavad erinevat 
tüüpi elektrolüütides väga head mahtuvuslikku käitumist. Seetõttu peaks 
veeauruga aktiveerimist eelistama CO2-ga aktiveerimise meetodile. 
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