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Abstract
Activated carbons have been obtained from the following organic precursors (lignocellulosic waste materials): willow, rape-
seed straw, hemp shives, flax shives, switch grass, Virginia mallow and giant miscanthus. The activation process has been 
performed by using potassium hydroxide at 750 °C. Elemental analysis has been performed in order to determine the pres-
ence of heteroatoms in the carbon structure. Boehm titration was used to estimate the functional groups of carbon materials. 
The surface area was characterized using gas adsorption method. All the obtained samples have been used as electrodes for 
electrochemical capacitors operated in 1 M  H2SO4. The electrochemical characterization was carried out using cyclic voltam-
metry, galvanostatic charge/discharge and electrochemical impedance spectroscopy. All measurements proved that carbon 
materials obtained from different lignocellulosic wastes are suitable for energy storage applications. Moreover, the content 
of oxygen groups has great influence on the charge storage mechanism. Excessive oxygen content causes the disruption of 
surface conjugation of the carbon material.
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Statement of Novelty

This paper discusses the behaviour of charge storage of 
electrodes made of lignocellulosic wastes. Taking into 
account reducing cost of activated carbon production, 
current research is focused on the use of waste materials 
(willow, rapeseed straw, hemp shives, flax shives, giant 
miscanthus, switch grass and virginia mallow) for electro-
chemical capacitor applications. Taking into account that an 
appropriate modification of carbon material by heteroatoms 
could enhance the pseudocapacitance effect, the side effect 
of oxygen in its structure is very often neglected. Regarding 
the fact that electrochemical capacitors attract a great deal of 
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scientific attention, we do hope that you will find our manu-
script an interesting and newsworthy paper to be published 
in Waste & Biomass Valorization international journal.

Introduction

All organic substance which contains elemental carbon in 
its molecules may be used as organic precursors for the pro-
duction of activated carbons (AC). They should be char-
acterized not only by a high content of elemental carbon, 
but low content of volatile parts and high mechanical and 
thermal resistance as well as easy accessibility and low 
price. For this reason, AC precursors currently used on an 
industrial scale include fossil fuels, peat, wood and coconut 
shells [1]. Taking into account the reduction of activated 
carbon production cost, current research is focused on the 
use of lignocellulosic materials from industry or agriculture, 
such as biomass, as waste-based carbon material precursors. 
Biomass is a solid or liquid substance of vegetable, marine 
organism or animal origin which can be biodegradable and 
originates from agricultural waste and residues from the 
industry [2, 3]. The huge number of forms of cellulose-lignin 
composites produced by nature makes it possible to obtain 
AC from them with different structures and properties. The 
uniqueness of lignocellulosic materials lies in the chemical 
and structural diversity of plant tissue. The advantage of 
these raw materials is also their availability, the possibility 
of renewing their resources and obtaining a large mass, low 
price and biocompatibility with the natural environment [4]. 
Currently, biomass has a great potential for use in removal 
of contaminants [5] as well as in energy storage systems [6].

Biomass can be used as precursor for activated carbon 
production. Lignocellulosic materials are composed of cel-
lulose, lignin (aromatic polymers) and hemicelluloses (car-
bohydrate polymers). Lignin is a complex phenolic polymer, 
constituting 20–50% of the typical dry lignocellulose, while 
hemicelluloses account for approximately 20–35%. The 
main component of lignocellulose is cellulose. Cellulose is 
one of the most important natural polymers consisting of 
a linear chain of D-glucose units. Taking into account that 
over 70 million tons of lignin are produced as a by-product 
in pulp and paper industry, the use of this type of material 
for producing activated carbons is a very good idea. Acti-
vated carbon can be produced from numerous sources of 
lignocellulosic materials, like wood, plum stones, coconut 
shell or risk husk [6, 7].

The first step of AC production is the carbonization pro-
cess in an inert atmosphere. Carbonization is the thermal 
decomposition resulting in the elimination of non-carbon 
species in order to produce char. The second step is the acti-
vation of the char for further improvement of the surface 
area, pore volume and porosity of the activated carbon. The 

activation process can be performed by means of physical 
or chemical methods. Physical activation uses steam or  CO2 
while chemical activation relies on the use of NaOH, KOH, 
 ZnCl2,  FeCl3,  H3PO4 or  K2CO3 [6–8]. Activated carbons 
(according to their good conductivity, high surface area, 
microporosity, low cost and availability) are very interest-
ing energy storage materials, especially in electrochemical 
capacitor (supercapacitors) constructions [9]. Supercapaci-
tors are characterized by high efficiency, excellent cyclabil-
ity, the ability of fast charge and discharge (which allows to 
obtain higher power density values compared to batteries). 
In addition, materials which are used in such systems are 
characterized by low toxicity. Electrochemical capacitors are 
power sources which efficiently store and provide energy 
with the possibility of discharging up to 0 V. On the other 
hand, these systems are characterized by a large voltage drop 
under open circuit conditions and low energy density values. 
The increase in the energy of a capacitor can be achieved by 
extending the system’s operating voltage or as a result of 
the increase of capacitance. Electrochemical capacitors are 
devices which store energy by charging the electric double 
layer. The charging of the double layer is the electrostatic 
interaction of the electrolyte ions with the surface of the 
electrode material. The electrode material should be charac-
terized by electrochemical stability, high conductivity, and 
a well-developed surface accessible for ions. These systems 
are able to deliver energy at high power rate [10–12]. The 
increase in the capacitance of the electrochemical capacitor 
can be achieved by the modification of the carbon material 
in order to produce a higher content of functional groups 
[13, 14]. As a result of the redox reactions taking place with 
the aforementioned functional groups, there is an increase 
in the capacitance of the system (the so-called pseudoca-
pacitive effect) [15, 16]. The increase in capacitance causes 
an increase in energy density of the system. The energy 
density could be increased by designing the electrochemi-
cal capacitors in an asymmetric system or by constructing 
hybrid capacitors with electrodes made of carbon/transition 
metal oxides composites [17, 18].

The aim of this study was the preparation of the activated 
carbons from different organic precursor in order to deter-
mine the charge storage properties in aqueous solution. The 
following lignocellulosic materials have been used in this 
study: willow, rapeseed straw, hemp shives, flax shives, giant 
miscanthus, switch grass and virginia mallow. Depending 
on the preparation methods as well as the carbon organic 
precursors, activated carbons are characterized by various 
physicochemical properties with well developed surface 
area. In such a case the specific surface area is very impor-
tant parameter to construct electrochemical capacitors. In 
this study, some other aspects of the carbon materials like 
pore size distribution, electrical conductivity, wettability 
and surface chemistry were taken into consideration. Based 
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on the same procedure of preparation with different organic 
precursors authors discussed the impact of the surface func-
tional groups, especially the changes of surface conjugation 
of the electrode material in the presence of oxygen which is 
very often neglected. Authors tried to established the capaci-
tance by measuring the behavior of positive and negative 
electrodes simultaneously in symmetric (two-electrode cell) 
configuration. This approach is very important, because the 
differences in the already reported capacitances of biomass-
derived electrochemical capacitors can be assigned to the 
method of testing. It is well known that three-electrode cell 
gives higher capacitance values in the comparison with two-
electrode cell measurements.

Experimental

The lignocellulosic materials were ground with a roller mill 
and sieved. The crushed plant materials were subjected to 
carbonization. These processes were carried out in a cham-
ber reactor in oxygen free atmosphere by heating to 600 °C 
at the temperature rate of 3 °C  min−1 and then, storage under 
stable conditions for 1 h. Carbonizates after grinding were 
activated with potassium hydroxide at a mass ratio of 1:4 
in argon atmosphere at 750 °C for 15 min in a nonporous 
ceramic reactor. Activated carbons (AC) were extracted with 
1% hydrochloric acid and then, with deionized water to the 
neutral pH.

Surface oxygen groups were determined according to the 
Boehm’s method [19]. A 0.25 g sample of each activated 
carbon was placed in a 250 ml flask. After adding 25 ml 
of 0.1 M solution of NaOH,  NaHCO3 and0.05 M solution 
of  Na2CO3 (for determination of acidic groups) or 0.1 M 
HCl (for determination of basic groups), the mixtures were 
shaken for 24 h. After filtering the mixtures, 10 mL of each 
filtrate was pipetted and the excess of base and acid was 
titrated (Tashiro indicator) by 0.1 M solution of HCl or 
NaOH, respectively. All experiments were repeated twice. 
The numbers of acidic sites of various types were calcu-
lated under the assumption that NaOH neutralizes carboxyl, 
phenolic and lactonic;  Na2CO3—carboxyl and lactonic; and 
 NaHCO3 only carboxyl groups. The number of surface basic 
sites was calculated from the amount of HCl which reacted 
with carbon.

The thermal analysis of the activated carbons was carried 
out on PerkinElmer thermogravimetric analyser using the 
following conditions: final temperature of 900 °C, rate of 
temperature increase of 5 °C  min−1, atmosphere—helium 
flowing at the rate of approx. 2 dm3 h−1. The surface area 
and pore size distribution were obtained by analysis of nitro-
gen adsorption method at 77K (Micromeritics ASAP 2020 
volumetric adsorption system). The elemental analysis was 
conducted using VARIO MICRO CUBE system.

All the obtained samples were used as electrode materials 
of an electrochemical capacitor. The electrochemical meas-
urements were carried out using cyclic voltammetry, gal-
vanostatic charge/discharge and electrochemical impedance 
spectroscopy (potentiostat/galvanostat VMP3, Bio-Logic). 
All electrochemical studies were carried out with two- and 
three-electrode cells assembled in a  Swagelok® system in 
1 M  H2SO4. The electrode was composed of 85 wt% of car-
bon, 10 wt% of PTFE and 5 wt% of acetylene black. The 
samples and their abbreviations used in this manuscript were 
presented in Table 1. The conductivity of the prepared elec-
trodes was determined by electrochemical impedance spec-
troscopy at 1 kHz. As prepared electrodes were subjected to 
measure the water contact angle on the goniometer. Water 
drops were placed on the surface of the sample by using a 
Hamilton micro-syringe (4 µl).

Results and Discussion

All lignocellulosic materials were subjected to carboniza-
tion and activation process. The KOH activation is a very 
complex reaction between carbon and potassium hydrox-
ide. Three main mechanisms can be distinguished during 
activation: (a) etching the carbon framework by different 
potassium compounds, (b) physical activation of carbon 
by water and carbon dioxide formed during this process 
and (c) intercalation of metallic potassium into the car-
bon lattices [20, 21]. After the removal of metallic potas-
sium by washing, high microporosity and surface area are 
obtained. The results of BET surface area measurements 
were summarized in the Table 2. It should be noted that 
the same process of carbonization and activation leads to 
the production of different activated carbons depending 
on the lignocellulosic material. The highest surface area 
was obtained for AC-W sample, however the AC-S sam-
ple was characterised by the lowest value of surface area. 
All obtained isotherms (Fig. 1a, Fig. S1a) represent Type 
Ib according to the IUPAC classification of adsorption 
[22]. This type of isotherms are obtained for microporous 
materials with a small number of narrow mesopores. This 
type of isotherm tends to be concave to the p/po axis. The 

Table 1  Samples and their 
abbreviations used in this study

Sample Abbreviation

Willow AC-W
Rapeseed straw AC-R
Hemp shives AC-H
Flax shives AC-F
Giant miscanthus AC-M
Switch grass AC-S
Virginia mallow AC-V
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presence of micropores of molecular dimensions causes 
significant nitrogen uptake at low p/po. The pore size dis-
tribution of activated carbons (PSD, calculated by NLDFT 
method with heterogeneous surface model using SAIEUS 
program, ver. 1.02, by J. Jagiello) [23] confirmed the high-
est contribution of micropores (Figs. 1b, S1b). Based on 
the obtained result, the highest content of micropores was 
detected in the case of AC-W and AC-V samples, therefore 
their surface area reached the highest value.

Elemental analysis (Table 3) proved that all obtained 
materials were characterized by abundance of heteroatoms 
after activation process. All samples were rich in oxygen 
which could be present in various oxygen functional groups 
on the carbon surface. Activated carbons obtained from 
willow (AC-W) and rapeseed straw (AC-R) were character-
ized by the highest content of sulphur. Moreover, the high-
est content of nitrogen was found in Virginia mallow-based 
carbon. It should be noted that the presence of different 
functional groups in the carbon structure is crucial to con-
struct electrodes for electrochemical capacitors. Therefore, 
for this purpose, the Boehm titration was applied to deter-
mine which types of oxygen functional groups occupy the 
carbon surface (Table 4). This measurement showed that all 
obtained samples were rich in acidic as well as basic sites. 
The concentration of basic moieties decreased with increas-
ing acidic character of the surface. The acidic character is 
caused by carboxyl groups, lactones and phenolic structure 
(hydroxyl groups). On the other hand, the basic character 
can be associated with the presence of pironic, chromenic 
and π electrons in graphene plane. The highest content of 
basic sites was measured for AC-R and AC-V samples. It 
should be noted that quinone/hydroquinone-like structures 
could participate in electrochemical reaction occurring 
at the electrolyte/electrode interface. Moreover, thermo-
gravimetric analysis (Figs. 2, S2) confirmed the presence 

Table 2  BET surface area, conductivity and water contact angle 
results

Sample Surface area 
 (m2 g−1)

Conductivity 
(mS cm−1)

Water con-
tact angle 
(°)

AC-W 1220 4.5 72
AC-R 961 1.3 83
AC-H 957 2.8 81
AC-F 900 2.8 80
AC-M 930 4.6 79
AC-S 888 5.8 79
AC-V 1119 1.4 82

Fig. 1  Nitrogen adsorption/desorption isotherms at 77  K (a); pore 
size distribution (b)

Table 3  Results of elemental analysis

Sample C (wt%) H (wt%) N (wt%) S (wt%) O (wt%) by diff.

AC-W 86.77 1.18 0.03 0.35 11.67
AC-R 79.43 0.99 0.04 0.23 19.31
AC-H 81.64 0.98 0.05 0.08 17.25
AC-F 80.18 1.08 0.05 0.01 18.68
AC-M 79.69 1.27 0.03 0 19.01
AC-S 79.62 1.28 0.02 0 19.08
AC-V 73.59 0.94 0.21 0 25.26

Table 4  Surface oxygen functional groups of the activated carbons

ACs Functional groups (mmol g−1)

Acidic Acidic 
(total)

Basic (total)

Carboxylic Lactonic Phenolic

AC-W 0.19 0.01 0.97 1.17 0.39
AC-R 0.20 – 0.87 1.07 3.33
AC-H 0.20 0.20 0.79 1.19 1.29
AC-F 0.24 0.05 0.93 1.22 1.37
AC-M 0.15 0.19 0.93 1.27 0.64
AC-S 0.19 0.15 1.34 1.68 0.54
AC-V – 0.05 1.14 1.19 3.03
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of different functional groups. The surface functionaliza-
tion was determined by TGA under helium flow. The lowest 
value of mass loss was reported for AC-W sample. This acti-
vated carbon obtained from willow was the most thermally 
stable due to the lowest content of oxygen in its structure 
(Fig. 2a). TGA measurements provided not only data regard-
ing thermal stability (mass loss) but also thermal informa-
tion about functional groups present on the carbon surface. 
The changes of TGA curve were smooth, therefore a deep 
analysis could be conducted by its first derivative, namely 
DTG curve (Fig. 2b). The inflection points in the DTG curve 
were assigned to decomposition of surface functional groups 
accompanied by the release of CO or  CO2. The first peak 
between 25 and 150 °C is associated with the elimination of 
water. It can be assumed that the carbon materials obtained 
from lignocellulosic wastes are hydrophilic. Moreover, the 
mass loss between 200 and 500 °C is associated with carbon 
dioxide release. Carbon dioxide is released mainly after the 
decomposition of carboxylic groups. Further mass loss (at 
higher temperature) can be associated with carbon monoxide 

formation. Carbon monoxide is formed as a result of carbox-
ylic anhydrides, ether-type oxygen, quinone and carbonyl 
groups [24–28].

It should be noted that heteroatom functionalities could be 
responsible for increasing the overall capacitance of electro-
chemical capacitors. In such a case, a pseudocapacitive effect 
is expected in an acidic medium. Therefore all electrochemi-
cal measurements were conducted in a 1 M  H2SO4 solution. 
Cyclic voltammetry conducted in two- and three-electrode 
cell resulted in an almost rectangular shape (Fig. 3a, b) 
which proved good capacitive properties of all the obtained 
samples. The best performance was exhibited by the elec-
trochemical capacitor based on the electrodes made from 
Switch grass (AC-S) and its voltammograms were presented 
in the Fig. 1. Calculated capacitances were summarized in 
Tables 5 and 6. Based on the CV measurements, it can be 
stated that the highest capacitance was reached by samples 
AC-S and AC-W. The carbon materials produced from wil-
low (AC-W) was characterized by the highest surface area 
(1220 m2  g−1), on the other hand activated carbon obtained 

Fig. 2  Thermogravimetric analysis: mass loss versus temperature (a); 
derivative curve (b)

Fig. 3  Cyclic voltammograms at 10 mV  s−1 (two-electrode cell) (a); 
Cyclic voltammograms at 5 mV  s−1 (three-electrode cell) (b)
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from switch grass (AC-S) possessed the lowest value of 
surface area (888 m2 g−1) (Table 2). Despite the fact that 
this material has a low surface area, the electrochemical 
capacitor based on this material was characterized by the 
highest capacitance (228 F g−1). Moreover, activated carbon 
obtained from willow and switch grass possessed the lowest 
content of basic sites. It can be stated that quinone/hydroqui-
none redox couple were responsible for the highest capaci-
tance value in the acidic medium. The overall capacitance 
was an effect of the electrostatic attraction (charging/dis-
charging electric double layer) as well as pseudocapacitance 
effect. Moreover, in all cases the negative electrode was 
characterized by higher capacitance in the comparison with 
the positive one, which is very important for the construction 
of systems with asymmetric electrodes (Table 6). It should 
be noted that the lowest capacitance was observed for AC-R 
and A-V samples. This type of material was characterized 
by the highest content of basic sites which are not able to 
conduct electrochemical reactions responsible for the pseu-
docapacitive effect. Moreover, the A-V sample is character-
ized by the highest content of oxygen in its structure. Taking 
the relatively low surface area and high content of oxygen of 
the AC-F sample into account, the electrochemical capaci-
tors based on this carbon material reached 210 F g−1. The 
oxygen functionalities increased the hydrophilic character 
of this material (the highest mass loss, Fig. S2) and thus 
the wettability of the electrode in an aqueous electrolyte. It 

should be noted that the water contact angle measurements 
in all investigated samples is lower than 90°, which proved 
the hydrophilic character of electrodes (Table 2). Moreover, 
electrochemical capacitors based on the AC-S and AC-W 
samples are characterized by the highest value of conductiv-
ity which proved their relatively high capacitance (Table 2).

In the case of the carbon materials rich in heteroatom 
functionalities, charge storage in the electrode involves Fara-
daic reactions in a wide potential range (pseudocapacitive 
effect). Oxygen functionalities can contribute to the pseudo-
capacitive effect in an appropriate concentration involving 
electron transfer reaction. Taking into account that oxygen 
functional groups are connected to conjugated graphene lay-
ers, the electrons transferred into (or from) these groups are 
delocalized. As a result, the constant current flow is respon-
sible for the rectangular shape of cyclic voltammogram (tri-
angular shape of galvanostatic charge/discharge) and it does 
not present significant current peaks. Moreover, excessive 
oxygen content causes the changes of surface conjugation 
of the electrode material. This is due to probably by the 
increasing  sp3 sites in its structure. It should be noted, that 
despite the relatively high surface area, the AC-V sample is 
characterized by the lowest capacitance. This sample possess 
he highest content of oxygen (over 20 wt%) and is charac-
terized by the lowest capacitance as well as the conductiv-
ity value (Table 2) [29–32]. The high diversity of carbon 
materials are connected with their physical properties and 
the ratio of  sp2 to  sp3 bonds. Moreover, taking into account 
the structural ordering of activated carbons due to their high 
porosity this kind of materials are predominantly amorphous 
structure. An amorphous carbon could possess any mixture 
of  sp3,  sp2 and even  sp1 sites. The  sp3 sites are characterized 
by only σ states while the  sp2 sites have also π states. The 
surface functionalization (especially by oxygen functional 
groups) causes the conversion of  sp2 sites  sp3 sites. It can be 
concluded that  sp2 configuration is transformed from rings 
to chains [11, 33, 34].

In order to determine the performance of electrochemical 
capacitors in a more detailed manner, the electrochemical 
impedance spectroscopy, galvanostatic charge/discharge and 
cycling stability were also examined. This type of measure-
ments also proved that the best performance was exhibited 
by the electrochemical capacitor based on the AC-S sample. 
In all cases (Fig. 4a) the impedance spectra consisted of two 
parts, the semi-circle at high frequency and the straight line 
at low frequency region. It should be noted that the lowest 
value of imaginary part was measured for the AC-S sam-
ple. Lower value of the imaginary part of impedance proved 
the highest capacitance value of such system (237 F g−1 at 
1 mHz). In addition, the electrochemical capacitors based 
on the AC-S sample was characterized by very high charge 
propagation because its capacitance remained at 206 F g−1 
at 10 A g−1 (Fig. 4b). Moreover, all measurements at 2 A g−1 

Table 5  Cyclic voltammetry at 
10 mV  s−1 (two electrode cell)

Sample Capaci-
tance (F 
 g−1)

AC-W 226
AC-R 200
AC-H 206
AC-F 210
AC-M 215
AC-S 228
AC-V 186

Table 6  Capacitance (F g−1) 
values calculated from cyclic 
voltammetry at 5 mV s−1 (three-
electrode cell)

Sample 1 M  H2SO4

Negative 
electrode

Positive 
electrode

AC-W 230 210
AC-R 222 185
AC-H 215 200
AC-F 212 209
AC-M 224 209
AC-S 252 209
AC-V 196 177
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also proved the exceptional stability of this system during 
5000 cycles of charge/discharge (Fig. 5a). The capacitance 
value decreases in this test only from 236 to 224 F g−1. Fur-
thermore, electrochemical capacitors with electrodes made 
from switch grass were able to deliver energy at a very high 
power rate which can be seen in the Ragone plot (Fig. 5b). 
Unfortunately, the energy density was relatively low because 
it reached 6 Wh  kg−1. The energy density can be further 
increased by appropriate modification of carbon materials 
or by extending the voltage of this system.

It should be emphasized that depending on the activa-
tion method and carbon precursor, activated carbon are 
characterized by different physicochemical properties and 
porous structure. Moreover, same other properties (pore 
size distribution, conductivity, surface functionality, wet-
tability) should be taken into consideration in order to 

construct electrochemical capacitors [35]. Generally, the 
higher surface area is, the higher capacitance of super-
capacitors is. Sometimes, despite the high specific sur-
face area, some activated carbon are characterized by low 
capacitance. Apart from the physicochemical properties 
of activated carbon, this situation can be explained by 
the different construction of electrochemical capacitor. In 
such a case, many factors possess a huge impact on the 
capacitance like: surface chemistry, method of preparing 
electrodes, the electrolyte used and electrochemical test-
ing method. It should be noted that three-electrode cell 
measurements resulted in higher capacitance value in the 
comparison with two-electrode cell. Moreover, despite 
the same electrochemical method other parameters like: 
differences in mass loading, electrode thickness, amount 
of binder, type of current collectors (including corro-
sion processes [36]) have huge impact on the capacitance 
value. For example, activated carbons activated in KOH 
with comparable surface area like sunflower seed shell 
exhibited 144 F g−1 (10 A g−1, two-electrode cell, 30wt.% 
KOH as electrolyte) on the other hand water hyacinth 

Fig. 4  Electrochemical impedance spectroscopy (a); capacitance val-
ues vs. current density (b)

Fig. 5  Cycling stability at 2 A g−1 (a); Ragone plot (b)
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reached 273 F g−1 (1 A g−1, three-electrode cell, 6M KOH 
as electrolyte) [37]. One of the most often used agent for 
activation is KOH. Depending on the construction of elec-
trochemical capacitors, the capacitances value can easily 
exceed 200 F g−1 [38–41]. Activated carbon can be also 
produced by activation based on the  K2CO3. The capaci-
tance values of such prepared materials (based on the 
waste skins of banana, grapefruit, mandarin and pomelo) 
vary from 98 to 131 F g−1 (10 mV  s−1, 6 M KOH as elec-
trolyte) [8]. It should be noted that promising procedure 
is to obtain the activated carbon in one-step carboniza-
tion without activation. This method was proposed by 
Juan Du et al. [42]. In this case the non-activated porous 
carbon displayed high specific capacitance 228.9 F g−1 at 
0.5 A g−1 (three-electrode cell in 6 M KOH solution as 
electrolyte).

Conclusions

The presented study shows that all the obtained materials 
are desirable and suitable for the construction of electro-
chemical capacitors. All materials, after being carbonized 
and activated, are rich in heteroatoms functional groups. 
The overall capacitance is due to the electrostatic attrac-
tion (charging/discharging electric double layer) as well 
as pseudocapacitance effect. All capacitors based on the 
obtained samples are characterized by very high capaci-
tance (more than 200 F g−1), very high charge propagation 
and cycling stability. It should be noted that the highest 
capacitance was reached in case of the capacitor based on 
the AC-W sample, which is characterized by the highest 
surface area, and the AC-S sample, which is character-
ized by the lowest surface area. High capacitance value 
resulted in the pseudocapacitance effect at the electrode/
electrolyte interface. Moreover, the negative electrode 
was characterized by the highest capacitance in the com-
parison with positive one. The lowest capacitance value 
was detected in the case of the electrochemical capacitor 
based on the AC-V sample (the highest content of oxy-
gen). Excessive oxygen content causes the disruption of 
surface conjugation of the carbon material. Moreover, the 
correlation between physicochemical and electrochemical 
properties should be always taken into consideration. All 
of the capacitance values require to be standardized dur-
ing testing, because not only electrode material influences 
the performance of the system but also the construction of 
electrochemical capacitor and testing method.
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