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Four graphene materials and four activated carbons from various producers 

as well as carbon black from Cabot company and compositions of all these ma-
terials are tested as electrodes of electrochemical double layer capacitors 

(EDLC). As revealed, the specific capacitance of graphene-based electrodes 

and capacitance retention with an increase in current are inferior to the val-
ues, which can be achieved with the best activated carbons specially devel-
oped for the EDLC application. Fairly good correlation between the surface 

area and the electrostatic capacitance of electrode materials is revealed re-
sulting in the capacitance of electric double layer of graphene, graphene-
containing and activated carbon materials tested in this work to be close to 

0.052 F/m2. 

З чотирьох типів графенових матеріялів і чотирьох на основі активовано-
го вугілля, наданих різними виробниками, а також сажі компанії Cabot та 

їхніх композицій виготовлено та випробувано електроди в електрохеміч-
них конденсаторах подвійного електричного шару (EDLC). Встановлено, 

що питома ємність електрод на графеновій основі та стабільність ємности 

зі збільшенням струму поступаються значенням, які можна досягти із 

найліпшим активованим вугіллям, спеціяльно розробленим для застосу-
вання EDLC. Було виявлено достатньо хорошу кореляцію між площею 

поверхні й електростатичною ємністю електродних матеріялів. Показано, 
що ємність електричного подвійного шару з графену, графеновмісних ма-
теріялів і активованого вугілля, що вивчалися в даній роботі, становить 

0,052 Ф/м2. 

Четыре типа материалов на основе графена и четыре на основе активиро-
ванных углей, полученных от различных производителей, а также специ-
альная сажа компании Cabot и композиции на основе всех этих материа-
лов испытаны в качестве электродов конденсаторов двойного электриче-
ского слоя (EDLC). Найдено, что удельная электростатическая ёмкость и 

поддержание ёмкости с увеличением тока при использовании графеновых 

электродов проигрывают значениям, которые можно достичь при исполь-
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зовании лучших образцов активированных углей, специально разрабо-
танных для применений в EDLC. Получена достаточно хорошая корреля-
ция между удельной поверхностью электродных материалов и их элек-
тростатической ёмкостью, что даёт для графенов, графенсодержащих ма-
териалов и активированных углей, которые были изучены в данной рабо-
те, величину ёмкости двойного электрического слоя порядка 0,052 Ф/м2. 

Key words: supercapacitor (ionistor), graphene materials, activated carbon, 

energy storage. 
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1. INTRODUCTION 

Since the Nobel Prize award in 2010, the scientific community is 
being interested in graphene [1] and, in particular, in its various 
applications [2]. In this work, we will focus on possible applications 
of graphene in energy storage technologies [3–5], namely, in elec-
trodes of electrochemical double layer capacitors (EDLC) also known 
as supercapacitors or ultracapacitors. In today’s EDLC technology, 
various activated (nanoporous) carbons are used as major electrode 
components, and below, it will be verified whether graphene can 
successfully replace them or can it be used as a complementary ma-
terial to improve the electrode characteristics. 
 EDLC, which appeared as commercial energy storage devices 
about 40 years ago, now enter more and more market niches like 
hybrid transport, wind turbines, consumer electronics, etc. [6, 7]. 
Though EDLC can store much less energy than batteries, they have 
an obvious advantage over all types of batteries by their power den-
sity and efficiency, quick charge, number of charge-discharge cycles 
and operating temperature range. This performance is due to the 
combination of huge surface area of EDLC electrodes and very low 
internal resistance of the EDLC electrochemical system [8]. The lat-
ter, in its turn, results from the absence of any charge or mass 
transfer through the electrode–electrolyte interface, which is a 
common process in batteries. In EDLC, the energy stores due to 
charge separation at this interface, and the speed of the charge sep-
aration process is limited by the electrolyte diffusion only [9, 10]. 
So, bearing in mind the very high surface area and conductivity of 
graphene (of the order of 2630 m2/g and 2.105 S/m, respectively 
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[11, 12]), the material looks promising to provide large capacitance 
and low internal resistance of EDLC if being used as the major elec-
trode component or, at least, as a complementary one [13]. 
 In this work, we will focus on the results of electrochemical stud-
ies of EDLC comprising graphene as an active electrode material in 
both electrodes, though there are also a good number of works, 
wherein graphene is used to form the anode material in various 
types of Li [14, 15] or Na [16] batteries. Methods for obtaining gra-
phene will not be discussed either, though in many cases the mate-
rial performance depends on the synthetic method. 

2. EXPERIMENTAL 

The following nanostructured carbons have been studied: 
 — G250H graphene from SinoCarbon Innovation & Investment 
Co., Ltd. (China), denoted below as GH; 
 — xGnPC750 graphene from XG Science, Inc. (USA), denoted 
below as xGn; 
 — С2087/rGOB006/Pw reduced graphene oxide from Graphenea 
(Spain), denoted below as rGO; 
 — a sample of mechanically obtained graphene powder from 
Yunasko laboratory (Ukraine), denoted below as GY; 
 — M120 carbon black from Cabot Corporation (USA), denoted 
below as CB; 
 — YP50F activated carbon from Kuraray Chemical Co., Ltd (Ja-
pan), denoted below as Y5; 
 — YP80F activated carbon from Kuraray Chemical Co., Ltd (Ja-
pan), denoted below as Y8; 
 — HDLC 20B STUW activated carbon from Haycarb PLC (Sri 
Lanka), denoted below as HC; 
 — EliteC activated carbon from Calgon Carbon Corporation, de-
noted below as EC. 
 Surface area and pore size distribution of all the materials were 

studied with the use of isotherms of nitrogen gas sorption–desorption 

at 77 K that were obtained with NOVA 2200 analyser (Quantachrome, 

USA). The carbon specimens were kept in vacuum of 110
4

 Torr at 

180C for 4 hours before the measurements. The DFT method was used 

to study the micro- and mesoporous structure, and BET method was 

also involved for comparison purposes. Separately, the sorption of CCl4 

vapour at room temperature was measured to see the share of pores 

larger than 0.63 nm as was recommended in [17, 18]. 
 Electrochemical characteristics of graphenes, activated carbons, 
carbon black and their mixtures were studied in EDLC prototypes with 

the use of Arbin SCTS5-25 test bench for capacitance, internal re-
sistance and self-discharge measurements, or Voltalab-80 PGZ 402 for 
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impedance and cyclic voltammetry measurements. Capacitance, inter-
nal resistance and self-discharge values were evaluated according to 

IEC62391 standard [19] followed by recalculating the capacitance val-
ues per unit mass or volume of the prototype active electrodes and in-
ternal resistance per 1 sq.cm of the electrode visible area. 
 Active electrodes were manufactured by roller pressing the mix-
ture of the corresponding carbon powder (graphene and/or activated 
carbon) with PTFE binder. The binder content was 7% of the total 
electrode mass. The only exceptions were CB electrodes that were 
manufactured by coating method with PVDF binder since the roller 
pressing could not provide the proper mechanical strength. In most 
cases, the electrodes of 100 m thick were manufactured except the 
xGn and CB materials; in these cases, we could prepare the elec-
trodes of 200 m thick (xGn) or 40 m thick (CB) only. The elec-
trode tapes thus made were laminated onto the aluminium foil that 
was used as the current collector. The foil was preliminarily treated 
by electric-spark deposition of graphite [20] and covered by a thin 
layer of carbon black/PVDF mixture to improve the conductivity 
and adhesion between the active electrode layer and current collec-
tor. Electrode footprint on the collector was 3050 mm, and elec-
trodes thus manufactured were dried in vacuum at 220C (except 
CB-based ones, which were dried at 150C) for 12 hours followed by 
fabricating the EDLC prototypes in a dry glove box. Each EDLC 
prototype comprised a pair of electrodes, positive and negative, in-
terleaved with a porous cellulosic film (separator, TF4530 produced 
by Nippon Kodoshi), impregnated with organic electrolyte (1M 
Et4NBF4 in acetonitrile, produced by BASF) and hermetically sealed 
in a laminated aluminium shell. At least, three prototypes were fab-
ricated with each type of electrodes. 

 

Fig. 1. Increments of specific surface area vs pore width for some selected 
carbons (DFT study). 
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3. RESULTS AND DISCUSSION 

3.1. Porosity of carbon materials and electrode properties 

Figure 1 illustrates the differential surface area vs. pore size in 
some of the tested materials selected for comparison purposes. We 
have chosen the pore width exceeding 1 nm, since accordingly to 
our data, these pores are of major interest for EDLC with organic 
electrolytes and, in particular, for EDLC application under high 
load conditions. As can be seen from Fig. 1, the Y5, Y8, HC and EC 
activated carbons (all are used in the EDLC industry) have the main 
porosity at the boundary between micro- and mesopores, namely, of 
about 1–3 nm with some minor contribution from larger pores. 
Graphene materials have more significant contribution from meso-
porosity. This can also be seen in more detail from Table 1, wherein 
the data obtained with the use of BET or DFT methods are listed. 
Some differences between the surface values may be accounted for 
different calculation techniques used in BET and DFT models to 
treat the sorption–desorption curves [21]. The general result is that 
graphene materials have larger medium pore width (except the xGn 
sample) and obviously less total surface area than activated carbons 
or CB. In our further discussion, we will refer to DFT results since 
they correlate with capacitance measurements much better than 
BET data, as was also discussed in detail in [22]. 
 All the materials and their combinations were used to fabricate the 

EDLC electrodes as described in Sec. 3.2, and the electrode composi-
tions and characteristics are listed in Table 2. The GH graphene could 

not be used as a single active material because of the poor mechanical 
strength of GH-based electrodes (even at increased binder content) 

TABLE 1. Characteristics of pore structure of carbon materials under study. 

Carbon 
powder 

BET data DFT data 

Specific surface 
area, m2/g 

Specific surface 
area, m2/g 

Medium 
pore width, nm 

Y5 2013 2174 1.4 

Y8 2505 2418 2.5 

HC 1733 2144 1.6 

EC 1755 2040 1.4 

GH 695 805 5.6 

xGn 826 985 1.4 

rGO 446 446 5.2 

GY 1350 1440 5.1 

CB 1583 1965 1.4 
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and, therefore, it was used in combination with activated carbon. In 

our opinion, it may be accounted for the significant heterogeneity of 

the GH powder and the tendency to aggregation of two-dimensional 
graphene units. From Table 2, it can also be seen that adding this pow-
der to the electrode composition reduces the electrode density. 

3.2. Electrochemical characteristics of EDLC prototypes 

Capacitance, internal resistance, their product (RC- or time-constant, 

in s) and a decrease in capacitance with an increase in current (dC/dI 

slope) were measured for all the EDLC prototypes manufactured as de-
scribed in Sec. 2. Capacitance and internal resistance were determined 

by charging–discharging the prototypes with a constant current value 

within the voltage range between the rated (upper) voltage, Umax, and 

half of this voltage, Umin0.5Umax (e.g., see a typical charge–discharge 

curve in Fig. 2). The internal resistance, RDC (in ), was evaluated from 

the voltage drop (or IR-drop) when switching the discharge current, I, 
according to Eq. (1): 

TABLE 2. Electrode composition and density. 

Electrode 
material 

No. 
Electrode 

composition1 
Activated 

carbon, %wt.  
Graphene 

or CB, % wt. 
Electrode 

density, g/cc 

Activated 
carbon 

1 1:0[Y5:0] Y5, 46.5 — 0.67 

2 1:0[Y8:0] Y8, 93 — 0.50 

3 1:0[HC:0] HC, 93 — 0.62 

4 1:0[EC:0] EC, 93 — 0.65 

Graphene 

5 0:1[0:xGn]2 — xGn, 93 0.73 

6 0:1[0:rGO] — rGO, 93 0.64 

7 0:1 [0:GY] — GY, 93 0.71 

Carbon black 8 0:1[0:CB]3 — CB, 85 0.68 

M
ix

tu
r
e
  

o
f 

tw
o
 a

c
ti

v
e
  

m
a
te

r
ia

ls
 

9 9:1[Y8:GH] Y8, 83 GH, 10 0.48 

10 1:1[Y8:GH] Y8, 46.5 GH, 46.5 0.36 

11 9:1[HC:GH] HC, 83 GH, 10 0.56 

12 9:1[HC:xGn] HC, 83 xGn, 10 0.63 

13 1:1[HC:xGn] HC, 46.5 xGn, 46.5 0.72 

14 1:1[Y8:rGO] Y8, 46.5 rGO, 46.5 0.60 

15 1:1[Y8:CB] Y8, 46.5 CB, 46.5 0.62 
 

Note: 
1Electrode composition as 9:1[HC:GH] denotes the ratio between activated car-

bon and another active electrode component, e.g., here the ratio between HC and GH is 

9:1 by mass. 
2These electrodes were manufactured of 200 m thick. 

3These electrodes 

were manufactured of 40 m thick with 15% wt. of PVDF binder. 
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 The capacitance C was evaluated from the discharge curve accord-
ing to Eq. (2): 

 .
I t

C
U





 (2) 

(see notations in Fig. 2). 
 Charge–discharge cycling was performed with a stepwise increase 
in Umax value from 1.5 V to 2.7 V, the steps being of 0.2–0.3 V. The 
cycling current was changed from 0.5 A to 4.0 A with increments 
of 0.5 A. Eight charge–discharge cycles were performed at each 
current value followed by averaging the capacitance and resistance 
values obtained. These stepwise measurements enabled to monitor 
the changes in capacitance and resistance values with an increase in 
voltage and current, and thus, to determine the range of stable 
EDLC performance. As a result, it was found that 2.7 V may be 
considered as the maximum working (rated) voltage for all the 
EDLC prototypes except the 1:1[Y8:GH] one, which demonstrated a 
steep increase in resistance above 2.3 V and a decrease in capaci-
tance above 2.5 V. Therefore, for this prototype, the working volt-
age was chosen as 2.3 V. For all the materials tested, the total 
number of charge–discharge cycles was at least 500 with no visible 
deterioration of their characteristics. 
 For correct comparison of various electrode materials in EDLC pro-
totypes, their specific characteristics will be used. Namely, the gravi-

 

Fig. 2. Typical charge–discharge curves used to evaluate the characteris-
tics of EDLC prototypes (here with Y8 electrodes). 
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metric capacitance (in F/g) or volumetric capacitance (in F/cc) will be 

referred to the mass of active material in one electrode or to the elec-
trode volume, respectively. The internal resistivity (in cm

2) will be 

referred to 1 cm
2
 of visible electrode surface. The values of specific ca-

pacitance and internal resistivity thus obtained are listed in Table 3. 
 As can be seen from Table 3, graphene materials demonstrate rather 

low capacitance as compared with commercially available Y5, Y8, HC 

or EC activated carbons even if being mixed with them. Besides, capac-
itance retention with an increase in current (see the last column in Ta-
ble 3) is also significantly better in case of activated carbons. This can 

probably be due to a significant share of graphene oxide in the gra-
phene materials tested. The CB-based electrodes demonstrate better 

performance that is close to activated carbons. An increase in volumet-
ric capacitance by 14% (from 57 F/cm3

 to 65 F/cm3) when mixing the 

Y8 carbon with CB may be accounted for filling in the voids among the 

Y8 carbon grains of a few micron size with nano-quasi-spherical CB 

particles that does not result in a significant increase in electrode vol-
ume, though increasing the capacitance. Another positive effect of 

TABLE 3. Characteristics of EDLC prototypes. 

Elec-
trode 

material 

No
. 

Electrode 
composition1 

Gravimetric 
capacitance, 

F/g 

Volumetric 
capacitance, 

F/cm3 

Resistivity, 
cm2 

Slope, 
dC/dI 

A
c
ti

v
a
te

d
  

c
a
r
b
o
n
 1 1:0[Y5:0] 115 71 1.08 0.06 

2 1:0[Y8:0] 130 57 0.85 0.04 

3 1:0[HC:0] 112 64 0.94 0.08 

4 1.0[EC:0] 104 63 1.09 0.07 

G
r
a
p
h
e
n
e
 

5 0:1[0:xGn] 57 39 1.14 0.32 

6 0:1[0:rGO] 32 19 1.63 0.20 

7 0:1[0:GY] 84 55 0.80 0.13 

Carbon 
black 

8 0:1[0:CB] 111 64 0.77 0.03 

M
ix

tu
r
e
  

o
f 

tw
o
 m

a
te

r
ia

ls
 9 9:1[Y8:GH] 123 55 1.32 0.17 

10 1:1[Y8:GH] 84 28 3.71 0.36 

11 9:1[HC:GH] 113 59 1.45 0.11 

12 9:1[HC:xGn] 111 65 0.97 0.09 

13 1:1[HC:xGn] 83 56 1.13 0.19 

14 1:1[Y8:rGO] 82 46 0.99 0.08 

15 1:1[Y8:CB] 113 65 0.73 0.07 

Note: 1The same notations as in Table 2. 



 GRAPHENE vs ACTIVATED CARBON IN SUPERCAPACITORS 9 

such a combination is a decrease in the internal resistance. 

3.3. Correlation between the electrode surface area and 
EDLC capacitance 

If the predominant part of electrode nanopores is accessible for the 

electrolyte, one may expect the electrostatic capacitance to correlate 

with the surface area of carbon materials used in the electrodes [23, 

24]. This hypothesis has been checked for 15 electrode compositions 

(see those listed in Tables 2 and 3) taking into account the material sur-
face area as listed in Table 1. If the electrode was manufactured from 

the mixture of two active materials, the total surface area was calcu-
lated assuming their additive shares, e.g., for the 9:1[Y8:GH] mixture 

the surface area was calculated as 0.92418 m
2/g0.1805 m

2/g2257 

m2/g. The resulting plots of specific capacitance vs specific surface ar-
ea are shown in Fig. 3 (gravimetric) and Fig. 4 (volumetric). It is worth 

noting that we have used the DFT data from Table 1, as they better cor-
relate with the capacitance than BET results, and the 0,0 point (the 
origin) has also been included as being obvious. 
 The surface area values in m

2/cm3
 in Fig. 4 have been evaluated from 

the experimentally obtained values in m
2/g, mass of carbon material in 

the electrode and electrode density as listed in Table 2. In Figures 3 and 

4, diamonds are referred to graphenes or CB, black circles are referred 

to activated carbons, and hollow circles are referred to mixtures of two 

active materials. As can be seen from Figs. 3 and 4, the correlation be-
tween capacitance (C) and surface area (S) is fairly well with the accu-
racy of approximation, 

2, being of 0.964 or 0.955, respectively. 
Therefore, the k coefficient in equation CkS describes the capaci-
tance of electric double layer in the EDLC under study comprising var-
ious carbon electrodes and acetonitrile-based electrolyte. The values of 

this coefficient are as follows: k0.050 F/m2
 (gravimetric) or 

k0.054 F/m2
 (volumetric) resulting in the mean value of 

0.0520.002 F/m2
 (or 5.20.2 F/cm2) for the capacitance of electric 

double layer. It should be noted that this value is lower than the value 

of 0.094 F/m2
 obtained in [18] for 28 porous carbons in similar electro-

lyte. The difference probably reflects the different origin of carbons 

studied in [18] and in this work. 
 In contrast to Figs. 3 and 4, there is no visible correlation be-
tween the capacitance and volume of CCl4 vapour absorbed by the 
carbon except for the activated carbons of similar origin and pore 
size distribution with the accuracy of approximation, 2, exceeding 
0.98 (see Fig. 5). This may reflect the fact that the pores larger 
than 0.63 nm are not the only factor responsible for the electrostat-
ic capacitance. Morphology of nanostructured materials can proba-
bly influence significantly their characteristics (see also Sec. 3.4). 



10 S. O. ZELINSKYI, N. G. STRYZHAKOVA, and Yu. A. MALETIN 

3.4. Theoretical capacitance of graphene electrode 

Let us consider the ‘ideal’ graphene electrode looking like a ‘gra-
phene comb’ [25], wherein the graphene sheets play the role of a 
row of teeth in a conventional comb (see Fig. 6). The minimal dis-
tance between the adjacent graphene sheets may be assumed to be 
approximately 1 nm [26, 27], which is sufficient for impregnating 
the electrode with an organic electrolyte [28]. For such a graphene 
comb configuration, the contribution from basal planes to the total 
area (hence, capacitance) is obviously dominant, even if one takes 
into account that the double-layer capacitance of the edge orienta-

 

Fig. 3. Plot of gravimetric capacitance of carbon materials as listed in Ta-
bles 2 and 3 vs their specific surface area. 

 

Fig. 4. Plot of volumetric capacitance of carbon materials as listed in Ta-
bles 2 and 3 vs their surface area referred to the electrode volume. 
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tion of graphite was found to be much higher than that of the basal 
layer [29]. On the other hand, carbons with similar specific surface 
area but with different morphology and, in particular, higher ratio 
of edge/basal orientations would reach higher capacitance [30–32], 
and this fact may probably explain the difference between two val-
ues (0.052 F/m2 or 0.094 F/m2) mentioned above. 
 Now, to evaluate the capacitance of a graphene sheet, it is worth not-
ing that approximately a half of its surface area can form the image 

charge to compensate the charge of ions in the electric double layer 

[33]. This model agrees in general with experimental results and con-
clusions made by Kötz et al. [33, 34] who suggested the capacitance 

saturation might occur in case of very thin carbon walls. Therefore, 

the maximum used surface area of graphene sheets can hardly exceed 

1315 m
2/g. Now, it is easy to show that this results in the specific ca-

pacitance values of 69 F/g and 52 F/cm3, if the value of 0.052 F/m2, as 

obtained experimentally above, is chosen for electric double layer ca-
pacitance. If the value of 0.059 F/m2, as was obtained in Ref. [34] for 

the electric double layer capacitance at the graphite basal plane, is cho-

 

Fig. 5. Plot of capacitance of carbon materials vs the volume of CCl4 absorbed. 

 

Fig. 6. Graphene electrode modelled as a ‘comb’ of graphene sheets. 
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sen, the specific capacitance can approach the values of 78 F/g and 59 

F/cm3. These values agree fairly well with the maximum experimental 
values of 84 F/g and 55 F/cm3

 obtained for GY graphene (see No.7 in 

Table 3). Other graphene materials tested in this work demonstrate yet 

lower capacitance and worse capacitance retention with an increase in 

discharge current (see the last column in Table 3), probably, due to 

high content of oxygen-containing groups and/or significant aggrega-
tion. Higher capacitance of CB electrodes can be accounted for the na-
noporous structure of this specialty carbon black material similar to 

typical activated carbons (e.g., compare the characteristics of CB and 

HC in Tables 1 and 3). 
 It should be noted that both theoretical and experimental values 
obtained in this work are significantly lower than maximum theo-
retical capacitance of 550 F/g [35] obtained for ionic liquids (1-
butyl-3-methylimidazolium hexafluorophosphate) with an assump-
tion that the entire surface of a graphene sheet can accumulate the 
charge and choosing the electric double layer capacitance as high as 
0.21 F/m2. However, taking into account the data obtained in [21] 
and in this work, both these assumptions look overestimated. Ex-
perimental capacitance values obtained for graphene-based elec-
trodes in organic electrolytes do not normally exceed 100 F/g [36], 
though for additionally activated graphene materials yet larger sur-
face area can be obtained resulting in the capacitance value of 166 
F/g [12] or even 220 F/g [36]. 
 However, additional activation of graphene can hardly be eco-
nomically justified and, therefore, we agree with a conclusion made 
in Ref. [36]: ‘… the large majority of graphene-like materials can-
not yet compete with the cheaper and well-established activated 
carbons.’. 

4. CONCLUSIONS 

Surface area of graphene materials tested in this work and in some 
other works is much lower than the theoretical value of 2630 m2/g 
or values reached by the best commercial activated carbons, and the 
difference can probably be accounted for the significant aggregation 
of single graphene sheets and/or predominantly mesoporous struc-
ture of graphene based materials. 
 Specific capacitance of graphene-based electrodes and capacitance 
retention with an increase in current are inferior to the values that 
can be reached with the best activated carbons specially developed 
for EDLC application. 
 Capacitance of electric double layer of graphene, graphene-
containing, and activated carbon materials tested in this work is 
close to 0.052 F/m2. 
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