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Electrochemical impedance spectroscopy has been used for the characterization of electric double layer capacitors
also known as supercapacitors. Specific surface area and pore size distribution for supercapacitor electrode materials
and the results of impedance spectroscopy measurements for two types of commercially available nanoporous activated
carbons and two graphene-type materials have been studied and compared with the results obtained from cyclic
voltammetry and galvanostatic charge-discharge cycling the supercapacitor prototypes in different voltage ranges and
at different current densities. It has been found that the results for the characteristics of studied supercapacitor prototypes
differ insignificantly if they were obtained by different methods, while all three research methods have shown the
advantage of materials with nanoporous activated carbon over materials of the graphene type. Besides, according to the
data obtained by measuring impedance at low frequencies the deviations from ideal capacitive behaviour are more
significant in case of graphene-type materials. Comparison of the three research methods used in this work shows that
the method of impedance spectroscopy makes it possible to obtain the most complete and reliable information on the
performance characteristics of the supercapacitor system, since not only the capacitance and resistance values, but their
frequency dependence, as well as deviations (in degrees) from the purely capacitive vertical line at Nyquist plots and
capacitance dissipation can be determined and taken into consideration.

Keywords: supercapacitors, electrochemical impedance spectroscopy, complex capacitance, cyclic voltammetry,
galvanostatic cycling

INTRODUCTION and resistance values at various voltages as well
as some other SC characteristics but with a
negligible impact on the system [7—13].

In EIS a periodic voltage or current signal is
applied at various frequencies. Usually, the signal
has a sine waveform of low amplitude and the
corresponding response signal is registered. Most
often the input signal is a small alternative voltage
of 5-10 mV resulting in AC pulses near imposed
or set DC potential. A small alternative signal is
chosen to provide the pseudo-linear response of
the same frequency for input and output signals.
The main difference between them is an
amplitude and shift in phase. The ratio of voltage
(input signal) to current (output signal) in full
complex view is the impedance denoted as Z:

Electric  double layer capacitors or
supercapacitors (SC) are energy storage devices
comprising two nanoporous carbon electrodes
applied on metal current collectors, separated by
a porous insulating film (separator) and immersed
in a liquid electrolyte [1-3]. The energy stored in
a SC depends mostly on its electrode pore
structure and surface area accessible for the
electrolyte to form the electric double layer. The
SC internal resistance and, hence, the power
density and efficiency depend on the conductivity
of electrode components and -electrolyte, in
particular, on the degree of ion mobility (or
diffusion) slowdown in nanopores. Various
electrochemical methods are employed to

measure the key SC characteristics, such as Z(w) = U _ 1Z|e"i9. (1)
capacitance C and internal resistance R. The ()

commonly used are cyclic voltammetry (CV) and So impedance is just a form of full resistance
galvanostatic (GS) charge-discharge cycling, that depends on frequency. The frequency
though they are time-consuming and may affect (f = w/2m)is changed in a wide range, normally,
the device characteristics [2, 4-6]. Electro- from 10 mHz to 100 kHz. Complex values of Z
chemical impedance spectroscopy (EIS) is form a numerical matrix and represent the
another technique to measure both capacitance behavior of a real Z] and imaginary Z;'parts of the
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full system resistance and a phase shift ¢ at a
certain frequency w;:

ZIZ;Z{; ], (i=1,23,..N)
{ @ = arctg (ZZ—‘,) ' @
The entire spectrum consists of a set of
ranges; each of them can be described by a
physical/chemical process occuring and set out by
linear elements (R — fixed resistor, C — ideal
capacitor, and L — ideal inductor) or nonlinear
elements (W — Warburg or diffusion elements,
CPE - constant phase element, efc.) [14—15].
This work aims at studying the EIS spectra of
SC prototypes with four different electrode
materials and comparing the results obtained with
the corresponding SC characteristics found with
the help of other techniques. Also the SC
capacitance and resistance will be discussed as
related with the total surface area and pore size
distribution in the active electrode materials used.

EXPERIMENTAL

Type of materials for SC electrodes. The
following nanostructured carbons have been
studied:

* xGnPC750 graphene from XG Science, Inc.
(USA), denoted below as xGN;

» C20871GOB006/Pw reduced graphene
oxide from Graphenea (Spain), denoted below as
rGO;

* YP50F activated carbon from Kuraray
Chemical Co., Ltd (Japan), denoted below as YPS5;

* YP8OF activated carbon from Kuraray
Chemical Co., Ltd (Japan), denoted below as YPS.

The first two graphene-type carbons have
been developed as promising materials for SC
technology. The YP5 and YPS8 are already used
by various SC manufacturers. Specific surface
area and pore size distribution for rGO, YP5 and
YP8 materials have been determined with the use
of isotherms of nitrogen gas sorption—desorption
at 77 K. The carbon specimens were kept in
vacuum of 110 Torr at 180 °C for 4 hours
before the measurements with the use of
NOVA2200 analyzer (Quantachrome, USA).
Micro- and mesoporous structure was estimated
by a DFT method, and the total surface area was
evaluated by both DFT and BET methods that
gave similar results for those three carbons. The
porosity data for xGN have been taken from [16].

Prototype  fabrication. SC electrodes
comprising the carbon materials under study were
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manufactured by roller pressing the mixture of
carbon powder with PTFE binder, the latter content
being 7 % wt. The electrode tapes thus obtained
were laminated onto aluminum foil of 20 micron
thick as a current collector. To improve the
conductivity and adhesion between the active
electrode tape and the current collector the
aluminum foil was preliminarily modified by the
electric spark technique [17] that resulted in spot
fusing the graphite particles into the foil surface and
eliminating the native oxide layer therein. Besides,
a thin layer of carbon black/PVDF mixture was
applied onto the foil surface before the electrode
lamination process. The electrode footprint was
30x50 mm and the electrode tapes of 100 um thick
were used except the xGN carbon where the
electrode thickness was 200 um and a footprint of
30x40 mm due to rather poor mechanical strength
of a tape made of this material. The electrodes thus
fabricated were dried in a vacuum for over 12 hours
at 150 °C followed by assembling SC prototypes in
a dry glove box. The prototypes comprised a pair of
electrodes interleaved by a porous cellulosic
separator (TF4530, Nippon Kodoshi), impregnated
with electrolyte (IM Et4NBF, in acetonitrile) and
hermetically packed in a laminated aluminum
shell.

SC characteristic measurements. Cycling
voltammetry and electrochemical impedance
spectroscopy measurements were carried out with
Voltalab PGZ402; galvanostatic cycling was
performed with Arbin Instrument BT2000 test
bench.

For correct comparison of various electrode
materials in SC prototypes, their specific
characteristics will be used. The gravimetric
capacitance (F/g) is the capacitance referred to the
mass of active carbon material in one electrode. The
internal resistivity (in Q'cm?) is the total resistance
referred to 1 cm? of visible electrode area.

In experiments with galvanostatic (GS)
charge-discharge cycles each prototype was
cycled within a voltage range from Upmin t0 Umax.
Unmax varied from 1.5 t0 2.7 V in 0.2—0.3 V steps.
Umin was always chosen as half of Umax. The
cycling current started approximately from
10 mA-cm 2 or 0.5 A'g 'and reached the value of
0.3 Acm”or 20A'g'. Charge and discharge
currents were the same (symmetrical mode) and
repeated over eight cycles.

Cyclic voltammetry (CV) measurements
were performed after completing the GS cycling
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when a SC prototype reached the rated voltage RESULTS AND DISCUSSION
and was fully charged. Three CV curves were
recorded with a scan rate of 10 mV.s™' from 2.7 to
0V, and the last one was used to calculate the C¢y
capacitance as in Eq. 3.

Coy = _ 3) a predominantly mesoporous structure with their
Av/At specific surface area much less than that of
EIS was the third method to measure the YP-type activated carbons. The latters have also a
characteristics of SC prototypes under study. EIS certain share of mesopores, though, near the
measurements were carried out at a nominal boundary between micro- and mesoporosity.
voltage of 2.7 V in the frequency range from Table 2 summarizes the main characteristics
10 mHz to 100 kHz with a disturbance voltage of of electrodes manufactured from the materials
a sinusoidal waveform with an amplitude of under study.

5 mV. The angular frequency (0 = 2zf) will be
used to present the results below.

Table 1. Specific surface and porosity of carbon materials under study

Carbon type Total surface area, m%/g Micropore area, m?/g Mesopore area, m?/g
rGO 446 - 446
xGN 738%* 218* 520%
YP5 2180 1850 330
YPS 2420 1470 950

* as measured in [16]

00 A
ius rGO
Eq00 { i —T YR
8 \ ............. YP8
300 1\
|
200 - :
100 -
0 — . e |
1 2 3 4 5 6 7
Pore width /nm

Fig. 1. Increments of specific surface area vs. pore width for three selected carbons (DFT study)

Table 2. Characteristics of electrodes in SC prototypes

Material porosity studies and electrode
characteristics. The results for porosity studies
are presented in Table 1 and Fig. 1. As can be seen
from these data, the graphene-type materials have

Carbon type Thickness, pm Footprint, mm Electrode density, g/cc
rGO 100 30%x50 0.64
xGN 200 30x40 0.73
YP5 100 30x50 0.65
YPS 100 30%50 0.49
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Electrochemical test results.

Galvanostatic charge-discharge cycling (GS
mode). This technique is most commonly used to
internal

evaluate the SC capacitance and
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=25 1
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resistance. Fig. 2 illustrates a unit GS charge-
discharge cycle, and these curves were used to
evaluate the characteristics of SC prototypes
(herein with YP8 electrodes).
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[

Fig. 2. Typical charge-discharge curves to evaluate the SC capacitance and resistance; solid line — voltage; dashed

line — current density

The internal resistance, Rgs (in Q'cm?), was
evaluated from the voltage drop (or /R-drop)

when switching the discharge current, 1,
according to Eq. (4):

Umax—U
RGS = —max_—d (4)

I

and the capacitance Cgs was evaluated from the
discharge curve according to Eq. (5):

Cos = ——— (5)

where I is the current in A-cm™2, S is the visible
electrode area in cm?, Uy is the voltage in 10 ms
after switching the discharge process, Umin and
Unmax 1s the voltage range for cycling (see Fig. 2
captions).

The capacitance and resistance were
evaluated in GS mode for each set of currents and
voltages and the final values were calculated by
the averaging procedure.

Fig. 3 illustrates plots of capacitance vs.
current load for the prototypes under study. In our
numerous measurements this plot is normally
close to linear one at medium and high loads and,
therefore, we usually use the linear extrapolation
to zero current value to compare the maximum
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capacitance of various SC prototypes. This value
will be denoted below as Cgs.

As has been found experimentally and
illustrated in Fig. 3, the maximum current value
for a SC prototype with rGO electrodes is about
80 mA‘cm™ while for prototypes with other
electrode materials the current density can reach
250 mA'cm 2. This is obviously due to the high
value of internal resistance for rGO-based
prototype as compared with others — see in
Fig. 4 b. As a result of that high resistance, a
voltage drop (or /R-drop) becomes too substantial
when switching the high current load, thus
resulting in low efficiency and distorted
capacitance evaluation.

Fig. 4 illustrates plots of capacitance, Cgs or
internal resistance, Rgs vs. the maximum cycling
voltage, Umax. The capacitance increases with an
increase in voltage for activated carbons and rGO,
and this effect is normally observed in SC systems
due to the corresponding reduction of double
electric layer thickness. A decrease in Cgs value
with voltage for XGN graphene material is
probably due to some degradation of the system
with increasing the voltage. Fig. 4 also illustrates
that SC prototypes with activated YP carbons in
electrodes have higher capacitance and lower
resistance than their analogs comprising
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graphene-type materials. For all the prototypes The resistance and capacitance obtained from
the resistance value varies rather insignificant GS mode will further be presented in Table 3 and
with voltage. discussed hereinafter.
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an
a9
ol20 LTI T = —
oo |
80
60
0| T
— I/ mA-cm™
20
0 50 100 150 200 250
----xGn rGO
Fig. 3. Plots of capacitance density vs. current density for SC prototypes under study when cycling them between
1.35and 2.7V
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Fig. 4. Plots of specific capacitance (a) or resistance (b) vs. the maximum cycling voltage, Unax

Cyclic voltammetry (CV mode). Fig. 5 formation of double electric layer in the electrode
illustrates the CV curves in capacitance vs. porous structure. The value of capacitance Ccv at
voltage coordinates, and herein the capacitance the rated voltage of 2.7 V will be compared with
increases with voltage for all SC prototypes under the results of other techniques in Table 3.
study including that with rGO electrodes. This Electrochemical impedance spectroscopy
contrast with the GS mode in Fig. 4 @ may be (EIS mode). Fig. 6 shows Nyquist (Z"" vs. Z") plots
referred to a short time needed to register a CV for SC prototypes under study.
curve as compared with much longer charge- All the curves have a similar shape, namely,
discharge cycling at various voltages. A demonstrate more or less vertical line at low
practically linear increase in capacitance with frequencies and cross the horizontal axis in a point
voltage for YP carbons implies that the charging shifted to the left from the extrapolated quasi
process is predominantly conditioned by the vertical line. If the ideally vertical line without
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that shift were observed this would have meant a

1

pure capacitive response and EIS spectra could be Z = Rgpg + - ) (6)
modeled by a single RC circuit with two linear 1wCeis
elements. In this case the Z complex value is
defined as:
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= I
eorzz T
70 =7 -
L0510 15 20 2,54
______________________ K
-80 I S
-130
----xGn rGO YP5 —--—YP8

o 25
L rGO
9 — —-xGN
S} B YP5
N —--—YP8
15
10
5
0 7' /Q x 1072
20 25 30

o]

Fig. 6. Nyquist plots for SC prototypes under study

This model behaves as an ideal capacitor at
low frequencies and a fixed resistor at high
frequencies. Bode plot of a pure RC model must
show a steep increase in |Z] modulus with
decreasing the frequency, where the major
contribution to the total impedance comes from
capacitance. The |Z] modulus retains the same and
equals Rgpg at high frequencies, where the
capacitive  contribution to impedance is
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negligible. The phase shift changes from —90° at
low frequencies to 0° phase angle at high
frequencies. In real systems the Bode plots
demonstrate similar behavior, though, with more
or less significant deviations - see in Fig. 7. Here
we do not see a clear boundary or quantitative
“knee” value, where capacitance or resistance has
a predominant contribution to the EIS spectra.
Besides, the phase shift can get a negative value
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at high frequency and does not reach a constant
value of —90° at low frequency or 0° at high
frequency.

As aresult, EIS spectra for the SC prototypes
under study cannot be described with the use of a
single RC circuit but at least one more term

-1 0 1 2 3 4 5
log(w/rad-s™)

Fig. 7. Bode plots of four prototypes under study
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should be added to the total impedance to take
into account those deviations. Looking for an
appropriate solution we have divided the EIS
spectra obtained into three ranges as shown in
Fig. 8.

log(w/rad-s™)

Non-ideal

L capacitive
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(non-vertical line)

7' /Q x107
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Fig. 8. Three ranges of a typical Naquist plot (YP8 carbon as an example)

Here the total impedance of the systems is
defined as:

Z = Zyp(w)+ Zyp(w) + Z p(w), (7

where Zyp(w)is the impedance in the high
frequency range (I), Zyr(w) is the impedance in
the medium frequency range (II), and Z;(w) is
the impedance in the low frequency range (III).
Obviously, there are no clear boundaries between

76

these ranges either since each addend influences
the impedance at all frequencies, though, the
predominant contribution takes place in a certain
range.

Zyr(w) contains two terms: inductive
impedance Z; = iwL and ohmic resistance
Zn = Ryr at high frequency. Inductive
impedance enables to describe the negative phase
shift in Bode plots (see Fig. 7) and positive values
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of Z'" in the Nyquist plot (see Fig. 6). Ry is the
ohmic resistance defined as a resistance without
any additives from the imaginary part, and thus,
the Ryp is the crosspoint at the Z'-axis in the
Nyquist plot [18, 19].

Z;r(w) also contains two terms and might
have been described by a single RC circuit if a
pure capacitive response took place. With the
electrode materials under study, however, the
low-frequency tails in the Nyquist plots are not
really vertical - see Figs. 6 and 8. To describe that
deviation a pure capacitance in Eq. 6 should be
replaced by a constant phase element,

CPE: Zcpp(w) = )@ where Y and a are

frequency-independent  parameters. The Y
parameter becomes a pure capacitance provided a
equals unit. A few theories have been proposed to
account for the non-ideal behavior of the electric
double layer capacitors, but none has been
accepted [20-22]. In our case a is also an
empirical constant without any physical basis.
The Rgpr term in Eq. 6 is the sum of high
frequency resistance Ryr with an additional
term arising due to electrolyte distributed
resistance in nanopores that increases with a
decrease in frequency.

The medium frequency range described as
Zyr(w) is the most difficult for analysis. A slope
of —45 ° turning into a line close to vertical on the
Nyquist plot can be described using various types
of equivalent electrical circuits with linear and
non-linear elements. The most popular model is
based on the De Levie theory of rough electrode
[23] and can be described either by an RC
transmission line element (TLE), or by a few
parallel RC circuits, or by “vertical ladder”
network [13, 14, 24, 25] that give similar results.
The entire process is most successfully modeled

by an RC transmission line. Sometimes this range
is also associated with the impedance of Warburg
diffusion, although the redox process
accompanied by this diffusion does not occur,
and, in principle, the Warburg element may not be
taken into account when describing the SC.

It is worth noting that the full set of EIS
spectral data can hardly be described by a single
model. As mentioned above, in our approach the
entire spectrum has been divided into three ranges
followed by analyzing them individually. Some of
the characteristics obtained from the investigated
EIS spectra are listed in Table 3 — see approximate
boundaries of ranges, various resistance and
capacitance values, and deviations (in degrees)
from a purely capacitive vertical line. To estimate
the Rppr value and the deviation from vertical
line on the Nyquist plot, 10 points were selected
at the lowest frequencies. The R value obtained
from galvanostatic mode lies between Ryp and
Repr. The fourth resistance, Rcc was evaluated
from the complex capacitance using the RC
model — see Figs. 9 and 10 and their discussion
below.

Table 3 also contains three capacitance values
for each electrode material, and two of them,
namely Cgs and Ccp, are widely used and
discussed above. The third value, Cgs, was
obtained from the EIS spectra using the classical
definition of capacitive impedance [7, 26] and
taking into account that the complex capacitance
is a vector with real and imaginary components as
follows:

C=1/iwZ = C'(w) +iC"(w), (8)

where C'(w) is the useful capacitance related to
the energy stored, and C''(w) is associated with
capacitance/energy dissipation.

Table 3. Comparison parameters obtained from various techniques

Resistance, 'cm? Capacitance, F-g! Deviation High freq.  Low freq.

Carbon from vertical range. (I)  range. (IIT)

type Rur Repr Ceis line at low f. : ‘

Ras 50 50 Rcc Ces Cer £550 degrees > f>~[kHz] f <~ [Hz]

rGO 1.6 0.5 23 1.5 32 42 21 7.0° 2-10° 10

xGN 1.1 0.7 1.8 1.6 57 71 53 6.3° 2-10° 1

YP5 1.1 0.6 1.2 1.3 112 122 116 2.0° 4-10° 1

YPS8 0.8 0.6 1.1 1.1 119 127 123 2.3° 4-10° 1
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Fig. 9. Real and imaginary components of complex capacitance

The obvious regular semicircular curves in
Fig. 9 suggest that capacitance can be described
by a single RC model. According to this model,
the complex capacitance is defined as [10]:

_ C i wRC?
1+w2R2C2 1+w2R2C2’

)

From this equation the C value at w = 0 can
be estimated, and the results obtained are very
close to those observed at the lowest frequency
(10 mHz in our experiments). The maximum
values on the semicircles correspond to the
maximum energy dissipation that takes place at
w=1/RC and, hence, from these data the time

= 140 [
o . GO
=120 _-
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100 3\ >
. — - —YP8
80 3\
60 | i
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40 FN %
\ oy
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constants Tg;s for SC prototypes under study can
be evaluated using the relation Tgs = w1,
where o is the cutoff frequency at the top of
semicircles in Fig. 9 or from maxima of C"' vs.
log (®) in Fig. 10 . Then the resistance values
Rce can be calculated using the equation
Ree = tris/Cris, where Cgrs is the maximum
capacitance at w — 0 (Fig. 10 a). Both Rcc and
Cgis values thus obtained are shown in Table 3,
and in our opinion they are more reliable than the
values obtained by other methods and listed in
there.

200 A b 1GO
= i - ---XGN
= S e YP5
MR — . —YP8

I \ Time constant

30 g (maximum of
P energy dissipation)

15
0 log(w/rad-s™)
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Fig. 10. C' (a) and C"” (b) vs. log w dependences of SC prototypes
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Table 4. Time constants derived from different techniques

Carbon type TGS, § TEIS, S
rGO 0.15 0.09
xGN 0.40 0.72
YP5 0.36 0.45
YPS8 0.23 0.32
The time constant values evaluated from GS * Two types of commercially available

mode and from EIS are listed in Table 4. Higher
deviations between tg;s and 745 for graphene-
type materials (about 70-80 %) may be accounted
for similar deviations in either capacitance or
resistance (see in Table 3) and higher energy
dissipation for these materials. Besides, graphene-
type materials demonstrate larger deviation from
the vertical line in the low-frequency range on the
Nyquist plot and a bit different frequency
behavior than YP carbons — see the last three
columns in Table 3. An important note: the use of
the complex capacitance obtained from the EIS
measurements makes any RC circuit simulation
unnecessary, since the experimental data can be
directly used to estimate reliably the key SC
characteristics.

CONCLUSIONS

* The electrochemical impedance spectroscopy
(EIS) technique has been used to characterize the
performance of electric double-layer capacitors or
supercapacitors (SC), and the test results have been
compared with those obtained from galvanostatic
charge-discharge cycling and cyclic voltammetry.

nanoporous active carbons and two graphene-type
materials have been used in SC electrodes, and all
three investigation methods have shown the
advantage of activated carbon materials over
graphene-type ones. In addition, according to EIS
data, the deviations from capacitive behaviour are
more significant in case of graphene-type
materials.

* The EIS method provides the most
comprehensive information about the performance
of the SC, since not only capacitance and resistance
values, but also their frequency dependence,
deviations from purely capacitive behavior at low
frequencies and capacitance dissipation can be
obtained and taken into consideration.
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BukopucTaHHS eJIeKTPOXiMiuHOT iMIe1aHCHOT cIeKTPOCKOMIi 115 MorJu0/1eHOro BUBYEHHS
XapPAKTEPUCTHUX CYNePKOHAeHCATOPiB

C.0O. 3eaincokuii, H.I'. CtpuskaxoBa, O.B. I'oxenko, F0.A. ManeTun
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Memooom  enekmpoximiyHoi iIMNEOAHCHOI CREKMPOCKONIT  00CIIONCEHO XAPAKMEPUCMUKY — KOHOEHCAmopie
HOOGIIHO20 eNeKMPUUHO20 WaAPY, MAKOJIC BI0OMUX 51K CYnepKoHOeHcamopu. s 060X munie KOMepYitiHo 00CTynHUX
HAHONOPYBAMUX 8Y2IIbHUX MAMEPIANi6 | 080X 2papeHonodiOHUX mamepianie 6y10 GUSHAYEHO NUMOMY NOBEPXHIO Md
pO3n00in nop 3a posmipamu. Lli mamepianu 0yiu UKOPUCMAHI 8 e1eKMPOOax MAKemié CynepKOHOCHCAmopie, 0Jist AKUX
npogedeHi sumiprosants imneoancy. O0eparcani Xapakmepucmuky NOPIBHAHI 3 pe3yIbMAamam, OMpUMAHUMU MEMOoOOM
2aIb8AHOCMAMUYHO20 YUKTLYBAHHS [ YUKIIYHOL OIbMAMNEPOMEempii 6 wupoKomy OlanasoHi Hanpyeu ma npu pisHux
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eycmunax cmpymy. Ilokazano, wo Xxapakmepucmuku MaKemie, OMPUMAHI DISHUMU MemoOamu, SIOpPi3HSIOMbCs
HeCymmego i 6CIaH061eHo, Wo HAHONopysame aKmueo8ane 8y2iis peanizye Kpauyi XapaKmepucmuKku 6 NOpIGHAHHI 3
epagenonodionumu mamepiaramu. Ha ocnoei oanux imneoancHoi cnekmpocKkonii makoic NOKA3aHo, W0 iOXUIEeHHS npu
HU3bKUX 4aACmomax 6i0 I0eanbHoi EMHICHOT noeedinku Ot cymmeee O/ epageHONn0iOHUX Mamepianis, Hidc O
Hanonopysamozo gy2inis. IopisHants mpbox Memooie 00CIiONCEHHS NOKA3AN0, WO MEMOO0 IMNeOAHCHOT CNeKMpPOCKONiL
00360751 ompumamu HaubLibw NOBHY Ma OOCMOGIPHY THHOPMAYII0 WOOO XAPAKMEPUCUK CYNEPKOHOEHCAMOpIs,
OCKIIbKU 0AE MONCTUBICIb OMPUMAMU He JIulie EMHICIb Md ONIp, ajle MAKO;C IXHI0 YacmomHy 3anexchicms. Kpiv moeo,
MOJICHA SU3HAUUMU BIOXUIEHHSA (8 2padycax) 6i0 YucCmo €MHICHOI eepmuKanbHol NiHii ¢ diaepamax Haiikeicma npu
HU3LKUX —4aACMOmax ma 6KIA0 pPO3CIIHOI  €MHOCMI, SKI cni0  epaxogyeamu  ONs OYIHKU — epeKmusHocmi
CynepKoHoeHcamopa.

Kniwowuosi cnosa: cynepxonoencamop, eneKmpoxiMiuHa IMNneOaHCHa CHeKMPOCKONis, KOMNJIEKCHA EMHICMb,
YUKTTUHA BOIbMAMNEPOMEMPIs, 2ANb8AHOCNAMUYHE YUKILYBAHHS]

REFERENCES

—_

Conway B.E. Electrochemical Supercapacitors. (New York: Kluwer Academic Publishers/Plenum Press., 1999).

2. Kotz R., Carlen M. Principles and applications of electrochemical capacitors. Electrochim. Acta. 2000.
45(15-16): 2483.

3. Wang Y., Song Y., Xia Y. Electrochemical capacitors: mechanism, materials, systems, characterization and
applications. Chem. Soc. Rev. 2016. 45: 5925.

4. Stoller M.D., Ruoff R.S. Best practice methods for determining an electrode material’s performance for
ultracapacitors. Energy Environ. Sci. 2010. 3: 1294.

5. Allagui A., Freeborn T.J., Elwakil A.S., Maundy B.J. Reevaluation of Performance of Electric Double-layer
Capacitors from Constant-current Charge/Discharge and Cyclic Voltammetry. Sci. Rep. 2016. 6: 38568.

6. International Standard IEC 62576 Electric double-layer capacitors for use in hybrid electric vehicles — Test
methods for electrical characteristics.

7.  Grigorchak LI., Ponedilok G.V. Impedance Spectroscopy: Textbook. (Lviv: Publishing House of Lviv
Polytechnic, 2011). [in Ukrainian].

8. Negroiu R., Svasta P., Pirvu C., Vasile A.L., Marghescu C. Electrochemical impedance spectroscopy for different
types of supercapacitors. 40th International Spring Seminar on Electronics Technology (ISSE), (Aug.8, 2017,
Sofia, Bulgaria) P. 1.

9.  Kampouris D.K., Randviir X.Ji, E.P., Banks C. E. A new approach for the improved interpretation of capacitance
measurements for materials utilised in energy storage. RSC Adv. 2015. 5: 12782.

10. TItagaki M., Suzuki S., Shitanda 1., Watanabe K. Electrochemical Impedance and Complex Capacitance to
Interpret Electrochemical Capacitor. Electrochemistry. 2007. 75(8): 649.

11. Kotz R., Hahn M., Gallay R. Temperature behavior and impedance fundamentals of supercapacitors. Journal of
Power Sources. 2006. 154(2): 550.

12. Bohlen O., Kowal J., Sauer D.-U. Ageing behaviour of electrochemical double layer capacitors Part I.
Experimental study and ageing model. Journal of Power Sources. 2007 172(1): 468.

13. Sopci¢ S., Antoni¢ D., Mandi¢ Z., Kvastek K., Horvat-Radosevi¢ V. Single and multi-frequency impedance
characterization of symmetric activated carbon single capacitor cells. J. Electrochem. Sci. Eng. 2018. 8(2): 183.

14. Fletcher S., Jane Black V., Kirkpatrick I. A universal equivalent circuit for carbon-based supercapacitor. J. Solid
State Electrochem. 2014. 18: 1377.

15. Allagui A., Elwakil A.S., Maundy B.J., Freeborn T.J. Spectral capacitance of series and parallel combinations of
supercapacitors. ChemElectroChem. 2016. 3: 1429.

16. Rosli F.A., Ahmad H., Jumbri K., Abdullah A.H., Kamaruzaman S., Abdullah N.A.F. Efficient removal of
pharmaceuticals from water using graphene nanoplatelets as adsorbent. R. Soc. Open Sci. 2021. 8(1): 201076.

17. Patent. UA 90448C2. Maletin Y.A., Shembel O.M., Novak P.V., Pidmogilnyi S.M., Stryzhakova N.G.,
Izotov V.Y., Mironova A.A., Danylin V.V. Method for manufacturing electrodes with a low contact resistance
for batteries and capacitors with a double electric layer. 2010. [in Ukrainian].

18. Arulepp M., Permann L., Leis J., Perkson A., Rumma K., Janes A., Lust E. Influence of the solvent properties on
the characteristics of a double layer capacitor. Journal of Power Sources. 2004. 133(2): 320.

19. Lekakou C., Moudam O., Markoulidis F., Andrews T., Watts J.F., Reed G.T. Carbon-Based Fibrous EDLC

Capacitors and Supercapacitors. J. Nanotechnology. 2011. ID 409382.

80 ISSN 2079-1704. Him. Fiz. Tehnol. Poverhni. 2022. V. 13. N 1



How the electrochemical impedance spectroscopy can deepen the understanding of supercapacitor performance

20.

21.

22.

23.

24.

25.

26.

Freeborn T.J., Maundy B., Elwakil A.S. Fractional-order models of supercapacitors, batteries and fuel cells: a
survey. Mater. Renewable Sustainable Energy. 2015. 4: 9.

Fouda M., Elwakil A., Radwan A., Allagui A. Power and energy analysis of fractional-order electrical energy
storage devices. Energy. 2016. 111: 785.

Halsey T.C. Frequency dependence of the double-layer impedance at a rough surface. Phys. Rev. A. 1987. 35:
3512.

R. de Levie. On porous electrodes in electrolyte solutions: 1. Capacitance effects. Electrochimica Acta. 1963.
8(10): 751.

Lewandowski A., Olejniczak A., Galinski M., Stepniak I. Performance of carbon—carbon supercapacitors based
on organic, aqueous and ionic liquid electrolytes. Journal of Power Sources. 2010. 195(17): 5814.

Karden E., Buller S., De Doncker R.W. A frequency-domain approach to dynamical modeling of electrochemical
power sources. Electrochimica Acta. 2002. 47(13—14): 2347.

Kurzweil P. Impedance Spectroscopy — A Powerful Tool For The Characterization Of Materials And
Electrochemical Power Sources. Proc. 14th International seminar on double-layer capacitors. (Dec. 6-8, 2004
Deerfield Beach, F1. USA.). P. 1.

Received 30.09.2021, accepted 03.03.2022

ISSN 2079-1704. Him. Fiz. Tehnol. Poverhni. 2022. V. 13. N 1 81




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Uncoated FOGRA29 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>

    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /RUS <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


