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Abstract
Considerable diversity in the preparation methodology of active electrode materials for carbon supercapacitors makes direct 
comparison of the results obtained by different groups difficult. The electrode compositions usually included a variety of 
additives, such as the different forms of binders and/or conductive additives. All additives differ in physico-chemical proper-
ties, which affect the supercapacitive properties of electrodes in a different manner. In this study, we aimed to extend accu-
mulated knowledge of the effect of active electrode content by performing the electrochemical characterization of a series 
of in-house-prepared carbon–carbon supercapacitors, which differ in compositions of active electrode materials and their 
thicknesses. The main focus was to investigate the frequency responses of the assembled devices and describe their behavior 
with the appropriate equivalent electric circuits to get a deeper understanding of the charge storage in the carbon electrodes. 
Assembled supercapacitors were subjected to external pressure, and the influence on cell performance was investigated. 
Results revealed how the applied variations influenced the equivalent serial resistance and capacitance, which is crucial in 
the process of supercapacitor assembly.

Keywords  Symmetrical activated carbon supercapacitor · Electrochemical impedance spectroscopy · Porous electrode 
electric model · Equivalent serial resistance

Introduction

Electrochemical capacitors or supercapacitors gained con-
siderable attention in the last decade of the twentieth cen-
tury in the context of their feasible application in electric 
and hybrid electric vehicles. They were supposed to boost 
the power of the vehicles and efficiently utilize regenera-
tive braking energy storage relieving the load on batteries or 
fuel cells. Until now, their practical applicability has spread 
into many other diverse areas in stationary and mobile 
applications.

Initial development of supercapacitors took advantage 
of high double-layer capacitances of electrode materials, 

especially carbon. It was later turned into other directions, 
which include the design of one or both electrodes prepared 
from pseudocapacitive materials [1–3]. Various metal oxides 
[1, 4–7] and conducting polymers [8, 9] showed promis-
ing electrochemical performances in this respect. However, 
despite the initial success of these materials, the lack of suf-
ficient chemical or dimensional stabilities, reaction revers-
ibility, and even high price hindered the mass production of 
corresponding symmetrical or asymmetrical pseudocapaci-
tors. As a consequence, symmetrical activated carbon (AC) 
supercapacitors are now, apart from a few niche applications, 
almost exclusively found on the market.

Easy and cheap manufacture of highly porous carbon 
materials with a specific surface area well over 2000 
m2 g−1 leading to the specific capacitance higher than 200 
F g−1 is nowadays a primary reason for such domination of 
carbon supercapacitors. Many research efforts have been 
focused on the improvement of the physical and chemical 
properties of carbon materials to achieve high capacitances 
retaining low ohmic resistances. From the numerous litera-
ture reports, three main directions of the improvement of 
carbon materials could be distinguished: (i) selection of 
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appropriate carbon materials and their chemical or electro-
chemical activation [10–17], (ii) using different methods 
of preparation to achieve desired specific area and optimal 
distribution of pore sizes [18, 19] and (iii) modification 
of the carbon surface with different organic and inorganic 
materials to tailor their pseudocapacitive properties [5, 
20, 21]. In all these cases, the key target was the optimi-
zation of the size of the pores and their distribution to 
achieve good mobility of the ions inside the pores. A good 
correlation between the pore sizes and electrolyte ions’ 
size is crucial for supercapacitor performance [1, 22–28]. 
Additionally, it was demonstrated that in some cases, a 
partial or complete desolvation of ions is needed before 
their migration into the porous structure of carbon [1, 23, 
24, 29, 30], and thus, the strength of the solvation shell 
of the ions needs to be taken into account when selecting 
appropriate solvent [31]. Thus, a good estimate of a Gibbs 
free energy is needed [32] and possible chemisorption of 
ions [33].

Another important aspect of supercapacitor design and 
its performance is the preparation of the active electrodes 
and assembly of the device. Supercapacitor electrodes are 
usually prepared in a similar manner as many other elec-
trode materials for electrochemical power sources, especially 
those utilized in Li-ion battery technologies. However, there 
are only a few papers addressing the issue of the influence 
of the methods of preparation and electrode composition on 
the electrochemical properties of the carbon supercapacitors 
[34–38]. To avoid deterioration of electrode materials and 
boost supercapacitor performance, slight amounts of differ-
ent additives that address shortcomings or improve various 
functionalities are added in several weight-percent in both 
electrode composition and electrolyte. Electrodes are usually 
prepared in the form of a mixture of active carbon, conduct-
ing additives such as carbon black, and a small amount of 
binder. Generally, active carbon as active electrode mass 
is mixed with conductive additive at a level high enough 
to reach the percolation threshold to ensure low resistance 
pathways for electrons from the current collector side to 
the solid/solution interface. The mechanical integrity of 
the electrodes is provided by a binder, usually a polymeric 
material, most commonly being poly(tetrafluoroethylene) 
(PTFE), poly(vinylidene fluoride) (PVDF), and hydroxym-
ethyl cellulose (HMC). The role of the binder is to allow 
good mechanical integrity of the electrode by forming a 
compact three-dimensional porous layer with good inter-
particle connections and good adhesion of the particles to 
the current collector [39, 40]. Both are of vital performance 
in the supercapacitor design to minimize ohmic resistance 
and to achieve extended cycle life and high power ratings. 
Binder should possess high chemical and electrochemical 
stability, chain flexibility, and low solubility in the solvents 
used in the devices [36].

While ensuring the integrity of the carbon electrode, pol-
ymeric binders tend to block the porous structure of the elec-
trode, decreasing the active surface for ion adsorption and 
consequently decreasing the gravimetric capacitance [35]. 
Another property of polymeric binders which might influ-
ence the capacitance of carbon electrodes is their hydropho-
bicity which effectively repulses the electrolyte ions from 
entering into the electrode layer [34]. In this context, more 
hydrophilic polymeric binders [41] or water-soluble bind-
ers [38, 42] might exert a positive influence on the overall 
performance of the supercapacitors. On the other hand, the 
additives should fulfill their primary function and their over-
all content should be optimized carefully to achieve maxi-
mum performance of the device. Usually, the contents of the 
additives vary between 5 and 10% but there is a very limited 
number of studies that dealt with the effect individual com-
ponents exert on the behavior of the electrode materials, 
supercapacitor charge storage, and power capabilities.

The beneficial effects of various components are still 
poorly understood, and conflicting results about their influ-
ence on the supercapacitor performance could be found in 
the literature. In addition, it is very difficult to establish a 
clear relationship between the composition of the electrodes 
and their performance since in a three-component mixture 
containing active carbon, binder, and conductive additive, 
it is not possible to vary the fraction of a single compo-
nent while keeping fixed fractions of other components. To 
complicate things further, it was demonstrated that it is not 
only the composition of the electrode that affects the final 
performance of the supercapacitor but also the procedure of 
the components mixing and the preparation of electrodes 
[15]. Such sensitivity of the carbon electrode behavior and 
later supercapacitor performance on the preparation condi-
tions make the comparisons of the results obtained by dif-
ferent research groups difficult. As a rule of thumb, improv-
ing some properties of carbon electrodes by the addition of 
additives usually leads to the deterioration of other proper-
ties. Consequently, the optimal composition of the electrode 
should be found for tailoring its properties for a particular 
application.

Herein, we describe the electrochemical characterization 
of a series of in-house-prepared carbon–carbon supercapaci-
tors, which differ in compositions of active electrode materi-
als and their thicknesses. The main focus was to investigate 
the frequency responses of the assembled devices by the 
electrochemical impedance spectroscopy measurements 
(EIS). EIS is a proven method for the characterization of 
supercapacitors and determination of their deviation from 
ideality which usually manifests as a frequency dependence 
of capacitance [43–45] and, as such, might provide a use-
ful methodology for identifying the roles of various com-
ponents of carbon electrodes. Although there are numerous 
studies investigating the frequency behavior of the carbon 
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electrodes and supercapacitor cell performance, EIS was not 
used extensively and systematically to probe the sensitivity 
of impedance response on the minute changes in the carbon 
electrode compositions.

The non-ideal behavior of supercapacitors is usually 
ascribed to the distributed electrical features of the porous 
electrodes. The concept of porous electrodes was introduced 
by de Levie [46], who showed that the impedance down 
the cylindrical pores could be modeled by the simple R–C 
transmission line model (Fig. 1) defined by Eq. (1).

where Rs represents electrode resistance inside the pores, ω 
angular frequency, τs time constant, and exponent p, a coef-
ficient which describes the deviation of capacitance values 
from ideality. For ideal systems, p is 0.5, and for non-ideal 
systems, capacitor is replaced by the constant phase element 
(CPE) having p < 0.5.

Under the assumption of negligible resistance of the 
solid electrode compared to the electrolyte resistance within 
pores, Rs and Cs = τs / Rs represent the total electrolyte resist-
ance and total double-layer capacitance inside the pores.

Experimental

Preparation of electrode materials and assembly 
of supercapacitors

The electrode materials were prepared by mixing various 
weight percentages of activated carbon (Norit DLC Supra 
30, SBET = 1900 m2 g−1), carbon black (Timcal Super C45), 
and PVDF (Sigma Aldrich). The properties of the active 
carbon used in this work were described elsewhere [47]. 
Table 1 shows the compositions of selected electrodes pre-
sented in this paper. After weighting, all three components 
were mixed for 30 min by Vortex mixer (Neautrion) to 
obtain a uniform powder mixture. By adding N-methyl-
2-pyrrolidone (NMP) (Sigma Aldrich) solvent, the slurry 

(1)Z
s(�) = R

s
(i��

s
)−�cothR

s
(i��

s
)� texture was achieved. After homogenization, the slurry 

was coated onto a commercially available Al-foil current 
collector covered with a 1-μm carbon micro-thin layer 
(Galon) with the help of a thin layer coater (Gelon Lib 
Group) which produced a uniform electrode thickness. 
After coating, foil sheets were dried overnight at 60 °C 
in the vacuum furnace. Dried electrodes were cut into 
a circular shape of 2 cm2 and hot-pressed at 80 °C and 
100 MPa. Mass loadings of the prepared electrodes var-
ied from 2.8 to 27.6 mg cm−2 depending on the electrode 
thickness from 60 to 210 μm, respectively. Before super-
capacitor assembly, the electrodes were dried overnight 
in the vacuum oven at 120 °C to remove traces of water.

Supercapacitors were assembled inside the MBraun 
argon-filled glove box (O2, H2O below 1 ppm). The glass 
fiber separator (250 μm, MN GF-5, Macherey–Nagel) was 
embedded between two electrodes of the same thickness and 
mass loading. The electrode/separator assembly was inserted 
into the chemically and mechanically resistant polymer (pol-
yethylene terephthalate/aluminum/polyethylene)–coated Al 
foil with implemented Al contacts for each electrode. The 
separator was soaked with 0.25 M tetraethylammonium 
tetrafluoroborate (TEABF4) in acetonitrile (ACN), vacu-
umed, and sealed to prevent electrolyte evaporation. The 
choice of TEABF4/ACN was based on the numerous results 
which demonstrated its superiority over other electrolytes 
for supercapacitor applications in terms of electrolyte and 
pore resistances, capacitance, and the working temperature 
range [48–53].

Fig. 1   Scheme of R–C transmission line model for porous electrodes. The 
total resistance of porous electrode is defined as Rs = R1 + R2 + R3 + R4 + Rn, 
while the total double-layer capacitance of porous electrode is defined as 

Cs = C1 + C2 + C3 + C4 + Cn. The number of R and C elements depends on 
the pore length

Table 1   Electrode compositions of the prepared supercapacitors

Supercapacitor w (activated 
carbon) /%

w (carbon 
black)/%

 w (PVDF)/%

SC1 90 5 5
SC2 80 15 5
SC3 80 10 10
SC4 60 20 20
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Electrochemical testing of supercapacitors

Electrochemical and capacitive properties of assembled 
supercapacitors were characterized by cyclic voltammetry 
(CV), electrochemical impedance spectroscopy (EIS), and 
galvanostatic charging/discharging method (GCD) using 
SP-200 Biologic potentiostat–galvanostat supported by EC-
Lab software.

Before measurement, the supercapacitor was placed 
between two plates and tightened with controlled pressure 
in the range of 5–100 MPa. CV was recorded in a voltage 
range from 0 to 2.5 V with a scan rate of 50 mV s−1. The 
galvanostatic charging/discharging method was performed 
according to the supercapacitor testing standard [54]. GCD 
was carried out in a five-step procedure within 50–100% of 
the nominal voltage value between 1.25 and 2.5 V (Fig. 2). 
The testing procedure consisted of the following steps: 
supercapacitor was held at an open-circuit voltage (OCV) 
for 10 s (1); charged by the constant current to nominal volt-
age, Ur (2.5 V) (2); held at the nominal voltage for 30 s (3); 
left at the OCV voltage another 10 s (4); and then discharged 
by the constant current to the voltage value of 1.25 V (U1) 
(5). The charging and discharging processes were performed 
with the constant current of 0.63 to 1.65 A g−1, depending 
on the electrode thickness.

Capacitance, C (F), of assembled supercapacitor was 
calculated according to Equation (2) [54]:

where W is the measured discharged energy (J) in the voltage 
range used of 0.9 Ur to 0.7 Ur and Ur is the nominal voltage 
the supercapacitor is charged (2.5 V).

(2)C =
2W[(

0.9U
r

)2
−
(
0.7U

r

)2]

Energy, W (J) is calculated from Eq. (3):

where Id is discharging current (A), t (s) is the time of super-
capacitor discharge, and U (V) is voltage change during 
supercapacitor discharge.

Equivalent serial resistance, ESR (Ω), is determined by 
the least squares internal resistance method according to 
Eq. (4) [54]:

where Id is the discharge current (A) and ΔUr is the voltage 
drop at the start of the discharge (V). In Fig. 2, this voltage 
drop can be seen at the beginning of the 5th testing step of 
the charging/discharging procedure.

The EIS measurements were carried out with a sinusoi-
dal signal of 10 mV in amplitude over a frequency range 
of 1 MHz to 0.01 Hz and with 6 measured points per dec-
ade. All measurements were made on three freshly prepared 
electrodes and recorded in triplicate to identify the stability 
of the system and to confirm the reproducibility. Precau-
tions were made to avoid possible measurement artifacts that 
could appear in these systems [48, 55, 56]. Impedance data 
were fitted with the Z fit module of EC-Lab, Ver 11.18 (Bio-
Logic), and ZView software (Scribner associates). The com-
plex non-linear least squares (CNLS) method was used to 
fit the experimental data. The fit was considered acceptable 
when the statistical parameter goodness of fit, χ2, was lower 
than 10–4. Simulated data were critically evaluated to avoid 
possible misinterpretations with artificial effects [57, 58].

(3)W =

tUr

∫
t
0

I
d
U(t)dt

(4)ESR =
ΔU

r

I
d

Fig. 2   Schematic view of 
the charging/discharging five 
step testing procedure. U1 (V) 
represent the starting voltage 
and Ur is a nominal voltage 
(U1 = 0.5 × Ur)
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Results and discussion

Cyclic voltammograms of all prepared supercapacitors 
show qualitatively similar behavior and exhibit close to 
an ideal rectangular shape as would be expected for good 
capacitive materials. Figure 3a shows the selection from 
the first 30 cyclic voltammetric cycles of the SC1 superca-
pacitor. The first cycle effect is evident as the increased vol-
tammetric current over the whole potential range, attributed 
to the non-steady-state spatial distribution/redistribution of 
charge within the depth of the pores. Charge redistribution 
is a well-known phenomenon that affects the voltages of the 
supercapacitor and is the primary reason for the superca-
pacitor self-discharge [59, 60]. However, after the first few 
cycles, the cyclic voltammetric response achieves repro-
ducible, reversible, and almost ideal behavior.

GCD curves obtained for the continuous charging/dis-
charging of the SC1 supercapacitor are shown in Fig. 3b. 
Again, the first charging cycle differs from the rest of the 
cycles where the voltage profile assumes stable steady-
state behavior. In this case, charge redistribution within the 
pores is also evident in the voltage decay observed when 
the supercapacitor is left at open-circuit potential between 
approximately 55 and 65 s. Voltage decay is caused by the 
supercapacitor self-discharge and is becoming less pro-
nounced with the number of GCD cycles. Self-discharge 
equivalent resistance, calculated from the R–C time con-
stant obtained from the self-discharge voltage profile, in 
the first cycle was 1.1 kOhm stabilizing at 2.1 kOhm in the 
30th and subsequent cycles.

From the GCD curves, C and ESR could be determined 
according to Eqs. (2) and (4), respectively. Dependences of 
these parameters on the number of cycles during the first 30 
consecutive cycles are shown in Fig. 4a and b. The aim of 
these measurements was to test the stability of the super-
capacitor performance during the concomitant impedance 
studies and not to investigate the long-term stability of the 
supercapacitor electrodes. Figures show stabilization of 
supercapacitor behavior after only a few cycles of charging 
and discharging. ESR value decreases from 2.299 to 2.184 
Ω, meaning that ions that participate in the charging/dis-
charging process have established their path throughout the 
pores and their transport has improved. The capacity value 
decreased as it was explained because of the 1st cycle effect, 
and the value of 0.38 F remains almost constant through 
the remaining charging/discharging cycles. It is important 
to point out that all impedance results shown in this paper 
do not differ to a significant extent if taken before and after 
these 30 cycles.

Dynamic electrical behavior of assembled carbon– 
carbon supercapacitors was evaluated using electrochemical 
impedance spectroscopy. The typical spectra represented as 
Nyquist and Bode plots for as assembled SC1 supercapacitor 
before subjecting it to the CV and GCD testing procedures 
are shown in Fig. 5.

On the impedance plots, four distinct regions can be 
observed. In the low to intermediate frequency range (up 
to 100 Hz), typical capacitive behavior of porous electrodes 
was observed consisting of Warburg-type region at higher 
frequencies (1–100 Hz, region III) represented by close to 
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Fig. 3   Capacitive behaviour of SC1 supercapacitor a cyclic voltam-
mograms recorded in the voltage range from 0 to 2.5 V at scan rate 
of 50 mV/s for 30 cycles; b charging/discharging curves performed in 

the voltage range of 1.25 to 2.5 V with constant current of 1.16 A g−1 
recorded for 30 cycles
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ideal − 45° slope followed by the almost pure capacitive 
response at lower frequencies (0.01–1 Hz, region IV). Such 
behavior for supercapacitors has been well documented in 
the literature [43, 45, 61, 62].

At the frequencies higher than 50 kHz (region I), the 
impedance data turned from negative to positive slope, and 
in this region of frequencies, the inductive behavior of the 
supercapacitor dominates. The inductance, in this case, 
is not related to the electrochemical processes inside the 
supercapacitor device, but rather, it is considered as a stray 
inductance usually observed in highly conducting battery 
and supercapacitor cells being caused mainly by cables and 

cell connections [63]. However, during simulation and fitting 
of the experimental impedance data, it is important to take 
inductance into account to obtain an accurate determination 
of the cell electrical parameters, especially high-frequency 
resistance (RHF), which directly influence the value of equiv-
alent series resistance (ESR), one of the key parameters 
describing supercapacitor performance. In systems without 
inductive elements, RHF is readily determined as an extrapo-
lation of the high-frequency limit of impedance data.

The transition from the high-frequency inductive behav-
ior to the middle-to-low-frequency capacitive behavior of the 
porous electrodes goes through the frequency range where 
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Fig. 4   a Equivalent serial resistance and b capacitance of SC1 supercapacitor calculated from discharge curves obtained by constant current of 
1.16 A g−1. The parameters were calculated according to Eqs. (2) and (3). N represents the charging/discharging cycle

Fig. 5   a Nyquist diagram; b Bode diagram for SC1 supercapacitor 
both with fitting results recorded in the frequency range of 1  MHz 
to 0.01 Hz, DC potential of 0 V and sinusoidal signal of 10 mV in 

amplitude. External tightening pressure of 100 MPa was applied to a 
supercapacitor. Nyquist diagram inset magnifies the data in the high-
frequency range
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semicircle impedance in Nyquist plots could be observed to 
the higher or lesser extent depending on the tested superca-
pacitor device (region II). In contrast to the low-frequency 
capacitive or high-frequency inductive behavior, the appear-
ance of the semicircle in the impedance plots indicates the 
existence of the kinetic processes usually associated with 
one of the interphases and is prone to appear in both bat-
teries and supercapacitors. It is usually assigned to either 
carbon/electrolyte or carbon/current collector interfaces [43, 
64, 65].

Thus, the impedance spectra shown in Fig. 5 could be 
modeled by the equivalent circuit shown in Fig. 6.

In the equivalent circuit model, L represents high- 
frequency inductance, RHF high-frequency resistance, 
R1/CPE parallel combination related to the kinetic process 
taking place at one of the interphases, Zs element represents 
the impedance related to the “open” R–C transmission line 
model described by Eq. (1), and R2 is resistance due to the 
charge leakage at the electrode/solution interface leading 
to the self-discharge of the supercapacitor device. The total 
impedance of the system can thus be described by Eq. (5):

In the impedance ZRC(ω), the constant phase element 
(CPE) is used to fit the data to account for the non-ideality of 
the surface reactions due to different surface inhomogenei-
ties. Surface inhomogeneities arise in the porous electrodes 
usually due to the distribution of energies of active sites at 
the electrodes caused by the porous structure of the mate-
rial, different spatial arrangements of the electrode compo-
nents, or others [43, 66–68]. The total resistance of such 
supercapacitor systems is defined by the equivalent serial 
resistance (ESR) composed of all resistances present in the 
supercapacitor (Eq. 6).

(5)
Z(�) = Z

L
(�) + R

HF
+ Z

RC
(�) + (Z

S
(�)R

2
)∕ + (Z

S
(�) + R

2
)

Fitted values of the equivalent circuit parameters for the 
spectrum shown in Fig. 5 are given in Table 2.

As indicated in the table, the leakage resistance, R2, was 
too high to be determined for the results presented in Fig. 5 
and most of the following results presented in this paper. 
Apart from the charge transfer reactions at the carbon/
electrolyte interface, supercapacitor self-discharge is to its 
greatest extent caused by the charge redistribution within the 
porous structure of carbon electrodes [59, 60].

To further investigate charge storage in carbon electrodes 
and to determine how the external conditions, as well as the 
composition and preparation of electrodes, affect the perfor-
mance of assembled supercapacitors, impedance measure-
ments were conducted at variable external pressures applied 
to the whole cell, four different electrode compositions over 
four electrode thicknesses.

Effect of external pressure on supercapacitor 
response

It was already demonstrated in several papers that external 
pressure applied to the electrochemical cell could signifi-
cantly affect its electrical and electrochemical characteris-
tics. It is equally valid for lithium-ion batteries [69, 70] and 
supercapacitors [43, 65, 71]. In this paper, the influence of 
the external pressure in the range of 5–100 MPa applied 
on the supercapacitors of different electrode compositions 
during measurement was tested. The impedance responses 
in all cases exhibited the change in the high-frequency range 
of the spectra, while the low-frequency range remained 
largely unaffected. Figure 7 shows impedance spectra for 
two selected assembled supercapacitors of different elec-
trode compositions. Both supercapacitors show general fea-
tures which can be modeled by the equivalent circuit from 
Fig. 6. The relative insensitivity of the low-frequency region 
on the applied pressure is visible on the full figures indi-
cating that the applied pressure does not affect the porous 
structure of the electrodes and their capacitances. Although 
the decrease of porosity could be expected due to block-
ing of the surface area of the particles by the binder and 
its hydrophobicity, the low-frequency data demonstrate that 

(6)ESR = R
HF

+ R
1
+ R

s(�) + R
2ZsL

CPE

R1

RHF

R2

Fig. 6   Equivalent electric circuit used for mathematical modelling of 
impedance response of assembled supercapacitors

Table 2   Fitting results of impedance spectra for SC1 supercapacitor using equivalent circuit model shown in Fig. 6. CPE-τ and CPE-p represent 
the parameters that mathematically describe the CPE element while RS, ZS-τ, and ZS-p represent the Zs element in the model

*Not measurable—too high to be determined

L/H e-8 RHF/Ω R1/Ω CPE-τ/Ssp CPE-p RS/Ω ZS-τ/s ZS-p R2/Ω χ2

SC1 7.99 0.938 0.081 0.0124 0.523 2.664 1.211 0.473 n/m* 2.4 e-4
Error (%) 2.6 1.7 22.0 61.9 15.7 0.76 0.99 0.17 -
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during the preparation of the electrodes a complete wetting 
of carbon surface throughout the interior of the pores was 
successfully done and that the microporous surface area was 
not affected, at least not in the significant amount, by the 
variation of the electrode composition. This is in contrast 
to the work of Wei et al. [71], who demonstrated that spe-
cific capacitances of the CNT supercapacitors increase with 
the increase of pressure due to the improved wettability of 
CNT electrodes. However, similarly to their work, in the 
high-frequency range (Fig. 7a and b insets), the changes of 
the two resistive components (RHF and R1) are prominent. 
For the supercapacitor SC2 (Fig. 7a), the pressure effect is 
mainly reflected through the size of the depressed semicircle 
which represents slow interfacial kinetics (R1/CPE). The size 
of the real part of the semicircle reversibly follows applied 
pressure from about 6.5 Ohm at 5 MPa to about 1 Ohm at 
100 MPa. Supercapacitors assembled from the electrodes of 
different compositions show similar responses to the applied 
pressure but the extent to which the pressure affects RHF 
and R1 resistive components differs. Figure 7b shows the 
impedance diagram in the full frequency range and in the 
high-frequency region (inset) for the supercapacitor SC3. In 
this case, the increase of the pressure leads to a more signifi-
cant drop of RHF and ESR, while the kinetic semicircle van-
ishes completely at pressures higher than 5 MPa. It is worth 
noting that there is no noticeable change of the impedance 
spectra before and after applying pressure indicating that 
no mechanical damage was caused to the electrodes. These 
results prove that the pressure applied after the assembly 
of a device is of equal importance as the pressure applied 

to the electrodes after electrode preparation but before the 
assembly [36, 65].

These results demonstrate the complex influence of the 
electrode compositions on the electrochemical behavior of 
supercapacitors. Kinetic effects observed at the semicircle 
frequency ranges could be attributed either to the processes 
at the current collector/electrode or to the processes at solid/
liquid interphase. The electrode process at the solid/liquid 
interphase would inevitably involve charge transfer lead-
ing to the chemical reaction of electrolyte and transforma-
tion of the electrode surface. Since they were not observed 
during the prolonged operation of the supercapacitors and 
since the low-frequency region of the impedance data was 
not affected, the kinetic semicircle was assigned to the cur-
rent collector/electrode solid/solid interface. Both interfaces 
are very important for the proper and efficient operation of 
supercapacitors since the solid/liquid interface must ensure 
very high surface area and non-hindered influx and efflux 
of ions. On the other hand, contact resistance represented 
with the R1 element in Fig. 6 adds up to the ESR-limiting 
high-rate capabilities of supercapacitors and for the con-
struction of the high-power supercapacitors, contact resist-
ance between active electrode materials and current collector 
should be minimized as much as possible. The role of the 
binder is to make a good connection among carbon parti-
cles forming a compact and porous framework and at the 
same time ensuring good adhesion of the carbon particles 
to the current collector. However, as demonstrated in a num-
ber of papers [15, 35, 36, 65], specific capacitances tend to 
decrease with an increasing binder content due to blocking 
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of pores by hydrophobic chains and, consequently, a trade-
off should be made between capacitance and Ohmic resist-
ance when designing a supercapacitor. The optimal compo-
sition will depend on the particular application, i.e., whether 
high power is required from a device, in which case a higher 
content of a binder is desirable or the energy content related 
to the capacitance is more important.

The results obtained in this work show that the binder is 
even more important for the overall conductivity of elec-
trode material than carbon black as a conductive additive. 
Although the content of CB was decreased in supercapacitor 
SC3 (Fig. 7b) compared to the supercapacitor SC2 (Fig. 7a), 
the simultaneous increase of the content of PVDF from 
5 to 10% has a more profound influence on the observed 
resistances, especially on R1. The PVDF content of 10% is 
considered optimal in the context of this work. This value 
seems to be binder-specific since different values could be 
found in the literature. For example, the PTFE binder yields 
optimal content of 5% [34], and Nafion as a binder shows 
the insensitivity of capacitance on its content in the range of 
10–30% [41]. The result of 10% optimal content of PVDF 
is in accordance with the results of Daraghmeh et al. [36], 
who investigated carbon nanotube electrodes with PVDF as 
a binder, although in their case, electrode capacitances were 
more sensitive on the actual composition.

Fitted parameters for impedance diagrams shown in 
Fig. 7a are given in Table 3 and for diagrams shown in 
Fig. 7b in Table 4.

Effect of the electrode composition

The effect of the electrode composition on the supercapaci-
tor performance has already been partially demonstrated in 
the previous paragraph during studies of the effect of the 
pressure on supercapacitor performances. We further investi-
gated a series of compositions of the electrodes ranging from 
60 to 90% of active carbon and 5–20% of both additives, 
carbon black, and PVDF. Figure 8a and b shows the selec-
tion of the impedance graphs of the four different electrode 
compositions for two different electrode thicknesses. The 
observed effects are complex and reflected in both the low-
frequency capacitive range and in the high-frequency kinetic 
region. The complete relationship of the performance of the 
multicomponent system and its composition is difficult to 
establish experimentally since the change of the fraction of 
one component in the mixture automatically changes the 
fraction of others which might have the same or opposing 
effect. However, general conclusions could be drawn from 
the experimental results.

From the obtained results, two main trends could be dis-
cerned. While RHF remains largely insensitive to the elec-
trode composition, the diameter of the kinetic semicircle 
increases, and low-frequency capacitance, which is inversely 
proportional to the imaginary impedance, decreases with 
decreasing content of active carbon. The decrease of a low-
frequency capacitance with a decrease of the active car-
bon content is expected but less clear is the effect of other 

Table 3   Parameters obtained 
by mathematical fitting of 
impedance spectra for SC2 
supercapacitor at different 
applied pressures. CPE-τ and 
CPE-p represent the parameters 
that mathematically describe 
the CPE element, while RS, 
ZS-τ, and ZS-p represent the ZS 
element in the model

*Not measurable—too high to be determined

Pressure/MPa L/H e-8 RHF/Ω R1/Ω CPE-τ/Ssp CPE-p RS/Ω ZS-τ/s ZS-p R2/Ω χ2

5 - 1.28 6.21 4.28 e-6 0.83 1.90 0.58 0.4 n/m* 2.78 e-4
Error/% - 1.2 0.3 4.0 0.4 3.4 3.8 0.2 -
15 - 1.83 3.97 4.60 e-6 0.83 1.84 0.56 0.480 n/m* 2.12 e-4
Error/% - 0.93 0.49 5.04 0.52 2.30 2.57 0.13 -
30 - 1.22 2.64 8.07 e-6 0.79 1.94 0.59 0.479 n/m* 4.02 e-4
Error/% - 0.92 0.53 6.77 0.68 2.37 2.71 0.17 -
100 - 1.12 0.94 1.06 e-5 0.83 2.13 0.65 0.478 n/m* 3.83 e-4
Error/% - 0.74 1.01 11.75 1.13 1.39 1.67 0.15 -

Table 4   Parameters obtained by mathematical fitting for impedance spectra of SC3 supercapacitor at different applied pressures. CPE-τ and 
CPE-p represent the parameters that mathematically describe the CPE element, while RS, ZS-τ, and ZS-p represent the ZS element in the model

Not measurable—too high to be determined

Pressure/MPa L/H e-8 RHF/Ω R1/Ω CPE-τ/Ssp CPE-p RS/Ω ZS-τ/s ZS-p R2/Ω χ2

5 5.89 1.292 0.142 0.0174 0.545 3.441 2.215 0.473 n/m* 2.78 e-4
Error/% 5.86 0.88 10.45 67.00 13.73 1.46 1.85 0.28 -
50 6.45 1.237 0.070 0.0516 0.516 3.552 2.287 0.475 n/m* 2.12 e-4
Error/% 3.97 0.73 17.03 98.44 22.02 1.08 1.37 0.21 -
100 6.79 1.1 0.087 0.336 0.384 3.847 2.48 0.474 n/m* 4.02 e-4
Error/% 3.16 0.80 19.22 71.93 24.53 1.16 1.41 0.219 -
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components on the capacitances. It seems that the binder 
(PVDF) has a negative influence on the capacitance of the 
electrode because its chains envelop the active carbon par-
ticles interfering with the ion transport within the porous 
structure of the electrode.

As the high-frequency kinetic region is concerned, the 
observed resistance confirms the earlier observation that the 
registered semicircle is the result of a slow charge transfer 
between the current collector and electrode active particles. 
As the content of active carbon is increased, the kinetic sem-
icircle diminishes, and for higher thicknesses of the layer 
and active carbon content equal or higher than 80%, the R1 
disappears completely, and only the Warburg region could 
be identified at high frequencies (Fig. 8b inset).

The impedance graphs are slightly shifted along the 
x-axis depending on the composition, indicating the RHF also 
varies among the investigated electrodes. The order of the 
shift of the curves does not follow the simple order of CB 

content, indicating that both CB providing conductive paths 
through the electrode layer and PVDF providing mechanical 
integrity of the electrode improving interparticle contacts 
play an important role in ensuring good conductivities of the 
layers. Also, these results indicate that the charge transfer at 
the current collector/active material interface occurs via the 
electron exchange with the active carbon and the electron 
transfer to carbon black could be neglected.

The results demonstrate that it is difficult to establish a 
clear-cut relationship between the content of a single com-
ponent and supercapacitor performance since varying the 
fraction of a single component while keeping fixed frac-
tions of other components is not possible. Thus, before the 
construction of supercapacitor is approached, its intended 
application should be first considered since the optimal elec-
trode composition might depend on it.

Fitted parameters for impedance diagrams shown in 
Fig. 8a and b are given in Tables 5 and 6.
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Table 5   Results of 
mathematical fitting of 
impedance spectra of assembled 
supercapacitors with different 
electrode compositions and 
similar electrode thickness of 
d1 ~ 70 µm. CPE-τ and CPE-p 
represent the parameters that 
mathematically describe the 
CPE element, while RS, ZS-τ, 
and ZS-p represent the ZS 
element in the model

*Not measurable—too high to be determined

L/H e-8 RHF/Ω R1/Ω CPE-τ/Ssp CPE-p RS/Ω ZS-τ/s ZS-p R2/Ω χ2

SC1-d1 5.15 1.897 0.225 2.35 e-4 0.649 1.692 0.350 0.469 n/m* 12.1 e-4
Error/% 4.0 8.3 5.5 9.7 20.1 2.1 2.5 0.2 -
SC2-d1 - 1.123 0.936 1.06 e-5 0.829 2.131 0.646 0.478 n/m* 3.83 e-4
Error/% - 0.74 1.01 11.75 1.13 1.39 1.67 0.15 -
SC3-d1 - 1.311 0.486 2.76 e-5 0.857 2.354 0,372 0,462 383.1 3.44 e-4
Error/% - 0.7 1.9 20.4 2.0 1.3 1.7 0.2 17.8
SC4-d1 - 1.145 2.428 2.35 e-6 0.856 2.833 0.44 0.467 5911 2.98 e-4
Error/% - 2.1 1.1 8.6 0.9 1.6 2.0 0.2 43.4

600 Journal of Solid State Electrochemistry (2022) 26:591–605



1 3

Effect of the electrode thickness

As might be expected, the thickness of the electrodes has a 
profound influence on the overall performance of the super-
capacitors. The obvious unfavorable effect of increased 
resistances at thicker electrodes should be partially com-
pensated by higher capacitances supposed to be achieved 
when the more active material is involved in the charging/
discharging reaction. This interplay between resistance and 
capacitance is the usual challenge that needs to be addressed 
during supercapacitor design since the optimization of one 
parameter leads to the deterioration of the other. The low 
resistances are important for the high-power devices, while 
the increase of the energy content is in direct correlation 
with the capacitances. Thus, to optimize the supercapaci-
tor device, the application’s requirements should be known.

We investigated the series of AC/AC supercapacitors 
of various compositions prepared from the electrodes of 
different thicknesses, usually in the range of 50–200 µm, 

and typical EIS spectra are depicted in Fig. 9. It is notice-
able that all regions of impedance spectra, including RHF, 
the size of the kinetic semicircle, and low-to-medium-
frequency diffusion/capacitance processes are affected by 
the thickness of the electrode. As expected, the overall 
capacitance of electrodes and, accordingly, energy stor-
age capability increases with the thickness, i.e., mass of 
active electrode material. The capacitances obtained by 
DC charging/discharging of capacitors and by the calcula-
tion from the low-frequency impedance are compared in 
Table 7. Specific capacitance calculated from the charg-
ing/discharging process is also given in Table 7. The 
relative insensitivity of specific capacitance on electrode 
thickness reveals efficient and complete wetting of the 
active material in the investigated range of thicknesses 
what is favorable from the energy storage point of view. 
However, a total resistance within pores, Rs, depicted as 
a length of the Warburg region of the transmission line 
model (Fig. 9 inset and Table 8) increases with the elec-
trode thickness contributing to the power deterioration of 
the supercapacitor. Assuming complete electrode wetting 
as discussed previously, electrolyte diffusion and/or migra-
tion between particles tend to be equally important for the 
supercapacitor performance as the diffusion of ions inside 
the porous structure of the carbon particles. The intersec-
tion of the Warburg line and the low-frequency capacitive 
vertical line occurs at the frequency usually termed as a 
“knee” frequency which describes the power capability of 

Table 6   Results of 
mathematical fitting of 
impedance spectra of assembled 
supercapacitors with different 
electrode compositions and 
similar electrode thickness of 
d2 ~ 120 µm. CPE-τ and CPE-p 
represent the parameters that 
mathematically describe the 
CPE element, while RS, ZS-τ, 
and ZS-p represent the ZS 
element in the model

*Not measurable—too high to be determined

L/H e-8 RHF/Ω R1/Ω CPE-τ/Ssp CPE-p RS/Ω ZS-τ/s ZS-p R2/Ω χ2

SC1-d2 7.99 0.938 0.081 0.0124 0.5232 2.664 1.211 0.473 n/m* 2.4 e-4
Error/% 2.6 1.7 22.0 61.9 15.7 0.76 0.99 0.17 -
SC2-d2 4.65 1.0 0.061 0.331 0.404 3.46 2.0 0.483 8830 2.61 e-4
Error/% 3.0 0.6 16.5 66.9 21.1 0.81 1.0 0.2 18.3
SC3-d2 6.88 1.1 0.093 0.366 0.359 3.844 2.478 0.475 n/m* 4.99 e-4
Error/% 4.9 1.2 23.8 74.1 29.0 1.2 1.5 0.2 -
SC4-d2 - 1.43 7.14 3.91e-6 0.77 2.715 0.553 0.470 n/m* 3.22 e-4
Error/% - 2.6 0.6 5.5 0.6 3.0 3.4 0.2 -
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Fig. 9   Nyquist diagram of SC3 supercapacitor with different elec-
trode thickness. In order to observe a length of 45° slope, all curves 
are fixed at the same R1 value

Table 7   Comparison of capacity values of SC3 supercapacitor 
obtained from the fitted parameter ZS-τ (EIS) and the charging /dis-
charging curves (GCD) according to Eq. 3

Electrode thickness, 
d / µm

C/F Cs/F g−1

(GCD)
EIS GCD

80 0.1582 0.1528 10.7
100 0.2702 0.2279 10.1
130 0.6446 0.5103 13.6
210 0.9917 0.7368 13.4
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the supercapacitor and is usually called a figure of merit 
[45]. Generally, the higher the knee frequency, the lower 
the system’s time constant, and the supercapacitor could 
be discharged at higher power. More explicit way of rep-
resentation of these data is plots of the imaginary part of 
the capacitance, Cim(ω) vs. frequency. The imaginary part 
of the capacitance gives energy loss by the system and is 
given by Eq. 7.

The evolution of Cim(ω) for the AC/AC capacitors 
shown in Fig. 9 goes through the maxima as depicted in 
Fig. 10. As the electrode thickness increases, observed 
maxima shift in the direction of lower frequencies, i.e., 
higher time constants. The energy loss is correlated with 
the height of the maxima and follows the same direction 
as the observed time constants, thicker electrodes are able 
to convert less stored energy into the usable form. The 
time constants for the investigated electrode thicknesses 
of 80, 100, 130, and 210 μm are 4.3, 6.2, 14.3, and 20.0 s, 
respectively.

(7)C
im
(�) =

−Z
re
(�)

�|Z(�)|2

Conclusions

In this study, new results about the influence of active elec-
trode content on the supercapacitor performance were dem-
onstrated. The results enhance the existing knowledge about 
the active carbon behavior, especially about the minute influ-
ence of electrode composition of the frequency responses of 
supercapacitor electrodes. Apart from the high-frequency 
inductive region of the impedance plots, all three regions, 
middle-frequency kinetic semicircle and low-frequency dif-
fusion/capacitive behavior of porous electrodes, are highly 
sensitive to the electrode composition. High-frequency 
inductive behavior is not related to the physical process in 
the supercapacitor, but it is essential to take it into account 
during modeling and fitting of experimental data to accu-
rately predict high-frequency resistance.

The application of the external pressure on the superca-
pacitor cell revealed that (i) the high-frequency semicircle 
originates from the kinetic effects on the current collector/
carbon solid/solid interphase and (ii) microporous structure 
of carbon material was not affected by the applied pressure 
and complete wetting of the interior of carbon pores was 
achieved by the preparation procedures undertaken in this 
work.

The influence of the electrode composition on the imped-
ance spectra is reflected in both the low-frequency capaci-
tive range and in the high-frequency kinetic region, while 
high-frequency resistance remains largely insensitive to the 
change in the content of the individual components. Some-
times the effects of the individual components oppose each 
other, making the quantification of these effects difficult. 
PVDF as a binder has a positive influence on the diminish-
ing impedance at high frequencies due to improving inter-
particle contacts on the electrode. Thus, both carbon black 
providing conductive paths through the electrode layer and 
PVDF providing mechanical integrity of the electrode, 
improving interparticle contacts, play an important role in 
ensuring good conductivity of the layers and in diminishing 
the charge transfer at the interfaces. On the other hand, in 
the low-frequency region, PVDF increases the impedance 
due to the blocking of the porous structure of the carbon 
particles. The optimal PVDF content of 10% was found in 
this work.

The results indicate that the charge transfer at the current 
collector/active material interface occurs via the electron 
exchange with the active carbon and the electron transfer to 
carbon black could be neglected.
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Table 8   Dependence of total 
resistance within the pores, Rs, 
with electrode thickness of SC3 
supercapacitor extracted from 
fitting results of impedance 
spectra

Electrode  
thickness, d/µm

Rs/Ω (EIS)

80 2.354
100 3.683
130 3.844
210 5.312
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