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Abstract
Various energy devices with enhanced performance can be fabricated based on nanostructured carbons and conducting 
polymeric electrolytes. For instance, supercapacitors are attractive energy storage devices due to their high power density. 
In the present work, supercapacitors are fabricated using synthesized carbon aerogel as an active electrode in combination 
with different electrolytes. Electrolytes are important components in supercapacitors since their electrochemical properties 
directly influence the performance and the internal resistance of the capacitor. Aqueous electrolytes of KOH,  H2SO4,  H3PO4 
and six different gel electrolytes PVA/KCL, PVA/H3PO4, PVA/H2SO4, PVA/KOH, and PVA/KOH–KCl–K3[Fe(CN)6] and 
PVA/KNO3 are used for making flexible supercapacitors. The electrochemical properties of the different electrolytes are 
compared using cyclic voltammetry, galvanostatic charge/discharge curves and impedance spectroscopy. The capacitor 
containing PVA–KOH–KCl–K3[Fe(CN)6] electrolyte membrane with a weight ratio of 60:23:23:4 shows the highest spe-
cific capacitance of 520 F g−1 and a long cycling life with retention of 98.1% after 1000 cycles, also its specific capacitance 
increases with increasing the temperature from 25 to 70 °C.

1 Introduction

In the present time, a remarkable increase on maintaina-
ble storage technology occurred due to quick depletion of 
current energy sources (fossil fuel). Supercapacitor is one 
of energy storage devices with very high capacity that are 
able to store and deliver energy at relatively higher rates 
compared to other sustainable energy technologies such 
as batteries due to the mechanism of energy storage which 
includes a simple charge separation at the interface between 
the electrode and the electrolyte. Supercapacitor (SCs) stores 
energy with greater power density  (103–106 W kg−1) and 
lower energy density (1–10 W kg−1) than batteries [1]. A 
supercapacitor comprises of two electrodes, an electrolyte, 

and a separator which insulates the two electrodes [1, 2]. 
Generally, there are two types of supercapacitors based on 
storage principle: (1) electrochemical double-layer capaci-
tors (EDLCs) which store energy using the adsorption of 
both anions and cations at electrodes forming electric double 
layer and (2) pseudo-capacitors that store energy through 
fast surface reversible redox reactions between electrolyte 
and electro-active materials on the electrode surface [3, 
4]. Supercapacitors were presented as a viable solution for 
energy storage challenges in high-power-demanding applica-
tions such as car starters, wind turbine energy storage, plug-
in hybrid electric vehicles, and motor drives [5–7].

The type of electrode materials adjusts the performing of 
supercapacitors [4, 8]. Several transition metal oxides such 
as  RuO2,  MnO2,  V2O5, Ferrites and so on and some con-
ducting polymers, e.g. polyaniline and polypyrole are used 
as electrode materials in supercapacitors [9–11]. Moreover, 
porous carbon materials with different morphology and car-
bon nanotubes are the most-studied electrode materials for 
supercapacitors due to their low cost, high chemical stabil-
ity, high conductivity, broad working temperature range and 
easy availability [12, 13].

The reported electrical capacitances for predominantly 
solid-state supercapacitors built using free-standing carbon 
such as graphene lie between 75 and 120 F g−1, which is 
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far less than the related theoretical value (550 F g−1) [14] 
because of the restocking of graphene layers causing a 
decrease in the active surface area and slowing down the 
transport of the ions inside the active materials. To rise 
above this drawback, porous 3D carbon networks have been 
devised as active electrodes in electrochemical energy stor-
age devices [15–19].

A great number of the recent researches on supercapaci-
tors focused on liquid electrolytes [20] due to their high 
ionic conductivity with a short potential power supply range. 
However, their unfavorable effects such as liquid outflow, 
explosion risks, and corrosion [21] limited their applicabil-
ity and allowed solid electrolytes to be presented as better 
candidates for reliable supercapacitors. Besides their easier 
handling, solid electrolytes have minimal internal corrosion, 
easier packaging, safer operation and lower environmental 
impacts [22].

Nowadays, great efforts have been committed to the 
improvement of all-solid-state supercapacitors [23–28]. 
Newly, Supercapacitor centered upon gel polymer elec-
trolytes was searched by many instigators [29–33], espe-
cially flexible SCs because they can deliver significantly 
higher specific/volumetric energy density compared to 
conventional capacitors. Moreover, flexible solid-state 
supercapacitors are characteristically small in size, highly 
reliable, light weight and easy to handle [34, 35]. Among 
the polymers, PVA is more desirable because it is biode-
gradable, nontoxic, inexpensive and chemically stable. The 
PVA hydrogels also have high structural integrity and good 
mechanical properties [36, 37]. Polymeric gel-based elec-
trolytes of PVAacid or alkali [38–41], polyethylene oxide 
(PEO)-alkali [42], potassium polyacrylate (PAAK)-salt or 
alkali [43, 44] have been reported. The use of biopolymer 
gel as chitosan in supercapacitor devices has been also reg-
istered [9, 45].

Symmetric supercapacitor consists of activated carbon 
as electrodes and PVA–KOH–K3[Fe(CN)6] gel electrolyte 
was investigated and showed a good electrochemical perfor-
mance with a specific capacitance of 431 F g−1, energy and 
power densities values of 57.94 W kg−1 and 59.84 kW kg−1, 
respectively [46]. Whereas, Ramasamy et al. reported a spe-
cific capacitance of 24 F g−1, power of 0.52 kW kg−1, and 
energy density of 18.7 W kg−1 for symmetric capacitor cell 
which consists of activated carbon electrode and a gel elec-
trolyte of sodium salt–polyethylene oxide [47]. Gao et al. 
also reported an energy density of 32.7 W kg−1 for asymmet-
ric capacitor cell, which consists of carbon nanotube–man-
ganese oxide electrodes based on potassium polyacrylate 
gel [48].

The used electrolytes in the present work were previ-
ously characterized in an earlier published paper [49] from 
our group. The samples were investigated using XRD and 
FT-IR besides determining their surface area and pore sizes. 

Moreover, we have compared the ionic conductivity, trans-
port number and mechanical properties of the electrolytes in 
the prior work [49]. The results obtained showed that the CA 
exhibits a significantly high surface area of 934 m2 g−1 with 
a pore diameter ranging between 5.2 and 8.1 nm [49]. The 
synthesized PVA membranes doped by  H2SO4,  H3PO4, 
KOH, KCl and  K3[Fe(CN)6] had amorphous flexible struc-
ture that is easily bendable and exhibited high ionic conduc-
tivity in the range of 4.1 × 10−3–7.0 × 10−2 with ionic trans-
port number in the range of 0.97–0.99 [49]. On the other 
hand, the PVA–KOH–KCl–K3[Fe(CN)6] solid polymer elec-
trolyte with a weight ratio of 60:23:23:4 exhibited the high-
est room temperature ionic conductivity of 7 × 10−2 S cm−1 
[49].

In the present work, we tested and reported the electro-
chemical properties of several flexible supercapacitors which 
consist of carbon aerogel (CA) as an active electrode mate-
rial and different aqueous electrolytes (KOH, KCl,  H2SO4, 
 H3PO4) as well as several solid-state electrolytes based on 
PVA gel: (PVA–KOH), (PVA–KCl), (PVA–KOH–KCl), 
PVA–KOH–KCl–K3[Fe(CN)6], (PVA–H2SO4) and (PVA–H3PO4). 
The electrical capacitance values are compared. And the 
effect of temperature on the capacitance value was examined 
at temperatures between 25 and 70 °C.

2  Experimental

2.1  Materials

Resorcinol  (C6H6O2) and methyl cellulose were purchased 
from El-Gamhouria Co., formaldehyde solution (34.5–38%) 
and polyvinyl alcohol (PVA) from El- Nasr pharmaceutical 
Co., potassium hydroxide (KOH) and KCl provided from 
Adwick, sodium carbonate  (Na2CO3), phosphoric acid 
 (H3PO4) and sulphuric acid  (H2SO4) from Sigma-Aldrich. 
Deionized water was used in all preparation methods.

2.2  Preparation of carbon aerogel (CA)

Resorcinol–formaldehyde polymer precursor was synthe-
sized by polycondensation of resorcinol with formaldehyde 
in an aqueous solution. First, an aqueous solution of sodium 
carbonate as a catalytic material was mixed with resorcinol 
(R) to accelerate its dehydrogenation. Formaldehyde (F) was 
then added slowly to the above-stirred solution to get 1:2 a 
molar ratio of (R/F = 1/2), and the weight % of reactants in 
solution was ~ 40%. The ratio of R: catalyst ratio was fixed 
at 1000. The resulting solution was then cured at 80 °C for 
3 days in a vial to form a cylindrical shape. The water pre-
sent in RF was exchanged with acetone at 55 °C for 24 h 
every 3 h. To eliminate water thoroughly from the pores of 
RF wet gel, complete drying was then performed at 55 °C for 
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24 h [49]. Finally, carbon aerogel was prepared by pyrolysis 
of resorcinol–formaldehyde at 800 °C for 3 h under nitrogen 
flow [50].

2.3  Preparation of carbon aerogel electrodes

Homogeneous slurry of CA, acetylene black and binder 
PVDF (poly vinylidene fluoride) in the weight ratio 
85:7.5:7.5 was fully milled in an agate mortar and bound 
with ethanol at room temperature. The obtained slurry was 
coated onto stainless steel mesh and dried at 60 °C for 36 h 
to get the electrode.

2.4  Preparation of gel polymer electrolyte

Alkaline and acidic basic PVA polymer electrolyte mem-
brane series were prepared. An amount of 0.02 mol of an 
individual or combined electrolytes of  H3PO4,  H2SO4, KOH, 
and KCl was inserted into PVA (1 g) in deionized water 
(10 ml) followed by stirring and heating.

2.4.1  Preparation of alkaline gel polymer electrolytes

Alkaline PVA gel polymer electrolytes were fabricated 
according to the following method. 0.02 mol KOH was 
added to 1 g PVA dissolved in 10 ml deionized water. The 
mixture was stirred and heated at 90 °C until appearance 
homogeneous viscous solution. The viscous solution was 
then transferred to glass Petri dishes and leaves overnight 
at room temperature to evaporate the excess water and get 
a thick PVA–KOH gel polymer. All the studied gel poly-
mers with different compositions were prepared by the same 
above-mentioned method; where 0.01 mol KCl and 0.01 mol 
KOH and 1 g PVA were used to prepare PVA–KOH–KCl 
gel polymers. Two ternary PVA–KOH–K3[Fe (CN)6] 
gel polymers were also synthesized using 0.01  mol 
KCl, 0.01  mol KOH and 5 × 10−4 or 1 × 10−3 mol of 
 K3[Fe(CN)6]. Moreover, quaternary gel polymer electro-
lyte of PVA–KOH–KCl–K3[Fe(CN)6] was also made via 
0.01 mol KOH, 0.01 mol KCl and 5 × 10−4 or 1 × 10−3 mol 
 K3[Fe(CN)6].

The gel polymers were denoted as PK, PKL, 
PKF2, PKF4, PKLF2, and PKLF4 for the electrolytes 
PVA–KOH, PVA–KOH–KCl, PVA–KOH–5 × 10−4 
mol  K3[Fe (CN)6], PVA–KOH–1 × 10−3 mol  K3[Fe 
(CN)6], PVA–KOH–KCl–5 × 10−4 mol  K3[Fe (CN)6] and 
PVA–KOH–KCl–1 × 10−3 mol  K3[Fe (CN)6], respectively.

2.4.2  Preparation of acidic gel polymer electrolytes

Polymer electrolyte of PVA–H3PO4 was fabricated by the 
solvent molding method, namely 1 g of PVA was dispersed 
in 10 ml of double distilled water with stirring to get a clear 

solution. After that, 0.02 mol of  H3PO4 was inserted into the 
solution with continuous stirring at room temperature for 24 h. 
The obtained viscous solution was thrown onto Teflon frames 
and dried in an oven at 60 °C for 24 h. The dried layers were 
stripped off from the casts and cut into 30 mm × 10 mm bands. 
This will be denoted as PP.

The PVA–H2SO4 polymer electrolyte was synthesized by 
the same method mentioned above but with replacing  H3PO4 
by  H2SO4. The electrolyte obtained was denoted as PS.

2.5  Electrochemical measurements

The carbon aerogel (CA) electrode was arranged in the way: 
first, carbon aerogel, acetylene black and polytetrafluoroeth-
ylene in a mass ratio of 8:1:1 were blended and dissolved in 
0.5 ml of N-methyl-2-pyrrolidone (NMP) to make smooth 
slurry. Next, the formed slurry was painted on a stainless 
steel net thickness 0.06 mm with an area of 1 cm2 with a 
mass load of 1.8 mg cm−2. Finally, drying is done at 60 °C 
for 24 h to get the CA electrode.

The electrochemical measurements were studied on a 
CHI660D electrochemical workstation. Cyclic voltamme-
try (CV), galvanostatic charge–discharge (CD), and imped-
ance spectroscopy (EIS) were conducted using two-electrode 
technique. The devices were categorized in a two-terminal 
arrangement like in really commercially packed electrical 
capacitor designs. Figure 1S shows a schematic illustration 
of the fabricated supercapacitor.

CV measurements for the supercapacitor device CA/
PKLF4/CA with highest capacitance were achieved at tem-
peratures ranging between 25 and 70 °C. Before starting the 
measurements, the cell was kept in a furnace for 4 h until the 
desired temperature was reached.

All the solid-state supercapacitors consist of solid gel 
electrolyte sandwiched between two working electrodes. 
The concentrations of aqueous electrolytes used were: 6 M 
KOH, 1 M  H2SO4, and 1 M  H3PO4.

The capacity values were estimated from CV plots using 
the following equations [51, 52]:

where Ccell is the capacitance of the cell, I is the charging/
discharging current, ΔV is the potential window, and ν is 
the scanning rate.

The specific capacitance Csp was computed from Ccell and 
active mass of the electrode (ma) as follows:

The specific supercapacitor cell capacitance (C, F g−1) 
and electrode-specific capacitance (Csp, F g−1) were also 
calculated from charge/discharge (CD) curves as follows 
[53, 54]:

(1)Ccell(F) =

(

∫ Idv

)

∕ΔV × �,

(2)Csp = 2Ccell∕ma.
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Energy density (E), equivalent series resistance (ESR) 
and power density (P) of the supercapacitor were evaluated 
by the following equations [55]:

where iR drop is the voltage drop between the first two 
points of the discharge plot, Id (A) is the discharge current 
and ΔV is the working voltage window of the supercapacitor.

3  Results and discussion

3.1  Cyclic voltammetry

The electrochemical behavior of the investigated capacitors 
in each of aqueous and solid gel electrolytes capacitor was 
studied by cyclic voltammetry at 10 mV s−1 and room tem-
perature using two-electrode methods. The cyclic voltammo-
grams obtained are illustrated in Figs. 1, 2. The CV curves of 
all capacitors, except that containing  H2SO4 or  K3[Fe(CN)6] 
do not display any redox peaks, which denotes that the 
charge-storage mechanism is grounded on the electrostatic 
or physical disconnection of charges [56]. The redox peaks 
observed for the solid electrolyte containing  K3[Fe(CN)6] is 
attributed to a formation of [Fe(CN)6]3− or [Fe(CN)6]4− in 
the charge route, and thus a reversible redox consequence 
happens. The redox course at the electrolyte|electrode inter-
face as results of the following [46]:

The capacitance Ccell and specific capacitance Csp of the 
cell were obtained by calculating the charge under the curves 
along the voltage applied as given by Eqs. (1) and (2). The 
results obtained are given in Table 1. The capacitance was 
found to decrease in the order:

The higher capacitance values obtained for capacitance 
cells refer to the diffusion of ionic charges into the carbon 
aerogel with a large surface area, 934 m2 g−1 [49].

(3)C = Id × Δt∕ΔV × ma,

(4)Csp = 4 × C.

(5)E =
[(

C ×
(

ΔV2
))

∕2
]

× (1000∕3600),

(6)ESR = iRdrop∕
(

2 × Id

)

,

(7)P = (ΔV)2∕
(

4 × ESR × ma

)

,

(8)
[

Fe(CN)6
]3−

+ e− ⇋

[

Fe(CN)6
]4−

.

PKLF4 > PKLF2 > PKF4 > PK(aq) > PP(aq)

= PP > PKF2 > PK = PS (aq) > PS. The supercapacitor cell C/PKLF4/C exhibits the highest 
capacitance value in all the cells investigated. Therefore, 
CV was studied for this cell at various voltage scan rates 
and the results obtained are illustrated in Fig. 3. The shape 
of the voltammogram at various scan rates (1, 2, 5, 10, 20, 

Fig. 1  The CV curves of C/PK/C, C/PS/C, C/PP/C, C/PKL/C, C/
PKF2/C, C/PKF4/C, C/PKLF2/C and C/PKLF4/C supercapacitors at 
a scan rate of 10 mV s−1 in 6.0 M KOH

Fig. 2  The CV curves of PK, PS, and PP supercapacitors at a scan 
rate of 10 mV s−1 in 6.0 M KOH
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50 mV s−1) is similar in nature, suggesting high charge 
transfer stability of the device even at high scan rates. The 
nearly rectangular shape of the CV curves indicates a near 

ideal capacitive behavior [57]. The capacitance values are 
calculated and listed in Table 2.

The high capacitance obtained for the cell containing 
PVA–KOH –KCl–K3[Fe(CN)6] gel electrolyte compared 
with the other cells can be attributed to each of the highest 
ionic conductivity value of PVA–KOH –KCl–K3[Fe(CN)6] 
gel electrolyte comparable with the other membranes [49] 
and the contribution from the reversible redox reaction of 
 K3[Fe(CN)6] and its quick electron relay at the CA elec-
trode–electrolyte membrane interface. The conductivity 
is originated from two ionic conductive mechanisms: the 
 K+,  Cl− and  OH− ions were transferred along the poly-
mer molecular chain through the combination dissociation 
process between ions and the polar groups of the polymer 
and ion transfer tunnels as a result of the swelling struc-
ture. These ions accumulated at the CA electrode producing 
double-layer capacitance. The highest amorphous structure 
of PVA–KOH–KCl–K3[Fe(CN)6] causes more ions to be 
transferred in the same time resulting from the developing 
of the motility of polymer chain segments, and finally the 
conductivity improved comparable with that other polymeric 
electrolyte system. Moreover, the pseudo-capacitance is pro-
duced in the membrane due to redox reaction occurring in 
the [Fe(CN)6] anion according to the mechanism illustrated 
in Eq. (8).

The effect of temperature on the charge-storage properties 
of the CA/PKLF/CA cell, which has the highest capacitance, 
were studied at temperature ranging between 25 and 70 °C 
using CV measurements at a scan rate of 10 mV s−1. The 
obtained cyclic voltammograms showed similar shapes with 
a growth in the capacitive current with increasing the tem-
perature, Fig. 4. This is attributed to increase the ionic con-
ductivity of the membrane at elevated temperatures, where 

Table 1  Cell capacitance results obtained from CV at a scan rates 
10 mV/s and charge–discharge (CD) at a current density 1 A g−1 for 
all the studied supercapacitors cells

Sample C (CV) (F g−1) C (CD) (F g−1)

CA/PKF2/CA 195 185
CA/PKF4/CA 218 202
CA/PKLF2/CA 219 208
CA/PKLF4/CA 260 240
CA/PP/CA 197 188
CA/PS/CA 166 170
CA/PK/CA 180 175
CA/PKL/CA 189 182
CA/aq KOH/CA 210 180
CA/aqH3PO4/CA 197 170
CA/aqH2SO4/CA 180 140

Fig. 3  The CV curves of C/PKLF4/C electrodes at scan rates of 1.0, 
2, 5, 10, 20 and 50 mV s−1

Table 2  Cell capacitance results obtained for C/PKLF4/C at various 
scan rates and charge–discharge (CD) at various current densities

Sample Scan rate 
(mV s−1)

Cs (CV) 
(F g−1)

Current 
density 
 (Ag−1)

Cs (charge/
discharge) 
(F g−1)

C/PKLF4/C 1 305 2 226
2 280 1 240
5 270 0.5 250

10 260 0.2 270
20 240
50 221

Fig. 4  The CV curves of C/PKLF4/C electrodes at different tempera-
tures
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the ions in the membrane move faster to reach the electrode 
surface compared to the situation at lower temperatures. The 
molecular alignment of polymeric chains with the increase 
in temperature might be also contribute to the increase in the 
specific capacitance.

3.2  Galvanostatic charge/discharge (CD) 
measurements

The CD technique is a dependable approach to assess the 
electrochemical capacitance of matters. Figure 5 demon-
strates the CD—plots for the investigated supercapaci-
tors at a current density of 1A g−1 at room temperature. 
Apparently, the discharge of the CA/PKLF4/CA cell exhib-
its longer times than that the other supercapacitors. The 
capacitances of all the studied supercapacitor cells were 
evaluated according to Eq. 3, and the values obtained are 
listed in Table 1. The results obtained show that the spe-
cific capacitance of the supercapacitors increases in the 
sequence:

Inspection of Fig. 5 shows that the supercapacitors have 
 iRdrop depend on the composition of the gel polymeric elec-
trolyte. The ESR value is calculated from this voltage drop 
according to Eq. 6 for all the supercapacitors and listed in 
Table 3.

The equivalent series resistance is the summation of 
the major resistance of all materials present in the capaci-
tor in addition to the contact resistance between them. 
The decrease in ESR might be due to: (a) enhancement 

PKLF4 > PKLF2 > PKF4 > PP > PKF2 > PK (aq)>PK

> PP(aq) ∼ PS > PS (aq).

in the ionic conductivity of the polymer electrolytes; and 
(b) the improved coincidence between the electrodes and 
the polymer electrolyte through charge transfer between 
the facilitators [58]. The obtained results show that the 
supercapacitor with CA/PKLF4/CA exhibits the small-
est ESR value. This value is comparable with the results 
obtained by other researchers who observed ESR values 
for carbon electrodes ranging from 1.17 to 16.7 ohm for 
carbon electrodes derived from activated carbon powder 
[59, 60]. These literature ESR values obtained from EIS 
data are smaller than those obtained from the CD data. 
This tendency is also detected in the ESR results obtained 
here.

This is because the PKLF4 gel polymer exhibits the high-
est ionic conductivity in all the gel polymers studied [49].

More inspection of Fig. 5 demonstrates that the charge 
curves of the cell with PKF4,  H2SO4 or  H3PO4 are nearly 
straight and proportioned to their discharge complements, 
showing a significant of development by  K3[Fe(CN)6] and 
the other electrolytes on the electrochemical implementa-
tions of the supercapacitor. The increase in charge–dis-
charge times of the cells containing  K3[Fe(CN)6] than that 
in the other cells might be attributed to the extraordinary 
influence of reversible redox course by  K3[Fe(CN)6], as 
mentioned above. Thus, the total capacitance of the elec-
trochemical device is produced from the electrical double-
layer capacitance obtained from the ions present on the 
surface of CA electrode and the pseudo-capacitance gener-
ated from [Fe(CN)6]3−/[Fe(CN)6]4− reversible redox on the 
electrolyte|electrode interface.

The CD behaviors of the supercapacitor device of CA/
PKLF4/CA, which has the highest capacitance value, were 
studied at different current densities of 0.2, 0.5, 1 and 
2 A g−1 and the results obtained are shown in Fig. S2. The 
cell capacitances (C) at these current densities are calcu-
lated according to Eq. 3 and listed in Table 2. It is obvi-
ous that the device capacitance gradually decreases as the 
current density increases. This outcome points to the out-
standing electrochemical properties of the cell with PKLF4 
electrolyte under high current density, and it exhibits 

Fig. 5  The galvanostatic charge–discharge curves of PK, PS, PP, 
PKL, PKF, PKLF2 and PKLF4 electrodes during current density of 
1.0 A g−1 in 6.0 M KOH electrolytes

Table 3  Characteristic parameters for supercapacitors CA/gel electro-
lyte/CA

Sample C (F g−1) ESR (Ω) E (W kg−1) P (KW kg−1)

PK 175 20.7 15.6 31.2
PKL 189 11.2 21.3 44.9
PKF2 185 5.25 23.2 54.2
PKF4 202 4.65 25.3 67.8
PKLF2 208 3.66 23.4 74.2
PKLF4 240 3.98 30.1 71.5
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improved rate ability than the other supercapacitors without 
[Fe(CN)6]3−/[Fe(CN)6]4−.

For all supercapacitor cells, the energy (E) and power 
(P) densities were computed from CD process at numerous 
current densities using Eqs. (5) and (7), and are listed in 
Table 3.

3.3  Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is used to 
get information about the chemical and physical progres-
sions taking place on the electrode surface, the different fre-
quency reply of supercapacitors and the capacitive trends 
taking place in the electrodes. The Nyquist plots of CA in 
various aqueous electrolytes are shown in Fig. 6, which 
shows semicircle represents the dominant resistive nature 
of a porous electrode. The charge transfer (CT) process at 
the electrode–electrolyte interface is described by the dis-
crete section represented by a semicircle at higher frequen-
cies, whereas the straight line inclined at an angle of ~ 90° 
to the real axis identifies the diffusion-controlled electrode 
kinetics at low-frequency zone. The charge transfer process 
(CT) at the CA electrode–electrolyte interface is explained 
by the distinct region represented by a semicircle at higher 
frequencies [60, 61]. The CT values are found to be 0.3, 
0.91 and 1.01 Ω for KOH,  H3PO4 and  H2SO4 electrolytes, 
respectively.

The impedance spectra of CA/gel electrolyte/CA super-
capacitor devices are shown in Fig. 7. The plots are similar 
to that found in aqueous electrolyte. The results obtained 
are summarized and listed in Table 3. From which it is 
noted that the diameter of the semi-circle representing the 
charge transfer resistance Rct is decreasing by the addition 
of  K3[Fe(CN)6] to the PVA/KOH electrolyte gel.

Electrochemical impedance spectroscopy also provides 
further information including the time constant for charging 
and discharging of the supercapacitor device. The imaginary 
part reaches a maximum at a particular frequency fo which is 
used to determine the time constant τo = 1/fo. The relaxation 
times obtained for the different devices are listed in Table 4. 
The cell containing  K3[Fe(CN)6] electrolyte exhibits much 
lower time constant value than that of other devices. These 
results are supported by the results obtained from CV and 
GC data that the  K3[Fe(CN)6] can charge and discharge over 
much shorter times and is potentially a good candidate for 
high-frequency applications.

3.4  Life cycle analysis

Long cycle life of supercapacitor is a very important 
parameter when it comes to practical applications. There-
fore, the cycling durability of the CA/PKLF4/CA capaci-
tor device (highest C value) was tested by charge/discharge 

Fig. 6  Impedance spectra of CA/KOH/CA, CA/H2SO4/CA, and CA/
H3PO4/CA supercapacitors

Fig. 7  Impedance spectra of CA/PK/CA, CA/PS/CA, CA/PP/CA, 
CA/PKL/CA, CA/PKF2/CA, CA/PKF4/CA, CA/PKLF2/CA and CA/
PKLF4/CA supercapacitors

Table 4  Rct and the time constants of CA/gel electrolyte/CA devices

Sample Rct (Ω) τo (s) × 102

CA/PKLF4/CA 0.76 1.5
CA/PKLF2/CA 0.84 1.0
CA/PKF4/CA 0.87 2.1
CA/PKF2/CA 0.90 2.5
CA/PKL/CA 3.95 4.4
CA/PK/CA 17.03 5.1
CA/PS/CA 18.23 6.5
CA/PP/CA 17.16 9.2
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(CD) cycling at a current density of 1 A g−1 and the results 
obtained are given in Fig. 8. It is seen that the supercapaci-
tors have excellent cycle stability with retention of 96.4%, 
and of their first electrode-specific capacitances after 1000 
cycles. This may be attributed to the good contact between 
the polymer electrolyte and the carbon aerogel electrode. 
Consequently, contact incoherence between the CA elec-
trode and the polymeric electrolyte does not happen during 
CD process.

Table 5 shows a comparison between the electrochemi-
cal properties of our CA/PKLF4/CA supercapacitor device 
and similar devices reported in the literatures [62–70], 
at room temperature. It can be seen that our capacitor 

exhibits high Csp, Em and Pm values compared with the 
most reported capacitors.

4  Conclusions

Carbon aerogel (CA) was synthesized by pyrolysis of 
resorcinol–formaldehyde and used as an electrode with 
PVA-based gel polymer electrolyte for fabricating super-
capacitors. PVA films doped with different electrolytes 
 (H2SO4,  H3PO4, KOH, KCl,  K3[Fe(CN)6]) were suc-
cessfully prepared using solution casting technique. 
The supercapacitor was constructed by one PVA-based 
electrolyte inserted between two CA electrodes. With 
the favorable impact of  K3[Fe(CN)6] redox reaction 
and its rapid electron exchange at the electrode–elec-
trolyte interface, the prepared capacitor device CA/
PVA–KOH–KCl–K3[Fe(CN)6]/CA showed excellent 
performance. It had large electrode-specific capacitance 
(520 F g−1), maximum energy density (30.1 W kg−1), 
maximum power density (71.5 kW h−1) and high cycle 
life that keeps 96.4% of the original capacitance values 
after 1000 cycles. The capacitor device was stable in 
the temperature range of 25–70 °C and its capacitance 
increased with increasing temperature. The results elu-
cidate the potential of using  K3[Fe(CN)6] in improving 
solid-state supercapacitor performance ionic conductivity 
and pseudo-capacitance. This study provides a simple and 
straightforwardly scalable approach to fabricate stretchy 
and lightweight supercapacitors.

Fig. 8  The galvanostatic charge–discharge curve in the potential 
range from − 1.1 to 0.9 for 1000 cycles for PKLF4 electrodes

Table 5  Comparison of 
electrochemical performance 
of the studied CA/PKLF4/CA 
supercapacitor with similar 
capacitors in the literature

C cell capacitance, Em maximum energy density, Pm maximum power density, AC activated carbon, 
PC polycarbonate, G graphene, rGO reduced graphene oxide, SWNT single wall nanotube, PEO polyethyl-
ene oxide, SC sulphated cellulose, Na-salt sodium bis(trifluoromethanesulfonyl)imide (NaTFSI)

Assembled supercapacitor C
(F g−1)

Em
(W kg−1)

Pm
(kw h−1)

References

AC/PVA–KOH–K3[Fe(CN)6]/AC 215.5 57.9 59.8 [46]
AC/Na salt–PEO/AC 24 18.7 0.52 [47]
PC/Na2SO4/PVA/PC 150.8 17.37 13.5 [62]
AC/KOH(aq)/AC 210 16.9 0.2 [63]
N-dopedPC/PVA–KOH/N-dopedPC 306 – – [64]
rGO/SWNTs/PVAH3PO4/rGO/SWNTs 52.5 – – [65]
C/Nafion/C 123 – – [66]
G-dopedC/ion gel/C-doped C 190 76 – [67]
PAM-polyacrylamide–KOH gel/AC 196 28.6 10 [68]
AC/SC–PVA–0.25M  H2SO4/AC 64 – – [69]
AC/Nafion ionomer/AC 114 – – [70]
CA/PKLF4/CA 240 30.1 71.5 Present work
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