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Abstract

Electrochemical properties of a cell with carbon highly porous electrodes and a solid polymer electrolyte based 
on polyurethane elastomer filled with a solution of an organic salt of N,N-methyl-propyl-piperidinium in N-me-
thyl-2-pyrrolidone have been studied. The values of specific capacitance of the electrode material in contact with 
the polymer electrolyte, which reach 45 F/g, were determined by cyclic voltammetry (CVA) in the voltage range 
from –4.5 to 4.5 V and galvanostatic charge-discharge. Analysis of the dependence of capacitance on the potential 
sweep rate has shown that the main contribution to the capacitance is the pseudocapacitance due to surface 
electrochemical processes, the nature of which is still unclear. The CVA data are in good agreement with the data 
obtained by impedance spectroscopy. The obtained polymer solid electrolyte based on polyurethane elastomer can 
be used to create flexible polymer supercapacitors operating in a wide voltage range.
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INTRODUCTION

In view of the increasing demand for electric 
energy sources under gradual depletion of avail-
able natural energy resources, development of 
reliable and cheap energy accumulating devices 
becomes increasingly urgent. Rechargeable bat-
teries are considered as the most promising de-
vices for electric energy accumulation. However, 
they do not withstand substantial current fluc-
tuations, so for the systems with non-uniform 
consumption of electric energy it is reasonable to 
use, along with rechargeable batteries, also su-
percapacitors (SC) – capacity devices possessing 

at the same time higher specific power output 
and relatively high capacity in comparison with 
rechargeable batteries [1]. Supercapacitors, high-
capacitance electrochemical capacitors, can be 
grouped into two classes: double-layer SC in 
which the capacitance is determined by the elec-
tric double layer formed on the electrodes during 
charging, and SC with pseudocapacitance, in which 
the capacitance is due to Faraday processes, that 
is, electrochemical reactions on the electrodes [2]. 
To achieve high capacitance, the electrode mate-
rial should possess high values of specific electro-
chemically active surface. Common electrode ma-
terials are various forms of carbon: activated 
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coal, mesoporous carbon materials, graphene, 
carbon nanotubes, etc. [3]. To gain an addition-
al contribution from pseudocapacitance, various 
electrochemically active additives are introduced 
into carbon materials: oxides, sulphides, conduct-
ing organic polymers, etc. [4]. However, in spite of 
the fact that the capacitance of SC is determined 
by the electrode material, the electrolyte is also 
important for the performance of the device. In 
most works, the aqueous solutions of acids, alkalis 
and salts are used as electrolytes, and the highest 
specific capacitance of carbon materials is ob-
served in the acid and alkaline media. A disad-
vantage of aqueous solutions is the narrow work-
ing voltage range (±0.9 V) because of water elec-
trolysis proceeding at higher voltage. The specific 
stored energy (Еm, J/g) of a capacitor increases in 
proportion to the squared voltage applied (U, V):

Еm =
1

CmU2� (1)
2

where Cm is the specific capacitance of SC, F/g. 
Therefore, to increase the energy capacity of 

a SC, it is reasonable to use non-aqueous media 
possessing a wider range of electrochemical sta-
bility, so-called electrochemical window. The SC 
of the second generation utilise the solutions of 
organic salts in acetonitrile, which makes it pos-
sible to work within the voltage range of ±2.7 V. 
Though the specific capacitance of carbon mate-
rials in these electrolytes is lower, the higher val-
ues of specific capacity are achieved due to high-
er voltage values. 

A general disadvantage of liquid electrolytes is 
the absence of mechanical stability, which limits 
the areas of their application. Unlike for liquid 
electrolytes, polymeric electrolytes retain their 
shape, are mechanically more stable, possess plas-
ticity, and can be used in electrochemical systems. 
There are published data on the application of 
polymer electrolytes based on polyethylene oxide, 
polyacrylonitrile and so on in supercapacitors [5, 6]. 
However, all the mentioned polymers are not elas-
tomers and do not possess flexibility, which does 
not allow using them in flexible electrochemical 
devices. 

Previously we have synthesised solid polymer 
electrolytes based on polyurethane, obtained by 
polymer swelling in the solution of salts in the 
organic solvent [7, 8]. Here we present the results 
of studies of a supercapacitor with carbon highly 
porous electrodes and a solid polymer electrolyte 
based on a polyurethane elastomer filled with the 
solution of organic salt, N,N-methyl-propyl-pi-
peridinium ([MePrPip]BF4) tetrafluoroborate, in 

N-methyl-2-pyrrolidone (NMP). The choice of 
electrolyte is due to its relatively high ion con-
ductivity, electrochemical stability and elasticity, 
which allows making flexible electrochemical de-
vices on its basis.

The goal of the work was to study a prototype 
of supercapacitor with highly porous carbon elec-
trodes and a solid polymer electrolyte based on a 
polyurethane elastomer, to determine specific 
capacitance of the electrode material in contact 
with the polymer electrolyte using voltammetry 
and impedance spectroscopy, to determine the 
dependence of capacitance on the parameters of 
electrochemical processes.

EXPERIMENTAL

The polymer electrolyte was obtained using 
PFL-100, which is a prepolymer based on toluiden-
ediisocyanate (SUREL, Russia). A weighted portion 
of PFL-100, heated to 50 °C, was mixed with the 
hardener – 3,3′-dichloro-4,4′-diaminodiphenyl
methane C13H12N2Cl2 (MOCA), of chemically pure 
grade (Jiangsu Xingyuan Chemical Co. Ltd., China), 
melted at 110 °C. The mass of hardener (М), 
which depends on the actual content of NCO-
groups in the prepolymer, was calculated using 
the equation:

M =
CNCOMeK

� (2)
42.02

where М is the mass of hardener, g (recalculated 
to 100 g of prepolymer); CNCO is the content of 
free NCO-groups in the prepolymer; Me is the 
equivalent mass of hardener; K is a stoichiometric 
coefficient (specific CNCO, Me and K values are 
indicated in the specifications of the polymer and 
hardener). 

Reagents were mixed using a Dispermat CN 
dissolver (VMA-GETZMANN GmbH, Germany) 
at a rate of 2500 r.p.m. for 30 s under vacuum. 
Thus obtained mixture was poured into a metal 
mould and heated for 1 h at 110 °C. Then the mould 
was cooled, the sample was taken out and kept at 
room temperature in the air for 7 days before 
preparing a solid polymer electrolyte. The plates 
were cut out of thus obtained samples and kept 
in the solution containing the salt [MePrPip]BF4, 
5 wt% in NMP, for 24 h at 23 °C before testing in 
the electrochemical cell.

To make electrodes, carbon felt (M-Carbo, Be-
larus) was impregnated with a suspension con-
taining 75 wt% activated carbon АС (Norit SX 
Plus CAT, Sigma Aldrich), 10 wt% conductive 
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carbon black Super P (China) and 15 wt% car-
boxymethylcellulose (CMC, China) as a binder. To 
increase the specific surface area of activated 
carbon, a mixture of AC and KОН (1 : 6 by mass) 
was heated at 900 °C for 1 h in the atmosphere of 
argon. After cooling to room temperature, the 
material was washed with concentrated HNO3 
and distilled water. Carbon felt was treated pre-
liminarily with a 1M HNO3 solution to increase its 
hydrophilic capacity.

Electrochemical measurements, such as cyclic 
voltammetry (CVA) at different potential sweep 
rates (5, 10, 20 and 50 mV/s) within voltage range 
from –4.5 to 4.5 V and galvanostatic charge-dis-
charge at different current densities (0.3, 0.7 and 
1.0 mA) within voltage range from 0.0 to 3.0 V, 
were carried out with a Р-30SM potentiostat (Elins, 
Russia) in a symmetrical cell (АС/polymer elec-
trolyte/АС) with electrodes 1.0 mm thick and the 
thickness of polymer electrolyte equal to 0.5 mm. 
To calculate the specific capacitance of electrodes 
from the CVA curves, the following equation was 
used:

Сm =
2 V

V

+

– IdV� (3)(mνDV)
where Сm is specific capacitance, F/g; V+ and V– 
are the minimal and maximal voltage, respective-
ly; DV = V+ – V– is voltage range, V; I is current 
density, A; ν is the rate of potential sweep, V/s; 
m is the total mass of electrodes, g.

Specific capacitance can be calculated from the 
curves of galvanostatic charge-discharge using the 
equation:

Cm = 4I∆t/m∆V� (4)

where Cm is specific capacitance, F/g; I is the 
strength of current, А; Dt is the time of charge-

discharge, s; DV is voltage range, V; m is the total 
mass of electrodes, g.

Electrochemical studies were also carried out 
by impedance spectroscopy. Impedance measure-
ments were carried out in the same cell with the 
two-electrode circuit and alternating current using 
an electric meter Smart Stat PS-50 (Russia) within 
the frequency range 0.5–50 kHz at the signal am-
plitude 10 mV. Impedance parameters were cal-
culated by modeling the experimental impedance 
hodograph, represented in Nyquist coordinates 
Z′′ = f(Z′), by the equivalent circuits using the 
EIS Spectrum Analyser software [9].

RESULTS AND DISCUSSION

After swelling in the solution of polyurethane 
elastomer, the polymer electrolyte possesses ionic 
conductivity equal to 3•10–4 S/cm, which is suf-
ficient for using it as an electrolyte in SC. Fig-
ure 1 shows the cyclic voltammograms of the 
symmetrical cell AC/polymer electrolyte/AC, re-
corded at different voltage sweep rates (b), and 
galvanostatic charge-discharge curves recorded 
at different current strength values (a). It should 
be noted that the CVA curves were recorded 
within voltage range from –4.5 to 4.5 V, and all 
curves are relatively smooth. There are no sharp 
peaks indicating electrochemical reactions, in par-
ticular electrolysis of impurity water in the region 
of +1 or –1 V. This is evidence of the electro-
chemical stability of electrolyte within the whole 
voltage range under investigation. 

To reveal the nature of electrode polarisation, 
the dependence of capacitance on voltage sweep 
rate can be analysed. It was proposed previous-
ly [10, 11] to determine relative contributions from 

Fig. 1. Cyclic voltammograms recorded at different voltage sweep rates (a) and the curves of galvanostatic charge-discharge 
recorded at different current strength values (b) for the symmetrical cell under investigation.
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the double layer capacitance and pseudocapaci-
tance using the dependence:

Cm = CDL + Av–0.5� (5)

where А is a constant; v is the potential sweep 
rate; Cm is specific capacitance, F/g; CDL is the 
double layer capacitance, F/g. This equation was 
obtained assuming that the pseudocapacitance is 
determined by electrochemical reaction, which is 
limited by diffusion, and the peak currents on 
voltammograms obey the Randles–Sevcik equa-
tion (Imax ~ v0.5) [12]. The experimental depend-
ence Сm = f(v–0.5) is shown in Fig. 2. 

One can see that the function Сm = f(v–0.5) is 
close to linear in these coordinates, which allows 
estimating the constant (А = 2.8±0.4 (F•V0.5)/с0.5). 
The double layer capacitance (CDL = 5.7±3.4 F/g), 
obtained by approximating the linear depend-
ence (5) to the ordinate axis, is not high, and it is 

substantially lower than similar values obtained 
at the low sweep rates. This points to the fact 
that the major contribution to the measured ca-
pacitance is made by pseudocapacitance. 

To reveal the possible reasons for the observed 
effect, the values of complex impedance were 
analysed. Nyquist plots recorded with the same 
electrochemical cell are shown in Fig. 3, a. The 
experimental data are well described by the 
modified equivalent Randles circuit (see Fig. 3, b) 
with two series-connected elements: 

–  electrolyte resistance R1, 
–  impedance, including resistance R2 and two 

constant phase elements: CPE1 = Y1(iω)n
1
 and 

CPE2 = Y2(iω)n
2
, where Y1, Y2, n1, n2 are constants 

(0 < n1, n2 ≤ 1); i is imaginary unity; ω = 2pf, 
where f is the alternating field frequency. It 
should be noted that the equivalent circuit used 
for description differs from the ideal Randles cir-

Fig. 2. Dependence of specific capacitance (С) on voltage sweep rate (v), presented in the coordinates of equation (5) (a), 
and the dependence of discharge capacitance on current strength (I), obtained from the measurements of galvanostatic 
discharge (b). CDL is the double layer capacitance, F/g.

Fig. 3. Nyquist plot obtained for the electrochemical cell under investigation (a), and the equivalent electric circuit 
used to describe the data (b).
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cuit: instead of the double layer capacitance CDL, 
it involves CPE2 element, and diffusion Warburg 
impedance is substituted by the constant phase 
element CPE1. This approximation is often used 
to describe electrochemical reactions on the elec-
trodes of complex geometry, in particular on vol-
ume-porous electrodes [13].

The equivalent circuit parameters obtained by 
approximation of theoretical curves to the exper-
imental data are presented in Table 1.

Comparison of experimental parameters with 
the parameters expected for the ideal Randles 
circuit shows that the double layer capacitance is 
transformed into the constant phase element with 
the values strongly differing for the ideal value 
n2 = 1. This may be due to the complex geometry 
of the boundary between the electrolyte and 
electrode material phases. On the other hand, the 
index of power for CPE1 element (n1 = 0.44) is not 
so different from the ideal value for diffusion 
Warburg impedance (n1 = 0.5). This fact points to 
the qualitative agreement of the obtained data 
with the mechanism of diffusion-controlled reac-
tion on electrodes, providing the appearance of 
pseudocapacitance. To reveal the type of certain 
electrochemical processes, special studies are nec-
essary. 

Comparison of the specific energy of a SC with 
polymer electrolyte (Е = 24 (W•h)/kg), calculated 
using equation (1), with the corresponding values 
for SC with different electrolytes and electrode ma-
terials reported previously (10–40 (W•h)/kg) [14] 
shows that the application of polymer electrolyte 
based on polyurethane allows achieving high spe-
cific energy of SC, especially when electrode ma-
terials with higher specific capacitance are used. 

CONCLUSION

The present work is the first investigation of a 
prototype of supercapacitor with carbon highly 

porous electrodes and a solid polymer electrolyte 
based on polyurethane elastomer filled with the 
solution of organic salt [MePrPip]BF4 in NMP. 
The total specific capacitance of electrode mate-
rial in contact with the polymer electrolyte was 
determined by cyclic voltammetry and galvano-
static charge discharge to be equal to 45 F/g at 
the voltage sweep rate of 5 mV/s (CVA) and 
39 F/g for the current equal to 0.3 mA (galvano-
static charge-discharge). Analysis of the depend-
ence of capacitance on potential sweep rate shows 
that the major contribution into capacitance is 
made by pseudocapacitance due to the surface 
electrochemical processes, though their nature is 
not quite clear yet. The CVA data are in good 
agreement with the data obtained by impedance 
spectroscopy. So, the polymer solid electrolyte 
based on polyurethane elastomer, containing the 
solution of organic salt [MePrPip]BF4 in NMP, can 
be used to manufacture flexible polymer super-
capacitors working within a broad voltage range. 
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