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Abstract: Current trends in supercapacitor technology (principially in lowering series discharge resistance) have
promoted the devices into roles parallel to, or replacing traditional batteries. In cases where power consumption
is low, supercapacitors are an attractive alternative, completely eliminating batteries and further offering higher
surge currents. This opens the path towards powering mobile switching circuits, or with high-consumption for
short periods.

To power such circuits, the arrangement’s limits need to be observed, respectively what can supercapacitors off in
terms of series resistance, self-discharge (parallel) resistance and capacitance.[1]

One of the methods used to determine the after mentioned parameters is Electrochemical Impedance Spectroscopy
(EIS).

In the present study we show the determinations on 3 supercapacitors, of 5F, 10 F and 22 F respectively. This is a
study seldom published, most EIS determinations being in the range up to 1 F [6] and we feel that EIS
determinations for higher capacitances should be known to the community.
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I.  Introduction of electrochemical double layer

The double layer of Helmholtz is actually a multiple layer according to the Gouy-Chapman model (Fig. 1.). This
multiple layer comprises a Helmholtz internal double layer (PHI) found at the interface between the electrode and the
electrolyte solution here are found the adsorbed ions, a Helmholtz external double layer (PHE) in which solvated but
that is not absorbed and a diffuse layer that is an area that extends to the mass of the solution.[2]
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Fig. 1. The model of Gouy-Chapman
An equivalent circuit for modeling supercapacitor based on Gouy-Chapman model can be the circuit Randles such as in
the Fig. 2. This circuit includes a combination between faradaic process and the capacitance of double layer.
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Fig. 2. The equivalent circuit for modeling supercapacitor
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The parameters of the circuit presented above are: Cp_ - the capacitance of double layer, Rp is the charge-transfer
resistance, Zp,rr is the Warburg diffusion impedance and Rs that represents the resistance of electrolyte solution:
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Where Cy is the capacitance of Helmholtz layer that includes the capacitance of inner plane and capacitance of outer
plane, Cp e is the capacitance of diffuse layer.
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Where iy= exchange current density, F = 96500 C/mol = Faraday constant, T = absolute temperature in K, Rg= 8.31

J/(K mol) = gas constant, z = number of electrons involved, D = diffusion coefficient, C = bulk concentration of the
diffusing species (moles/cm?), A = electrode surface area. [3]

Il.  Measurements using Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a method of investigation used in electrochemical systems. It is
implemented usually in a potentiostat and assumes the superposition of a sinusoidal signal with small amplitude (5-10
mV) over a DC voltage and monitoring the magnitude and phase angle of the resulting ac current. The resulting
impedance is usually represented as a complex quantity, as in (4):

Z(0)=Z"(0) + jZ"(®) (4)
The EIS data can be represented in the complex plane as the so called Nyquist plots. The real part Z’ and the imaginary

part Z” of the impedance are plotted in the complex plane, Z’ being on the x-axis and Z” on the y-axis, the resulting plot
being a path (hodograph) having the frequency as parameter.

A typical Nyquist plot of a supercapacitor and of an ideal capacitor in series with a resistance is presented in Fig. 3.
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Fig. 3. Nyquist impedance plot of an ideal capacitor in series with a resistance Rs and a typical supercapacitor. The Rp
value results from the restricted motion of ions

Another method to present the results is in form the impedance modulus and phase plotted versus frequency, the graphs
being known as Bode plots.

It is usually to compare the EIS plots with known patterns of typical electric circuits or electrochemical components, or
similar, to fit the data with the impedance of equivalent electronic circuits, the circuit elements having an equivalent to
physical and chemical processes.



For instance, related to Fig. 3. for the ideal capacitor, the shift of the vertical line in the x axis direction identifies the
equivalent series resistance (ESR) of the device under test and the vertical slope exhibits a capacitance that is invariant
with frequency. In the same figure, the plot of a real supercapacitor shows two distinct regions: One is the region of the
graph with a 45 degree slope, that region being encountered at higher frequencies. In electrochemical literature [4] the
portion of the graph corresponds to diffusion process, related to the ability of ions to penetrate the pores, that is modeled
by a distributed resistance Rp and a distributed capacitance.

In the lower frequency domain, the plot is an almost vertical line, showing the capacitive behavior of the component.

If the measurements are continued at higher frequencies, the imaginary part Z” drops below the x-axis, showing an
inductive character, modeled by a series inductance. For the presence of the inductance are responsible the wounded
constructive structure of capacitor and the inductance of the test leads.

The capacitance of supercapacitor can be computed from the low frequency response, ie the Z” part:
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Theoretical, a plot of —=Z” versus 1/ will be a straight line with slope 1/C, this way the capacitance can be computed, as
will be presented in Table 1.

In order to obtain reliable measured data, the applied ac signal must be small (few millivolts), so that the perturbation
signal makes the system to remain in the linear domain. In this sense, the Kramers-Kronig (K-K) [5] relations are used
to verify the conditions of linearity, causality, stability, and "finiteness" of impedance magnitude.

The Kramers-Kronig relations that are presented in equations (6) and (7), include two integral equations that govern the
relationship between the real and imaginary parts of complex impedance for systems fulfilling the conditions mentioned
above.

2'(0) = 2'(0)+ 2 [ XY= 00 0y ©
2"(0) = - 2a)J- (X) Z(a)) ()

with o the angular frequency, x the integration variable.

The Kramers-Kronig equations can be used to validate the EIS measurements data and to reduce, if necessary, the
frequency domain, eliminating the non-consistent data.

We have used this facility, because in our case, especially at higher frequencies the behavior of supercapacitors
becomes inductive and we have to find the maximum frequency for which an equivalent RC circuit can be found. It is
to mention that the impedance of circuits built with resistor, capacitances and inductances always satisfy the K-K
relations.

The relations can be used, for instance to calculate one part of the impedance from the other part of the impedance that
we suppose has been with higher accuracy experimentally measured.

For example, the imaginary part can be calculated from the experimentally measured real part of the impedance using
Eqg. (4). Then, we can compare the experimental data for Z” with this calculated value. Differences between calculated
and measured data will show that the measuring was altered either the system was outside linear domain or that were
problems of causality or stability. There are, however difficulties in applying this method, because we need to integrate
the known part of the impedance from zero to infinity, so the data set must be comprehensive and the function should
be finite over the frequency range.

A method that does not require extrapolating data to extended frequency range, where measurement data could not been
possible to obtain through experiments is to obtain the fit of the data with an equivalent RLC circuit.

The software implemented in the potentiostat used in our measurement can offer a measure of data confidence by
computing a global error named “pseudo %?”. In fact the K-K test consists in fitting the data with a special series of RC
circuits (for impedance mode), that satisfies the K-K relations. The computed values of pseudo x? are the sum of
squares of individual residuals, see (8) and (9) for each data point.
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In the formulae from above, Z’; and Z”; are experimental values and Z’(w;) and Z”(«) are the fitted values.

From local experience, values of x? below 107 shows a good fit and hence a good confidence factor. We have used this
factor to check the proposed equivalent circuits of supercapacitors in Fig. 4.

I1l. Results

We have investigated 3 types of supercapacitors with different capacitance values: 5 F, 10 F and 22 F (see Fig. 5.)
different temperature values: ambient temperature (~ 24 °C), 80 °C and 100 °C. The aim of this monitoring was to see
the behavior at different temperatures of these components. For this we held ten minutes at the maximum voltage (5.4
V, 2.5 V and 2.5 V) each component at each of the three temperatures for stabilization and for the correct creation of the
double load layer. After that, we have used a potentiostat to perform all the measurements. All data were monitored and
tabulated by specialized software called Nova. The Nyquist plots for tested supercapacitors at ~ 24 °C that we obtained
with the Nova software is presented in the Fig. 5.
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Fig. 6. The tested supercapacitors: (a) 5F/5.4V,(b) 10F/25V, (¢c)22F/25V
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Fig. 5. Nyquist plots obtained with Nova software for supercapacitors at ~24°C: (@) 5F/5.4V, (b) 10F/ 2.5V,
(c)22F/25V

The variation of negative imaginary part of impedance function of time at different values of temperature (~ 24 °C -
ambient temperature, 80 °C and 100 °C) for the tested supercapacitors is presented in the below figure. The temperature
variation does not surprisingly affect the capacitance values for the three supercapacitors.
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Fig. 7. The plot of the negative imaginary part of impedance function of time

For calculated the value of capacitance we used the equation (5) and we took into consideration the points in the plot

that correspond to the time of 20 and 100 seconds and we calculated the slope of the straight line. The results are
presented in Table 1.

Table 1. The calculated and fitted values of capacitance for tested supercapacitors

Temperature Supercap-5F-5.4 V Supercap-10F-2.5V Supercap-22F-2.5V
0
[C] Ceac[F] C, based on fitted Cearc. [F] C, based on fitted Cearc. .[F] C, based on fitted
measurements [F], measurements [F] measurements [F]
~24 5.04 5.1866 14.34 15.018 25.35 27.83
80 4.96 5.184 13.96 14.318 24.43 26.22
100 4.88 5.122 14.07 14.33 24.32 25.893
Temperature
coefficient -417 -247 -534
[ppm/ °C]

The variation of real part of impedance with the different values of frequency for the supercapacitor 22F is presented in
the Fig. 7. It can see that the values of real part of impedance are different at the three tested temperatures.
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Fig. 7. The real part of impedance function of frequency




To identify the capacitance and the other parameters of superconductors, the values obtained by electrochemical
impedance spectroscopy were made fitted using different equivalent circuits and choosing the most favorable variant in
which for the pseudo y? we obtained the lowest value (see Table 2). After many fitting attempts, the circuit for which

the best fit was obtained is presented in Fig. 8.
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Fig. 8. The equivalent circuit used for fitting of EIS measurements
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Table 2. The values of parameters obtained after the fitting for the tested supercapacitors

Parameters Supercap-5F-5.4V Supercap-10F-2.5V Supercap-22F-2.5V
23.8°C 80°C 100°C 23.7°C 80°C 100°C 24.1°C 80°C 100°C
Temperature
R; [Q] 0.1907 | 0.39111 0.25 0.172 0.368 0.382 0.204 0.203 0.388
C.[F] 0.69101 | 0.61111 | 0.52235 2.134 1.969 1.823 2.706 3.652 3.656
R, [Q] 0.0249 | 0.01366 | 0.01074 | 0.019 0.009 0.008 0.025 0.009 0.007
Yo [S] 23.273 | 23.973 20.43 72.02 80.67 72.61 56.843 | 72.367 | 73.691
R;[Q] 0.19144 0 0 0.1865 0 0 0.1684 | 0.1708 0
C,[F] 5.1866 5.184 5.122 15.018 14.318 14.33 27.83 26.22 25.893
x’ 0.00942 | 0.01264 | 0.02526 | 0.002623 | 0.002037 | 0.002527 | 0.00942 | 0.01264 | 0.02526

IV. Conclusions

We have investigated a series of supercapacitors using Electrochemical Impedance Spectroscopy method. As a novelty
we have investigated the effect of temperature on supercapacitor parameters, especially the capacitance and equivalent
series resistance (resistance of electrolyte solution).

The temperature does not have a significant influence on the capacity of the monitored superconductors. As the
temperature increases, the capacity decreases, but not significantly. The temperature coefficient gives us the
stabilization with the temperature for the tested supercapacitors.

It was observed an influence of temperature on series resistance of supercapacitors, the resistance increases at higher
temperatures. Finding a suitable equivalent circuit has been found to be complicated since there is not sufficient
reference in the literature on electrochemical impedance spectroscopy on supercapacitors, especially for high values of
capacitances. For reasonable low measuring frequencies (10mHz), which corresponds to a period of 100s, the EIS
measurements on supercapacitors with values in the range of 100F-600F were not possible, the data points showing
random distribution, practically a measuring noise.
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