J. Electrochem. Sci. Eng. 8(2) (2018) 183-195; DOI: http://dx.doi.orqg/10.5599/jese.536

JESE

Open Access : : ISSN 1847-9286
www.jESE-online.org

Original scientific paper

Single and multi-frequency impedance characterization of
symmetric activated carbon single capacitor cells

Suzana Sopdié!, Davor Antonié!, Zoran Mandi¢!, Kre$imir Kvastek?,
Vi$nja Horvat-Rado3evi¢®**

IUniversity of Zagreb, Faculty of Engineering and Technology, Department of Electrochemistry,
Marulicev trg 19, 10000 Zagreb, Croatia
2Ruder Boskovié Institute, Bijenicka c. 54, 10000 Zagreb, Croatia

*Corresponding author - E-mail: vhorvat@irb.hr
Received: April 9, 2018; Revised: May 4, 2018; Accepted: May 10, 2018

Abstract

Electrochemical impedance spectroscopy (EIS) technique is used for characterization of
single cell symmetric capacitors having different mass loadings of activated carbon (AC).
Relevant values of charge storage capacitance (Cr) and internal resistance (ESR) were
evaluated by the single frequency and multi-frequency analyses of measured impedance
spectra. Curve fittings were based on the non-ideal R-C model that takes into account the
parasitic inductance, contributions from electrode materials/contacts and the effects of
AC porosity. Higher Crand lower ESR values were obtained not only for the cell with higher
mass of AC, but also using the single vs. multi-frequency approach. Lower Crand higher
values of ESR that are generally obtained using the multi-frequency method and curve
fittings should be related to the not ideal capacitive response of porous AC material and
too high frequency chosen in applying the single frequency analysis

Keywords
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Introduction

Electrochemical capacitors/supercapacitors are high power energy storage devices composed
basically from two electrodes built-up from an active material put on current collectors and
immersed in a liquid ionic conductor (electrolyte) [1-8]. In these devices, energy is stored reversibly
or quasy-reversibly by either ion adsorption at the electrode/electrolyte interfacial regions
(electrochemical double layer capacitors — EDLC), or ion adsorption combined with some fast
surface redox (faradaic) reaction (supercapacitors — SC). Various types of EDLC/SCs were already
derived, including symmetric and asymmetric devices. Symmetric EDLC/SCs utilize the same
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electrode material (usually carbon) for both electrodes, while asymmetric types use different
materials for electrodes, including a battery-like electrode in asymmetric hybrid devices [8—10].

Charging/discharging of an EDLC/SC device containing purely capacitive electrodes is initiated by
on/off switching of dc voltage (V) and related to separation of charges in double-layers formed at
each electrode in contact with electrolyte. The scheme of the single cell of an EDLC/SC device
containing two separated and equal material electrodes (positive and negative) in an electrolyte is
presented in Figure 1.
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Figure 1. Schematic presentation of symmetric single cell capacitor

The charge storage ability (or capacity) of a capacitive cell is determined by the positive and
negative electrode capacitance values (C: and C-), what makes the total capacitance (Cy) of cell to
be defined as:

1/CGr=1/C_+1/C: (1)

The overall performance of an EDLC/SC capacitive device is usually described in terms of the rated
charge storage capacitance (Cy), dc voltage (V) and electrical series resistance (ESR) values. ESR
comprised the internal resistance of a device including resistances of current collectors, electrodes,
electrolyte, separator and all contact regions formed in between. The values of these three
characteristic parameters (Cr, V and ESR) are essential for estimation of important comparative
topics for EDLC/SC energy devices such as specific energy (Esp =CrV2/2n) and the maximal deliverable
specific power (Pspmax)=V2/4nxESR). Here, n denotes the normalization parameter such as mass,
volume, surface area, etc. Use of high surface area porous carbon materials, conductive electrolytes
with high breakdown potential and highly ion-permeable separators have strongly been
recommended for attaining beneficially high Cr and V and low ESR values, i.e. high energy and high
power EDLC/SC devices [11-19].

Determinations of Cr and ESR values for devices containing new materials and also upon
conventional testing of EDLC/SCs have usually been performed using different electrochemical
techniques. The most commonly used are cyclic voltammetry (CV) and galvanostatic charging/dis-
charging measurements [16—26]. By using CV experiments, Cr values are estimated from the
constant (capacitive) currents measured within a voltage window (V) at low scan rates. By use of
charging/discharging experiments performed at some constant current value within the voltage
window (V), Cr values are obtained from measured V vs. time linear plots. At the same time, the
voltage drop appearing at the initiation of the constant current discharge is commonly used for
determination of ESR.
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Electrochemical impedance spectroscopy (EIS) [25,27—29] is another electrochemical technique
that can provide both, Cr and ESR values at various voltage (V) levels of a capacitive device that
should be in causal, stable, linear and time invariant conditions. EIS is usually performed by applying
a small sinusoidal (current or potential) perturbing signal and measuring impedance (Z) or
admittance (Y) vector as a function of the angular frequency (®). Impedance vector is defined as:

z=1/y=|z|ev=2+iz" (2)

In eq. (2), Z‘ and @ are magnitude and phase angle of impedance vector, while Z' and Z" are the
real and imaginary parts in its complex number presentation. Impedances of capacitive devices are
commonly measured in the linear frequency (f = w/2n) range between 50 kHz — 0.01 Hz.

Impedance spectra of EDLC/SC capacitive systems have generally been presented as Nyquist
(2’ vs. Z') [11,12,17-19,21,23,24,26,28,30-42], Bode (log|Z|and ¢ vs. log @) [19,24,26,30,31,33,
38,42] and complex capacitance (Y/i@ = C) plots. In this last case, complex capacitance spectra can
be presented as C” vs. C' and/or C” and C’' vs. log w (log f) plots [12,18,31,33,34,37,40,42].

In applying of either single frequency or multi-frequency EIS method for characterization of
capacitive devices, ESR and Crvalues are usually obtained using the one time (lumped) constant R—C
model [1,2,6,28,37] for a capacitive device, having the impedance/frequency response defined as:

Z(®) = ESR + 1/iwCr (3)

According to eq. (3), a capacitive device will behave as a pure resistor at high and pure capacitor
at low frequencies, with some transition region in between. The product of ESR and Cr determines
the time constant capacitor value, ESR x Cr = 7. This time constant characterizes the rate of a
capacitor charging up to about 63 % of its final capacity (or about 37% of its depletion on
discharging) and is important merit in comparing EDLC/SC devices.

ESR and Cr values can be estimated directly from measured impedance values at high
(ESR = Z'(»>x)) and low (Cr=—1/@Z” (»-0)) frequencies, respectively. The other way of identifying ESR
and Cr parameters is the curve fitting procedure. This procedure is usually made by assigning the
impedance function defined by eq. (3) across the entire range of measured frequencies, where all
departures can easily be detected through the least square approach.

Departure from eq. (3) has usually been noticed through appearance of inductive impedance
(having positive imaginary part) at the highest frequencies [11,17,21,24,35,36,41] and another one
impedance showing characteristic —45° phase angle in the transition region between pure resistive
and pure capacitive impedance responses [2,18,24,31-36,38—-41]. Whereas inductive impedance
response has usually been observed for low impedance (highly capacitive) systems, the
characteristic —45° phase angle impedance response is almost always noticed in impedance spectra
of capacitive devices with highly porous electrodes. Therefore, this impedance was usually ascribed
to a distributed electrode structure, reactivity and/or porosity effects [2,35,40]. All these
observations changed the ideal R—C model described by eq. (3) to the one which takes into account
the parasitic inductance and the effects of electrode porosity according to the following relation
[11,18,24,35,36,41,43,44]:

Z(w)= Z(w) + Rur + Zs(w) (4)

Eg. (4) shows that the total impedance of a non-ideal capacitive device is composed from three
impedances, i.e. inductive impedance (Z.), high frequency resistance (Ruf) and pore impedance (Zs).
Frequency response of an inductive impedance is defined as Z(®) = iwL, where L is inductance that
is measurable at high frequenciesas L =2""/w[21,24,43]. Frequency response of Z;, however, is more
complex as it should describe the frequency dependence of a capacitance generated at pore walls,
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as well as ionic resistance distributed within electrode pores. In order to account for —45° phase
angle at high-to-medium frequencies that is followed by pure capacitive response at lower
frequencies, various models of Zs(w) have already been recommended in the literature. Some of
these models include either a pure capacitor in series with two or more parallel RC combinations
[24,36,41,43,44], or the vertical ladder network [45], both mimicking different time constants in the
pores. The most frequently, however, the concept based on the De Levie’s theory of porous and
rough electrodes [46] has been applied by which Z(iw) is ascribed to the impedance/frequency
response of a single rail RC transmission line element (TLE) [2,29,35,36,39,43,44,47].

Whereas Cr value is beneficially increased by using highly porous carbon as electrode material,
appearance of an additional resistance distributed within the pores is generally considered
detrimental. This is because any additional resistance would increase internal resistance,
ESR = Rur + Rs(w) [31-33] and make the high-frequency resistance Rur= Z'(»—x) in €q. (4) to be only
a part of ESR.

For some capacitive cells, however, a semicircle impedance response has additionally been
noticed at higher frequencies, i.e. between Rur and characteristic —45° and/or vertical shape of
Zs(w) [18,23,32,33,39,40,43]. This impedance loop has increased ESR by another resistance
component and shifted the capacitive response to smaller frequencies [32,33]. Some between many
explanations for such impedance response were ascribed to the charge transfer of possible pseudo-
capacitive reaction, formation of a passive layer at current collectors, formation of the interfacial
region between current collector and electrode material or even pure dielectric polarization effects
of the bulk solution [18,32,44]. In spite of diverse interpretation, a semicircle in impedance spectra
of capacitive devices can simply be accounted for by a resistor-capacitor (RC) combination, defining
its impedance/frequency response as Zrc(w)=Rrc/(1+iwRrcCrc) [32,39,40,45]. Thereby, eq. (4) that
has already been defined as the sum of three impedances becomes enlarged by inclusion of Zrc(®)
impedance according to:

Z(w)= Zi(@) + Rur + Zrc( @) + Zs( @) (5)

Impedance spectra defined by eq. (5) is composed of four characteristic frequency regions and
described by six impedance parameters (L, Rur, Rre, Cre, Rs and Cs) that all can be determined by the
curve fitting procedure. In these conditions, Cr = Cs and ESR = Rur + Rrc + Rs(@). In using the single
frequency method, however, just contributions of different resistance components to ESR are the
reason why ESR should inevitably be defined at lower frequencies [17,19] and why ESR=Z"'at f=1
kHz has been recommended for determination of ESR of technical capacitor devices using the single
frequency EIS method [22,27].

Hereinafter, impedance characterization of the single cell (-)AC//AC(+) capacitors, prepared
within realization of the ESU-CAP project of the Croatian National Foundation will be elaborated.
Single and multi-frequency analyses will be performed and several approaches to analyze
impedance data will be applied. The final results concerning total storage capacity (Cr) and internal
resistance values (ESR) will be compared and discussed.

Experimental

Preparation of single cell AC//AC capacitors

The electrodes for AC//AC single cell capacitors were prepared from a slurry of the activated
carbon (AC), carbon black and polyvinylidene difluoride (PVDF). The pre-determined weights of the
slurry were coated onto Al foils pieces of 2 cm?, dried and hot-pressed, forming electrodes with 6.5
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and 20.5 mg of active material. The single cell capacitor assembly was performed within a high purity
argon filled glove-box. Glass-fiber was inserted as a separator between two electrodes and solution
of 0.25 mol dm tetraethylammonium tetrafluoroborate (TEABF4) in acetonitrile (ACN) served as
the electrolyte. The capacitors containing electrodes with 3.2 and 10.2 mg cm™ of the total active
material were denoted as AC-1 and AC-2, respectively. All details of preparation were described
previously [48].

Electrochemical impedance spectroscopy

Among various possibilities and equipment for impedance measurements [49,50], the present
impedance measurements were performed using the Biologic Potentiostat SP-200 under EC-Lab
software. The AC//AC cells were measured in discharged states at the open circuit voltage (V= 0.00
V) after being charged/discharged in 5 cycles between 0.00 and 2.7 V, at 4 mA cm™ for AC-1 and 10
mA cm for AC-2 cell, respectively. AC signhal of = 14 mV amplitude was applied and impedances at
10 measured points per decade were measured in the range of 1x10°% to 0.01 Hz. Prior
measurements the cells were left for about one hour to attain steady-state which was controlled by
subsequent impedance measurements of each cell.

Impedance results were analyzed using the Zview (Scribner Ass.). The complex non-linear least
squares (CNLS) program using a presumed model and modulus weighting mode was applied for
impedance data fittings. Cr and ESR values obtained by the single frequency method served as initial
values for the fitting procedure and all parameters were stated free in calculations. Statistical
criteria for defining reasonable fits were small (< 9x107%) standard deviation of the overall fit, 3%

' o " TR
Zz _ s (Zk(exp) _Zk(ca/)) +(Zk(exp) _Zk(ca/)) (6)
k=

2
1 |Zk(ca/)

Ineq.(6),Z, 2", kand N are real and imaginary impedances, particular frequency of measurement
and total number of measured frequencies (data points), respectively. |Z] is impedance magnitude,
while “exp” and “cal” denote measured and calculated quantities. More details of corrections and
statistical criteria for reasonable fits of impedance spectra are described elsewhere [51].

Results and discussion

Single-frequency impedance analysis

Figure 2 shows Nyquist (Z”’ vs. Z') plots of two tested AC//AC single capacitor cells containing two
near equal electrodes with different active material mass loadings (AC-1 and AC-2). Both Nyquist
plots showed near vertical lines, indicating capacitive impedance responses for both AC//AC cells.
Higher impedance observed for the electrode with less mass of active material (AC-1) is in
agreement with literature data on similar AC//AC cells [31].

ESR values that according to eq. (3) should be obtained as Z'(» ), are at f = 1x10° Hz estimated
as 3.07 Q for the AC-1 and 2.11 Q the AC-2 cell. Gy values calculated using Cr = —1/wZ” at the lowest
measured frequency of 0.01 Hz were estimated to be 0.082 F and 0.297 F for the AC-1 and AC-2
cells, respectively. From these Cr values, specific capacitance per unit mass of one electrode,
calculated using Csp (F g1) = 4 x Cr/m, where m denotes the total mass of both electrodes [20], were
25 F/g for the AC-1 and 29 F/g for the AC-2 cell, respectively.

In another way of impedance data presentation, the concept of complex capacitance is applied
due to the following capacitive impedance definition [27,29]:

Z(@) = [M(o)] ™ =[iaC(w)]™ (7a)
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Figure 2. Nyquist (Z” vs. Z’) plots of AC-1 and AC-2 capacitor cells

The complex capacitance (C =Y/iw) has also vector properties and in terms of real and imaginary
components can be defined as:

Clw)=C(w)—iC"(w) (7b)
For the pure R—C model defined by eq. (3), C'(w) and C”’(w) are defined as:

C(w) = —Cr /(1+ & CrESR) (8a)

C’(®) = @ CrESR/(1+@PCr2ESR) (8b)

In this context, C'(w) defined by eq. (8a) is a term related to the energy stored, while C’(w)
defined by eq. (8b) is a term related to the energy dissipation [18,23,31,34,38,42].

As shown in Fig. 3A, C’ vs. C’ formed semicircle shapes for both AC//AC cells, tending to zero at
high and Cr values at low frequencies. In accordance with eq. (8a), Cr values can be scanned directly
from Fig. 3B as C’' at ®—0. Such determined values were 0.082 F and 0.295 F for AC-1 and AC-2 cells,
respectively. As expected, these results are equal to that calculated above using Z”’ value at 0.01 Hz.

Time constant () values of 0.38 s and 0.77 s for AC-1 and AC-2 cells respectively, were estimated
using the relation 7. = (@c)?, where @ is the cutoff frequency at top of semicircles in Fig. 3A, or from
maximums of C”’ vs. log w curve shown in Fig. 3C[18,23,33]. More commonly discussed and 27 times
higher values of the relaxation time constants defined as n = (fo)* [12,18,31,34,38,40,42] were
estimated from the maximums of C’ vs. log f curves shown in Fig. 3C as 2.39 s and 4.83 s,
respectively.

Both relaxation time values (7. and ) can also be obtained from the phase Bode plots shown in
Figure 4, by determining frequency values fo =an/2m at which Z’ = Z”” and ¢ =—-45° [30,33,40] as 0.42
and 0.21 Hz, respectively. Using the relation ESR=17,/Cr, ESR values were calculated as 4.63 Q and
2.61 Q, respectively. Somewhat higher ESR values than were estimated as Z’ values at 1x10° Hz,
suggested some extent of departure between measured data and eq. (3).
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Figure 3. A) C” vs. C’, B) C’ vs. log wand C) C” vs. log @ and log f dependences of
AC-1 and AC-2 capacitor cells

Bode presentation of a pure R—C combination described by eq. (3) is expected to show a linear
magnitude line with 0° phase angle at higher frequencies and a sloping linear line with —90° phase
angle at lower frequencies. Certain discrepancies from this expectance can be noticed in Figure 4 as
appearance of phase angles different than 0° (including positive values) at the highest frequencies
of impedance spectra of both single capacitor cells.
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Figure 4. Bode (log |zl and ¢ vs. log w) plots of AC-1 and AC-2 capacitor cells

Figure 5 shows more precisely that almost ideal resistive and/or capacitive responses predicted
by eq. (3) and labeled by dashed lines are obtained only within limited ranges of frequencies
[21,24,28,30,35]. Vertical lines in Fig. 5A shows that frequency independent Z’ values, suggesting
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almost pure resistive cell responses, are for both AC//AC cells obtained within limited regions of
high to medium frequencies.
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Figure 5. A) Z’ and B) log Z” vs. log @ dependences of AC-1 and AC-2 capacitor cells

The estimated ESR values at the recommended 1 kHz frequency [22,24,28,33] (denoted by the
arrow in Figure 5A) are higher than those obtained as ESR = Z’ at f = 1x10° Hz and are equal to 4.36
Q and 2.29 Q for the AC-1 and AC-2 cells, respectively. Fig. 5B shows that the sloping linear lines,
suggesting pure capacitive responses are observed at @ < 100 (< 15 Hz) for the AC-1 cell and at o<
10 (< 1.5 Hz) for the AC-2 cell, respectively. Pure capacitive responses squeezed to low frequency
region have already been noticed in Figure 4.

All these results suggest that the R—C model described by eq. (3) is insufficient to present
impedance of AC//AC capacitor cells but can be used as an approximation at rather low frequencies
only. Therefore, in using the single frequency method, Cr should be estimated at the lowest
measured frequency, while ESR values should not be estimated at too high frequencies
[24,31-33,35].

Multi-frequency impedance analysis

As has already been stated in the Experimental part, impedance spectra of both AC//AC cells
were measured over eight decades of frequencies (10°—0.01 Hz). The results of CNLS fittings of eq.
(3) to measured impedance spectra of both AC//AC cells are listed in Table 1. In spite of acceptable
standard deviations obtained for Crand ESR parameters values, huge 2 values have indicated the
complete fail of the R—C model for both AC//AC capacitor cells. As is also shown in Table 1, similar
has happened after use of the R—CPE model, where pure capacitive impedance in eq. (3) is replaced
by impedance of the constant phase element (CPE) [26,40,43]. Impedance of CPE, Zcpe (@) defined
by eq. (9) has usually been applied in order to account for some inclination from the ideal vertical
capacitive line in Nyquist plots and phase angle different than —90° in Bode plots and ascribed to
surface inhomogeneities of various kinds [26,40,43].

Zcpe (a)) = 1/T(ia))"‘ (9)

In eq. (9), Zcre (@) is described by two frequency independent parameters (T and «), where T
becomes pure capacitive parameter C for = 1. For a# 1 and in the terms of eq. (3), the effective
capacitance value, (Cr)., can be calculated using eq. (10) [52,53]:

(Cr)e = TV x ESR (- (10)
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Table 1. Results of CNLS fittings of C—R and R—CPE models to impedance spectra (10°—0.01 Hz)
of AC//AC capacitor cells.

AC//AC Model ESR/Q Cr/F T/ Fs*! a *(Cr)e/ F b
Eq. (3) 4.06%+0.08 0.080+0.003 --- -- -- 11
ACt Egs. (3)+(9) 4.01+0.08 -- 0.077+£0.002  0.95%+0.02 0.072 6.38
AC Eqg. (3) 2.3310.03 0.286+0.008 --- -- -- 8.23
Egs. (3)+(9) 2.28+0.03 --- 0.261+£0.008  0.92+0.01 0.249 3.57

*(CGr)c - calculated by eq. (10)

Fails of either the R—C model described by eq. (3) or R—CPE model described by eq. (3) combined
with eq. (9) in the curve fittings of impedance data measured at frequencies from 10° to 0.01 Hz,
pointed to another impedance(s) influencing the measured impedance spectra of both AC//AC cells.
These additional impedances can clearly be noticed in the enlarged view of high-to medium
frequency parts of Nyquist plots presented in Figure 6. For both AC//AC cells shown in Figure 6,
inductive impedance responses at the highest frequencies (region |) are followed by prominent
semicircle paths (region Il). Some differences between two cells, however, can be noticed at lower
frequencies. Whereas for the AC-1 cell, the semicircular shape dominated down to ~100 Hz after
which an almost vertical (capacitive) response is observed, for the AC-2 cell, a semicircular shape is
observed down to ~1000 Hz and then followed by the characteristic —45° phase angle type of
response (region lll) being prominent down to ~1 Hz. Only below 1 Hz, a capacitive line (region IV)
becomes dominating for this AC//AC cell. Slow transition, or prominent —45° phase angle response
(region 11l) for the AC-2 capacitor cell can be related to an inhibited transport of electrolyte within a
porous structure of active material having higher thickness generated by higher mass loading.
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Figure 6. High-to-medium frequency region of Nyquist plots of AC-1 and AC-2 capacitor cells

Nyquist plots with four characteristic shapes (I-IV), i.e. (inductive, semicircular, —45° and
capacitive), have already been observed for EDLC/SC devices [35,43] and discussed here together
with eq. (5). In applying eq. (5) as the impedance model equation in the fitting procedure, Zs (o)
should be primarily defined. To account for the characteristic impedance —45° shape at
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intermediate frequencies followed by an almost purely capacitive response at the lowest
frequencies, the TLE concept will be applied. In such a way, Z(w) in eq. (5) is described in terms of
the TLE impedance, Z(w).e, defined by the following relation [2,35,36,40,43,44,47]:
Zs(®) = Z1ie (0)= Rs (iow) P coth (iw7s)P (12)
For highly electronically conducting porous layer, Rs and Cs = 7s/Rsin eq. (11) denote the total
electrolyte resistance within pores and double-layer capacitance induced at pore walls. In the ideal
case, the exponent p = 0.5, but due to the same reasoning as for CPE impedance defined by eq. (9),
the exponent p in eq. (11) can be lower than ideal 0.5 [35,40], thus making Cs to be similar in its
explanation to the CPE parameter T [51]. The characteristic time constant (%) that is determined by
pore and electrolyte properties is directly responsible for the characteristic shape of
impedance/frequency response. At two w limits, eq. (11) with p=0.5 becomes reduced to [2,35]:

Z(w—>o) = (RS/CS)O'5 (iw)_o's (12a)
Zs(w—0) = Rs/3 + 1/(iw)Cs (12b)

Now, it is easy to show that at frequencies higher than as = 1/%, eq. (12a) defining the phase
angle of —45° is operative, while at frequencies lower than ax = 1/ 7, eq. (12b) is operative describing
the ideal R—C response having the phase angle of —90°.

Eq. (5) combined with eq. (11) is generally described by six frequency independent impedance
parameters (L, Rur, Rre, Cre, Rs and Gs) that are for not ideal impedance responses increased for two
more parameters (a and p). The values of these eight frequency independent impedance
parameters obtained by CNLS fittings of eq. (5) involving Zs(w) defined by eq. (11) and Zgrc(w)
corrected by eq. (9), to measured impedance spectra of two AC//AC cells are listed in Table 2. The
corresponding fitted curves are drawn by full lines in Figures 4 and 6.

Table 2. Results of CNLS fittings of the eq. (5) combined with eq. (11) to measured impedance spectra of

AC//AC capacitor cells
AC//ACcell 107xL/H Rur/Q 10%%Tac/Fs*! « Rrc/ Q R/ Q /s p *Ts/Fs?t! ;(2
AC-1  2.60+0.01 1.24+0.03 4.610.4 0.82 3.10+0.04 0.71+0.04 0.048+0.003 0.48  0.068  6.9x10%
AC-2 2774001 1.0+0.1 3.1+0.4 0.85 1.240.1 1.5740.02 0.428+0.006 0.49  0.273  53x10*

*T,calculated as 7/Rs

Well fitted results indicated by acceptable »?values and low errors of all individual parameters
have pointed that eq. (5) was a reasonable model function applied in the impedance analysis of two
AC//AC capacitor cells. Cr values calculated from T and p values from Table 2 using eq. (10) with «
= 2p are listed in Table 3, together with ESR values calculated as ESR = Rur + Rrc + Rs/3. The
corresponding data obtained by the single-frequency method and impedance data plotted in Figures
2, 3 and 5 are also listed in Table 3.

Table 3. Cr and ESR values of AC-1 and AC-2 capacitor cells obtained by single and multi-frequency methods

Method AC-1 AC-2
Frequency range G/ F ESR/Q Cr/F ESR/Q
Single frequency (Fig.3) -- 0.082 (0.01Hz) | 3.07 (10°Hz) | 0.297 (0.01Hz) | 2.11 (10°Hz)
Single frequency (Fig.6) - 0.082 (0.01Hz) | 4.36 (10Hz) | 0.297 (0.01Hz) | 2.33 (10%Hz)
Single frequency (Fig.4) -- 0.082 (0.01Hz) | 4.63(0.42Hz) | 0.297 (0.01Hz) | 2.61 (0.21Hz)
Curve fitting by egs. (5)+(11) 1x10%-0.01 Hz 0.065 4.58 0.271 2.72
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Comparison of Cy values listed in Table 3 shows that generally lower Cr values were for both
AC//AC capacitor cells obtained by the curve fitting procedure performed using eq. (5) combined
with eq. (11), than by using the single frequency method and usual approximation Cr=—1/wZ"” at
f=0.01Hz. Almost 10—-20% lower Cr values obtained for two cells using the multi-frequency method
should be ascribed to influence of not ideal responses of capacitances induced at pore walls of AC
electrode materials and seen through 2p < 1 (cf. Table 2). ESR values determined by the single
frequency method showed significant dependence on the chosen frequency of evaluation,
suggesting significant contribution of distributed electrolyte solution resistance within porous AC
electrode material to the evaluated data. The present results also show that for here characterized
AC//AC cells, the recommended f = 1 kHz is too high for proper ESR evaluations. Only when the
frequency of ESR evaluation was rather low, ESR values become similar to that determined by the
multi-frequency analysis and curve fitting procedure, where distributed resistance effects have
already been taken into account by applying eq. (5) combined with eq. (11).

Conclusions

The characteristic values of total charge capacitance (Cr) and internal resistance (ESR) of two
single cell AC//AC capacitors with different quantities of active electrode materials were analyzed
using the single and multi-frequency analyses of measured impedance spectra.

Single frequency Cr and ESR values were determined on the basis of ideal C—R model, using
impedance magnitude values measured at low and high (or already recommended) frequencies,
respectively. Multi-frequency analysis involving curve-fitting procedure was performed over all
measured frequencies and based on the non-ideal R—C model. Non-ideal R—C model assumed
various impedance contributions including inductive, resistive inherent to the electrode material
and/or contacts and that of AC electrode porosity.

Although close Cr and ESR values were generally obtained, not any single frequency result was
found to agree with the multi-frequency fitting results. Beneficially higher Cr and lower ESR values
were generally obtained using the single frequency method, what can be explained by an
assumption of ideal capacitive response and too high frequency value of ESR evaluation. At the other
side, lower Cr and higher ESR values obtained using the multi-frequency analysis are based on
anticipated contributions from porosity and pore surface inhomogeneity of AC electrode material,
which all have been taken into account by the non-ideal R—C model used for curve fittings.
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