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Abstract : In this review, the theory and applications of the complex capacitance analysis,
which can be utilized in analyzing capacitor-like electrochemical systems, were summarized.
Theoretically, it was suggested that the imaginary capacitance plots (Ci, vs. log f) can provide
a simple way to analyze electrochemical characteristics of capacitive systems, without compli-
cated mathematical calculations. The usefulness of the complex capacitance analysis has been
demonstrated by applying it to analyze EDLC characteristics of practical porous carbon electrodes,
ionic conductivities inside small pores, and ionic resistances in the catalyst layers of polymer
electrolyte membrane fuel cells.

Keywords : Porous electrode, Electrochemical impedance spectroscopy (EIS), Complex capacitance
analysis, Electric double-layer capacitor (EDLC), Polymer electrolyte membrane fuel cell (PEMFC)
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Fig. 1. Equivalent circuits for (a) transmission line model
that is composed of pore resistance (R,) and interfacial
impedance (Z; ), (b) interfacial impedance of ideally polarized
electrode with a double layer capacitor (C,), and (c) the
interfacial impedance of nonideally polarized electrode with
the charge transfer resistance for leakage reaction (R..)
(Adapted with permission from J. Electrochem. Soc. 151
(2004) A571, the Electrochemical Society).
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Fig. 2. The Z;, vs. Z,, plot (Nyquist plot) of simulated
impedance profiles for TLM-C that represents a cylindrical
pore with no faradaic reaction. (a) high frequency and (b)
low frequency region. The numbers indicate 270-T;* f.
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Fig. 3. Plots of (a) real part and (b) imaginary part of
complex capacitance as a function of (277, f) for TLM-C
(Adapted with permission from J. Electrochem. Soc. 151
(2004) AS571, the Electrochemical Society).
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Fig. 4. Relationships between (a) the total capacitance (C,)
and peak area in the imaginary capacitance plot (T, is fixed
at 1s), and (b) the T, and peak position in imaginary
capacitance plot (total capacitance is fixed at 1 F). (Adapted
with permission from J. Electrochem. 151 (2004) AS71, the
Electrochemical Society).
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Fig. 5. (a) Log-normal T, distribution with various standard
deviations (C), and (b) the imaginary capacitance plots with
log-normal T, distribution for various standard deviations
(0) (Adapted with permission from J. Electrochem. Soc.
151 (2004) AS571, the Electrochemical Society).
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Fig. 6. (a) Bode plot of imaginary capacitance based on
an artificial distribution function (original in b), and (b) the
distribution functions: solid line (original), artificially
generated from three normal distributions; open circles
and dotted line, deconvoluted by DFT (Reused with permission
from Electrochem. Commun. 8 (2006) 1191, Elsevier).
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Fig. 7. (a) Imaginary capacitance plots converted from
experimental impedance data of MSC25 and NMC electrodes.
The lines indicate the imaginary capacitance curves that are
best-fitted to the experimental data points. (b) The C,¢p (T1)
functions for MSC25 and NMC electrodes, which was obtained
by log-normal assumption (solid line) and discrete Fourier
transform (dashed line) (Adapted with permission from J.
Electrochem. Soc. 151 (2004) AS71, the Electrochemical Society).
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Fig. 8. Imaginary capacitance plots converted from the
experimental impedance data of silica-sol-templated carbon
electrodes. The lines indicate the imaginary capacitance
curves that are best-fitted to the experimental data points
(Adapted with permission from J. Electrochem. Soc. 151
(2004) A571, the Electrochemical Society).
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Fig. 9. (a) Experimental imaginary capacitance plots
according to the electrode thickness, and (b) the inverse of
peak frequency against the electrode thickness parameter
with a fitted line (Adapted with permission from Electrochim.
Acta 50 (2005) 2255, Elsevier).
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To(s) = Rea x Cy (15)
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Fig. 10. (a) Relationship between T, and the resistive tail
(Co=1F, 1,=15) in imaginary capacitance plot of TLM-
(RC), and (b) the imaginary capacitance plots with log-normal
71 distribution for TLM-(RC) (Adapted with permission from
J. Electrochem. Soc. 152 (2005) A1418, the Electrochemical
Society).
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Fig. 11. The imaginary capacitance profiles taken with
the BP electrode as a function of applied dc potential. The
electrolyte used was 1.0 M Et,NBF, dissolved in propylene
carbonate, where Et=ethyl. The experimental data are
indicated as the closed circles and the best-fitted ones as the
dotted lines (Adapted with permission from J Electrochem.
Soc 152 (2005) A1418, the Electrochemical Society).
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Fig. 12. The potential-dependent ionic conductivity in
pores that is normalized by the value at 3.0 V vs. Li/Li".
The data were obtained in the electrolytes prepared with
four different quaternary ammonium salts dissolved in 1.0 M
propylene carbonate, where Et = ethyl and Me = methyl
(Adapted with permission from J. Electrochem. Soc. 152
(2005) A1418, the Electrochemical Society).
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Fig. 13. Schematics of (a) a general equivalent circuit for
PEMFC, (b) an equivalent circuit for the general transmission
line model, and (c) a simplified equivalent circuit for PEMFC
electrodes with a capacitive electrode/electrolyte interface

(Adapted with permission from J. Electrochem. Soc. 156
(2009) B1293, the Electrochemical Society).
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Fig. 14. (a) Experimental Nyquist plots of the PEMFC
MEA with 20 wt.% ionomer under relative humidities of
25-95%, and (b) experimental imaginary capacitance plots
under relative humidities of 25, 55, and 85% (Adapted
with permission from J. Electrochem. Soc. 156 (2009) B1293,
the Electrochemical Society).
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Fig. 15. Ionic resistances as a function of relative humidity,
as determined by a complex capacitance analysis for PEMFC
MEAs with 20 wt.% ionomer (P1, closed circle) and 40 wt.%
ionomer (P2, open circle). For comparison, the ionic resistance
values obtained from the Nyquist plots are shown as stars for
P1 (20 wt.% ionomer). (Adapted with permission from J.
Electrochem. Soc. 156 (2009) B1293, the Electrochemical
Society).
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