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1. Ion Transport in Homogeneous Materials
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Impedance Spectroscopy on Ion Conductor 

between Ion-Blocking Electrodes
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Simplest equivalent circuit for homogeneous ion conductor

between ion-blocking electrodes 
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Rather common mistake in the analysis of impedance spectra 

J. Thokchom, B. Kumar, J. Power Sources 185 (2008) 480.
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2. Ion Transport in Heterogeneous Materials

Examples:

• Metallic particles in an insulating polymer matrix:

• Insulating particles in a gel electrolyte:

Continuous phase: 1, e1

Dispersed phase: 2, e2
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Two serial phases
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Two serial phases
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High frequencies: Averaging over the conductivity of different phases

(Charge carriers move only locally)

Low frequencies: Averaging over the resistivity of different phases

(Charge carriers move across the sample)



Dispersions

Continuous phase: 1, e1

Dispersed phase: 2, e2

Volume fraction of dispersed phase: f

Basic assumptions for Maxwell-Wagner-Bruggemann approach:

• Dispersed particles are spheres.

• Small volume fraction fdiluted system)

• Random spatial distribution of dispersed particles

(no interactions between dispersed particles)



Maxwell-Wagner-Bruggemann equations 
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Limiting case: Dispersed insulator
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The addition of 1% insulating particles results in a conductivity drop of about 1.5 %



Limiting case: Dispersed conductor
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The addition of 1% conducting particles results in a conductivity rise of about 3%

Note: Since the conducting particles do not form percolating pathways,

the composite conductivity is governed by the conductivity of the

insulating phase, 1.



3. Ion Transport in Porous Battery Electrodes 

Gravimetric energy density:

150-200 Wh / kg

Example: Li-ion battery



Composite electrodes

Ogihara et al, 

J. Phys. Chem.

119 (2015) 4612
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Idealized model approach with cylindrical pores:
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Transmission line model
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Stationary Ion Transport Measurements
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Energy storage in electrochemical supercapacitors
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4. Double Layer Formation at Electrode Surfaces
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Differential capacitance of the double layer
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Experiment: Three-Electrode Configuration
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Frequency range:

ν = 10 mHz - 1 MHz

Ac potential 

10 mV (rms)

Non-ideal capacitance

Nyquist plot of impedance

M. Drüschler, B. Roling

J. Phys. Chem. C

115 (2011) 6802.
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Differential capacitance of 
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Cfast and Cslow

Ionic liquids:    msDL bulk DLR C 1

Complex capacitance plane of Pyr14-FAP at Au(111)

R. Atkin, N. Borisenko, M. Drüschler, S.Z. El Abedin, F. Endres, R. Hayes, 

B. Huber, B. Roling, Phys. Chem. Chem. Phys. 13 (2011) 6849.

Fast  process,
time scale 
about 1 ms

Slow
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time scale
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Fast and slow processes
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Fast and slow processes

increasing negative potential / charge of the Au(111) electrode

Herringbone-type

superstructure

of Au surface

Maximum of Cslow

R. Atkin, N. Borisenko, M. Drüschler, S.Z. El Abedin, F. Endres, R. Hayes, 

B. Huber, B. Roling, Phys. Chem. Chem. Phys. 13 (2011) 6849.



Impedance vs. capacitance spectra

Two capacitive processes

clearly visible

Fast  process,
time scale 
about 1 ms

Slow
process, 
time scale
about 1 s
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