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1. lon Transport in Homogeneous Materials
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Impedance Spectroscopy on lon Conductor
between lon-Blocking Electrodes
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Y"(w) =g,/ U, (Energy storage)



Other quantities

Impedance  Z() = AL =Z () +i Z (o)
Y (o)
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Capacitance  C(o) = =C'(w)+1 C"(w)

0 1o Z(w)



Simplest equivalent circuit for homogeneous ion conductor

between ion-blocking electrodes
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Real part of admittance
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Real part of capacitance
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Nyquist plot of impedance

increasing
frequency




Rather common mistake in the analysis of impedance spectra
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Fig. 4. Room temperature impedance spectra for LAGP glass sheet crystallized at

850¢C for 12 h.
J. Thokchom, B. Kumar, J. Power Sources 185 (2008) 480.
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2. lon Transport in Heterogeneous Materials

Dispersion

= Continuous phase: o4, &,

L B

J Dispersed phase: c,, €,

Examples:
» Metallic particles in an insulating polymer matrix: ¢, > o,

* Insulating particles in a gel electrolyte: ¢, > G,



Two serial phases
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Two serial phases

(5120 62>0 Iog V

g Thickness of sample
g, Thicknees of insulating phase




Two serial phases

log v

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: o, €,
J ~ Dispersed phase: ,, ¢,
| J _ _
S R Volume fraction of dispersed phase: ¢

Basic assumptions for Maxwell-Wagner-Bruggemann approach:
« Dispersed particles are spheres.

« Small volume fraction ¢ (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

Low-frequency conductivity

261+62—2(|)(Gl—(52)z6( 3 j
' 261+02+(I)(01—02) '

O =0

The addition of 1% insulating particles results in a conductivity drop of about 1.5 %



Limiting case: Dispersed conductor

Low-frequency conductivity

20, +0, —2(1)(61—62) .o (1+3¢)
~ Y1

o1 = 201+02+(I)(Gl—62)

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, ;.



3. lon Transport in Porous Battery Electrodes

Example: Li-ion battery

Li,Cg Graphite

discharge

Gravimetric energy density:
150-200 Wh / kg



Composite electrodes

Active
material
particle
(stores Li) Ogihara et al,
J. Phys. Chem.
119 (2015) 4612

Pore space is flooded by
the liquid electrolyte

CuFren\t Electrode composites
collector (thickness: L)

Idealized model approach with cylindrical pores:

Transmission line circuit
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Transmission line model

Electrode Electrolyte
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Stationary lon Transport Measurements
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4. Double Layer Formation at Electrode Surfaces

Energy storage in electrochemical supercapacitors

U Stored energy
E-l.cu’
2

C = double layer capacitance

U = maximum voltage
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Classical Stern model for diluted electrolytes

Charge density p(x)
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Differential capacitance of the double layer
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Experiment: Three-Electrode Configuration

Counter Polarization Layer Working
Electrode  with Double Layer Electrode
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Nyquist plot of impedance

Frequency range:
v=10mHz - 1 MHz

Ac potential
10 mV (rms)

M. Druschler, B. Roling
J. Phys. Chem. C

115 (2011) 6802.
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Simplest equivalent circuit representation
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Complex capacitance plane of Pyrl4-FAP at Au(111)
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R. Atkin, N. Borisenko, M. Druschler, S.Z. El Abedin, F. Endres, R. Hayes,
B. Huber, B. Roling, Phys. Chem. Chem. Phys. 13 (2011) 6849.



Fast and slow processes
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Fast and slow processes

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

»
Ll

250 nm x 250 nm 250 nm x 250 nm 120 nm x 120 nm

Herringbone-type
superstructure

of Au surface
Maximum of AC,,,,,

R. Atkin, N. Borisenko, M. Druschler, S.Z. El Abedin, F. Endres, R. Hayes,
B. Huber, B. Roling, Phys. Chem. Chem. Phys. 13 (2011) 6849.



Impedance vs. capacitance spectra
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