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Abstract
The vast majority of electrochemical processes can be modelled by resistors and capacitors. These will then be, in addi-

tion to usual circuit elements, electrochemical and chemical resistors or chemical capacitors. The paper shows the signi-

ficance of understanding these parameters and their connections in given systems for a variety of timely scientific exam-

ples. This rationale mirrors one of the intellectual facets, if not the most important one, of Janko Jamnik’s scientific work. 
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1. Introduction
This contribution is a tribute to Janko Jamnik’s

outstanding comprehension of electrochemical proces-
ses. In many joint papers we set out the concept of analy-
zing processes in terms of electrochemical equivalent cir-
cuits, by not only including electrical but also chemical
and electrochemical circuit elements.1–5 Although there
have been earlier treatments,6–10 the above-mentioned
publications provide a significant step forward in terms of
interpretation and understanding.

The set-out conception allows one to intuitively, but
rather precisely though, tackle diverse problems such as
stoichiometric polarization, Maxwell-Wagner polariza-
tion, battery storage, chemical diffusion in heterogeneous
systems, or surface kinetics of oxygen incorporation in
oxides. 

A central role is played by the archetypical chemical
capacitance that allows for a profound understanding of
solid state processes whenever concentration changes are
involved. The term has already been introduced by Pel-
ton.11 Here a more appropriate thermodynamic access will
be given. For this purpose we consider a binary solid (ge-
neralization is trivial), where the composition of mobile
component is regulated by fixing the chemical potential of
component 1 μ1 (e.g. by outer partial pressure), while the
rigid component 2 is characterized by a given mole num-
ber n2. The other control parameters are total pressure (p)
and temperature (T). (Note that it is possible to vary the
partial pressure of component 1 at constant total pressu-

re.) One then refers to a μ1N2pT-ensemble for which the
characteristic potential will be 

(1)

with the consequence that 

(2)

(As the generalized Gibbs-Duhem equation leads,
for homogeneous systems, to U = TS – pV + μ1n1 + μ2n2,
one finds Γ = μ2n2. For a one-component system, it results
that Γ = 0, corresponding to the characteristics of the “in-
tensive ensemble” referred to.12)

We can now define generalized capacities via        , 

namely the thermal capacitances (specific heat                    

), the mechanical capacitance (compressibility

and the chemical capacitance, viz.

The sign of these three quantities is de-

cisive in a thermodynamic stability analysis.13 One reali-
zes that the definition is also analogous to the electrical

capacitance                    (q: charge, φ: electric potential) that
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becomes relevant if one also includes electrical effects. In
view of the significance of the electrochemical potential 
μ� = μ + zFφ one is tempted to define a generalized elec-

trochemical capacitance           . Yet as shown in Ref.

[5] this is only meaningful in very special cases. In gene-
ral Cδ and Cq refer to different microscopic processes. In
contrast, the introduction of an electrochemical resistor Rδ

(in the quasi-one dimensional case defined via ∇μ� /j), ho-
wever, is generally meaningful owing to current density j
being proportional to σ ∇μ� = σ∇μ + zFσ ∇φ, i.e., owing
to referring to the very same transport process caused by
both concentration and electrical potential gradients (σ:
conductivity). Let us consider a few selected examples. 

2. Chemical Diffusion

A comparatively simple situation is chemical diffu-
sion in the bulk, e.g. describing the variation of oxygen
stoichiometry on varying the outside oxygen partial pres-
sure. The diffusion coefficient describing that variation is 

(3)

For a simple planar geometry (L: thickness, A: area)
the first factor can be rewritten as inverse chemical resistor 

(4)

resulting from a series switching of ionic and electronic
resistors, as in a logical sense both ions and electrons are
needed.14

The second factor in Eq. (3) can be rewritten as

where aO is the oxygen activity and

is referred to as thermodynamic factor, often erro-

neously termed an enhancement factor. In fact the second
factor represents an inverse chemical capacitance15

(5)

expressing the storage effect, here occurring in the course
of bulk diffusion. The term enhancement factor stems
from the incorrect conception of comparing Dδ with the
tracer diffusion coefficient D*. Yet, chemical diffusion re-
fers to the defects only, and a closer look yields under di-

lute conditions                       for the second term, with cion, 

ceon being the respective defect concentrations. Tracer dif-
fusion, however, involves the total ionic ensemble and has
hence a much higher chemical capacitance, thus D* must
be much smaller owing to the low fraction of defects. The
fair comparison is with the defect diffusion coefficients.
The analogously defined thermodynamic factor of the de-
fects is now close to unity and in most cases even reflects
a depression factor.16

The product Rδ · Cδ yields the time constant τ δ as
L2/Dδ, which is well-known from diffusion kinetics.
(Depending on the boundary conditions, the relation
between τ δ and L2/Dδ includes numerical constants.) At
any rate τ δ is proportional to L2 as both Rδ and Cδ are
proportional to L. This is very different from the elec-
tric analogue where for quasi-1D transport (along L) R
∝ L but C ∝ 1/L with τ = RC being independent of L.
Table I gives thickness dependences of various time
constants for transport along L for various degrees of
nano-structuring: nano-plates of thickness L (dimensio-
nality of nano-structuring d = 1), nano-rods of cross
section L × L (i.e. d = 2) and nanodots of dimension L ×
L × L (i.e. d = 3), showing that the results for τε are in-
dependent of d.17

Table I: Dimensionality (d) dependent exponents (n) of the explicit

thickness (L) dependence of resistors, capacitors, relaxation times

for various electrochemical mechanisms (ε).17 The interface pro-

cess is in series with bulk process, i.e. transport across the boun-

dary is considered.

mechanism εε Rεε Cεε ττεε
dielectric response 2–d d–2 0
diffusion controlled bulk 2–d d 2
storage
interfacial rate controlled 1–d d 1
bulk storage
interfacial storage 1–d d–1 0
(semi-infinite)#

# In the finite size regime the situation is non-autonomous as it also

depends on the neighboring phases. Reprinted with permission

from the American Chemical Society, Copyright 2013.17

The generalization of the chemical diffusion con-
cept to internal reactions includes so-called differential
trapping factors.18 This generalization nicely explains
why Dδ in Fe-doped SrTiO3 is orders of magnitude smal-
ler than expected according to the then established theory.
The reason is the coupling of internal redox reactions to
the electronic ensemble. The same happens for Y-doped
ZrO2, where both ionic and electronic conductivities are
insensitive to additional redox active impurities.19 An in-
tuitive understanding again is enabled by the concept of
chemical capacitance. In ZrO2 the internal valence chan-
ges do not vary Rδ but increase the chemical capacitance
(increase of reservoir). 
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3. Interfacial Kinetics

The chemical capacitance concept became most inf-
luential as far as the surface kinetic analysis is concerned.
Here Rδ refers to the reaction rate of the rate-limiting sur-
face step, but Cδ is given by the uptake in the bulk as long
as the sample is not extremely thin. The corresponding
equivalent circuit is now used in labs all over the world to
analyze surface kinetics via impedance spectroscopy (cf.
Fig. 1) (cf. Ref.20 for a recent example of interest). In most
cases of interest, the decisive resistive term refers to the
surface kinetics, while the capacitive terms refer to the
bulk capacity

(6)

Such a situation is, e.g., met in the case of chemical
diffusion in donor-doped SrTiO3. In the opposite case that
the grain boundaries of width dgb are hardly permeable
and transport through them is very sluggish when compa-
red to the bulk, a case briefly addressed above, it holds for
not too small grains.16,21

(7)

Even though redistribution in the grain interior is lo-
cally fast, grain size matters for the time behavior, as the
chemical diffusion is the more sluggish, the more compo-
nent mass the grain-interior is able to take up. 

In fact generally the diffusion rate is not only deter-
mined by the rates at which the carriers would move in the
steady state (Rδ) but also by how much mass is absorbed
(Cδ). This is analogous to thermal diffusion, where the
speed of the temperature variation not only depends on the
thermal conductivity (conduction of heat) but also on the
heat capacity (absorption of heat). 

At the moment we are considering chemical diffu-
sion along interfaces where again deconvolution into Rδ

and Cδ is highly beneficial. It seems that chemical diffu-
sion in job-sharing composites along the boundaries is ex-
tremely fast not only due to the expectedly low Rδ but also
due to a very low Cδ. Here one meets one of the cases in
which Cδ represents truly an electrochemical capacitan-
ce.22

4. Impedance of Mixed Conductor

A long-standing impedance problem became trans-
parent by the use of equivalent circuits.23 Imagine a pure-
ly ionic conductor between electrodes that are only rever-
sible for electrons. Evidently, the material should behave
as a capacitor with vertical line (90°) in the impedance
plot. Now let us tackle this problem from the viewpoint of

Figure 1. Equivalent circuit of the electrode/electrolyte impedance

under gas exchange. Reprinted by permission of the PCCP Owner

Societies.5

Figure 2. Diffusion through a ceramic with highly permeable grain

boundaries (left) or scarcely permeable grain boundaries (right).

The black and white zones refer to the local permeabilities. 

A further highly relevant example is mass transport
across a grain boundary. Then Rδ refers to the transfer re-
sistance of the neutral mass, typically controlled by the
structure of the grain boundary core or by space charge ef-
fects owing to depletion. Well investigated are grain boun-
daries in SrTiO3, where both necessary defects, the oxy-
gen as well as electronic defects are depleted and hence Rδ

is substantial. Again Cδ refers to the bulk if one can igno-
re storage of oxygen in the grain boundary itself. The
detailed treatment of transport across space charge zones
is rather involved.1

The full power of these considerations unfolds in he-
terogeneous systems (Fig. 2). 

If we refer to a polycrystal in which grain boun-
dary diffusion is very fast so that transport from there
to the grains of size � occurs on a different time scale,
both Rδ and Cδ in the effective Dδ

m are due to bulk,16 and
hence



581Acta Chim. Slov. 2016, 63, 578–582

Maier:  Electrochemical Circuit Elements   ...

a mixed conductor with vanishing electronic conductivity.
For a mixed conductor one expects a Warburg increase
(45°) bending in a semi-circular behavior and an intercept
yielding the electronic resistance. If one nullifies the elec-
tronic contribution (i.e. pure ion conductor) an inconsi-
stency occurs as we would obtain an infinitely extended
Warburg line and not a vertical one. 

This inconsistency is shown to be due to the neglect
of space charge polarization that also must occur. The ge-
neralized approach is characterized by the counter-play of
space charge and chemical bulk capacitances depending
on the charge carrier concentration rather than the con-
ductivities (Fig. 3).23

de) → || current collector) and the electronic path (e– (cur-
rent collector) → e– (electrode) → || (electrolyte)) are
stopped by chemical capacitors. 

Figure 3. Normalized impedances for ion blockage. On variation

of the defect concentration the response changes from Warburg to a

pure semicircular behavior. Reprinted with permission from Else-

vier.23

Figure 4. Explicit and implicit size dependence of resistive and ca-

pacitive elements. The explicit size dependence (Ln) reflects the di-

rect geometrical influence (cf. Table 1), the implicit size dependen-

ce mirrors the dependence of the effective materials parameter on

the interfacial density in the case of a heterogeneous object.17 Tu-

ning the parameters by size effects can even result in a switching-

over to an alternative mechanism. Reprinted with permission from

the American Chemical Society, Copyright 2013.17

Figure 5. Scheme and equivalent circuit of a lithium battery (catho-

de side). Reprinted by permission of the PCCP Owner Societies.5

Other contributions to be mentioned in that context
are (i) the polarization behavior of a polycrystalline mate-
rial in which the grain boundaries as well as electrodes
can lead to a stoichiometric polarization24 and (ii) the es-
tablishing of a penetration impedance method with the po-
tential of identifying buried interfaces.25

5. System Impedance and Relevance
of Morphology

As already mentioned, electrochemical processes of
interest can be modelled by R’s and C’s if we refer to elec-
trical, chemical and electrochemical circuit elements. Figu-
re 4 indicates that size dependencies can occur through size
dependencies of the effective materials constants, e.g., ove-
rall conductivities of a composite (e.g. through space char-
ge effects), but also through the path dependence itself (n =
2 for chemical diffusion, see above). This points towards
the necessity for electrochemically integrated circuits for
high performance electrode design in Li-batteries.17

Figure 5 shows the equivalent circuit of a battery as
given by Jamnik. It clearly exhibits that both the ionic
path (Li+(Li) → Li+ (electrolyte) → Li+ (counter electro-

This equivalent circuit can describe the mass and
charge variation upon discharge/charge in quite a detail.
Solid state electrochemistry is full of such interwoven
electrical and chemical problems and in such cases Jam-
nik’s contributions are of invaluable worth and we miss
him as a competent discussion partner. 
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Povzetek
Ve~ino elektrokemijskih procesov lahko modelno predstavimo z upori in kondenzatorji. Ti bodo nato poleg obi~ajnih

elementov vezja, elektrokemijski in kemijski upori ali kemijski kondenzatorji. V ~lanku je prikazan pomen razumevanja

teh parametrov in njihovih povezav v dolo~enih sistemih, za razli~ne aktualne znanstvene primere. To na~elo se zrcali v

enem izmed intelektualnih pristopov, ki so znanstveno delo, morda celo najpomembnej{e, Janka Jamnika.


