Zuerst erschienen in: Solid State lonics 85 (1996) 247-250

Periodic electrochemical oscillations at a solid-solid electrode
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Abstract

During the anodic dissolution of a silver electrode in the transference cell Agla-Agl|Ag, periodic changes of the anodic
overvoltage have been observed under galvanostatic conditions. The conditions for the occurrence of these electrochemical
oscillations are described. We compare the observed behaviour with similar phenomena at passivating metal electrodes in

liquid electrolytes.
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1. Introduction

Solid—solid electrodes play an important role in
the construction and the behaviour of solid state
galvanic cells, and the development of solid elec-
trolytes was always connected to the investigation of
related electrode properties [1]. The kinetics of
electrodes, made of a metal A, in contact with cation
conducting solid electrolytes AX, in particular, have
been investigated intensively for many years (e.g.
[2-4]), aiming for a description of the electrode
kinetics in terms of well established models in the
framework of liquid state electrochemistry.

We present an example of a very unusual electrode
behaviour in the solid state, namely the occurrence
of periodic electrochemical oscillations at the inter-
face between a cation conducting solid electrolyte
and the parent metal anode. As an excellent example
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for the existence of dissipative structures, periodic
electrochemical oscillations are well known for
certain metal electrodes in liquid electrolytes since
almost hundred years [5,6], but to our knowledge
have not yet been reported for the solid state.

2. Experimental

The standard cell arrangement is depicted
schematically in Fig. 1. It consists of a cylindrical
silver iodide pellet (prepared by precipitation from
AgNO, and KI solutions), two silver electrodes
(99.999% Ag, Demetron, Germany), and a small
potential probe (silver wire) which was embedded in
the solid electrolyte near the anode.

The whole cell was placed in a sample holder
(glass) which allowed the variable application of
mechanical pressure (along the cell) by the use of
metal springs. Constant current was supplied to the
cell by means of a galvanostat (Jaissle 10 000 T-B),
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Fig. 1. Schematic cell arrangement for the electrodissolution

experiment.

and the experimental data were collected by the use
of a personal computer equipped with an A/D
converter.

Neither the surface treatment nor the crystallinity
of the anode was critical for the occurrence of
electrochemical oscillations. In most cases, we used
silver electrodes which were firstly mechanically and
finally electrochemically polished.

Experiments were performed in the temperature
range 150-400°C, and the mechanical pressure was
varied between 1 and 7 bar. The geometrical elec-
trode area was typically 0.2 cm’, and the applied
current densities were in the order of 1 mA/cm’.
Under galvanostatic conditions, the voltage U, (r)
between the anode and the small probe in the
electrolyte was the main experimental quantity. For
further experimental details see Ref. [7].

3. Results

Depending on the experimental parameters, the
time development of the voltage U,(r) showed
different behaviour. Most critical for the occurrence
of periodic voltage oscillations are the current den-
sity and the applied mechanical pressure. At low
applied pressures, U,(t) generally increased ap-
preciably after a certain transient time and finally
reached a plateau. Superposed on this plateau we
observed irregular oscillations with high frequencies
and rather small amplitudes (cf. Fig. 2).

Un

—
—rae—
S r—
—re——
PR
Trmr——
a—

b
s

h
P
L
[
C

C

b

Mo

t=0 ey

Fig. 2. Qualitative behaviour of the voltage U,(r) between the
silver anode and the silver potential probe as a function of time for
three different applied mechanical pressures, T=260°C.

At pressures higher than 7 bar, the voltage U, (t)
generally remained stable at its original low value. In
the pressure range between these two cases (approxi-
mately 1-7 bar) we were able to obtain a steady
oscillatory behaviour which is depicted in Fig. 2. In
addition, another example of the observed voltage
oscillations is depicted in Fig. 3.

The galvanostatic voltage oscillations were quali-
tatively reproducible, but differed in detail from one
experiment to another. Thus, it was very difficult to
make systematic investigations of the variation of the
oscillatory modes as a function of the experimental
parameters. Nevertheless, at least some clear quali-
tative conclusions can be drawn. The frequencies of
the "oscillations increased with increasing current
density and usually took values in the order of some
10'-10% s~ '. With increasing temperature, the am-
plitudes decreased. Besides, the amplitudes of the
oscillations varied considerably from one experiment
to another, but generally remained smaller than the
thermodynamic decomposition voltage of Agl, which
equals approximately 0.64 V at 260°C and a iodine
activity of 1.

Due to additional experiments with varying con-
ditions (purity of silver, crystallinity of silver, oxy-
gen content of silver, surface preparation, etc. [3])
we conclude that the voltage oscillations are caused
by the intrinsic transport properties of the Agla-Agl
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Fig. 3. Representative galvanostatic measurement of U, (¢); j=1.56 mA/cm®, T=260°C, applied mechanical pressure: 2 bar.

interface, i.e., the oscillations have to be explained
by the respective interface kinetics.

4. Discussion

The basic ionic transfer process at the anodic
interface can be described by the ion exchange
equilibrium

Ag,,(Ag) = [Agy,(AgD) — V,, (AgD)] + ¢'(Ag)
+V,,(Ag) (1

which is formulated using the Kroger—Vink notation.
The structure elements Ag, (Ag) and V, ,(Ag) repre-
sent a metal atom and a lattice vacancy in the metal,
¢'(Ag) denotes an electron in the metal, and Agj:g
(Agl) and V;\g(AgI) represent a metal ion and a
cation vacancy in the compound Agl, respectively.
Essentially, the structure element combination
[Ag:g(AgI)-V,'\g(AgI)] means a silver cation in the
solid electrolyte. Each metal atom that is transferred
across the interface during the anodic process leaves
a vacant site in the metal at the interface and
occupies a vacant cation site in the electrolyte. A
constant dissolution rate, i.e. a constant ionic current
across the solid electrolyte, in principle leads to a
constant rate of vacancy production at the interface.
Depending on the annihilation and transport pro-

cesses of the vacancies, the interface may degrade
due to the accumulation of vacancies. At a tempera-
ture of 800°C the anodic process may even lead to
the injection of vacancies into the metal, as it was
shown for the case of Ag|/Ag-B-Al,O, by Fischbach
[8]. At lower temperatures, the mobility of vacancies
in the metal bulk and at the interface is generally
lower, leading to the accumulation of vacancies.
Thus, in the galvanostatic case, the dissolution of
silver is, in principle, a self inhibiting process. It
produces vacancies at the interface which reduce the
active interface area and, therefore, increase the local
current densities at the remaining contact areas. We
believe that this self inhibition is at least phenom-
enologically equivalent to the passivation of metals
in liquid electrolytes by the creation of isolating
surface layers [6]. With this hypothesis in mind,
several aspects of the oscillating interface system
have to be investigated more closely to prove our
assumption.

Firstly, the proof of a passivating *‘vacancy ac-
cumulation” (pores) has to be given experimentally.
The periodic creation and removal of passivating
surface layers on metal electrodes in liquid elec-
trolytes can be investigated favourably by the use of
ellipsometry [9] or probably by in situ scanning
tunnelling microscopy. Unfortunately, no comparable
techniques are available for the study of interfaces
between solids. Ex situ scanning electron microscope



pictures of the interface show a fine porous structure
of the metal anode surface after an experiment.
These support our idea, but yield no kinetic in-
formation. Thus, trying to measure the rate of
advancement of the receding anodic interface, we
performed a high precision dilatometric in situ study
of the anodic dissolution process [10]. The results
give clear evidence of the successive creation and
removal of pore volume at the interface.

Secondly, the mechanism of relaxation of the
interface, which again leads to the decrease of the
voltage U, (r) after the creation of a high-resistance
structure, has to be explained. This step is far more
difficult to understand and to interpret unequivocally,
than the degradation process itself, which is a
necessary consequence of the transfer process (cf.
Eq. (1)). Several mechanisms are imaginable, some
being more obvious than others. Perhaps the simplest
model is based on the assumption of a mechanical
breakdown of the degraded interface structure when
a critical state is reached. We believe that such
breakdown of a porous structure would not result in
the observed highly regular oscillatory voltage sig-
nal, but rather should lead to an irregular voltage
signal. Also, other simple models are not able to
explain all aspects of the observed phenomenon [11].

In the present state, we believe that a combination
of at least two transport mechanisms, i.e. convention-
al interface transfer and surface diffusion, have to be
taken into account for the interpretation of the
observed phenomenon.

A final comment has to be given on the strong
correlation of the local microscopic transfer pro-
cesses. The measured voltage U,(t) is an average
value for the whole electrode area, which equals
approximately 0.2 cm’. The typical length of the
structures of the degraded interface is only some
microns. Thus, a strong and long-range interaction
seems to correlate the local processes. The identifica-
tion of this interaction is also part of our future work.

5. Conclusions

It is shown that a constant anodic ionic current
across the Ag|a-Agl interface may result in periodic

oscillations of the voltage across the interface. To
our knowledge, this is the first observation of a
regular electrochemical oscillation in the solid state.

We conclude that the oscillations are the direct
consequence of a periodically changing interface
structure. A strong interaction of the local micro-
scopic transfer processes must exist to explain the
correlated behaviour of the macroscopic interface as
a whole. Both the mechanism of this correlation and
the relaxation mechanism of the degraded interface
during the oscillations are not understood completely
in the present state.

Thus, further experimental and theoretical inves-
tigations are in progress, to clarify the origin of the
observed oscillatory interface kinetics.
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