
Microstructural changes due to anodic polarisation of palladium and
silver films on YSZ

Gesa Beck a,⁎, Christoph Bachmann b

a Chair of Resource Strategy, Department of Physics, University of Augsburg, Universitaetsstrasse 1a, 86135 Augsburg, Germany
b Institute of Physical Chemistry, Justus-Liebig-University Giessen, Heinrich-Buff-Ring 58, 35392 Giessen, Germany

a b s t r a c ta r t i c l e i n f o

Article history:
Received 15 January 2014
Received in revised form 26 March 2014
Accepted 30 April 2014
Available online 5 June 2014

Keywords:
Polarisation
Palladium
Silver
Oxidation
De-wetting
Grain growth

Palladium and silver films with different microstructureswere prepared on (111), (110), (100) and (311) orien-
tated YSZ (yttrium stabilised zirconia) substrates. Subsequently, the as-prepared films were anodically polarised
at 400 °C or only annealed at the polarisation temperature. As results of the annealing and polarisation, we ob-
served i) oxidation of the palladium films, ii) grain growth in the case of silver films on (111) orientated YSZ
and iii) de-wetting in the case of silver films on the other YSZ substrates. The comparison of the annealing and
polarisation results revealed a modification of the oxidation process of palladium and a significant increase of
de-wetting of silver films. Additionally, we observed different indications that the oxygen built-out occurred no-
tably at grain boundaries within themetal films. These indicationswere: an increased polarisation resistance due
to a decrease of suitable grain boundaries by oxidPd and Ag films on differently orientated YSZ (yttrium stabilised
zirconia) were anodically polarised at 400 °C or only annealed at this temperature. We observed i) oxidation of the
palladium films, ii) grain growth of silver films on (111) orientated YSZ and iii) de-wetting of silver films on the
other orientated YSZ substrates. The comparison of the annealing and polarisation results revealed a modification
of the oxidation process of palladium and a significant increase of de-wetting of silver films. Additionally, we ob-
served different indications that the oxygen built-out occurred notably at grain boundaries within the metal films.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The electrochemical cell metal|YSZ|metal [YSZ: yttrium-stabilised
zirconia] can be used for solid fuel cells, oxygen sensors and in
electro-catalytic processes. Due to electrical or chemical polarisation,
oxygen is transported from one metal side to the other through the
YSZmembrane. At the anodic side oxygen is removed and at the cathod-
ic side, oxygen is built in. The oxygen exchange occurs mainly at the tri-
ple phase boundary betweenmetal, YSZ and the gas phase, but it is also
possible at lattice defects of the metal. Accordingly, it has been shown
that in platinum and palladium films with twins as the only defects, these
twins are the locationof oxygenbuilt-outdue tobubble formationandbub-
ble cracking [1]. In platinum films with other grain boundaries it had been
found that these grain boundaries are also oxygen permeable [2,3].

Themetal in the electrochemical cell metal|YSZ|metal should be cat-
alytically active. Depending on the application it has to be an oxidation
catalyst and/or a reduction (and/or hydrogenation) catalyst. In solid fuel
cells themetal on the anodic side is mostly hydrogenation catalyst nick-
el [4]. In oxygen sensors (especially the lambda sensor) and in electro-
catalytic processes, platinum (which is an oxidation and reduction
catalyst) is mainly used [5]. However, platinum is very expensive and

rated as critical [6,7]. Therefore, there are research activities to substi-
tute platinum in many applications and for some applications substitu-
tions are already used. Particularly in automobile catalysts palladium,
which is also an oxidation and reduction catalyst, is now often used in-
stead of platinum, or palladium is admixed with platinum to reduce the
amount of platinum. Accordingly the price of palladiumhas increased in
the last few years [8]. In addition, palladium is in principle similarly as
critical as platinum, since it is mined and processed from the same
ores as platinum. Additionally, for some applications palladium is too
reactive, since it is muchmore reactive than platinum, especially for ox-
idation [9–12]. Silver could be a better substitute for platinumbecause it
is not as reactive as palladium for oxidation, cheaper and rated much
less critical than platinum and palladium [7]. But silver as a catalyst is
less active (it is a good oxidation catalyst, but is not as good as a reduction
catalyst). It also has amuch lowermelting point and therefore it could de-
wet in some applications, which work at high temperatures [13].

In the here presented study the anodic polarisation behaviour of pal-
ladium and silver films with different microstructures has been investi-
gated. For that purpose the metal films were prepared by pulsed laser
deposition on differently orientated YSZ substrates, since in former
works a relevant influence of the substrate orientation on the micro-
structure of themetal film had been found [14–16]. Themicrostructural
changes within the palladium and silver films during polarisation have
also been compared to the annealing behaviour of the films. Accordingly,
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microstructural changes due to oxygen removal could be separated from
annealing effects. In addition, the development of the polarisation resis-
tance was studied. The results of this study will help for a more detailed
understanding of the processes in the applications of such cells. They
will also allow an assessment of a possible substitution for platinum by
palladium or silver in such applications.

2. Experimental

2.1. Preparation of the palladium and silver films

The metal films were deposited by pulsed laser deposition (PLD),
which was performed by a KrF laser (λ = 248 nm) with a repetition
rate of 6 Hz, a pulse energy of 450 mJ and argon (p = 2 Pa, purity
99.95%) as background gas. In the deposition chamber the cylindrical
and polished palladium or silver target (purities 99.95%) was placed at
a distance of 4.5 cm to the substrate. The substrates were commercially
polished (111), (100), (110) and (311) orientated YSZ single crystals
with a diameter of 20 mm and a thickness of 0.5 mm. The yttrium con-
tent was 8 mol%. The substrate temperature was 200 °C. Films with a
thickness of about 500 nm were prepared with a mean growth rate of
about 1 μm/h. To obtain a specific geometry of the metal films (6 mm
diameters) we used a metallic mask during deposition.

2.2. Annealing experiments

The annealing experiments were performed in a heating chamber
(DHS900, Anton Paar, Austria) of the D8 X-ray diffractometer (Bruker
AXS, Germany). Accordingly, it was possible to determine a possible ox-
idation by in-situ X-ray 2Theta-scans. The annealing temperature was
400 °C (heating and cooling rate: approximately 2 °C/min) and the an-
nealing times were 10 min up to 24 h. For the annealing temperature,
we chose the polarisation temperature, in order to compare the anneal-
ing resultswith thepolarisation results.We annealed one selection of all
types of prepared silver and palladium films on the differently orientat-
ed YSZ substrates. We checked the reproducibility in the case of silver
films on (111) and (311) YSZ. In the case of palladium films we had in-
vestigated the reproducibility of the annealing behaviour in detail in for-
mer studies [1,17].

2.3. Polarisation experiments

The preparedmetal films were the working electrode in the electro-
chemical cell metal|YSZ|Pt-paste during the anodic polarisation experi-
ment. We used a three point method. The Pt-paste was the counter
electrode and an extra Pt-paste circle on the substrate side of the work-
ing electrode was used as the reference electrode (for more details see
[1]). The electrochemical measurements were performed with a
VersaSTAT measurement device (Princeton Applied Research) at
400 °C and 10 mV, 100 mV as well as 600 mV each for 10 min. We
chose this polarisation temperature, because pre-experiments (at
200 °C and 300 °C) showed that the resistance of the oxygen-ion con-
ductor YSZ is too high at lower temperatures and there were problems
with strong de-wetting of the silver films at higher temperatures (at
500 °C) [17]. The polarisation resistance of the working electrode was
determined from the current–time-curves. We also checked these
values by impedance measurements before and after the polarisation.
The reproducibility of the polarisation experiments was checked with
three samples of the silver films on (111) and two on (311) orientated
YSZ as well as with one palladium film on (100) orientated YSZ.

2.4. Characterisation methods

The metal films were characterised before and after polarisation (or
after annealing) by scanning electron microscopy (SEM; field emission
microscope: Zeiss, Supra 55 VP) and by texture investigations [electron

backscatter diffraction (EBSD) investigations by an additional equipment
for the SEM microscope of Crystal, Oxfords Instruments and X-ray pole
figuremeasurements by a D5000 Siemens diffractometer].Wemeasured
the {111} pole figure of the metal films and of the YSZ substrate through
the metal films. By EBSD measurements we obtained the local orienta-
tions within the metal films (in a step size of 100 nm). From these local
orientations the local misorientations were calculated and shown in a
grain boundary map and in a misorientation distribution graphic.

An important difference in the texture analysis by pole figure and
EBSD investigations is the size of the investigated area. In the case of
the XRD measurements with the used 2 mm aperture, an area of
about 4 mm in diameter (the absolute size depends on the tilt angle)

Table 1
Grain boundary angles and sizes of palladiumand silverfilms on differently orientatedYSZ
substrates.

YSZ orientation Metal Grain boundary angles Grain sizes [nm]

(111) Pd 60° and a few 3° 3000
(100) Pd All, 60° preferred 300
(110) Pd All, 60° preferred 300
(311) Pd All, 60° preferred 400
Polycrystalline Pd All, 60° preferred 200
(111) Ag All, mainly 3° and 60° 250
(100) Ag All, mainly 3°, 30° and 60° 200
(110) Ag All, 60° preferred 100
(311) Ag All, 60° preferred 100
Polycrystalline Ag All, 60° preferred 100

Fig. 1. Grain boundary map of an as-prepared palladium film on (111) orientated YSZ
(top) and grain boundary (or misorientation) distribution graphic (bottom). Accordingly,
mainly white 60° twin grains and a few green small angle grain boundaries are found.
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