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a  b  s  t  r  a  c  t

The  process  of oxygen  reduction  at an  interface  metallic  microelectrode  solid  oxide  electrolyte  was  inves-
tigated  at  700 ◦C under  various  oxygen  partial  pressures.  In  these  experimental  conditions,  an  increase
of  absolute  current  was observed  when  the  electrodes  made  of  Pt, Ag and  Au  were  polarized  with  neg-
atives  overpotential  down  to  −0.3 V. Such  an  unusual  behaviour  was  explained  by  the increase  of  the
three-phase  boundary  length  due  to  the deposition  and  subsequent  reduction  of  metal  oxides  in  the
eywords:
xygen reduction
YSZ
0GDC
etal migration

vicinity  of  Pt  and Ag electrodes.  However,  in  the  case  of  Au  electrode,  no  pattern  of migrated  metal  was
observed  around  the electrode.  In  this  case,  the  occurrence  of autocatalytic  electrode  reaction  is  suggested
to explain  the  phenomenon.

© 2011 Elsevier B.V. All rights reserved.
hree phase boundary

. Introduction

The first investigations of the oxygen electrode reaction (OER)
n solid oxide electrolytes were performed over a hundred years
go and regarded problems relevant to electric lighting. Then, the
ER and solid oxide electrolytes attracted renewed attention when
n idea of solid oxide fuel cell (SOFC) gave a chance to build a power
enerator, almost perfectly suitable to the decentralized energy
ystem [1–3]. As many as over a thousand of articles pertinent to
OFC cathodic process and cathode materials have been published
n major scientific journals since 1980.

The extensive works on the OER mechanism were firstly per-
ormed with porous platinum electrodes and yttria stabilized
irconia (YSZ) electrolyte. Then, the studies were extended to
lectrodes made of other noble metals and mixed-conducting
aterials; the latter ones were introduced to improve performance

f SOFC due to an extension of cathodic reaction zone. Now, the
xperiments are often carried out with electrolytes and electrodes,
hich can be effectively employed in an intermediate tempera-

ure solid oxide fuel cell (ITSOFC), i.e. whose characteristics are
ore favourable for operation at the temperatures in the range of

00–800 ◦C.

Today, despite numerous works and a long time of research, the

ER at Pt and other noble metals is still actively studied because it
onstitutes a useful basis on which the understanding of all SOFC

∗ Corresponding author. Tel.: +48 12 6173998; fax: +48 12 6174547.
E-mail address: razniak@agh.edu.pl (A. Raźniak).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.04.030
cathodes can be built. Generally, these experiments can be split
into two  fundamentally different schools of reasoning. The first one,
rooted in the well-established tradition of classical electrochemi-
cal kinetics, focused on the observation that the oxygen electrodes
at solid oxide electrolytes tend to obey Tafel kinetics at moderate
to high overpotential [4–9]. Therefore, these data were typically
analyzed in terms of specific rate-limiting steps occurring at the
interface. The second school concentrated on the results obtained
by electrochemical impedance spectroscopy (EIS), nevertheless,
when these spectra were simulated by an equivalent RC circuit,
the model was frequently incoherent with physical and chemical
properties of an interface [10–12].  Hence, another explanation of
these data was sought, which had to take into consideration the
complexity of faradaic process, with the possibility that more than
one rate-limiting reaction step could dominate under various con-
ditions [13–17].

The strong evidence showing that co-limited adsorption and
surface diffusion play a significant role in the overall reaction

O2 + 4e− → 2O2− (1)

was given by Mitterdorfer and Gauckler [18–20]. Despite a con-
siderable progress made in the recent years in understanding of
solid oxide fuel cell cathodes, many open questions, relevant to
the OER at Pt and other noble metals, remain still open to the
discussion. Obviously, additional questions regard the technologi-

cally advanced cathodes of contemporary SOFCs, which are made
of MIEC composite materials.

Some hope to enlighten at least some of controversies over the
OER appeared when using point and quasi-point solid electrodes

dx.doi.org/10.1016/j.cattod.2011.04.030
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:razniak@agh.edu.pl
dx.doi.org/10.1016/j.cattod.2011.04.030
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ecause they facilitate the investigation of the charge transfer reac-
ion, enable the properties of electrode surface and electrolyte to
e scanned and the effect of ohmic drops to be reduced. Unfor-
unately, the use of microelectrodes appeared to be only a little
elpful for clarifying the controversies but it revealed also a new
nresolved issue, namely the so called nonstationary behaviour of
etallic electrodes, such as hysteresis or inductive effects, which
ere manifested under negative and positive polarizations. Many

uthors reported such findings, first of all, for the Pt electrodes,
lthough the similar behaviour was also observed for the Au, Pd and
g electrodes [21–27].  One of the “nonstationary behaviour” indi-
ation consists in a distinct increase of the absolute current flowing
hrough the metallic electrode located on the solid oxide elec-
rolyte during a prolonged negative polarization. This phenomenon
s somehow consistent with an improvement of cathode opera-
ion of the state-of-the-art SOFC, which is usually observed at the
eginning of loading the cell [28–33].

A number of explanations for this behaviour, such as the effect
f reactive intermediates on the Pt surface, passivation of the Pt
urface by platinum oxides, expansion of the reaction zone along
he YSZ surface and Joule heating of the sample had been sub-
equently rejected until Nielsen and Jacobsen [25–27] observed
t SEM images the dendrite-like structure of Pt around the elec-
rode. The SEM pictures were made for quenched samples after
he experiments performed with the Pt electrode polarized with
ow and moderate negative overpotentials at 1000 ◦C. Therefore the
ncrease of cathodic current has been unambiguously attributed to
he increase of TPB (three-phase boundary) length, which grows
uring the formation of a dendrite-like structure, due to the migra-
ion of metal from the negatively polarized electrode.

In the present paper, we investigate the OER at the inter-
ace metal|solid oxide electrolyte using microelectrodes, with the
mphasis put on the effect of prolonged polarization of the elec-
rode and phenomenon of extension of TPB length by metal migra-
ion from the electrode. The experiments were performed at 700 ◦C,
hich corresponds to the operational temperature of IT-SOFC. Two

f electrolytes were used in the studies: yttria stabilized zirco-
ia (8YSZ) and gadolina doped ceria (20GDC), the electrodes were
ade of Pt, Ag and Au. Both these electrolytes, 8YSZ and 20GDC,

re high oxygen ion conductors with the same ion transport mech-
nism through oxygen deficiency. We  performed the comparative
xperiments for these two  electrolytes to justify that the mecha-
ism of ion conductance had a dominant effect on the phenomena
eported in this work. The main aims of the work are to explain
echanism of metal migration to the vicinity of electrode and

nswer the question if only this phenomenon is exclusively respon-
ible for the “nonstationary behaviour” of the systems investigated.

. Experimental

The experimental set up and procedures of electrochemical
easurements were described elsewhere [34]. The electrolytes
ere sintered from powders of ZrO2 + 8 mol% Y2O3 (8YSZ) and
eO2 + 10 mol% Gd2O3 (20GDC), which were disc shaped of 10 mm
iameter and 3 mm thickness. During the measurements, two
icroelectrodes were located on opposite sides of the electrolyte

isc; these electrodes were used alternatively as a working and ref-
rence electrode. The electrodes and disc were assembled inside the
lumina holder and gripped together due to the action of springs
ith the force of about 0.5 N. A counter electrode, in the form of
latinum ring made from a wire of diameter 0.5 mm,  was  located
n a furrow grooved around the side wall of the disc. The experi-
ents were performed in a stream of O2 + Ar mixture at 50 ml/min

ow rate. An AUTOLAB electrochemical station was used in these
easurements.
Fig. 1. Family of chronoamperometric curves recorded at point electrodes: (a) Pt,
(b) Ag, (c) Au, in contact with 20GDC electrolyte (overpotentials are given over the
respective curves, atmosphere 0.1O2 + 0.9Ar, 700 ◦C).

Before and after the electrochemical experiments, the sur-
faces of the Au, Pt and Ag quasi-point electrodes as well as
8YSZ and 20GDC pellets were examined by means of a scanning
electron microscope (SEM/EDX), X-ray Photoelectron Spec-
troscopy/Electron Spectroscopy for Chemical Analysis (XPS/ESCA)
and Atomic Force Microscopy (AFM). The SEM microphotographs,
XPS/ESCA and AFM analysis were made for the quenched samples
prepared in a set-up similar to the electrochemical cell. The only
differences between these set-ups were such that in the former
the working electrode was  polarized in a two electrode system
and a large porous Pt plaque was used as a common reference and
counter electrode. During the preparation of the sample, the work-
ing microelectrode was polarized several hours with overpotential
of −0.5 V, then the system was cooled down to the room temper-
ature in 2–3 h. Also during the cooling, the overpotential of the
working electrode was  held at −0.5 V as long as possible. Addi-
tional samples of electrolytes with unpolarized electrodes were
also prepared in analogous conditions for the examination with
the SEM/EDX, XPS/ESCA and AFM techniques.

3. Results and discussion
Typical dependences of the currents flowing through the elec-
trode at different negative step-like polarizations are shown in
Fig. 1. The dependences were determined at 700 ◦C for the elec-
trodes made of different metals: Pt, Ag and Au located at the
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ig. 2. SEM images of Pt contact area on the surface of 8YSZ electrolyte after polariz
esulted from ripping the electrode off; (b) Pt – metal embedded in the scratches at

0GDC electrolyte. The similar results were also obtained in the
xperiments carried out with the 8YSZ electrolyte; they were pre-
ented in paper [34]. Because the stable values of the currents
ere approached very slowly, especially at lower overpotentials,

he experiments lasted at least 18 h. There are six curves presented
or the each electrode in Fig. 1; the curves were recorded at overpo-
entials −0.05, −0.1, −0.15, −0.2, −0.25 and −0.3 V. Although the
ata in Fig. 1 are shown for an arbitrary chosen partial pressure
f oxygen pO2 = 0.1 bar, the experiments were also carried out at
O2 = 0.01 and 1.0 bar.

The determined dependences of current vs. time for the step
olarization show the following characteristics:

a) Generally, within the overpotential range (−0.05 to −0.3 V), the
absolute currents had a tendency to increase monotonically
with the time for all the three electrode materials: Pt, Ag and
Au and both electrolytes: 20GDC and 8YSZ.

b) The increase of absolute current was more evident for the elec-
trodes made of Pt and Ag than Au. As it can be seen in Fig. 1c,
only for the Au electrode at overpotential −0.3 V, the absolute
current decreased after the initial abrupt increase. This differ-
ent character of the i vs. t dependence for the Au electrode may
indicate that the processes occurring during the polarization of
Au are different than during polarization of Pt and Ag.

c) The character of dependences was qualitatively similar at all
the investigated partial pressures of oxygen pO2 = 0.01, 0.1 and
1.0 bar.

We  also carried out electrochemical impedance spectroscopy
EIS) measurements in the same conditions. The overall decrease
f impedance was observed in duration of negative polarization
hich can be correlated with the behaviour of chronoaperometric

urves in Fig. 1. The details of the EIS spectra analysis and other
lectrochemical research are described in our previous paper [35].

The SEM images of Pt and Ag electrode contact areas on
he 8YSZ electrolyte after polarization experiments are shown in
igs. 2 and 3, respectively. The black hole in the middle of the
EM pictures corresponds to the area of direct contact between
he microelectrode and electrolyte. Similar configurations of metal
eposit were also observed on the 20GDC electrolyte. They are
resented in Figs. 4 and 5. The EDS analysis confirmed that the
tructures shown in Figs. 2 and 4 and Figs. 3 and 5 consist mainly
f metallic Pt and Ag, respectively. The XPS/ESCA analysis corrob-

rated these results, though at the Ag|8YSZ interface, just under
he electrode, the presence of AgO was also detected. The AFM
nspections also showed the presence of Ag and Pt metallic par-
icles, which appeared at the 8YSZ surfaces after the polarization of
 experiments (−0.5 V, 700 ◦C, in air): (a) the free space in the middle of the pictures
urface of another sample of YSZ electrolyte.

Ag and Pt electrodes respectively. The scans were performed partly
within and partly outside the contact area. Inside the contact area
a coarse structure, which will be referred to as a “hill and valley”
structure, was  formed. A ridge, higher than the surroundings, was
seen at the borderline of the contact area. Outside of the contact
area, the surface appeared smooth as compared to the “hill and
valley” structure.

It can be clearly seen that the electrode is a source of migrated
metal, which spreads around the electrode in a form of a dendrite-
like structure. The increase of absolute currents observed at the
chronoamperograms in Fig. 1 can be therefore explained, first of all,
by the growth of a metallic zone around of the Pt and Ag electrodes.

The similar phenomenon was observed by Nielsen and Jacob-
son [25–27] for the Pt, Ag and Pd electrodes located at the 8YSZ
electrolyte. Their experiments were carried out at much higher
temperatures than ours, namely 920 ◦C for Ag and 1000 ◦C for other
noble metals.

Although, quantitatively, the Pt and Ag dendrite structures
looked similarly at both the electrolytes investigated, 8YSZ and
20GDC, the range and amount of migrated metal was  always larger
in the case of the latter electrolyte. In this way, the intensity of metal
deposition in the vicinity of the electrode may  indicate the impor-
tance of oxide ion conductivity, which is definitely higher in the
20GDC than 8YSZ. The patterns of migrated metals depend also on
the material of electrode and smoothness of the electrolyte surface.
Pt patterns are usually deposited in the form of a snowflake-like
structure whereas Ag layer is more dense and forms a pretzel-like
configuration. Any irregularity at the surface of the electrolyte (hol-
lows, scratches, cracks and dislocations) interferes with the metal
spreading and in consequence restricts growing of TPB length of
the modified electrode. As it can be seen in Fig. 2b, the metal,
which migrates from the electrode, has a tendency to agglomer-
ate at the irregularities at the electrolyte surface. Therefore, the
largest increase of the absolute current during the polarization of
Pt or Ag electrode was observed for a mirror-like surface of elec-
trolyte. When the electrolyte was only preliminarily polished with
sandpaper, the absolute values of current responses were ca. three
times lower than in the former case. The former phenomenon can
be explained by a more developed and extended structure of metal
deposit, whose growth is not hampered by scratches, cracks and
scars at the mirror-like surface. This, in turn, results in the increase
of TPB length of metal, where the oxygen electroreduction pro-
ceeds with the highest intensity. The effect of electrolyte surface

smoothness on the response of the Ag electrode is shown in Fig. 6.

Contrary to the Pt and Ag electrode, no migration of metal
into the vicinity of interface electrode|solid oxide electrolyte
was observed for the Au electrodes. Therefore, the phenomenon
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ig. 3. SEM backscattered electron images of 8YSZ surface after polarization experim
ith  EDS analysis.

eported in Fig. 1c cannot be explained by migration of gold, which
esults in the increase of the TPB length at the interface Au|8YSZ
r 20GDC and consequent rise of absolute current with the polar-
zation time. Nevertheless, after a very careful examination, the

etallic gold was found at the surfaces of the both, 8YSZ and 20GDC,
lectrolytes but exclusively in the form of small Au dots, highly
ispersed over the whole electrolyte area and located mostly in
ollows and scratches at the surface (Fig. 7). Gold deposits were
lso observed in hollows at the electrolyte surface directly under

he electrode.

Nielsen and Jacobsen were investigating the behaviour of
u|8YSZ interface during polarization at 1000 ◦C [26]. In this case,

hey did not report any Au migration from the electrode to the sur-
(−0.5 V, 700 ◦C, in air): (a) Ag electrode contact area; (b) magnification of Ag deposit

face of electrolyte. However, the same authors pointed out in their
next paper [27] that the Au|8YSZ interface exhibited a structure
similar to the “hill and valley” structure reported for the Ni point
electrodes; according to them the development of this structure
was responsible for a nonstationary behaviour of the OER response
at the Au electrodes.

To explain the mechanism of metal migration at the surface of
the oxide electrolyte two  more pieces of information should be
taken into account:
(1) We  investigated in separate experiments the phenomenon
of Pt migration from the electrode located at the surface of
solid state electrolyte with conducting ions other than O2−:
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Fig. 6. Chronoamperometric curves (−0.5 V, 700 ◦C in air) recorded at the point

F
t

ig. 4. SEM images of Pt deposit on the surface of 20GDC electrolyte after polariza-
ion experiments (−0.5 V, 700 ◦C, in air).

BaZr0.9Y0.1O3 with dominant proton conductivity, CaF2 with
dominant F− conductivity and LISICON with dominant Li+ con-

ductivity. Almost no migration of Pt at the surfaces of these
electrolytes was observed in the vicinity of the polarized elec-
trode. Hence, one may  conclude that the presence of mobile

ig. 5. SEM images of Ag contact area on the 20GDC electrolyte surface after polarization
he  sample are also presented.
Ag electrode in contact with 8YSZ electrolyte: (a) electrolyte surface preliminary
polished with sandpaper, (b) electrolyte polished to the mirror-like surface.

O2− ions in the electrolyte is necessary for the occurrence of Pt
migration in the vicinity of the electrode.

(2) The equilibrium vapour pressures of Pt, Ag and Au and their
selected oxides in an oxygen atmosphere at 700 ◦C are reported
in Table 1. [36,37] On the basis of these data, the following
sequence of these pressures over the metallic electrodes in the
conditions of our experiments can be established in the range
of 10−9–10−13 atm:
pAg(3E−9 atm) > pPtO2(5E−10 atm) > pAgO(2E−11 atm) > pAu(1E−13 atm)

 experiments (−0.5 V, 700 ◦C, in air). The results of EDS analysis in chosen points of
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ig. 7. SEM microphotograph of 20GDC surface after long-term polarization of
u|20GDC half cell (−0.5 V, 700 ◦C, in air). A circle marks the area of Au deposition.

hat means that the deposition of the following species should
ominate in the systems investigated: platinum oxides (but not
etallic Pt), metallic silver and silver oxide and metallic Au (but

ot gold oxides). According to our observations, an extension of
he metallic zone from the Pt electrode does not proceed without
egative polarization of the electrode and participation of O2− ions

rom the electrolyte (entry (1)). Since the deposit around of elec-
rode consists mostly of pure metal in all cases investigated, one
an conclude that platinum and silver oxides have to be reduced to
etallic Pt and Ag during an electrochemical reaction, which occurs

n the vicinity of the electrode. This reaction provides a progres-
ive extension of Pt and Ag deposits in the form of a dendrite-like
tructure during polarization. Therefore, the following mechanism
f Pt and Ag migration at the surface of oxide electrolyte can be
roposed:

(s) (electrode) + n/2O2 → MOn(s) (electrode) (2)

On(s) (electrode) → MOn(g) (3)

MOn(g) + 2ne− → M(s) + nO2−

(at interface Pt and Ag|oxide electrolyte) (4)

n the case of Au electrode, gold deposits from a gaseous phase
f metal and is not reduced in contact with the electrode. The
equence of reactions (5) and (6) justifies why the dendrite-like
tructure is not formed close to Au electrode. In these circumstances
etal condensates, first of all, in irregularities of the electrolyte sur-
ace, which may  be located even in a considerable distance from the
lectrode:

(s) (electrode) → M(g) (5)

able 1
quilibrium vapour pressure (in 1 atm air, 700 ◦C) data of selected noble metal Ag,
u  and Pt gaseous species over their respective solid elements [36,37].

Noble metal species Partial pressure [atm]

Ag 3E−9

AgO 2E−11

Ag2O 6E−14

Pt 4E−23

PtO 5E−19

PtO2 5E−10

Au 1E−13

AuO 1E−16

Au2O3 2E−19
day 176 (2011) 41– 47

M(g) → M(s) (Ag and Au dots at the whole surface of electrolyte)

(6)

Recently, the increase of the absolute current flowing through
the polarized Au electrode has been interpreted as a result of exten-
sion of the TPB length by channel formation along the electrode
perimeter [27].

In the case of Ag, the deposition of the metallic structure around
the electrode was observed to proceed faster than in the case of Pt
– probably a coexistence of both mechanisms (2)–(4) and (5)–(6),
together with relatively high pressure of Ag vapour, made this phe-
nomenon more intensive.

However, also another explanation of Au electrode behaviour,
based exclusively on the electrochemical elucidation of the pro-
cesses, is theoretically permissible. The dependences presented in
Fig. 1 are characteristic for a coupled catalytic reaction with quasi-
reversible or reversible charge transfer [38]:

O + ne- → R (7)

R + Z → O + Y (8)

where O and R represent oxidized and reduced entities, respec-
tively, Z does not participate in electrode reaction (7) but reacts
with a product of electroreduction. The following sequence of reac-
tions may  be proposed for the OER mechanism with a participation
of superoxide ions (O2

−):

O2(g) → 2Oad(electrode) (9)

Oad + 2e− → 2O2−(TPB) (10)

O2− + 3/2O2 → 2O2
−(electrolyte surface) (11)

O2
− + e− → 2O2− (12)

A similar sequence can be also postulated for peroxide ions (O2
2−).

A formation of superoxide and peroxide ions at the surface of solid
oxide electrolytes was suggested in numerous works, especially
in the discussion of catalytic selective oxidation of some organic
compound [39–42].

4. Conclusions

The mechanism of the oxygen electrode reaction in the solid
oxide fuel cell is still not fully understood. Recently, a number of
works have been carried out with microelectrodes to enlighten at
least some of controversies over the OER. Unfortunately, the use of
microelectrodes appeared to be only a little helpful for clarifying the
controversies but it revealed also a new unresolved issue, namely
the so called, nonstationary behaviour of metallic electrodes, such
as a distinct increase of the absolute current flowing through the
electrode located on solid oxide electrolyte during the prolonged
negative polarization. Such an unusual behaviour was explained by
the increase of the three-phase boundary length due to deposition
and subsequent reduction of metal oxides around the Pt and Ag
electrodes. However, in the case of the Au electrode, no pattern
of migrated metal was observed in the vicinity of the electrode.
In this case, an occurrence of autocatalytic electrode reaction was
suggested to explain the phenomenon.
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