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Abstract

Oxygen reduction reactions on Sr-doped LaMnO3 (LSM), Sr-doped La(Co,Fe)O3 (LSCF) and Pt electrodes have
been investigated in the absence and presence of gaseous Cr species at 900 °C in air. Gaseous Cr species were
introduced by using chromia-forming alloy interconnect in contact with the electrode. In the presence of gaseous Cr
species, the electrode processes for the O2 reduction on LSM and Pt electrode were signi®cantly inhibited while on
LSCF electrodes, the inhibiting e�ect was much smaller. It has been shown that gaseous Cr species primarily
inhibited the electrode surface process of the O2 reduction reaction and the inhibiting e�ect can be quantitatively
related to the oxygen di�usion coe�cient of the electrode material. The results demonstrated that gaseous Cr species
can be used to distinguish between the surface and bulk process kinetics for the O2 reduction reaction under solid
oxide fuel cells operation conditions.

1. Introduction

Oxygen reduction reaction is one of the most studied
reactions in solid oxide fuel cells (SOFC) [1]. This is
primarily related to the fact that the selection of cathode
materials is critical in achieving high power output and
long-term stability of SOFC as the polarization losses
due to the O2 reduction contribute signi®cantly to the
overall performance losses especially for SOFC based on
thin ®lm electrolytes [2]. Although oxygen surface
exchange and oxygen di�usion properties of a material
can be accurately measured by techniques such as
secondary ion mass spectroscopy and oxygen isotope
exchange techniques [3, 4], there is a lack of in situ
techniques in the determination of adsorbed species on
the electrode surface and in particular in the unambig-
uous separation of the surface and bulk processes for the
O2 reduction under SOFC operation conditions. This
may contribute to the considerable debate and discrep-
ancies on the nature of electrode process of the O2

reduction reaction. For the O2 reduction on porous
Sr-doped LaMnO3 (LSM) electrodes, the rate determin-
ing step ranges from di�usion controlled charge transfer
process [5], charge transfer on the LSM coated on Gd-
doped CeO2 electrolyte [6], dissociative adsorption of
oxygen at low overpotentials and oxygen di�usion
through the LSM bulk at high overpotentials [7], surface
di�usion of oxygen [8] to bulk di�usion of oxygen [9].
Recently, we investigated the O2 reduction on LSM

electrodes in the presence of chromia-forming alloy
interconnect [10, 11]. It was found that at the early
stages of the polarization, the O2 reduction is primarily
limited by the surface di�usion of oxygen species on the
LSM electrode, similar to that in the absence of
chromia-forming alloy, but proceeds at much slower
rates due to the inhibiting e�ect of the gaseous Cr
species such as CrO3. The results indicate that the
gaseous Cr species produced from chromia-forming
alloy could be used to diagnose the surface and bulk
processes of O2 reduction under SOFC operation
conditions. In this paper the application and e�ective-
ness of the gaseous Cr species (e.g., CrO3) in the
identi®cation of the surface and bulk di�usion kinetics
for O2 reduction reaction has been investigated on LSM,
Sr-doped La(Co,Fe)O3 (LSCF) and Pt electrodes. LSCF
is a well-known mixed ionic and electronic conductor [3]
with very high electrochemical activity for the O2

reduction reactions [12, 13]. On Pt electrodes it has
been generally established that the rate limiting steps for
the reaction are the surface di�usion of adsorbed oxygen
on the Pt surface [14±16].

2. Experimental details

Zirconia electrolyte substrates were prepared from 3
mol% Y2O3±ZrO2 (TZ3Y, Tosoh, Japan) by tape
casting, followed by sintering at 1500 °C for 2 h. The
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electrolyte thickness was �150 lm. La0.72Sr0.18MnO3

(LSM) and La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) powders were
prepared by co-precipitation, followed by calcination at
1000 °C and 900 °C in air, respectively. XRD analysis
con®rmed the perovskite structure of the LSM and
LSCF powders. LSM electrodes were applied to the
TZ3Y electrolyte substrates by screen-printing and ®red
at 1150 °C in air for 2 h. To avoid the chemical reaction
between LSCF and zirconia electrolyte [17], LSCF
electrodes were applied to Ce0.8Sm0.2O2 (SDC) electro-
lyte (�900 lm thick) by screen-printing and ®red in
place at 950 °C for 2 h prior to the testing. SDC
electrolyte substrates were prepared by isopressing SDC
powder and sintered at 1400 °C for 2 h. Pt electrode was
prepared by slurry painting of Pt paste (Engelhard,
6082) onto TZ3Y electrolyte and ®red in place at 900 °C
for 2 h before the testing. The coating thickness was
about 50 lm for screen-printed LSM and LSCF elec-
trodes and about 1 lm for slurry-painted Pt electrodes.
The electrode area was 0.44 cm2. Pt paste was painted
on to other side of the electrolyte disk to make the
counter and reference electrodes. The counter electrode
was positioned at the center, symmetrical to the working
electrode. The reference electrode was painted as a ring
around the counter electrode. The gap between the
counter electrode and the ring reference electrode was
about 4 mm.
Gaseous Cr species were introduced into the elec-

trode system by using chromia-forming alloy (25 w/o
Cr, 73 w/o Fe, 0.7 w/o Mn, negligible Si) interconnect
coupon (12 mm ´ 12 mm ´ 5 mm thick). On one side
of the coupon, channels (1.2 mm ´ 1.2 mm deep) were
cut with holes in the center of each channel. Air was
directed to the channels through an alumina tube,
ensuring the uniform air ¯ow across the whole elec-
trode coating. Two Pt wires were spot-welded to the
coupon to serve as voltage and current probes,
respectively. There was no Pt mesh placed between
the chromia-forming alloy and the electrode coating. In
this arrangement, the chromia-forming alloy also acted

as a current collector. Air (BOC, industrial grade,
moist content <0.01%) was used without further
drying. The air ¯ow rate was controlled at
100 ml min)1 for both working and counter electrodes.
The cell testing con®guration is shown in Figure 1. For
the experiments without chromia-forming alloy, Pt
mesh was used as current collector for the working
electrode and a separate sample holder was used to
avoid the Cr contamination. Details of the experimen-
tal set-up can also be found in [10].
The initial electrochemical behaviour of the LSM,

LSCF and Pt electrodes under the cathodic polariza-
tion was studied under a constant current of
200 mA cm)2 at 900 °C in air. The cathodic polariza-
tion potential (Ecathode) was measured against the Pt air
reference electrode, using a data logging device. The
current passage was interrupted from time to time to
make galvanostatic current interruption (GCI) and
electrochemical impedance spectroscopy (EIS) mea-
surements. GCI was carried out using a Keithley high
speed voltmeter (194A) and a Keithley current source
(228A) [18]. Overpotential (g) and electrode ohmic
resistance (RW) between the cathode and the Pt
reference electrode were directly measured from the
current interruption transition curves. The electrode
was equilibrated at open circuit for about 20 min prior
to the EIS measurement. EIS was performed on an
EG&G electrochemical impedance analyzer (model
6310) at frequency range of 0.1 Hz to 100 kHz with
the signal amplitude of 5 mV under open circuit. The
electrode interface (polarization) resistance (RE) was
obtained by subtracting the high frequency intercept
from the low frequency intercept on the impedance real
axis. After the impedance measurement, cathodic
current of 200 mA cm)2 was applied to the cell again.
However, the period associated with the equilibrium at
open circuit and the subsequent EIS measurement was
omitted in the plot of Ecathode against the cathodic
current passage time. The microstructure of the elec-
trode in contact with the chromia-forming alloy was

Fig. 1. Test cell arrangement.
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examined by scanning electron microscopy (SEM) and
X-ray energy dispersive spectroscopy (EDS).

3. Results and discussion

3.1. SEM micrographs of the electrodes

Figure 2 shows the SEM micrographs of the LSM, Pt
and LSCF electrodes after cathodic polarization at
200 mA cm)2 and 900 °C in the presence of chromia-
forming alloy. The overall polarization time was 4 h for
LSM electrode, 22 h for Pt electrode and 105 h for
LSCF electrode. For LSM electrode, there was depo-
sition of ®ne grains and crystals on the TZ3Y electro-
lyte surface (Figure 2(a)). EDS analysis indicated that
the ®ne grains were most likely Cr2O3 and crystals were
(Cr,Mn)3O4-type spinels [10]. Deposition of Cr species
on the LSM electrode surface or inside the electrode
body was not detected within the limits of the tech-
niques used. Figure 2(b) is the SEM micrograph of the
Pt electrode close to the edge of the electrode. The
isolated large particles were Pt particles. EDS analysis
indicated that the small and plate-like particles were
also Pt particles. Very di�erent from that observed on
the LSM electrode, EDS signals associated with chro-
mium were very week, indicating that the deposition of
Cr species on the TZ3Y electrolyte surface is negligible.
Figure 2(c) shows the SEM micrograph of the LSCF
electrode. There were individual particles with distinct
crystal facets on the electrolyte and electrode surfaces.
EDS analysis identi®ed that the crystals formed on the
LSCF electrode surface mainly contained Sr and Cr,
probably indicating the formation of SrCrO4 [19, 20].
However, the deposits were random and did not show
any preferential deposition either on the electrolyte or
on the electrode surface. In all cases, there was no
preferential deposition of Cr species on the surface
of the electrodes under the conditions studied. The
details of the deposition processes of Cr species at
LSM, LSCF and Pt electrodes in the presence of
chromia-forming alloy interconnect can be found else-
where [10, 19].

3.2. Initial electrode behaviour

Figure 3 shows the initial impedance and polarization
responses of a LSM electrode under a cathodic current
density of 200 mA cm)2 at 900 °C in air in the absence
of chromia-forming alloy. Before the current passage,
the initial impedance response was characterized by a
large and depressed arc and the initial electrode resis-
tance (RE) was 6.2 W cm2. However, the impedance arcs
decreased very quickly with the current passage. For
example, after cathodic current passage treatment
for 15 min, RE was reduced to 0.7 W cm2, much smaller
than the initial RE of 6.2 W cm2. The impedance arc
was no longer able to recover to the original size before
the current passage. The reduction in RE con®rms

the enhancing e�ect of the cathodic polarization on
LSM electrodes for the O2 reduction reaction [21].
The time behaviour of the cathodic polarization

potential (Ecathode) can be characterized by two distinct
potential regions I and II, as shown in Figure 3(b). In

Fig. 2. SEM micrographs of (a) LSM electrode after current passage

of 200 mA cm)2 and 900 °C for 4 h, (b) Pt electrode after 22 h, and (c)

LSCF after 105 h.
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region I, Ecathode decreased very quickly with current
passage, reaching region II where the reduction in
Ecathode was much slower. With applying of a current
passage of 200 mA cm)2, Ecathode instantly jumped to
424 mV and decreased very rapidly to 166 mV in 5 min.
Similar to RE, the starting value of Ecathode decreases
very quickly with the current passage. For example,
after cathodic current passage for 15 min, the starting
Ecathode was 264 mV and did not recover to the initial
Ecathode of 424 mV. Nevertheless, the reduction in region
II was much smaller. After current passage for 5 min,
Ecathode was reduced to 166 mV and after current
passage for 60 min, Ecathode was reduced to 149 min.
GCI data indicated that the reduction in Ecathode was
due to the reduction in g as RW remained almost the
same with the current passage. The polarization beha-
viour with current passage is in a good agreement with

the impedance behaviour for the O2 reduction in the
absence of chromia-forming alloy.
Figure 4 is the initial impedance and polarization

responses of a LSM electrode under a cathodic current
density of 200 mA cm)2 at 900 °C in air in the presence
of chromia-forming alloy. In the presence of the
chromia-forming alloy, the impedance arcs also de-
creased with the current passage. However, the reduc-
tion in RE was much smaller compared to that in the
absence of chromia-forming alloy. Before the current
passage, RE was 3.9 W cm2 and decreased to 2.7 W cm2

after current passage for 15 min, a reduction of 31%,
much smaller than 88% for the RE reduction in the
absence of chromia-forming alloy under the same
current passage conditions.
In the presence of chromia-forming alloy, the time

behaviour of Ecathode can also be characterized by two

Fig. 3. Initial impedance (a) and polarization (b) curves of a LSM electrode under a cathodic current density of 200 mA cm)2 at 900 °C in air in

the absence of chromia-forming alloy. Numbers in (a) are frequencies in Hz. Key for (a): (s) 0, (,) 5, (h) 15, (e) 60 and (n) 240 min. Key for

(b): (s) Ecathode, (h) g, (d) RW and (.) RE.
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distinct regions I and II. However, the change of Ecathode

with the current passage is just opposite to that in the
absence of chromia-forming alloy. Instead of a rapid
decrease, Ecathode increased quickly with the current
passage in region I, followed by a region II where the
increase in Ecathode was much slower. Di�erent to that in
the absence of chromia-forming alloy, Ecathode in region
I was almost fully recoverable for the reaction in the
presence of chromia-forming alloy. The increase of the
initial Ecathode with the cathodic polarization current
(i.e., DEcathode as shown in the Figure) was 217 � 9 mV,
average of the ®rst ®ve measurements. The instanta-
neous and fully recoverable behaviour of Ecathode with
current passage time indicates that the inhibiting e�ect
at the initial stage of polarization is most likely due to
the gaseous Cr species rather than the Cr deposit on the
TZ3Y electrolyte surface [11]. The change of the Ecathode

with the current passage time (t) in the presence of

chromia-forming alloy is almost the mirror image of
that in the absence of the chromia-forming alloy, as
shown in Figure 5 of the plots of Ecathode against
��t�1=2 � to� where to is a constant in order to separate
the curves. The very di�erent behaviour of Ecathode with
the cathodic current passage in the absence and presence
of chromia-forming alloy is a clear indication of the
signi®cant inhibiting e�ect of the Cr species on the O2

reduction at LSM electrodes in the presence of chromia-
forming alloy.
Figure 6 is the initial impedance and polarization

behaviour of a porous Pt electrode for O2 reduction
under a cathodic current density of 200 mA cm)2 at
900 °C in the absence of chromia-forming alloy. The
initial RE was 0.03 W cm2 and g was 8 mV at
200 mA cm)2 and 900 °C, indicating high electrochem-
ical activity of Pt for the O2 reduction reactions.
However, Ecathode increased steadily with the current

Fig. 4. Initial impedance (a) and polarization (b) curves of a LSM electrode under a cathodic current density of 200 mA cm)2 at 900 °C in air in

the presence of chromia-forming alloy. Numbers in (a) are frequencies in Hz. Key for (a): (s) 0, (,) 5, (h) 15, (e) 30, (n) 60 and ( ) 240 min.

Key for (b): (s) Ecathode, (h) g, (d) RW and (.) RE.
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passage time and the increase in Ecathode corresponded
with the increase in g and RW. The simultaneous increase
in g, RE and RW indicate that the deterioration of the
electrochemical activities of the Pt electrode is most
likely due to the coarsening of the Pt electrode coating at
high temperatures [22]. After the current passage for
60 min, Ecathode developed distinct two polarization
regions I and II, similar to that observed for the LSM
electrodes in the absence of the chromia-forming alloy
(Figure 3(b)). Sridhar et al. [23] found that the electrode
impedance of Pt was time-dependent and the increase in
RE was attributed to the formation of various oxygen-
containing species (OCS) such as Pt±O, which reduces
the reaction sites. Thus, the appearance of the potential
region I after current passage for 60 min could be
related to the formation of various Pt±O species on the
Pt electrode surface, and the rapid reduction in Ecathode

with the cathodic current passage would be an indica-
tion of the reduction of Pt±O concentration on the
electrode surface [23].
Figure 7 is the initial impedance and polarization

curves of a porous Pt electrode for the O2 reduction at
200 mA cm)2 and 900 °C in the presence of chromia-
forming alloy. Di�erent from that in the absence of
chromia-forming alloy, the distinct two polarization
regions I and II occurred instantaneously with the
cathodic current passage. g was 213 mV after polarized
for 5 min and increased rapidly to 592 mV after
polarized for 150 min. However, the magnitude of the
initial Ecathode increase (DEcathode) was rather similar.
The average of the ®rst four measurement of DEcathode

was 192 � 13 mV, close to that of the LSM electrode
for the O2 reduction in the presence of chromia-forming

alloy. The observation that there was almost no Cr
deposition on the surface of Pt electrode and on the
surface of the TZ3Y electrolyte indicates that the rapid
initial increase in Ecathode is most likely due to the
inhibiting e�ect of gaseous Cr species on the O2

reduction on the Pt electrode. The deterioration of the
microstructure of the Pt electrode coating at high
temperatures [22] could also contribute to the signi®cant
increase of g, similar to that in the absence of chromia-
forming alloy.
Figure 8 is the initial impedance and polarization

behaviour of a porous LSCF electrode under a cathodic
current of 200 mA cm)2 at 900 °C in air in the absence
of chromia-forming alloy. The impedance spectra mea-
sured at open circuit and 900 °C were barely visible,
indicating very high electrochemical activity of the
LSCF electrode for the O2 reduction. The high activity
was also indicated by the very low g (<10 mV at
200 mA cm)2). In contrast to the LSM and Pt elec-
trodes, there was no appearance or development of the
two distinct polarization regions with the current
passage for the O2 reduction on the LSCF electrode.
Both impedance and polarization responses were very
stable with the current passage time. The very di�erent
impedance (RE) and polarization potential (Ecathode)
behaviour of the LSCF electrode with the cathodic
current passage in comparison with that of the LSM and
Pt electrodes is most likely related to the high mixed
ionic and electronic conductivities of the LSCF-based
materials [3] in comparison with the dominant electronic
conductivities of LSM and Pt materials [4, 24].
Figure 9 is the initial impedance and polarization

behaviour of a porous LSCF electrode for the O2

Fig. 5. Plots of Ecathode against ��t�1=2 � to� of current passage in the absence (n) and presence (,) of chromia-forming alloy, measured at

200 mA cm)2 and 900 °C in air. to is a constant that separates the plots. The accumulated current passage time before each run is shown in the

Figure.
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reduction at 200 mA cm)2 and 900 °C in air in the
presence of chromia-forming alloy. The impedance arcs
were larger than that in the absence of chromia-forming
alloy, indicating the increased electrode resistance for
the O2 reduction on the LSCF electrode in the presence
of gaseous Cr species. Most interesting, two polarization
regions I and II were clearly visible, similar to that
observed on the LSM and Pt electrodes in the presence
of chromia-forming alloy. However, the magnitude of
the initial Ecathode increase was much smaller than that
on the LSM and Pt electrodes. In average, DEcathode was
13 � 2 mV, much smaller than 217 � 9 mV for LSM
electrode and 192 � 13 mV for Pt electrode under
identical experimental conditions.
Figure 10 shows the plots of DEcathode against the

oxygen di�usion coe�cient of the electrodes studied.
The average value of DEcathode was measured under
current passage of 200 mA cm)2 at 900 °C in air in the

presence of chromia-forming alloy (for the measurement
of DEcathode, see Figures 4(b), 7(b) and 9(b)). Oxygen
di�usion coe�cient values were taken from the litera-
ture. For LSCF with composition of La0.5Sr0.5Co0.8-
Fe0.2O3, oxygen di�usion coe�cient is about
5 ´ 10)7 cm2 s)1 at 900 °C [3]. For LSM materials, the
oxygen di�usion coe�cient is in the range of 10)12 to
10)14 cm2 s)1 at 900 °C [3, 4]. Pt is basically imperme-
able to oxygen ions and its oxygen di�usion coe�cient
could be as low as 10)19 cm2 s)1 at 900 °C if the
extrapolation from the high temperature values could be
made [24]. DEcathode values for the reaction on LSM and
Pt electrodes were close, despite the substantial di�er-
ence in the microstructure between LSM and Pt
electrodes (see Figure 2). As the microstructure di�er-
ence between LSM and LSCF electrodes would be much
smaller than that between LSM and Pt electrodes, the
substantial di�erence in the magnitude of the DEcathode

Fig. 6. Initial impedance (a) and polarization (b) curves of a porous Pt electrode under a cathodic current density of 200 mA cm)2 at 900 °C in

the absence of chromia-forming alloy. Numbers in (a) are frequencies in Hz. Key for (a): (s) 0, (,) 5, (h) 15, (e) 60 and (n) 240 min. Key for

(b): (s) Ecathode, (h) g, (d) RW and (.) RE.
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under identical experimental conditions is an indication
of the signi®cant di�erence in the electrode process for
the O2 reduction on LSCF and LSM electrodes.

3.3. E�ect of gaseous Cr species on surface processes
for O2 reduction

In principle, all electrode materials can be treated as
mixed ionic and electronic conductors (MIECs). The
electronic conductivity for LSCF, LSM and Pt elec-
trodes is very high (e.g., >200 S cm)1 at 900 °C) [1]. On
the electrode materials studied, LSCF probably has the
highest oxygen ion conductivity. Thus, LSCF is a MIEC
with signi®cant ionic and electronic conductivities while
LSM is a MIEC with dominant electronic conductivity
and much smaller ionic conductivity. Similarly, Pt can
be treated as a MIEC with almost zero oxygen ion
conductivity. Ignoring the details of the elemental steps,
O2 reduction on a porous MIEC electrode can be

generally classi®ed into three main pathways [25], as
shown in Figure 11. Pathway 1 is the process typically
limited by dissociative adsorption and di�usion on the
electrode surface (electrode surface process). Pathway 2
is the process limited by the oxygen di�usion through
the electrode bulk (electrode bulk process). Pathway 3 is
the direct electrochemical reduction of oxygen on the
electrolyte surface (electrolyte process) and could occur
on the electrolyte surface with some electronic conduc-
tivity such as CeO2-based electrolyte [6]. All three
pathways can take place in parallel for the O2 reduction
on a MIEC electrode. Nevertheless, considering that the
contribution of the electrolyte process to the overall
reaction kinetics would be generally small, the following
discussions will be focused on the e�ect of the gaseous
Cr species on the reaction pathways 1 and 2.
Electrode surface process such as surface dissociation

and di�usion generally plays an important role for the
O2 reduction on porous LSM electrodes [5, 7, 8]. The

Fig. 7. Initial impedance (a) and polarization (b) curves of a porous Pt electrode under a cathodic current density of 200 mA cm)2 at 900 °C in

air in presence of chromia-forming alloy. Numbers in (a) are frequencies in Hz. Key for (a): (s) 0, (,) 5, (h) 15, (e) 30, (n) 150 and ( ) 270 min.

Key for (b): (s) Ecathode, (h) g, (d) RW and (.) RE.
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dominance of the surface process is supported by
the signi®cant inhibiting e�ect of oxygen-containing
species (OCS) on the kinetics of the reaction on the LSM
electrode. The initial polarization behaviour of LSM
electrodes in the absence of chromia-forming alloy
shows typical enhancing e�ect of the cathodic polariza-
tion on the electrode process of the O2 reduction
reaction, indicated by the rapid reduction in Ecathode

with the current passage (Figure 3). The enhancing
e�ect of the cathodic current/polarization is most likely
due to the formation of oxygen vacancies on the LSM
electrode surface [26]. At early stage of the polarization,
the formation of oxygen vacancies could also lead to the
decrease and removal of OCS such as SrO and MnOx

originally existed on the electrode surface layer [27]. This
is probably indicated by the non-recoverable behaviour
of Ecathode with the cathodic current passage (Figure 3).
The existence of SrO species on the LSM surface is

supported by the observation of the surface enrichment
of Sr and oxygen contents on the LSM surface [28].
Miura et al. [29] found that removal of SrO segregated
to the surface of La0.6Sr0.4Co0.8Fe0.2O3 and La0.6Sr0.4-
CoO3 membranes by acid etching can improve the
oxygen exchange process, resulting in the increase of the
oxygen permeation rate through the membrane. Thus
the OCS such as SrO originally enriched on the LSM
electrode surface could reduce the active sites for the
surface dissociative adsorption and di�usion of oxygen,
leading to the initially very high RE and g.
When LSM electrode is in contact with chromia-

forming alloy interconnect, gaseous Cr species such as
CrO3 in dry air is produced from the chromium oxide
scale formed on the alloy surface [30, 31]. The distribu-
tion and concentration of the gaseous CrO3 species in the
electrode system would be primarily a�ected by the tem-
perature, pressure and the Cr volatility of Cr-containing

Fig. 8. Initial impedance (a) and polarization (b) curves of a porous LSCF electrode under a cathodic current density of 200 mA cm)2 at 900 °C
in air in the absence of chromia-forming alloy. Key for (a): (s) 0, (,) 5, (h) 30, (e) 120 and (n) 240 min. Key for (b): (s) Ecathode, (h) g, (d) RW
and (.) RE.
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materials [31]. This means that gaseous Cr species would
be a very stable OCS, compared to SrO originally existed
on the LSM surface. The inhibiting e�ect of the gaseous
Cr species on the O2 reduction kinetics is clearly
demonstrated by the instantaneous and substantial
increase of the polarization potential for the reaction in
the presence of chromia-forming alloy, compared to that
in the absence of chromia-forming alloy (Figure 5). This
indicates that the oxygen vacancies on the LSM electrode
surface produced under the cathodic polarization [26]
could be quickly occupied by the gaseous Cr species,
e�ectively blocking the di�usion path for the oxygen
species on the LSM surface and signi®cantly increasing
the resistance for the electrode surface process. The
almost fully recoverable Ecathode behaviour with current
passage time indicates that when current is interrupted
the gaseous Cr species could come o� the active sites due
to the disappearance of the oxygen vacancies, making the

active sites available for O2 di�usion reaction. The above
explanation is consistent with the observation that there
was no deposition of Cr species on the LSM electrode
surface or inside the LSM electrode bulk at the early
stage of polarization for the O2 reduction in the presence
of chromia-forming alloy at 900 °C [10].
The e�ectiveness of the gaseous Cr species in the

diagnosing of the surface processes for the O2 reduction
can also be seen on the Pt electrode. Pt is a metallic
electrode with very high electronic conductivity and
negligible oxygen ion conductivity for the O2 reduction
reactions in SOFC operation conditions. There are
convincing evidences that the kinetics of the O2 reduction
on porous Pt electrodes is controlled by the dissociation
and/or di�usion of oxygen on the Pt electrode surface
even though di�erences in the elemental steps exist
[14±16]. The rapid decrease of Ecathode after polarized for
60 min for the O2 reduction on Pt electrode in the

Fig. 9. Initial impedance (a) and polarization (b) curves of a porous LSCF electrode under a cathodic current density of 200 mA cm)2 at 900 °C
in air in the presence of chromia-forming alloy. Numbers in (a) are frequencies in Hz. Key for (a): (s) 0, (,) 15, (h) 60 and (e) 240 min. Key for

(b): (s) Ecathode, (h) g, (d) RW and (.) RE.
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absence of chromia-forming alloy (Figure 6) can also be
attributed to the reduction of the OCS such as Pt±O
species existed on the Pt electrode surface [23]. In the
presence of chromia-forming alloy, gaseous Cr species
could adsorb at the active sites on the Pt electrode
surface generated by the reduction of Pt±O species under
cathodic polarization potential, e�ectively blocking ac-
tive sites for the surface dissociation and di�usion for the
reaction on the Pt electrode. The instantaneous and
signi®cant increase of Ecathode with the current passage
time (Figure 7) is a clear evidence of the inhibiting e�ect
of the gaseous Cr species on the surface process. The
similar magnitude of the initial increase of Ecathode in the
presence of gaseous Cr species (see Figure 10) probably
provides direct experimental evidence of the dominance
of the surface process (pathway 1) on the reaction
kinetics for the O2 reduction on Pt and LSM electrodes.
The observation of no deposition of Cr species either on
the Pt electrode surface or on the TZ3Y electrolyte

surface (Figure 2(b)) could also indicate that CrO3

species may not be electrochemically reduced to Cr2O3

during the inhibiting process of the surface process for
O2 reduction on the Pt electrode surface.
LSCF electrode showed much higher electrochemical

activity for the O2 reduction reaction in comparison to
LSM and Pt electrodes, indicated by the very low g and
DEcathode for the reaction in the presence of chromia-
forming alloy interconnect. This is consistent with the
observed much higher tolerance of LSCF electrodes
towards chromium poisoning than LSM electrodes [32].
Adler et al. [33] analysed the electrode behaviour of
LSCF cathodes based on a continuum model and
concluded that the O2 reduction is limited by the surface
exchange and bulk di�usion of oxygen (i.e., the elec-
trode bulk process is dominant). Endo et al. [12] studied
the electrode performance of dense (�0.8 lm thick) and
porous (�50 lm thick) Sr-doped LaCoO3 (LSC) on Sm-
doped CeO2 electrolyte and found that the performance
of the porous LSC electrode was signi®cantly higher
than the dense LSC electrode. This indicates that the
reaction at the gas±electrode±electrolyte three phase
boundaries and thus the surface process could also play
an important role in the overall reaction kinetics on
MIEC electrodes such as LSCF [34]. As shown for the
O2 reduction on the LSM and Pt electrodes, gaseous Cr
species signi®cantly inhibit the surface process of the
reaction. Also, as indicated previously [10, 11], deposi-
tion of Cr species is not dominated by the electrochem-
ical reduction of high valent Cr species in competition
with O2 reduction reactions. Thus, the appearance of the
two distinct polarization regions I and II for the reaction
on the LSCF electrode in the presence of chromia-
forming alloy (Figure 9), similar to that observed on
LSM and Pt, con®rms that the reaction kinetics are
a�ected by the surface process. The much smaller
DEcathode compared to that on the LSM and Pt
electrodes measured under 200 mA cm)2 at 900 °C
(Figure 10) indicates that O2 reduction on LSCF elec-
trodes is dominated by the electrode bulk process
(pathway 2) and to a less extent by the electrode surface
process (pathway 1). However, the surface process such
as the dissociation adsorption and surface di�usion
needs to be taken into account in the consideration of
the overall reaction kinetics for the O2 reduction on a
MIEC electrode as indicated by Liu [34].
As discussed above, the kinetics of the surface process

(pathway 1) for the O2 reduction could be quantitatively
assessed by the magnitude of the initial Ecathode change
with the cathodic current passage (i.e., DEcathode). For
LSM and Pt electrodes, DEcathode was between 192 to
217 mV despite the signi®cant di�erence in the micro-
structure between LSM and Pt electrodes. For LSCF
electrode, DEcathode was 13 mV, much smaller than that
on LSM and Pt electrodes. It appears that the higher the
DEcathode value (under certain experimental conditions),
the more dominant the surface process in the overall O2

reduction reactions (as shown by the arrow in
Figure 10). Quantitatively, for materials with oxygen

Fig. 10. Plots of DEcathode against oxygen di�usion coe�cient of

electrode materials for the O2 reduction in the presence of chromia-

forming alloy at 200 mA cm)2 and 900 °C. Measurement of DEcathode

was given in the text. The lines are intended as guides to the eye.

Fig. 11. Scheme of the reaction pathways for O2 reduction in solid

oxide fuel cells.
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di�usion coe�cient less than 10)12 cm2 s)1 at 900 °C,
the O2 reduction would be dominated by the surface
processes (e.g., the surface di�usion). For materials with
oxygen di�usion coe�cient of greater than 10)7 cm2 s)1

at 900 °C such as LSCF, the electrode process kinetics
(e.g., the bulk di�usion) would play more dominant role
for the reaction, compared to the surface process. The
result has demonstrated the e�ectiveness and feasibility
of the gaseous Cr species in the quantitative determina-
tion of the electrode surface and bulk process kinetics
for the O2 reduction under SOFC operation conditions.
Nevertheless, it is not clear at this stage whether the
gaseous Cr species would be able to di�erentiate the
surface reaction steps such as oxygen adsorption,
dissociation and surface di�usion under fuel cell oper-
ation conditions.

4. Conclusion

An in situ diagnostic method to distinguish the surface
and bulk process in the overall reaction kinetics for O2

reduction reactions in SOFC was presented and the
e�ectiveness of the methods was demonstrated for the
reaction on LSM, Pt and LSCF electrodes at 900 °C in
air. The diagnostic method is based on the observation
that gaseous Cr species (e.g., CrO3 in dry air) exhibits
unique inhibiting properties on the surface process such
as the dissociation and surface di�usion for the O2

reduction on LSM electrodes [11]. Gaseous Cr species
was introduced to the system by using chromia-forming
alloy. The comparative behaviour of the O2 reduction
on LSM, Pt and LSCF electrodes in the absence and
presence of gaseous Cr species clearly demonstrates the
strong link between the surface process kinetics and the
oxygen di�usion coe�cient of the electrode materials.
The contribution of the surface process to the overall
reaction kinetics could be quantitatively measured by
the initial change in Ecathode (i.e., DEcathode) in the
presence of gaseous Cr species. The results show that
gaseous Cr species can be used as e�ective diagnostic
tool to distinguish in situ the surface and bulk di�usion
kinetics for the O2 reduction reaction under SOFC
operation conditions.
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