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The  Cr  deposition  reaction  is investigated  between  the  La0.9Sr0.1MnO3 (LSM)  cathode  and  Fe–Cr  alloy
interconnect  at  750 ◦C  for  solid  oxide  fuel  cell.  The  poison  effect  on cathode  is  observed  by  a  group  of
orthogonal  experiments  at the  presence  of  Fe–Cr  alloy  involving  with  air flow  and  current  passages.
After  the  current  polarization,  the  cathode  layer  has  been  delaminated  from  the  electrolyte  (YSZ),  and
the Cr  deposition  reaction  is  accelerated  with  adding  air  partial  pressure.  When  the  LSM  cathode  has
undergone  Cr poison  for  3000  min  with  current  passage  of  400  mA  cm−2 and  air  flow  of  100  mL  min−1,
eywords:
olid oxide fuel cell
r deposition

nterconnect
r-doped lanthanum manganite cathode

two  rapid  increase  stages  of  polarization  potential  Ecathode are  found,  which  can  be  reasonably  explained  by
Cr deposition  resulting  in  cathode  delaminated  from  the  electrolyte  layer.  Furthermore,  the  Cr  deposition
ring and  two  kinds  of  Cr-contain  agglomerates  are  observed  in  the  interface  of  LSM/YSZ,  which  indicates
that  the  formation  of Cr2O3 and (Cr,Mn)3O4 oxides,  respectively.  This  suggests  that  the  deposition  of  Cr
species  would  preferentially  occur  at  the  three  phase  boundary  region  and  the  trend  to  agglomeration  in
long time  operation.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Solid oxide fuel cell (SOFC) has been generally defined as a
romising alternate energy in worldwide owing to the high energy
onversion efficiency and low pollution emission. Because the
peration temperature of SOFC has been reduced from 1000 ◦C
o 600–800 ◦C, some metallic-type interconnects are developed
n intermediate-temperature SOFC [1,2]. As a key component in
OFC, the metallic interconnect should provide excellent oxidation
esistance and electrical conductivity in the operating atmosphere,
nd good compatibility with the adjacent components [3–5]. Chro-
ia  forming alloys, as the most widely developed material for
etallic interconnect in SOFC, have suitable coefficient of thermal

xpansion (CTE) with other components and acceptable oxidation
esistance in high temperature [6–8]. However, using as intercon-
ect, the chromia forming alloys have an essential challenge that
he volatile Cr species such as CrO3 and Cr(OH)2O2 will gener-
te from chromium oxide scale at high temperature [9–11]. When
he gaseous Cr species are deposited on the surface of electrode

nd interface of cathode/electrolyte, it may  cause rapid cell perfor-
ance degradation. This phenomenon is known as the Cr poisoning

f cathode [12–16].  It has been recognized as a critical challenge in

∗ Corresponding author. Tel.: +86 27 87558142; fax: +86 27 87558142.
E-mail address: pujian@hust.edu.cn (J. Pu).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.11.054
degradation of stack performance if chromia forming alloys are rec-
ommended as the candidate materials for the interconnect [17–19].

Recent researches have studied the interaction between the
cathodes and metallic interconnects closely to make efforts on
demonstrating the mechanism and kinetics of Cr poisoning cath-
ode. Jiang has investigated the O2 reduction reactions on Sr-doped
LaMnO3 (LSM) cathodes and TZ3Y electrolyte which suggested that
Cr deposition was  not originated from electrochemical reduction of
gas Cr species, but from a chemical reaction related to the nucle-
ation reaction between the nucleation agent and the gaseous Cr
species. Specially, the nucleation agent of the LSM cathode is the
Mn species [20]. For (La, Sr)(Co, Fe)O3 (LSCF) cathodes system, the
Cr deposition in the LSCF/GDC system is affected by the Sr species-
enriched/segregated [21]. Konycheva et al. had proposed other
viewpoints on which indicating the mechanism of the Cr poisoning
cathode. They studied the Cr deposition on LSM and LSCF cath-
odes, and considered that the presence of solid chromium oxide
would block the electrochemical active sites, and hence induce the
decomposition of the cathode [12].

However, the cation diffusion in the LSM cathode will decrease
at the reduce temperature, so the Cr deposition mechanism based
on Mn2+ migration may not work at lower temperature. In this

paper, the phenomenon of Cr poisoning LSM cathode was  inves-
tigated at 750 ◦C in the presence of a chromia-forming alloy
interconnect, and the mechanism was  discussed by evaluating the
effect of air flow and current passage.

dx.doi.org/10.1016/j.jpowsour.2011.11.054
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:pujian@hust.edu.cn
dx.doi.org/10.1016/j.jpowsour.2011.11.054
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Fig. 1. XRD pattern of LSM powders.

. Experimental details

.1. Sample preparation

The Cr-containing 14 wt.% ferritic stainless steel (Yuechang
td., China) was chosen as metallic interconnects. The alloy was
achined into square coupon (12 mm × 12 mm  × 4 mm thick) with

hannels (1.2 mm × 1.2 mm deep), and small holes were made as air
ntrances in the middle of each channel.

The La0.9Sr0.1MnO3 (LSM) powder was prepared by citrate-gel
ethod that acid was added as agent with mixing LaN3O9·6H2O,

r(NO3)2 and Mn(NO3)2 in ethylene glycol. After dried, the gel was
rinded and then calcined at 800 ◦C for 2 h to obtain LSM powder. A
ANalytical X’Pert PRO X-ray diffraction (XRD) was used for inden-
ifying phase structure with Cu K�1 radiation (� = 0.1504 nm)  at
oom temperature. The XRD pattern of powder has showed a pure
erovskite structure in Fig. 1. The LSM cathode paste was applied
n YSZ electrolyte substrate by screen printing and then sintered
t 1150 ◦C for 2 h. The thickness of YSZ pellet was about 1 mm
ith 20 mm  in diameter, and the cathode area on the electrolyte
as about 0.5 cm2. The Pt paste (Guiyan Platinum Ltd., China) was
ainted on the opposite side of the YSZ electrolyte pellet as the
ounter electrode and reference electrode with a distance of 4 mm
etween them. In the test system described in Fig. 2, metallic inter-
onnect was set up on the cathode, and a Pt mesh between them

as used to collect current. A quartz tube on top of interconnect
as severed as air flow path so that air could fill the channel by

Fig. 2. Arrangement of the test system.
rces 202 (2012) 166– 174 167

passing the hole on interconnect. On two sides of interconnect, Pt
leads were spot-welded to serve as the voltage and current probes.

2.2. Electrochemical measurement and characterization

The half-cell/interconnect system was placed in a tube furnace
which including the three-electrode and four-wire structure. Pt
wires were conducted to collect signal of current and other electro-
chemical parameters. The sample was  investigated by impedance
without current and air flow at 750 ◦C as a referential baseline to
compare the effect of the air flow and current passage. A constant
current of 400 mA cm−2 was loaded to the samples for 1200 min,
and the Electrochemical Impedance Spectroscopy (EIS) was applied
to measure electrochemical polarization and resistance. The EIS
measurement was  carried out by a Solartron 1260 frequency
response analyzer and a 1287 electrochemical interface in the fre-
quency range of 0.1 Hz to 100 kHz with the amplitude of 10 mV.
Electrode ohmic resistance (R�) was  measured from the high fre-
quency intercept [22], and the electrode polarization resistance (RE)
was  directly obtained from the difference between the high fre-
quency and the low frequency intercepts on the impedance spectra.
Furthermore, the overpotential (�) was obtained from Ecathode and
R� by the following equation [23]:

Ecathode = � + jR˝ (1)

where j is the current density. The tests with prolonged polarization
time 1200 min  and 3000 min  were respectively studied to demon-
strate the relationship between electrochemical parameters and
time. The microstructure of the surface and cross-sectional of cath-
ode and electrolyte were characterized by using a FEI Sirion 200
field emission scanning electron microscope (SEM) with energy
dissipation spectrum (EDS) attachment.

3. Results and discussion

In order to demonstrate the effect of Cr poisoning between
the LSM cathode and the Fe–14Cr% interconnect alloy, a group
of orthogonal experiments involving current passage and air flow
were designed as shown in Table 1. First of all, we directly perceived
the change in EIS without the air flow and current passage. Then,
air flow of 100 mL  min−1 and current passage of 400 mA  cm−2 were
respectively offered to the cathode side to compare the change of
EIS parameters. In the end, both of air flow and current passage were
introduced to observe Cr deposition and the effect of poisoning
cathode.

Fig. 3 shows the impedance of the LSM cathode at 750 ◦C
for 1200 min  in the presence of a Fe–Cr alloy. Without an air
flow, the polarization resistance (RE) increased from 28.4 � cm2

to 42.7 � cm2 by amplitude of 50% during the first 240 min, and
then maintained basically stable. When the LSM cathode was fed
with air flow of 100 mL  min−1, the impedance arc became larger,
which indicated that the RE was increased. The RE increased from
54.7 � cm2 to 60.5 � cm2 by amplitude of 10.6% in the first 240 min

which was  lower than that without air flow. The R� for both sam-
ples have a slight decreasing trend, which is most likely due to
improved contact between the cathode and the electrolyte [24]. The

Table 1
The group of orthogonal experiments.

Condition In open air With air flow of
100 mL  min−1

Without current

With current of 400 mA cm−2
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ig. 3. Initial the impedance and resistance of LSM cathode in the presence of Fe–C
f  100 mL min−1 (c and d).

mall changes of the RE and R� in the long term operation implies
hat no obvious effect of Cr deposition exists in the situation.

Fig. 4 shows the SEM micrographs of the Cr deposition on dif-
erent areas of cathode in presence of a Fe–Cr alloy at 750 ◦C for
200 min. In the open air, the cathode surface was covered with
ne particles, and it was also found on the surface of YSZ near the
dge of cathode. The fine particles were too tiny to make certain
haracterization. According to the further growth of the crystals in
he later work of this paper, the deposition particles were likely
o be the Cr-rich phase such as Cr2O3 as reported [20]. In contrast,
he cathode surface was covered with a dense layer of the Cr depo-
ition when with air flow. It could be also seen that large grains
n the YSZ electrolyte near the edge of LSM cathode distributed
round the surface of electrolyte in the shape of flake-like with
ize of 1–2 �m.  When the LSM cathode particles were removed
rom the electrolyte, the contact rings with diameter of 1–2 �m on
he surface of electrolyte were seen, and an inconspicuous layer of
eposit could be confirmed to be Cr-contained oxide phase [25].
he amount of Cr deposition would be significantly increased with
ir flow added, because the chromium vaporization rate of Cr2O3(s)
as promoted and then there would be more Cr-contained gaseous

pecies supplied to the cathode [26].
The initial impedance and polarization trends of LSM cathode in
he presence of Fe–Cr alloy were different from the long-term polar-
zation with current passage. Fig. 5 shows the initial impedance
nd polarization responses of LSM cathode under a cathodic cur-
ent of 400 mA  cm−2 at 750 ◦C in open air (Fig. 5(a) and (b)), and
 as a function of time at 750 ◦C for 1200 min  in open air (a and b) and with air flow

in air flow of 100 mL  min−1 (Fig. 5(c) and (d)) at the presence of
Fe–Cr alloy. In contrast with those in the open circuit, the initial
impedance was  decreased with the current passage due to the pres-
ence of Fe–Cr alloy. In open air, the RE reduced from 78.4 � cm2

to 29.3 � cm2 by 62.6% which was contrary to that without cur-
rent passage. When the current was  loaded on the cathode, the
polarization potential (Ecathode) rapidly decreased from 1.1 V to a
relative steady value of 0.9 V. Because of the slight change of the
R�, and the overpotential (�) was  directly related to the Ecathode
[21,27], so it was concluded that the � was  reduced from 0.47 V to
0.33 V with current passage for 240 min. After adding air flow of
100 mL  min−1, the initial impedance spectrum had similar trend,
while the Ecathode and � were slightly increased. Because the RE,  �
and Ecathode were related to the activation and O2 reduction of the
cathodic current/polarization on the initial LSM electrode perfor-
mance [21,28],  the electrochemical activation of LSM cathode may
be improved with air partial pressure added. The similar results
were also obtained by other researchers who  found the promoting
effect of the air flow on Cr deposition [26].

When the initial stage of cathode polarization had completed,
the effect of Cr poison became dominant in cathode electrochem-
ical performance. After undergoing from the current passage at
400 mA  cm−2 and 750 ◦C for 1200 min, the continuous increase of

RE, Ecathode and � were observed as shown in Fig. 6(a). The Ecathode
was  2.20 V after 1200 min, which was several times higher than the
initial Ecathode of 0.89 V. The � was  obtained from 0.33 V to 1.58 V
while the R� remained almost constant. Similarly, the RE increased
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Fig. 4. SEM micrographs of the Cr deposition on the cathode in open air (a, c, e, and g) and with air flow of 100 mL  min−1 (b, d, f, and h) at 750 ◦C for 1200 min: (a and b) LSM
surface; (c and d) the edge of cathode; (e and f) the detail of the edge of cathode; (g and h) the surface of YSZ under cathode, the cathode was removed by HCl.



170 J. Wu  et al. / Journal of Power Sources 202 (2012) 166– 174

F e–Cr 

(

f
o
c
E
a
t
b
F

F
1

ig. 5. Initial impedance and polarization curves of LSM cathode in the presence of F
c and d) at 750 ◦C with a current of 400 mA cm−2.

rom 29.3 � cm2 to 138.7 � cm2. With the air flow of 100 mL  min−1

n the cathode side, the polarization behavior of the cathode was
haracterized by two distinct regions as shown in Fig. 6(b). The
cathode increased rapidly from 0.99 V to 2.60 V between 240 min

nd 400 min, and maintained relative stability for the rest of the
ime. This was the typical characteristic of LSM cathode polarization
ehavior which resulted from the O2 reduction in the presence of
e–Cr alloy with current passage [29,30]. The significant increases

ig. 6. Polarization curves of LSM cathode in the presence of Fe–Cr alloy as a function of t
00  mL  min−1 (b).
alloy as a function of time in open air (a and b) and with an air flow of 100 mL  min−1

of the RE and � imply that the Cr poison has an important influ-
ence on the O2 reduction reaction of LSM cathode, and the kinetic
process can be accelerated at the presence of air flow.

After the cathode polarization for 1200 min, the LSM cathode

was  found to be delaminated from the YSZ electrolyte substrate,
which was  in accordance with the recent researches. Yamashita
et al. [31] studied the polarization behavior of LSM electrode with
anodic current treatment of 300 mA cm−2 at 1000 ◦C, and found that

ime at 400 mA  cm−2 and 750 ◦C for 1200 min  in open air (a) and with an air flow of
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he LSM electrode delaminated after current treatment for 600 min,
ccompanying with the quick increase of the polarization poten-
ial of the LSM electrode for the O2 oxidation reaction. Jiang et al.
20] also found that the LSM electrode was completely delaminated
rom the TZ3Y electrolyte after cathode polarization for 360 min
ith current passage of 200 mA  cm−2 at 900 ◦C in the presence of

e–Cr alloy. The essence of this phenomenon can be explained by
hat since LSM is a predominantly electronic conductor, O2 reduc-
ion reaction will be enhanced at the three phase boundary (TPB)
egion. The reaction can weaken the bondage between the cathode
nd electrolyte layer since Cr deposition in TPB, so the electrode
ayer can be delaminated from the TZ3Y electrolyte [20]. In contrast
o these researchers’ works, we used reduce operation tempera-
ure at 750 ◦C, hence the TPB area would be further reduced due to
ecreasing the ionic conductivity of electrode materials. Since the
xygen reduction reaction could be restricted to the TPB region, the
r would be selectively deposited at the LSM/YSZ interface region.

he growth of Cr crystal would result in the volume expansion and
radually separate LSM and YSZ layer, eventually lead to the LSM
lectrode delaminated from YSZ electrolyte layer.

ig. 7. SEM micrographs of the Cr deposition on the cathode in open air (a, c, and e) and w
a  and b) LSM surface; (c and d) the edge of cathode; (e and f) the surface of YSZ under ca
rces 202 (2012) 166– 174 171

Fig. 7 shows the SEM micrographs of the Cr deposition on
the cathode after current passage of 400 mA cm−2 at 750 ◦C for
1200 min. As the cathode had partially delaminated from YSZ elec-
trolyte, some distinctive grains were found on the exposed surface
of YSZ in Fig. 7(a). When air flow was  introduced, the cathode had
been delaminated from the YSZ electrolyte in a larger region, and a
lot of different size cubic crystals distributed on the electrolyte sur-
face in Fig. 7(b). Meantime, there was significant Cr deposition on
the edge of LSM cathode/YSZ electrolyte as shown in Fig. 7(c) and
(d). The shape of the grains appeared a shape of hexagonal prism.
After the cathode was  totally removed by HCl solution, no tiny grain
existed on the YSZ surface was  observed in Fig. 7(e). However, larger
cubic grains remained on the sample that was in air flow as shown
in Fig. 7(f). This can be reasonably explained by the polarization
behavior of LSM cathode at the presence of Fe–Cr alloy, in which Cr
deposition blocks the gas diffusion and causes the delaminating of
cathode layer.
Fig. 8 shows the polarization curve of LSM cathode under current
passage of 400 mA cm−2 for 3000 min  at the presence of Fe–Cr alloy.
There were two obviously rapid increases in the polarization curve.

ith an air flow of 100 mL  min−1 (b, d, and f) at 400 mA  cm−2 and 750 ◦C for 1200 min:
thode, the cathode was removed by HCl.
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Fig. 8. Polarization curves of LSM cathode in the presence of Fe–Cr alloy as a function of time at 400 mA  cm−2 and 750 ◦C for 3000 min  with air flow of 100 mL  min−1.

F 0 mL  m
o
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ig. 9. SEM micrographs of the Cr deposition on the cathode with an air flow of 10
f  cathode; (c) the surface of YSZ under cathode washed by HCl.

n the first rise, the polarization potential Ecathode rapidly increased
rom initial 1.19 V to 2.95 V between 240 min  and 540 min, then
eaching a potential plateau, in which RE increased from 32.8 � cm2
o 176.0 � cm2 corresponding to the change of Ecathode as shown in
ig. 8(b). This indicates that the increase in Ecathode is mainly due to
he increases of RE and �, as the R� remains nearly constant. The
ssential increase in Ecathode has been demonstrated as above which

Fig. 10. EDS patterns of the deposited pieces with a di
in−1 at 400 mA cm−2 and 750 ◦C for 3000 min: (a) the surface of YSZ; (b) the edge

was  caused by the delaminating of cathode layer. In the second
rise, the Ecathode rapidly increased from initial 2.94 V to 3.95 V after
1380 min, then increased slowly to 4.20 V for rest of the polarization

time. Different to that of first region, the RE was gradually reduced
to 48.1 � cm2 from 540 min  to 3000 min  while the R� began to
increase from 540 min, which indicated that the increase of R� was
the main reason for increase of Ecathode. Similar trend as RE was also

vergent structure on the LSM electrode surface.
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Fig. 11. EDS patterns of the deposited pieces

bserved in �. With the polarization time increase, the deposition
nd growth of Cr crystals would accelerate the formation of gaps
etween the LSM and YSZ, resulting in the irreversible performance
eterioration of the cathode. So the rapid increase in Ecathode is most

ikely related to the formation of a mass of Cr deposition, which
nhibits the electron transport in cathode layer [20,21].

Fig. 9 shows the SEM micrographs of Cr deposition on the sur-
ace of LSM/YSZ at 400 mA  cm−2 and 750 ◦C for 3000 min  in an air
ow of 100 mL  min−1. With the increase of polarization time, the
athode was further delaminated under current polarization. Fine
rains were observed on the surface of YSZ electrolyte as shown
n Fig. 9(a) and at the edge of cathode as shown in Fig. 9(b). The
verage size of Cr sediments on the surface of YSZ electrolyte was
anged from 0.1 to 0.3 �m,  which is smaller than that of Cr sedi-
ents on the edge of cathode which was in the range of 0.3–0.5 �m,

ndicating that the Cr deposition would preferentially occur at the
athode/electrolyte interface. Fig. 9(c) shows Cr deposition rings
ith diameters of 0.5–1 �m and fine grains on the YSZ electrolyte

urface.
There were some congregated Cr depositions with sizes of

–5 �m found near the edge of cathode after cathode was totally
emoved by HCl treatment. This is probably due to the influence of
ir flow on the orientation formation and growth of Cr sediments.
ig. 10 shows Cr sediments with a divergent structure consisted
f several strips, which were detected by the EDS analysis, indi-
ating the formation of Cr2O3 oxides. The other one looked like
all structure consisted of many fine particles as shown in Fig. 11
hich both Cr and Mn  were detected by the EDS analysis, indicat-

ng the formation of (Cr,Mn)3O4 spinel oxides. The TPB region of
SM cathode/YSZ electrolyte has a distinctive contribution to con-
regate Cr sediment and form crystalline configuration under air
ow and current passage.

. Conclusion

The Cr deposition between Fe–Cr alloy interconnect and LSM
athode has been investigated at 750 ◦C. Generally, the Cr deposi-
ion reaction can be accelerated under air flow, and preferentially
ccurs on the boundary of LSM/YSZ. The Cr deposition will cause
he LSM cathode layer delaminated from YSZ electrolyte, and then
nduce significant degradation in cathode performance. The rapid

agnitude increase of Ecathode was observed on two stages with

urrent passage on the LSM cathode for 3000 min, which could be
easonably explained by two kinds of mechanism of cathode delam-
nating from electrolyte layer and a mass of Cr deposition presence.

hen the LSM cathode was removed from the YSZ electrolyte, the

[

[

[

 ball structure on the LSM electrode surface.

Cr deposition rings with diameters of 0.5–1 �m could be clearly
observed. Two congregated Cr depositions with size of 3–5 �m
were also found near the edge of cathode. One divergent structure
consisting of several strips was Cr2O3 oxides, and the other one
ball like structure consisting of many fine particles was likely to be
(Cr,Mn)3O4 oxides. The orientation formation and growth of Cr sed-
iments on the interface of LSM/YSZ is mostly due to the mechanism
in three phase boundary and the effect of air flow.
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