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a  b  s  t  r  a  c  t

Surface  and  interface  reactions  of  the  air electrode  with  the  contacting  components  of  solid  oxide  cells
are essential  for  the  long  term  operation  stability  and  performance.  In  this  work,  an  yttria-stabilized
zirconia  electrolyte  (YSZ)/strontium-doped  lanthanum  manganite  electrode  (LSM)/AISI  441  alloy  inter-
connect  tri-layer  structure  has  been  fabricated  in  order  to  simulate  the working  environment  of  a  real
cell with  Cr-containing  interconnect.  The  samples  are  thermally  treated  in moist  air  atmospheres  (0  vol%,
10 vol%,  and  25  vol%  moisture)  at 800 ◦C for up to 500  h.  The  interactions  among  different  cell  components
are  characterized.  The  LSM  air electrode  shows  slight  grain  growth  but  the  growth  is less  in moist  atmo-
ir electrode
r-doped lanthanum manganite
oisture
iffusion

spheres.  High  moisture  level  affects  the  bonding  between  the  LSM  and  the  YSZ  and  leads  to  the  formation
of small  particles  on  the  YSZ  surface.  The  amount  of  Cr  deposition  on the LSM  surface  is  slightly  more
for  the  samples  thermally  treated  in  the  moist  atmospheres  and  shows  no  significant  difference  between
the  10  vol%  and  25  vol%  moisture  air.  At  the  YSZ/LSM  interface,  La  enrichment  is  significant  and  facilitates
the  Cr  deposition  while  Mn  depletion  occurs.  The  YSZ  surface  composition  is  not  strongly  affected  by  the
atmosphere.
. Introduction

Solid oxide cells (SOCs), including solid oxide fuel cells (SOFCs)
nd solid oxide electrolyzer cells (SOECs), are promising electro-
hemical devices that generate electricity from fuel or produce
ydrogen by splitting water. In order to obtain desired power out-
ut or hydrogen production, SOC stacks of planar geometry are
idely investigated [1–5].

Ferritic stainless steel with a high Cr content has been inten-
ively studied as a cost effective interconnect material for SOC
tacks working at 700–900 ◦C [6–8]. Perovskite materials have been
idely investigated as air electrode materials, such as Sr-doped lan-

hanum manganite (LSM) and Sr-doped lanthanum ferrite [9–11].
he air electrode is fabricated on the electrolyte, such as yttria-
tabilized zirconia (YSZ), to reduce the oxygen molecules into
xygen ions (in the SOFC mode) or to oxidize the oxygen ions to
xygen molecules (in the SOEC mode):

− 2−
OFC : 1/2O2(gas) + 2e (cathode) → O (1)

OEC : O2−(electrolyte) → 1/2O2(gas) + 2e− (2)

∗ Corresponding author. Tel.: +1 540 231 3225; fax: +1 540 231 8919.
E-mail address: klu@vt.edu (K. Lu).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.09.022
© 2011 Elsevier B.V. All rights reserved.

The ceramic air electrode of SOCs sintered with the electrolyte
should have certain porosity and thickness in order to provide
gas flow route and active sites for the above electrochemical reac-
tions. At the contact between the electrolyte and the air electrode,
the triple phase boundary (TPB) is the active area for the oxy-
gen reduction/oxidation reactions, which is essential to the cell
performance and determined by the microstructure of the elec-
trolyte/air electrode interface [12]. For the long term operation,
the air electrode should be stable in the high temperature oxidiz-
ing environment and chemically compatible with other contacting
cell components [13,14]. Undesirable interactions can cause the
degradation of the cell stacks. For the air electrode, grain size and
porosity as well as TPB structure influence the cell performance
[15–17]. Foreign phases formed at the interface due to the solid
state reactions can also affect the active sites. For example, La2Zr2O7
and SrZrO3 formed at the YSZ/LSM interface block the TPBs and
cause an increase in the ohmic resistance [18–20].  Furthermore, the
deposition of poisoning species such as Cr species from the ferritic
stainless steel across the air electrode and at the TPBs is a critical
issue in cell degradation [21–25].

The degradation of the air electrode caused by the Cr-containing
alloy interconnects (chromium poisoning) [26,27] includes three

steps: oxidation and vaporization of Cr species from the surface
of the interconnect, the diffusion of the Cr species, and the inter-
action between the vapor phase Cr species and the air electrode.
Formation of the vapor phase Cr species is believed to be strongly

dx.doi.org/10.1016/j.jpowsour.2011.09.022
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:klu@vt.edu
dx.doi.org/10.1016/j.jpowsour.2011.09.022
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Table 1
Nominal composition of AISI 441 alloy (wt%) [32,34].

d
m
d
[

C

C

w
S
t
v
a
a

s
(
c
h
t
a

a
a
t
z
t
t
m
o
r
c
d
u
a

2

2

m
L
l
p
o
b

s
d
O
A
p
o
w

1
m
1

After the thermal treatment in dry air for 500 h, the grains grow
larger, whereas some small grains adhere together and form large
grains of about 5 �m size. Also, the grains become more roundish
compared with those before the thermal treatment. The air
Cr Fe Mn  Ti Si Al 

17.6 80.68 0.33 0.18 0.47 0.045 

ependent on the atmosphere. CrO3 and CrO2(OH)2 are the two
ajor compounds of the volatile Cr species, and CrO2(OH)2 is the

ominant phase when water vapor is present in the atmosphere
28,29].

r2O3 + 3/2O2 → 2CrO3 (3)

r2O3 + 3/2O2 + 2H2O → 2CrO2(OH)2 (4)

Besides that the volatile Cr species are strongly affected by the
ater vapor in the atmosphere, Nielsen et al. observed that the

OFC voltage dropped 70% in 12.8 mol% moisture air and small par-
icles appear on the YSZ surface [30]. Kim et al. observed ∼25% cell
oltage drop when using a 40 vol% moisture content. Composition
nalysis showed that La2O3 forms on the LSM air electrode surface
nd decreases conductivity [31].

AISI 441 is a promising stainless steel interconnect material that
hows good stability in the SOFC working environment, forms a
Mn,Cr)3O4 layer, and decreases the Cr evaporation [32,33].  The
omposition of the alloy is shown in Table 1. As seen, AISI 441 has a
igh content of Fe (80.7 wt%) followed by Cr (17.6 wt%). However,
he stability of AISI 441 with the air electrode in high moisture
tmosphere has not been reported.

In order to improve the understanding of the Cr species inter-
ction with the air electrode, different moisture atmospheres
re introduced in this study through the electrolyte/air elec-
rode/interconnect tri-layer configuration (8% yttria-stabilized
irconia (YSZ)/La0.8Sr0.2MnO3 (LSM)/AISI 441). The samples are
hermally treated at 800 ◦C for up to 500 h in dry air, 10 vol% mois-
ure air, and 25 vol% moisture air, respectively. Scanning electron

icroscopy (SEM) is used to characterize the morphology changes
f the LSM porous air electrode and the YSZ/LSM interface. X-
ay photoelectron spectroscopy (XPS) is used to obtain surface
hemistry and elemental distribution across the LSM layer. X-ray
iffraction (XRD) and energy dispersive spectroscopy (EDS) are
sed to investigate the Cr deposition difference in the different
tmospheres.

. Experimental procedures

.1. Sample preparation

LSM powder was prepared by conventional solid state reaction
ethod [35]. AISI 441 ferritic stainless steel samples (ATI Allegheny

udlum Corporation, Brackenridge, PA) were prepared as rectangu-
ar substrates (25.4 mm × 25.4 mm,  thickness 2.08 mm).  They were
olished to optical finish to remove the oxidized layer, if any, and to
btain a scratch free flat surface. The polished samples were cleaned
y ultrasound in water first and then in acetone.

The LSM air electrode was fabricated on the YSZ surface by
creen printing [36]. The LSM layer on the YSZ substrates (20 mm
iameter, 250–290 �m thickness, Nextech Materials, Lewis Center,
H) was 20–30 �m thick after being sintered at 1100 ◦C for 2 h.
fter the sintering of the YSZ/LSM bi-layer, the AISI 441 alloy was
laced on the LSM electrode side as the interconnect. The details
f the tri-layer sample configuration can be found in the previous
ork [37].
Thermal treatment was carried out in dry air (compressed air),
0 vol% and 25 vol% moisture air at 800 ◦C for 500 h. The ther-
al  treatment set-up was given before [37]. The flow rates were

0 ml  s−1 for the dry air, 10 ml  s−1 air/1.1 ml  s−1 water vapor for
C S P Ni Nb Re

0.01 0.001 0.024 0.20 0.46 -

the 10 vol% moisture air, and 30 ml  s−1 air/10 ml s−1 water vapor
for the 25 vol% moisture air respectively.

2.2. Characterization

After the thermal treatment, the tri-layer samples were broken
to examine the cross-sections. SEM (Quanta 600 FEG, FEI, Hills-
boro, OR) was used to study the microstructure. The EDS  module
(Bruker AXS, MiKroanalysis Gmbh, Berlin, Germany) attached to the
SEM was  used for compositional spot analysis. Some samples were
mounted into epoxy, and then cut and ground to detect different
positions (distances away from the AISI 441 layer) in the porous
LSM air electrode by an X-ray photoelectron spectrometer (XPS,
PHI Quantera SXM-03, Physical Electronics Inc., Chanhassen, MN).
An Al K� radiation (1486.6 eV) was used as the X-ray source. Along
the 30 �m thick LSM layer, the examined locations were shown in
Fig. 1. They were labeled as YSZ/LSM, LSM Left, LSM Middle, LSM
Right, and LSM/AISI 441 from the YSZ to the AISI 441. In order to
identify the phases, X-ray diffraction (XRD) studies were carried
out in an X’Pert PRO diffractometer (PANalytical B.V., EA Almelo,
The Netherlands). The step size was 0.030 s−1 with Cu K� radiation
(� = 1.5406 Å).

3. Results

3.1. Microstructure

Fig. 2(a) shows the microstructure of the LSM layer at the
LSM/AISI 441 interface before and after the thermal treatment in
the different atmospheres. The AISI 441 interconnect was  removed
after the thermal treatment; the SEM images in Fig. 2(a) are taken at
the LSM “top” surface, which is directly in contact with the AISI 441
polished surface. Before the thermal treatment, the microstructure
of the porous LSM layer shows grain sizes around 3 �m (Fig. 2(a)).
Fig. 1. The examination locations of the porous LSM air electrode. XPS is carried out
at  five locations: YSZ/LSM, LSM Left, LSM Middle, LSM Right, and LSM/AISI 441.
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Fig. 2. SEM images of the LSM porous layer before and after the thermal treatment
in the different moisture atmospheres at 800 ◦C for 500 h: (a) the LSM side in contact
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layer. A detailed XPS experimental description can be found in
ith  the AISI 441 interconnect, (b) fractured cross section, the dense YSZ electrolyte
s  on the left.

lectrode looks dense. For the samples thermally treated in 10 vol%
nd 25 vol% moisture atmospheres, the microstructures are almost
he same, with the latter having more roundish grains. The grain
rowth and morphology change are both relatively less than those
f the dry air treated sample. Based on this observation, it can be
oncluded that dry air induces more sintering than moist atmo-
pheres during the thermal treatment.

The cross sections of the LSM layer and the YSZ/LSM interface
re shown in Fig. 2(b). The YSZ/LSM samples were fractured to
btain the cross sections and avoid morphological alteration from
olishing. The LSM air electrode layer shows good adhesion with
he YSZ electrolyte after sintering and after the thermal treatment.
o visible cracks in the porous air electrode or at the interface are
bserved. The microstructure of the LSM porous air electrode is
omogeneous across the LSM thickness, where no differences are
een from the left (YSZ/LSM interface) to the right (LSM/AISI 441
nterface). The microstructure of each sample is consistent with the
SM “top” surface. The sample thermally treated in dry air shows
he most significant grain growth among all the samples, where

mall grains adhere together and form large grains over 5 �m size.
or the samples thermally treated in 10 vol% and 25 vol% moisture
ir, the grain growth and bonding are observed but less than those
urces 197 (2012) 20– 27

for the dry air treated sample. The 25% moisture sample shows more
sintering than the 10 vol% moisture sample.

The YSZ/LSM interfacial behaviors of the thermally treated sam-
ples are also examined (Fig. 3). Fig. 3(a) is the original surface of
the YSZ substrate (without any LSM layer) after sintering, which
shows clear grain boundaries. Fig. 3(b–e) are the SEM images taken
from the YSZ surface after the LSM layer being mechanically peeled
off. In order to preserve the morphologies at the interfaces, the
LSM layers were carefully scratched off and no further disturbance
was  involved. Bonding spots and some remaining LSM grains can
be seen on the YSZ surface. For the YSZ/LSM interface after sin-
tering, small contact spots with mostly less than 500 nm sizes are
observed on the YSZ surface (Fig. 3(b), pointed by the arrows). The
YSZ grain boundaries are still visible. After the thermal treatment
at 800 ◦C for 500 h in dry air (Fig. 3(c)), the bonding spots sub-
stantially increase and the spot size increases to ∼1 �m (pointed
by the arrows). No YSZ grain boundaries can be seen. This means
more extensive contacts are formed during the thermal treatment.
This result is consistent with the microstructure of the LSM layer
(Fig. 2(b)). The bonding spots for the sample thermally treated in
dry air, however, are clean. For the sample thermally treated in
10 vol% moisture air (Fig. 3(d)), individual bonding spots are flatter
but harder to distinguish. On the YSZ surface, the grain boundaries
are hard to be seen and many small particles with less than 50 nm
size are observed. These small particles tend to distribute along the
boundaries of the YSZ grains. For the sample thermally treated in
25 vol% moisture air, the bonding merges into a continuous layer
and the YSZ grain boundaries are invisible (Fig. 3(e)). More small
particles are seen with larger sizes (∼100 nm) and more scattering
over the interface.

EDS spot analysis is used to determine the composition of the
YSZ surface after the LSM layer removal (Fig. 4). The examination
locations are marked as “+” in Fig. 3. The results show that the
main elements are Zr and Y (the peaks are very strong and not
shown in Fig. 4). This is expected because of the presence of the
YSZ substrate. The minor elements are La and Mn  (approximately
less than 1 at%), which means the analyzed spots contain small
amounts of La and Mn.  Cr deposition on the surface is of a very small
amount and the main EDS peak CrK� overlaps with LaL�2, one of the
minor peaks of La; and MnK�, the main peak of Mn,  overlaps with a
minor Cr peak CrK� [37]. Since La shows relatively strong peaks, for
comparison purpose, the LaL� peak is used as a reference to com-
pare other elements. Fig. 4 is rescaled to obtain approximately the
same intensity for the LaL� peaks. The as-sintered sample shows a
very small MnK�/CrK� peak. After the thermal treatment, the peak
height increases for all the samples. However, the MnK�/CrK� peak
increases the most for the sample thermally treated in dry air and
the least for the samples thermally treated in the 25 vol% mois-
ture air. Compared with the main LaL� peak, the CrK�/LaL�2 peak
shows no significant difference between the as-sintered state (no
Cr deposition) and the thermally treated samples (with Cr depo-
sition), which means the CrK� peak is very weak. From this, it can
be deduced that the contribution of the CrK� peak is very weak
and the MnK�/CrK� peak intensity represents the Mn  content. This
result means that Mn  deposits relatively less in the high moisture
atmosphere.

3.2. Deposition and distribution of different species

After the thermal treatment at 800 ◦C for 500 h in different
atmospheres, the AISI 441 interconnects were removed and XPS
analysis was  carried out at different locations across the LSM
the previous work [37]. Along the porous LSM air electrode layer
(∼30 �m thick), five different locations are obtained for the XPS
analysis (Fig. 5). The thickness of each layer is controlled by a
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ig. 3. SEM images of the YSZ/LSM interface after the LSM porous layer removal: 

0  vol% moisture air, and (e) thermally treated in 25 vol% moisture air.

icrometer at ∼8 �m.  The results are normalized to 100% by
onsidering La, Sr, Mn,  and Cr only in order to avoid errors by

xygen from the mounting epoxy. The elemental concentrations
re averaged by three measurements at each location.

The surface compositions of the LSM “top” layer after sinter-
ng at 1100 ◦C for 2 h (shown in Fig. 2(a), “As-sintered”) show
Z surface, (b) as-sintered, (c) thermally treated in dry air, (d) thermally treated in

significant enrichments of La and Sr (not shown in Fig. 5(a–c)). The
contents of La, Sr, and Mn  are 49.6%, 14.3%, and 36.1%, which are

very different from the designed 40% La, 10% Sr, and 50% Mn  (it
should be mentioned that all the elemental analysis data in this
paper are presented in atomic percent). La and Sr increase by 24%
and 42%, respectively, and Mn  decreases by 28%. This means the
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urface composition has changed after sintering, where Sr enriches
he most, La enriches less than Sr, and Mn  content depletes
ccordingly at the LSM surface. Such Sr and La surface segregation
nd Mn  depletion have been observed before, and are believed to
esult from the strain energy driven re-distribution of the ions [37].

After the thermal treatment in dry air, at the LSM/AISI 441 inter-
ace, the contents of La, Sr, Mn,  and Cr are 45.0 ± 1.0%, 15.6 ± 0.3%,
0.7 ± 0.3%, and 8.7 ± 1.3%, respectively. The surface composition

s very close to that of the as-sintered state if Cr is excluded. In
he 10 vol% moisture air, the contents of La, Sr, Mn,  and Cr are
0.6 ± 1.5%, 12.3 ± 1.2%, 27.9 ± 0.5%, and 9.2 ± 0.2%, respectively. In
he 25 vol% moisture air, the contents are 50.3 ± 0.7%, 14.3 ± 0.5%,
4.4 ± 1.1%, and 11.1 ± 1.5%, respectively. This indicates that the
hermal treatment leads to Cr deposition. As the moisture content
ncreases, La enrichment increases, Sr enrichment decreases, and

n depletion worsens. For the samples treated in the 10 vol% and
5 vol% moisture air, La surface enrichment is ∼10% higher than

hat for the dry air treated sample. At the same time, Cr deposition
ncreases monotonically with the water content, from 8.7% to 9.2%,
nd to 11.1%, which is a considerable amount and reflects the Cr
eposition on the air electrode.

Fig. 4. EDS spot analysis of YSZ/LSM interface after the LSM porous layer removal.
The analyzed spots are on the YSZ surface. The corresponding locations are shown
in Fig. 3(b–e), marked by crosses.

ig. 5. Composition of the LSM layer before and after the thermal treatment at 800 ◦C for 500 h in different atmospheres: (a) dry air, (b) 10 vol% moisture air, and (c) 25 vol%
oisture air. All the concentrations are normalized to 100% by considering La, Sr, Mn,  and Cr only. Atomic ratios: (d) (La + Sr)/Mn ratio, (e) La/Sr ratio. The solid and dash lines
ark  the values and standard deviations of the ratios before the thermal treatment.
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Across the LSM porous layer, the contents of La, Sr, and Mn  show
ifferent changes from the right to the left of the tri-layer assembly.
or the LSM sample thermally treated in dry air, the La, Sr, and Mn
ontents are almost the same as those at the LSM/AISI 441 interface.
or the sample thermally treated in 10 vol% moisture air, the com-
osition is also fairly consistent with some random variations such
s the higher Mn  content at the LSM Middle location. For the sam-
le thermally treated in 25 vol% moisture air, the contents of La and
r decrease by about 10% and 20%, respectively, and Mn increases
y about 20% at the LSM Right location compared with those at the
SM/AISI 441 interface. These results indicate that higher water
apor content in the atmosphere causes more La and Sr composi-
ion segregation at the LSM/AISI 441 interface but the segregation
re also limited to the interface.

At the YSZ/LSM interface, much higher La content is detected
t 61.3 ± 9.0% in dry air, 59.5 ± 6.3% in 10 vol% moisture air, and
4.8 ± 3.5% in 25 vol% moisture air. On the other hand, the Mn  con-
ent is lower than those across the LSM layer and at the LSM/AISI
41 interface, which are 20.1 ± 8.4% in dry air, 16.2 ± 3.2% in 10 vol%
oisture air, and 15.4 ± 2.7% in 25 vol% moisture air. Sr content also

ecreases compared with those across the LSM layer at 9.6 ± 1.8%
n dry air, 10.0 ± 0.6% in 10 vol% moisture air, and 9.8 ± 0.5% in
5 vol% moisture air, even though they are close for the samples
hermally treated in dry and moisture atmospheres. This means La
s more favorable to interact with the YSZ electrolyte and likely
orms La-containing compounds at the interface. Sr and Mn  seg-
egate inwards to the LSM layer. Water vapor in the atmosphere
ncreases the La enrichment and Mn  depletion while having negli-
ible effect on the Sr composition at the YSZ/LSM interface.

After the thermal treatment, Cr is detected at all the locations
f the tri-layers for all three conditions. At LSM Right (close to the
ISI 441), the Cr contents are 12.2 ± 3.9% in dry air, 9.4 ± 2.1% in
0 vol% moisture air, and 14.4 ± 5.9% in 25 vol% moisture air, which
re similar to the Cr contents at the LSM/AISI 441 interface and
how no clear impact from moisture. The lowest Cr contents of
he samples are 4.4 ± 3.9% for LSM Right in dry air, 6.4 ± 1.0% for
SM Middle in 10 vol% moisture air, and 6.6 ± 1.2% for LSM Middle
n 25 vol% moisture air, respectively. This means higher moisture
eads to higher Cr deposition at the “deeper” locations close to the
SZ, which is probably because of the different concentrations of
he volatile Cr species. At the YSZ/LSM interface, the Cr content
ncreases to 9.0 ± 2.5% in dry air, 14.4 ± 8.6% in 10 vol% moisture air,
nd 10.0 ± 1.7% in 25 vol% moisture air. Still, high moisture content
ggravates Cr deposition at the YSZ/LSM interface. For all the ther-
al  treatment conditions, the Cr content first decreases from right

o left along the cross section of the LSM layer and then increases,
hich shows the preferential deposition of Cr at the YSZ/LSM inter-

ace, the TPBs. For the samples thermally treated in 10 vol% and
5 vol% moisture air, the Cr content increases at the LSM Left loca-
ion compared with that of the LSM Middle location. Cr accumulates
t the YSZ/LSM interface and shows even higher concentrations, as
uch as over 50% compared with the lower values at LSM Middle

r LSM Left. The higher Cr content at the LSM Left location for the
oisture air conditions is a propagation of the high Cr content at

he YSZ/LSM interface. This means high water vapor not only accel-
rates Cr accumulation at the YSZ/LSM interface but also causes a
arger extent of Cr deposition in the adjacent region.

The surface composition changes for the thermally treated sam-
les at different conditions can be more clearly seen from the
tomic ratios of the involving elements (Figs. 5(d and e)). The
olid and dash lines mark the values and standard deviations of
he (La + Sr)/Mn and La/Sr ratios of the LSM layer before the ther-
al  treatment. At this condition, the (La + Sr)/Mn ratio is 1.8 ± 0.2,
hich is much higher than the designed ration of 1.0 and shows

he surface enrichment of La and Sr and depletion of Mn;  and the
a/Sr ratio is 3.5 ± 0.4, which is less than the designed ratio of 4.0
Fig. 6. XRD patterns of the LSM surface in contact with the AISI 441 interconnect
before and after the thermal treatment at 800 ◦C in different atmospheres for 500 h.

and indicates that the Sr surface enrichment is more significant
[37]. After the thermal treatment in different atmospheres, these
two  ratios do not show significant changes across the LSM porous
layer (LSM Left, LSM Middle, and LSM Right in Figs. 5(d and e)).
These results mean that the composition of the LSM layer does not
change significantly during the thermal treatment in the different
atmospheres.

At the LSM/AISI 441 interface, the (La + Sr)/Mn ratios are all
higher than that of the as-sintered state, and the moist air treated
samples show higher values than the dry air treated sample. This
means water vapor leads to more La and Sr enrichments on the LSM
“top” surface. The chemical composition at the YSZ/LSM interface
shows more remarkable enrichment of La (Fig. 5(e)), which is con-
sistent with the microstructure (Fig. 3) and the EDS results (Fig. 4).
At the YSZ surface, the (La + Sr)/Mn ratios are 4.0 ± 1.7% in dry air,
4.4 ± 0.9% in 10 vol% moisture air, and 5.0 ± 1.1% in 25 vol% mois-
ture air; the La/Sr ratios are 6.5 ± 1.8% in dry air, 5.9 ± 0.7% in 10 vol%
moisture air, and 6.7 ± 0.6% in 25 vol% moisture air. La accumulates
and forms new species such as La2Zr2O7 with YSZ (Figs. 3 and 4)
[18,38].

3.3. LSM/AISI 441 interfacial phase evolution

XRD is used to analyze the phases of the LSM porous layer
in contact with the AISI 441 interconnect (the LSM “top” surface
as shown in Fig. 2(a)) after the interconnect is removed (Fig. 6).
Before the thermal treatment, the LSM air electrode shows pure
perovskite phase. After the thermal treatment at 800 ◦C for 500 h
in dry and moisture air, some minor new phases are indentified.
They are Mn1.5Cr1.5O4 and SrMn3O6−x. The main LSM phase main-
tains and all the other phases show very weak peak intensities,
which mean the new compounds formed during the thermal treat-
ment are of small amounts. It should be noticed that the YSZ phase
shown in some of the XRD patterns is from the electrolyte, which
is not considered in the phase analysis of the LSM layer.

For the LSM sample thermally treated in dry air, only
Mn1.5Cr1.5O4 is indentified. For the samples thermally treated in
the moist air (10 vol% and 25 vol% moisture), both Mn1.5Cr1.5O4
and SrMn3O6−x are detected. Mn1.5Cr1.5O4 formation is due to the

surface deposition of the volatile Cr species and the interaction
on the LSM surface. For the samples thermally treated in 10 vol%
and 25 vol% moisture air, the formation of SrMn3O6−x should be
caused by the Sr surface segregation [37], as indicated by the XPS
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esults in Fig. 5. This result means that the Sr surface segregation is
ore significant in the wet air atmosphere. However, the amount

f SrMn3O6−x is too small to be compared between the 10 vol% and
5 vol% moisture conditions.

. Discussion

.1. LSM grain growth and sintering

From the SEM images, the microstructure of the porous LSM
ir electrode changes during the thermal treatment. For the as-
intered samples, the LSM particles bond with each other, forming

 homogeneous network structure. During the thermal treatment
t 800 ◦C, the grain growth and bonding continue. The LSM grains
row and bond more extensively for the sample treated in dry air,
hile the extent is less for the samples treated in moist air, even

hough the sample treated in 25 vol% moisture air exhibits more
intering than the 10 vol% moisture air sample. This means that the
SM sintering is likely to be suppressed by the water vapor in the
tmosphere. Also, the atmosphere has no significant influence on
he surface composition of the LSM grains. The increase in the con-
act between the LSM grains in the porous layer after the thermal
reatment should be beneficial for reducing the ohmic resistance
15]. However, the polarization increase is generally much larger
han the ohmic resistance decrease and the microstructure effects
ave not been well established [13,39,40].  There is more work
eeded to correlate the microstructure with the cell performance.
n the other hand, at the LSM/AISI 441 interface, the microstruc-

ure of the LSM is the same as that across the LSM porous layer.
his means that the thermal treatment temperature of 800 ◦C is not
igh enough to lead to extensive morphological changes between
he LSM and the AISI 441.

.2. Interfacial behaviors of the cell components

The LSM air electrode porous layer is in direct contact with two
ther cell components: the YSZ electrolyte and the AISI 441 inter-
onnect, during the thermal treatment. For the YSZ/LSM interface,
onding forms during the sintering at 1100 ◦C. The bonding spot
ize enlarges after being treated in dry air but stays about the same
fter being treated in the moist atmospheres, which is consistent
ith the grain growth (Figs. 2 and 3). This result can be explained as

he atmosphere influence on the diffusion during the thermal treat-
ent. Dry atmosphere likely facilitates the diffusion and bonding

etween the LSM grains while the moist atmosphere induces the
ormation of substantially higher amount(s) of volatile Cr species,
hich suppress the diffusion of other elements such as La and Mn.
n deposition at the YSZ surface is much less than that of La, and

s further inhibited in the moist atmospheres. Cr shows signifi-
ant enrichment at the YSZ/LSM interface in different atmospheres.
ore detailed elemental analysis should help to understand the

SZ/LSM interface interaction process.
Small particles appear on the YSZ surface after being thermally

reated in moist air and the size and number of the particles are
arger for the higher moisture condition (Fig. 3). Both EDS spot
nalysis and XPS surface analysis show that La compounds form
n the YSZ surface at the as-sintered state and after the thermal
reatment. Similar microstructure change has been observed in
ielsen et al. and Hagen et al.’s work [30,41].  Nielsen et al. observed

mall particles on the YSZ surface when the cell was  treated in
oist atmosphere; while the YSZ surface was clean when thermally
reated in dry air [30]. Hagen et al. proposed that the microstruc-
ure change is attributed by the enhanced diffusion of Mn  and the
mpurity elements such as Si, Ca, and S [41]. In our elemental anal-
sis, no impurity elements are detected and La is considered the
urces 197 (2012) 20– 27

major component to cause the particle-like feature on the YSZ sur-
face. The EDS spot analysis has a better lateral resolution of a few
�m2; the XPS, on the other hand, shows the average composition
in tens of nanometers depth on the surface. For both the EDS and
XPS analyses on the YSZ surface, Zr and Y are still the dominant ele-
ments and La is less than 1% from the EDS and less than 10% from
the XPS, respectively (the La atomic percent at the YSZ/LSM inter-
face in Fig. 5 is the value after excluding Zr and Y). Additionally, the
quantitative result of the surface concentration of La does not show
significant difference caused by the atmosphere. La is concentrated
on the YSZ surface. Combining the EDS and XPS results, the particles
are likely La-containing species such as La2Zr2O7 [18,42].

At the LSM surface, the deposition of Cr is considerable for all
the three samples, but there are no visible Cr-containing particles.
It is believed that the Cr-containing phases form a thin layer at the
LSM surface. The surface chemistry is critical to the electrochemical
reaction in the air electrode; however, the surface reaction mecha-
nism has not been well-established [43,44].  Detailed investigation
of the air electrode surface reactions involving Cr deposition will
be needed to improve the understanding. On the other hand, it is
believed that the TPBs are the major area to determine the per-
formance of the porous LSM air electrode; and Cr deposition can
block the TPB area, causing cell performance degradation [45]. In
our work, the different atmospheres cause variable YSZ/LSM inter-
facial bonding; the stronger bonding in dry air should be beneficial
for increasing the active sites (TPB length) and reducing the ohmic
resistance of the interface. However, there is no evidence that the
Cr deposition at the YSZ/LSM interface is related to the TPB area.

4.3. Elemental diffusion and distribution

The distribution of La, Sr, and Mn  across the LSM layer is fairly
uniform except for at the YSZ/LSM interface. For the Cr, the amount
decreases from the right side, where the Cr source from the AISI 441
interconnect is located, to the left side, which is further away from
the AISI 441 interconnect. The surface deposition of Cr is consider-
able. However, it does not cause a significant difference in the LSM
surface composition across the LSM porous layer. There is no visible
morphological change at the LSM grain surface for all the thermal
treatment conditions (Figs. 2 and 3). Mn1.5Cr1.5O4 and SrMn3O6−x
phases are detected by XRD. Cr also deposits on the YSZ surface.
(Cr,Mn)3O4 spinel is generally believed as the phase [46,47].  Cur-
rent density can significantly accelerate this process [48] and will
be reported in the future work. In the present work, no visible
Cr-containing particles are found and the Cr deposition amount
is small. This could be due to: (i) without polarization the driving
force for Cr deposition at TPBs is not strong enough; (ii) the AISI
441 is designed to form a Mn–Cr spinel protection layer on its own
surface to inhibit the release of the volatile Cr species.

At 800 ◦C, the volatile Cr species are affected by the water vapor
in air. In moist air, the amount of the volatile CrO2(OH)2 phase is
higher than the CrO3 amount [29]. In this study, the Cr content is
slightly higher for the moist air conditions after the thermal treat-
ment. This reflects the moisture effect. However, the deposition
process without current is slow in both dry and moist atmospheres,
and the deposition amount is small.

5. Conclusions

The YSZ/LSM/AISI 441 tri-layer is thermally treated at 800 ◦C for
500 h to investigate the interaction between different SOC com-

ponents in dry air, 10 vol% moisture air, and 25 vol% moisture air.
The LSM microstructure shows more grain growth and bonding
in dry air than in the moist atmospheres. The bonding between
the YSZ and the LSM is more extensive as the moisture content
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ncreases. At the YSZ/LSM interface, moisture leads to La-containing
article formation on the YSZ surface. Higher moisture leads to
ore extensive particle formation and Mn  depletion at the YSZ sur-

ace. Cr deposition is detected across the porous LSM layer where
he deposition amount decreases from the AISI 441 side to the YSZ
ide and shows accumulation at the YSZ/LSM interface. The Cr depo-
ition amount is slightly higher for the samples thermally treated in
he moist atmospheres. A small amount of Cr1.5Mn1.5O4 is detected
n the LSM surface for all the samples, and SrMn3O6−x is identified
or the samples thermally treated in the moist atmospheres.
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