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Highly Dense Mn-Co Spinel Coating for Protection of Metallic
Interconnect of Solid Oxide Fuel Cells
Sung-Il Lee, Jongsup Hong, Hyoungchul Kim, Ji-Won Son,∗ Jong-Ho Lee, Byung-Kook Kim,
Hae-Weon Lee, and Kyung Joong Yoonz

High-Temperature Energy Materials Research Center, Korea Institute of Science and Technology, Seoul, South Korea

The major degradation issues of solid oxide fuel cells (SOFC) are associated with the oxide scale growth and Cr evaporation of the
metallic interconnect. To address these challenges, a highly dense spinel oxide coating was fabricated on a ferritic stainless steel
interconnect using a cost-competitive ceramic processing route. The nano-scale Mn1.5Co1.5O4 spinel powder was synthesized using
a glycine-nitrate method, and the particle agglomerates were effectively disintegrated by a high-energy attrition milling process. The
spinel protective coating, which was applied by screen printing, was sintered to a nearly full density, without causing damage to
the metallic substrate, by a high-temperature annealing process in a reducing environment, followed by re-oxidation at a moderate
temperature. The dense spinel coating remarkably reduced the growth rate of chromia scale and restrained the evaporation of
chromium species, as verified by area specific resistance (ASR) measurements and analysis on chromium distribution over the
cross-section. Strong adhesion between the coating and substrate was confirmed after 500-hour operation. The sintering mechanism
involved in reduction-oxidation heat-treatment was studied based on dilatometry measurements and microstructural features. The
implication of the ASR change and the chromium migration for stability of practical SOFC stacks was discussed in detail.
© The Author(s) 2014. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
medium, provided the original work is properly cited. [DOI: 10.1149/2.0541414jes] All rights reserved.
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Solid oxide fuel cells (SOFCs) represent one of the most environ-
mentally friendly and versatile technologies for generation of electri-
cal power and heat from a variety of fuels through electrochemical
reactions.1–3 Because a single cell produces less than 1 V under typ-
ical SOFC operating conditions, SOFC stacks are configured using
multiple cells to obtain the desired voltage and power output for prac-
tical power generation. In SOFC stacks, the primary functions of the
interconnect are to connect the anode of one cell to the cathode of
the next one electrically and to separate the fuel from the oxidant in
adjoining cells. At the initial stage of SOFC development, acceptor-
doped lanthanum chromite had been the most popular ceramic inter-
connect material for the high-temperature stacks that operate at ap-
proximately 1000◦C.4–7 In recent years, progress in anode-supported
planar design technology with thin electrolytes led to the reduction
of operating temperatures below 800◦C, which enabled the use of
high-temperature oxidation-resistant alloys as alternatives.4,8,9 These
metallic interconnect materials offer many advantages over their ce-
ramic counterparts, such as high electric and thermal conductivities,
low cost, ease of manufacturing and good workability.10 Among var-
ious candidate materials, chromia-forming ferritic alloys are consid-
ered to be promising because the chromia scale on the surface exhibits
relatively high electrical conductivity and low growth rate.11 However,
most of the commercially available ferritic alloys impose degradation
issues associated with continuous oxide scale growth and evaporation
of chromium species under the SOFC operating conditions. Currently,
it is extremely difficult to satisfy the general stability criteria for sta-
tionary SOFC stacks, such as a degradation rate of 0.25%/kh and a
service life of five years,12,13 when using commercial high-temperature
oxidation-resistant alloys as interconnect materials.

The main degradation issues of metallic interconnect in SOFC
stacks include the increase of area specific resistance (ASR) re-
sulting from continuous oxide scale growth, surface instability be-
cause of oxidation/spallation, and chromium poisoning of the cath-
ode caused by evaporation of chromium-containing species from
the interconnect.9,14–16 To overcome the inherent weaknesses of the
chromia-forming ferritic alloys upon exposure to high temperatures,
significant research efforts have been devoted to developing the pro-
tective coating techniques.9,17,18 The key requirements for a protective
coating include dense structure, high electronic conductivity, thermal,
mechanical and chemical compatibility with the adjacent components
and low diffusion coefficients of Cr and O. Among coating mate-
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rials, such as reactive element oxides,11,19–24 nitrides,25–27 conduc-
tive perovskites28–39 and conductive spinels,10,35,40–49 Mn1.5Co1.5O4

spinel has been actively investigated by many researchers for its
excellent electrical conductivity, thermal expansion match with fer-
ritic alloys and chromium retention capability.41,42,50–55 For fabri-
cation of dense and well-adherent protective spinel coating lay-
ers, various deposition techniques have been investigated, including
screen printing,50,56,57 dip coating,47,58–60 electroplating,53,61–63 plasma
spray,64,65 thermal spray,66 electrophoretic deposition,10,49,67 physi-
cal vapor deposition,68,69 aerosol deposition,70 sol-gel46,71 and pack
cementation.72,73 Although the feasibility of these techniques has been
substantiated, individual processes exhibit their characteristic draw-
backs along with their advantages. For example, electroplating is suit-
able for uniformly applying thin film over a complex configuration,
but the large negative reduction potential of manganese makes the
control of the spinel composition extremely difficult.18 The vacuum
deposition processes could provide high-quality thin films but may be
inadequate for mass production because of high costs and low depo-
sition rate.18 Considering manufacturing costs, processing simplicity
and scalability, slurry coating techniques such as screen printing could
be attractive choices, but the subsequent high-temperature sintering
step for removal of open pores readily leads to abnormal oxide scale
growth and interfacial defect formation. Although advanced process-
ing techniques, such as field-assisted sintering,74 reaction sintering60

and flash-sintering,75 have been proposed to lower the sintering tem-
perature of the spinel layer, densifying the oxide coating layer without
damaging the metallic substrate remains challenging. Therefore, it is
highly desirable to develop the fabrication techniques for a dense
and well-adherent protective coating layer on a metallic interconnect
based on a cost-effective slurry coating for commercial development
and deployment of SOFC technologies.

In this study, nano-scale Mn1.5Co1.5O4 spinel powder was synthe-
sized using a glycine-nitrate process, and a completely dense coating
with strong adhesion to the metallic interconnect was fabricated based
on a screen printing technique. This study modified the heat-treatment
processing conditions to avoid damage to the substrate. The protec-
tion capability of the spinel coating against oxidation scale growth
and evaporation of chromium-containing species was investigated by
ASR measurements and structural / compositional analysis.

Experimental

The Mn1.5Co1.5O4 spinel powder was synthesized using the glycine
nitrate process.39 The precursors of manganese and cobalt nitrates
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were mixed in distilled water according to the desired stoichiometric
ratio, and glycine was added as a combustion fuel. The concentration
of the solution was 0.8 M and the glycine-to-nitrate ratio was 0.55.
Combustion was performed on a hot plate, and the resulting powders
were calcined at 800◦C for 2 hours in air. The crystal structure and
phase purity of the powder were analyzed using X-ray diffraction
(XRD). The calcined powder was attrition-milled in ethanol with the
desired amount of dispersant for 2 hours, and the change of particle
morphology by attrition milling was examined using scanning elec-
tron microscopy (SEM), transmission electron microscopy (TEM) and
Brunauer-Emmett-Teller (BET) analysis. The cylindrical specimens
were prepared by uniaxially pressing the powder at 100 MPa, and
sintering shrinkages were measured using a dilatometer in air and 4%
H2-96% N2 up to 1000◦C.

The Mn1.5Co1.5O4 spinel paste was prepared by mixing the pow-
ders with the desired amounts of solvent, dispersant, binder and plas-
ticizer using a planetary mill. A commercial ferritic stainless steel,
Crofer 22 APU, with the composition of 22.8 wt% Cr, 0.45 wt% Mn,
0.08 wt% Ti, 0.06 wt% La, Al 0.0056 wt% Al, 0.10 wt% Si, 0.0046
wt% Cu, 0.0009 wt% Ce, 0.005 wt% C and the balance in Fe, was
used as the substrate for the coating. The substrates were prepared
by cutting a Crofer 22 APU block into rectangular pieces with the
dimension of 5 mm ∗ 5 mm ∗ 8 mm. These pieces were polished with
SiC sandpapers up to 1200 grits and ultrasonically cleaned in acetone
and ethanol for 10 minutes each. The paste was screen-printed on
both sides of the Crofer 22 APU substrate and heat-treated in air and
4% H2-96% N2 between 800 and 1000◦C. The gas atmosphere was
switched at high temperature. The effect of the sintering conditions on
the microstructure of the coating layer was investigated by examining
the surface and cross-section of the spinel coating using SEM. The
ASR’s of the bare and coated samples were measured at 800◦C in dry
air for 500 hours using a four probe DC technique. The bare samples
were pre-oxidized at 800◦C in air for 100 hours. For current collec-
tion, the sample was placed between two Pt meshes (5 mm∗5 mm)
and pressed using the spring load. Each Pt mesh was connected to two
Pt wires. One was used to apply the current, and the other to measure
the voltage. A constant current density of 100 mA cm−2 was applied
to the sample for ASR measurements. After testing, the microstruc-
ture and elemental distribution were examined using SEM and energy
dispersive X-ray spectroscopy (EDS) analysis, respectively.

Results and Discussion

Figure 1 shows the XRD patterns of the Mn-Co spinel
(Mn1.5Co1.5O4) powder synthesized by the glycine-nitrate process.
The XRD pattern reveals the formation of a dual phase mixture of

Figure 1. XRD patterns of Mn1.5Co1.5O4 powders after calcination at 800◦C
in air, after reduction at 800◦C in humidified forming gas (3% H2O+3%
H2+94% N2) and after re-oxidation at 800◦C in air.

MnCo2O4 and Mn2CoO4 after calcination at 800◦C in air. No char-
acteristic peaks of secondary or impurity phases were observed. The
MnCo2O4 is a normal cubic spinel with Mn on octahedral interstitial
sites and with Co on both tetrahedral and octahedral interstitial sites
in the face-centered cubic configuration of the oxygen ion lattice.76

The Mn2CoO4 is an intermediate tetragonal spinel phase between
the cubic MnCo2O4 and tetragonal Mn3O4 (Mn2+[Mn3+]2O4).77 The
tetragonal distortion of (Mn,Co)3O4 spinel occurs when the content
of Mn3+ ions exceeds the critical value, approximately 60%.78 Based
on the thermodynamic study of Mn1+δCo2-δO4 spinel, the cubic and
tetragonal phases co-exist for 0.3<δ<0.9, whereas a single phase cu-
bic spinel is stable for δ<0.3 and a single phase tetragonal spinel
is stable for δ>0.9,79 which is consistent with the observations in
this study. The high-temperature XRD analysis showed that the dual
phase spinel transforms into a single phase material at high tempera-
tures. The nominal composition of Mn1.5Co1.5O4 is considered to be
the most promising Mn-Co spinel formulation as a protective coating
material for SOFC metallic interconnect because of its excellent elec-
trical conductivity and its thermal expansion match with the Crofer
22 APU interconnect.51,77 The conductivity of Mn1.5Co1.5O4 is ∼60
S cm−1 at 800◦C in air,35 and the thermal expansion coefficients of
Mn1.5Co1.5O4 and Crofer 22 APU are 11.4∗10−6 K−1 and 12.6∗10−6

K−1, respectively.77 In the fabrication of the spinel protective coat-
ing layer, the intermediate heat-treatment in a reducing atmosphere
could effectively enhance the film density and adhesion to the ferritic
stainless steel substrate.42,51 Upon exposure to a reducing atmosphere
(4% H2-96% N2) at 800◦C, the Mn-Co spinel is reduced to MnO and
metallic Co as confirmed by XRD analysis in Figure 1. This implies
that the Mn-Co spinel is not stable in the anode environment and the
application of the spinel as a protection layer for the metallic inter-
connect is limited to the cathode side. In a subsequent re-oxidation
heat-treatment in air at 800◦C, the MnO and Co reform the original
spinel phase (Figure 1) via the following reactions;77

4Co + 2MnO + 3O2 = 2MnCo2O4 [1]

2Co + 4MnO + 2O2 = 2Mn2CoO4 [2]

The morphology of Mn1.5Co1.5O4 powder synthesized by the
glycine-nitrate process is presented in Figure 2. The glycine-nitrate
process is a self-sustaining combustion technique for synthesizing
nano-scale ceramic powders from an aqueous solution of metal nitrate
and glycine.80 This technique provides excellent powder characteris-
tics such as controlled particle size and compositional homogeneity
if the precursor stoichiometric ratio and reaction conditions are care-
fully adjusted.18,81 The TEM image of the powder calcined at 800◦C
(Figure 2a) shows extremely fine particles with uniform size distribu-
tion. The size of the primary particles is 30∼50 nm. In general, the
sintering temperature of the nano-crystalline powder is significantly
lower than that of regular powder because of the large surface area
and the high surface energy.82–84 However, the sintering behavior of
the nano-crystalline powder could be disturbed by the presence of

80nm 1μm

(a)

1μm

(b) (c)

Figure 2. (a) TEM and (b) SEM images of the Mn1.5Co1.5O4 powder calcined
at 800◦C in air, and (c) SEM image of the powder after attrition milling for
2 hours.
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Figure 3. Linear sintering shrinkage of Mn1.5Co1.5O4 spinel measured by
dilatometer between 25 and 1000◦C in oxidizing (air) and reducing (4% H2-
96% N2) atmospheres.

particle agglomerates.85 The low-magnification SEM image of the
calcined powder in Figure 2b reveals the substantial amount of ag-
glomerates formed by partial sintering of the nano-crystallites during
synthesis and subsequent calcination. The mean particle size is 0.8
μm, which is larger than the primary particles by more than an order
of magnitude. To reduce the degree of agglomeration, high-energy
attrition milling was performed on the calcined powder. The SEM
image of the attrition-milled powder in Figure 2c shows that the hard
agglomerates were effectively broken down. The effect of attrition
milling was also confirmed by BET analysis that showed an increase
in the specific surface area from 3.50 m2 g−1 to 22.34 m2 g−1. There-
fore, it is suggested that the glycine-nitrate technique, followed by
an optimal milling process, is a promising method for synthesizing
nano-crystalline spinel powder with a homogeneous morphology.

Figure 3 shows the linear sintering shrinkage of the Mn1.5Co1.5O4

powder compacts in oxidizing and reducing environments as a func-
tion of temperature. In air, sintering begins at approximately 700◦C,
and less than 2% of sintering shrinkage is observed at 800◦C. In
general, it is favorable to densify the green coating of the Mn-Co
spinel at a low temperature, preferably below 800◦C, because the
high-temperature process causes excessive growth of the oxide scale
on the surface of the metallic interconnect, leading to an increase in the
electrical resistance and fatal damage to the structural integrity.60,86 In
particular, it was reported that exposing Crofer 22 APU to the tem-
peratures higher than 800◦C in an oxidizing atmosphere accelerates
the attacks associated with the formation of hematite nodules on the
surface of the scale, causing severe metal loss.15 However, it is well-
known that Mn-Co spinel is extremely difficult to densify at such a
low temperature in air,60 as confirmed by dilatometry measurements
in Figure 3. On the contrary, in a reducing atmosphere (4% H2-96%
N2), the onset temperature of sintering is substantially lower (below
600◦C), and the linear shrinkage at 800◦C is 12% (Figure 3). This
suggests that the sinterability of the mixture of MnO and Co is signif-
icantly higher than that of the Mn-Co spinel. In addition, because the
growth of the oxide scale on the surface of the ferritic alloy is sup-
pressed in the reducing environment,15 the green coating could possi-
bly be processed above 800◦C without causing severe damage to the
metallic interconnect. At 1000◦C, sintering shrinkage reaches 21%,
suggesting that nearly complete densification of the protective coating
could be achieved. The shrinkage in reducing atmosphere could be
influenced by both sintering and decomposition of spinel. As con-
firmed by XRD analysis in Figure 1, spinel completely decomposes
into MnO and Co at 800◦C. Therefore, the shrinkage observed above
800◦C should be dominated by sintering of MnO and Co, rather than
decomposition of spinel structure. Subsequently, the original spinel
structure could be restored by the re-oxidation process at moderate
processing temperatures, as shown by the XRD analysis in Figure 1.

2μm

(a)

2μm

(c)

2μm

(b)

Figure 4. SEM images of the surface of a Mn1.5Co1.5O4 spinel coating; (a)
annealed in air at 800◦C, (b) reduced in 4% H2-96% N2 and re-oxidized in air
at 800◦C and (c) reduced in 4% H2-96% N2 at 1000◦C followed by reoxidation
in air at 800◦C.

The Mn1.5Co1.5O4 spinel coatings were applied to Crofer 22
APU substrates by screen-printing, and the surface morphology was
examined by SEM after the various heat-treatments, as shown in
Figure 4. The SEM image of the sample sintered at 800◦C in air
(Figure 4a) shows a highly porous structure with small grains. In Fig-
ure 4b, the spinel layer was heat-treated in a reducing atmosphere
(4% H2-96% N2) at 800◦C for 24 hours, followed by re-oxidation in
air at 800◦C for 24 hours. Grain growth caused by the reduction -
oxidation cycle is clearly observed. The average grain size increased
from ∼0.5 μm in Figure 4a to ∼1.1 μm in Figure 4b. Although local
densification appears to be enhanced by the addition of the reduction
step at 800◦C, large pores remaining in the coating layer would still
allow the transport of gaseous species during high-temperature oper-
ations. However, the protective spinel coating, which was reduced at
1000◦C and subsequently re-oxidized at 800◦C, shows a very dense
surface, free of visible pores and cracks in Figure 4c. Therefore, it
is suggested that the enhanced sintering activity of the composite of
MnO and Co enables the coating to reach a sufficiently high density
at 1000◦C in a reducing atmosphere as predicted by the dilatome-
try measurements (Figure 3). The study also suggests that porosity
could be further reduced by incorporating elemental oxygen during
re-oxidation at 800◦C.87 Moreover, a reaction-sintering mechanism
could enhance densification during the re-oxidation process because
the enthalpy of reaction to form the Mn-Co spinel from MnO and Co
(equation 1 and 2) provides an additional driving force for sintering
beyond the reduction of the surface energy,48,54 leading to the very
dense protective coating in Figure 4c.

The cross-sectional SEM images of the Mn1.5Co1.5O4 spinel coat-
ing layers after various heat-treatments are displayed in Figure 5. The
thickness of the coating was uniform at 4∼5 μm, and the coating
was well-adhered to the substrate without any indication of cracking
or delamination. Figure 5 clearly exhibits the effects of the process-
ing parameters on the final density and microstructure of the coating.
The Mn1.5Co1.5O4 spinel coating layer sintered at 800◦C in air in
Figure 5a contains a large number of open pores, and the particle size
is very small. After reduction in 4% H2-96% N2 and re-oxidation in air
at 800◦C, the density of the coating layer significantly increases, and
grain growth is observed in Figure 5b. However, large through-pores
are locally observed, which suggests that the protective coating could
not completely block the migration of chromium and oxygen species.
Figure 5c shows that the reduction process at the elevated temperature
(1000◦C) followed by re-oxidation at 800◦C could successfully form
a completely dense coating without causing excessive growth of the
oxide scale or any structural damage to the metallic substrate. The
oxide scale of Crofer 22 APU is composed of a chromia inner layer
and a (Mn,Cr)3O4 spinel outer layer, which is formed by the diffu-
sion of Mn along the grain boundaries of the chromia scale.88 The
boundary between the Mn-Co spinel protection layer and the Mn-Cr
spinel intrinsic scale on Crofer 22 APU is not clearly observed, which
suggests that the coating layer and the substrate are chemically and
thermo-mechanically compatible, forming the strong interface.
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Figure 5. SEM images of the cross-section of a Mn1.5Co1.5O4 spinel coating;
(a) after annealing in air at 800◦C, (b) after reduction in 4% H2-96% N2 and re-
oxidation in air at 800◦C and (c) after reduction in 4% H2-96% N2 at 1000◦C
followed by reoxidation in air at 800◦C.

Figure 6 compares the ASR data of the bare and coated Crofer 22
APU samples measured at 800◦C in air for 500 hours. The ASR value
was obtained using the following equation:89,90

ASR = 1

2
× V

I
A [3]

where V is the voltage drop across the sample, I is the applied current,
and A is the area. The factor 1/2 in equation 3 is used because the
measured resistance is contributed by the oxide scale formed on both
sides of the sample. The thickness of the samples used for ASR mea-
surements was 8 mm, and measurement results were divided by two
for ASR calculations (equation 3). Therefore, the ASR data presented
in Figure 6 should be close to the ASR of the practical interconnect
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Figure 6. ASR data of the uncoated Crofer 22 APU sample, the sample with
coating reduced and re-oxidized at 800◦C, and the sample with coating reduced
at 1000◦C and re-oxidized at 800◦C, measured at 800◦C in air for 500 hours.

in SOFC stacks, whose thickness is generally 2∼4 mm for a planar
design.91,92 The electrical resistance of the metallic interconnect with
a protective coating includes the contributions of the bulk metal, the
oxide scale and the coating layer. In general, the bulk resistance of
oxidation-resistant alloys such as Crofer 22 APU is extremely low,
and the electrical behavior is dominated by the resistance of the scale
and the coating.93 In Figure 6, the initial ASR of the uncoated Crofer
22 APU was slightly lower than those of coated samples because there
was no additional resistance from the spinel coating layer. However,
the ASR of the uncoated sample increased rapidly upon exposure
to high temperature and overtook those of coated samples within 10
hours of operation. The ASR value of the uncoated sample was ini-
tially 0.0016 Ohm cm2 and reached 0.017 Ohm cm2 after 500 hours.
During the SOFC operation, growth of the chromia inner scale on
Crofer 22 APU, whose thickness could reach several micrometers on
the cathode side, is mainly responsible for the increase of ohmic ASR
of the stack,9 and the rapid increase of ASR in the uncoated sample in
Figure 6 corresponds to the fast degradation of stack performance. In
addition, the formation of interfacial defects, such as voids, cavities
and spallation, is also an important factor that influences the stability
of the SOFC stacks.94,95 The scattering of the ASR data is observed
for the uncoated sample after ∼120 hours of operation, which could
be ascribed to the structural instability at the interface.96 It was re-
ported that the interfacial strength between the metallic interconnect
and the oxide scale decreases with the growth of the chromia scale,
and the thick scale readily causes spallation because of the increased
thermal stress.40,97 Therefore, the ASR data of the uncoated sample in
Figure 6 emphasizes the importance of the protective coating to block
the inward migration of oxygen for interfacial stability. The ASR data
of the coated samples in Figure 6 clearly show that protective coat-
ings effectively suppress the growth of the chromia scale. Two types
of protective coatings were evaluated in this experiment: One of them
was reduced and re-oxidized at 800◦C, and the other was reduced at
1000◦C and re-oxidized at 800◦C. As shown in Figure 5, the former
contains residual porosity, referred to as a “porous coating,” whereas
the latter is completely dense and labeled a “dense coating.” The start-
ing ASR of the sample with the porous coating was 0.0023 Ohm cm2,
which was close to that of the sample with the dense coating. How-
ever, the ASR value for the sample with the porous coating increased
at a substantially higher rate during operations, and reached 0.0081
Ohm cm2 after 500 hours while the ASR value for the sample with the
dense coating was 0.0037 Ohm cm2 after the same duration of time
under the same conditions. In general, the metallic SOFC intercon-
nects with the state-of-the-art protective coating show the ASR values
of 5∼10 mOhm cm2 after 500∼1000 hours of operation,9,18 and the
ASR results in Figure 6 indicate that the spinel coating presented in
this paper is promising. The spikes of the ASR values, which occurred
in the uncoated sample after ∼120 hours of operation, were not ob-
served for both samples up to 500 hours, indicating that the interfaces
remained stable and free of structural damage. The ASR curves of all
of the samples show a parabolic growth tendency because the oxide
scale growth is governed by the diffusion-controlled kinetics.90 Based
on extrapolating 500 hours of the ASR data (Figure 6) and assuming
parabolic growth, the ASR value is predicted to be 0.015 Ohm cm2 at
the target service life of five years8,17 for the Crofer 22 APU with a
dense coating, which is significantly lower than the conventional ASR
goal of 0.1 Ohm cm2 for a SOFC interconnect.4,9 Therefore, it is sug-
gested that the use of a dense Mn1.5Co1.5O4 protective coating, which
is formed by reduction at the elevated temperature (∼1000◦C) fol-
lowed by re-oxidation at moderate temperature (∼800◦C), effectively
impedes the oxidation kinetics and enhances the structural stability of
the ferritic alloys, which may satisfy the durability targets for station-
ary SOFC applications.

In addition to blocking the inward migration of oxygen, the
protection layer should serve as a barrier to the outward trans-
port of chromium-containing species. The chromium in the fer-
ritic interconnect readily reacts with oxygen and forms vapor
phases, which then migrate into the cathode and deposit on the
electrochemically active sites, resulting in electrode poisoning and
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Figure 7. SEM images and EDS analysis of the coated samples used for ASR
measurements at 800◦C for 500 hours: (a) reduction and re-oxidation at 800◦C
and (b) reduction at 1000◦C followed by re-oxidation at 800◦C.

performance degradation.98,99 Chromium in the 6+ oxidation state,
which is highly volatile, is the major gaseous species, and the vapor-
ization of chromium in dry air could be described as;96

Cr2O3 (s) + 3

2
O2 (g) = 2CrO3 (g) [4]

One of the most obvious indications of the outward migration of the
chromium-containing species is the presence of chromium inside and
on the surface of the pores of the protection layer. The EDS analysis
of the cross-sections of the samples used for ASR measurements at
800◦C for 500 hours indicates that no detectable chromium penetrated
the dense Mn1.5Co1.5O4 spinel coating layer formed by reduction at
1000◦C followed by re-oxidation at 800◦C (Figure 7a). On the con-
trary, a substantial amount of chromium was detected in the porous
protection layer, which was fabricated by reduction and re-oxidation
at 800◦C (Figure 7b). The concentration of Cr was 0.72 wt% inside
the coating and 0.65 wt% outer interface based on the quantitative
EDS analysis. Therefore, the results shown in Figure 7 indicate the
importance of the film density for the chromium retention capability
of the protective coating. In addition, it is reconfirmed that the dense
spinel protective coating effectively prevents the inward migration of
oxygen because the Cr-rich subscale beneath the dense coating was
substantially thinner (∼0.5 μm) than that beneath the porous coating
(1.5 μm), as clearly seen in the Cr maps in Figure 7. The formation
of interfacial defects, which could contribute to the increase of ASR,
was not observed after 500-hours of operation.

Based on the results presented in this paper, the dense Mn1.5Co1.5O4

spinel protective coating effectively suppresses the migration of oxy-
gen and chromium-containing species, resulting in improved electrical
and structural stability. The reducing heat-treatment is an important
intermediate process for densifying the protective coating layer and
could be performed at sufficiently high temperatures without causing
fatal damage to the metallic substrate. The properties of the spinel
coating are expected to be further enhanced by optimizing the com-
position and processing parameters.

Conclusions

One of the most severe sources of degradation in SOFC stacks
is associated with the metallic interconnect, and a protective coating
layer is necessary to address the durability issues related to the growth
of oxide scale and the evaporation of chromium. In this study, the
dense Mn1.5Co1.5O4 spinel protective coating was successfully fabri-
cated by optimizing the powder synthesis, coating and heat-treatment
techniques. In particular, the intermediate reduction process at the
elevated temperature remarkably improved the density of the coating
layer without damaging the metallic substrate. The dense protective
coating effectively reduced the growth rate of the oxide scale and
the evaporation of chromium-containing species. In this paper, the
coating was applied by screen printing, which can only be used on
flat or nearly flat surfaces, while the practical SOFC interconnects
are complex-shaped with grooves and tilted surfaces. Therefore, our
forthcoming paper will focus on developing the processing technique

to uniformly cover the practical SOFC interconnect with the dense
protective coating and evaluating the stability of the metallic inter-
connect in the SOFC stack configuration.
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