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a b s t r a c t

CoFe2O4 has been demonstrated as a potential spinel coating for protecting the Cr-containing ferritic
interconnects. This spinel had an electrical conductivity of 0.85 S cm−1 at 800 ◦C in air and an average
coefficient of thermal expansion (CTE) of 11.80 × 10−6 K−1 from room temperature to 800 ◦C. A series of
Co–Fe alloys were co-deposited onto the Crofer 22 APU ferritic steel via electroplating with an acidic
chloride solution. After thermal oxidation in air at 800 ◦C, a CoFe2O4 spinel layer was attained from the
eywords:
oFe2O4 spinel
onductive coating
etallic interconnect

olid oxide fuel cell

plated Co0.40Fe0.60 film. Furthermore, a channeled Crofer 22 APU interconnect electrodeposited with a
40-�m Co0.40Fe0.60 alloy film as a protective coating was evaluated in a single-cell configuration. The
presence of the dense, Cr-free CoFe2O4 spinel layer was effective in blocking the Cr migration/transport
and thus contributed to the improvement in cell performance stability.

Published by Elsevier B.V.

lectroplating
hromium migration

. Introduction

Solid oxide fuel cells (SOFCs) have recently attracted tremen-
ous interest because of their high efficiency, low pollution
mission, and relatively flexible fuel choice. Recent progress in the
evelopment of planar intermediate-temperature SOFCs has made

t possible to use metallic alloys as the interconnect material [1–9].
everal chromia-forming ferritic stainless steels, such as Crofer 22
PU, UNS 430 and ZMG 232 are particularly promising, as they offer

he advantages of low raw material cost, excellent formability, high
lectrical and thermal conductivity, decent oxidation resistance,
nd thermal expansion match with adjacent cell components. How-
ver, there are two major challenges associated these ferritic alloys,
ncluding electrical resistance increase over time due to continuous
xidation at elevated temperatures and evaporation/migration of
he Cr species from the interconnect alloy into the cathode, both of
hich lead to severe degradation in cell performance.

Protective and conductive oxide coatings have been proposed
o reduce the Cr volatilization of the Cr-containing interconnect

lloys by acting as a barrier for Cr migration/transport. Perovskite
oating materials, such as (LaSr)CoO3, (LaSr)CrO3, (LaSr)MnO3,
ave been studied extensively and overall they are not very
ffective because of diffusion of chromium through the coat-

∗ Corresponding author. Tel.: +1 931 372 3186; fax: +1 931 372 6340.
E-mail address: jzhu@tntech.edu (J.H. Zhu).

378-7753/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.jpowsour.2009.12.011
ings and potential formation of thick interfacial reaction layers
[7,10–12]. Several conductive spinel coatings, such as MnCo2O4,
Mn1.5Co1.5O4, (Cu,Mn)3O4, etc. were found to be more promising
to block Cr migration [13–16]. A number of coating techniques have
been utilized to synthesize the spinel coatings, including sputter-
ing, plasma spray, air spray, reactive slurry coating, electroplating
followed by thermal oxidation, etc.

Among the various proposed coating techniques, electroplat-
ing of a metal or alloy precursor layer on the interconnect alloy
followed by in situ oxidation at typical SOFC operating tempera-
ture to thermally convert the precursor layer into a spinel coating
is a simple and cost-effective approach, which can be utilized to
coat almost any surface geometry with simple surface preparation.
For example, a cobalt layer electroplated on the UNS 430 stain-
less steel was thermally oxidized to form Co3O4 which reacted
with Fe and Cr to achieve a surface layer of mixed spinels [17,18].
While this layer could significantly retard Cr evaporation, the Cr
volatility problem was not completely eliminated, as Cr was still
present in the spinels. Conductive spinels coatings of (Cu,Mn)3O4,
(Co,Mn)3O4, and (Cu,Fe)3O4 were also synthesized on the surface
of Fe–Cr stainless steels by electroplating the Cu, Mn and Fe lay-
ers in different bath solutions, followed by thermal conversion of
the plated layers into corresponding spinels [19–21]. Due to sig-

nificant difference between the standard electrode potentials of
Co2+/Co (−0.28 VSCE) and Mn2+/Mn (−1.18 VSCE), it is difficult to
electrodeposit the Mn–Co alloys, even though limited success has
been reported with DC or pulse plating method [22–24]. Com-
pared with Mn2+/Mn, the standard electrode potential of Fe2+/Fe

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jzhu@tntech.edu
dx.doi.org/10.1016/j.jpowsour.2009.12.011
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Table 1
Bath concentration and sacrificial anode composition for electrodeposition of the CoxFe1−x alloy film. The bath temperature was 65–70 ◦C, the bath pH was 1.70–2, and the
plating current density was 20 mA cm−2.

Bath-1 Bath-2 Bath-3 Bath-4 Bath-5

CoCl2 (M) 0.3 0.5 0.6 0.8 1.0
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3.1. Electrical conductivity and CTE of CoFe2O4

The temperature dependence of the electrical conductivity for
the CoFe2O4 spinel in air is shown in Fig. 2. A nearly linear
relationship between ln(�T) and 1/T was observed above 650 ◦C.
FeCl2 (M) 1.2 1.0
CaCl2 (M) 1.0 1.0
l-Ascorbic acid (M) 0.05 0.05
Anode composition Co0.33Fe0.67 Co0.40Fe0.60

−0.44 VSCE) is relatively close to that of Co2+/Co; therefore, co-
eposition of the Co–Fe alloy via electroplating is more feasible
nd controllable. Indeed, the Co–Fe alloy thin films (<5 �m) pre-
ared by electrodeposition was extensively studied in the past due
o their wide range of applications in magnetic devices. Accord-
ng to the previous works [25,26], the Co–Fe alloy composition can
e readily controlled via adjustment of the electroplating solution
oncentration.

In this work, the potential of the CoFe2O4 spinel coating for
rotecting the ferritic interconnect was assessed via measurement
f its electrical conductivity and coefficient of thermal expansion
CTE). Electroplating of a series of CoxFe1−x alloy layer on Crofer
2 APU steel and thermal conversion of the Co0.4Fe0.6 alloy layer

nto a CoFe2O4 spinel coating were also demonstrated. The effect
f the electroplated Co0.4Fe0.6 layer on the performance of the Cro-
er 22 APU interconnect was evaluated by cell testing using an
node-supported cell with the La0.8Sr0.2MnO3−� (LSM) cathode.

. Experimental

The CoFe2O4 spinel powder was prepared by solid-state reac-
ion. The appropriate amounts of Fe2O3 (Sigma–Aldrich, 99.999%)
nd Co3O4 (Sigma–Aldrich, 99.995%) powders were thoroughly
ixed, pressed into pellets, and then calcined at 1000 ◦C. The

eacted pellets were crushed and re-ground, followed by ball-
illing for 0.5 h. The ball-milled powder with 0.5 wt.% PVB was

ressed into rectangular bars (34 mm × 7 mm × 6 mm) at an applied
tress of 75 MPa, followed by sintering at 1300 ◦C for 10 h to
chieve ≥ 92.0% relative density. X-ray diffraction (XRD) was car-
ied out using Cu K� radiation to verify the phase structure. The
lectrical conductivity was measured by the standard four-probe
C method in air from 500 to 1000 ◦C. The average CTE was
easured in air from room temperature to 800 ◦C with an Anter

ilatometer (1700 Universal, Anter Corporation).
A number of rectangular samples (about 12 mm × 12 mm ×

mm) were cut from the Crofer 22 APU sheet and polished with sil-
con carbide papers up to 600 grit. The coupons were ultrasonically
leaned with distilled water and acetone. Before electroplating, the
oupons were pickled in 10% hydrochloric acid for 10 min. Acidic
hloride solutions with different compositions were employed for
lating to attain the CoxFe1−x alloy layers with different ratios of
o and Fe, as named Bath-1 to -5. The bath solution details and
lating conditions are shown in Table 1. Note that different cast
lloys with composition identical to the targeted plated layer were
mployed as the sacrificial anode to maintain the plating solution
oncentration.

The surface and composition of the CoxFe1−x alloy films in the
s-plated and oxidized (at 800 ◦C in air for 100 h) conditions were
xamined using a scanning electron microscope (SEM, FEI XL30)
ttached with an energy-dispersive spectroscope (EDS). The phase
tructure of the Co0.40Fe0.60 alloy plated interconnect were also

etermined by XRD before and after cell testing.

For cell testing, a Crofer 22 APU sheet (3.0 mm thick) was
achined into a current collector (interconnect) with channels to

llow for air flowing to the cathode, as illustrated in Fig. 1. The inter-
onnect substrate was electroplated using the same parameters for
0.4 0.2 –
1.0 1.0 1.5
0.05 0.05 0.05
Co0.60Fe0.40 Co0.80Fe0.20 Pure Co

the Co0.40Fe0.60 alloy coating on the rectangular coupon. The cur-
rent efficiency in electroplating (the percentage of the total current
usefully employed for the cathodic deposition of the alloy film) was
around 93% under such plating conditions.

The anode-supported single cell consisted of a 1.0-mm porous
NiO-YSZ (yttria-stabilized zirconia) anode substrate as support, a
10-�m NiO-YSZ anode function layer, a 8-�m thin YSZ electrolyte
layer, a 15-�m LSM-YSZ cathode interlayer, and a 50-�m LSM cur-
rent collector. Note that NiO in the anode support and functional
layer would be reduced to Ni during cell testing. The diameter of
the anode and electrolyte assemble was 25 mm, the diameter and
active area of the LSM cathode were 18 mm and 2.5 cm2, respec-
tively.

The button cell assembly was sealed onto an Al2O3 tube using
the Al2O3 paste (Aremco Products, Inc.). Ni mesh and paste were
used as anode current collector. The bare and Co0.40Fe0.60-plated
Crofer 22 APU interconnects spot-welded with Pt wires were com-
pressed onto the cathode using 10 psi pressure. For the baseline
testing, Ag mesh and paste were used as cathode current collector,
while Pt paste was used as a contact material for cell testing with
channeled interconnects. The assembled cells were placed inside
a furnace and heated to 800 ◦C in 2.5 h with H2 + 3% H2O on the
anode side and air on the cathode side. The flow rates of H2 and air
were 50 and 500 ml min−1, respectively. The cells were operated at
a constant voltage of 0.7 V using an electronic load, with the cur-
rent recorded as a function of time using a digital multimeter. After
testing, the surface morphologies and cross-sectional views of the
interconnects and cells were also analyzed by SEM/EDS.

3. Results and discussion
Fig. 1. Schematic of the channeled Crofer 22 APU interconnect.
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Fig. 3. Surface morphologies of the electrodeposited film of (a) pure Co and (b)
Co0.40Fe0.60.
ig. 2. Arrhenius plot of the electrical conductivity of CoFe2O4 from 400 to 1000 ◦C.

he electrical conductivity of the CoFe2O4 spinel was 0.11 and
.85 S cm−1 at 600 and 800 ◦C, respectively, which is in good agree-
ent with the value reported by Ling and Petric (e.g. 0.83 S cm−1

t 800 ◦C) [27]. This value is lower than that of the (CuMn)3O4
nd (Co,Mn)3O4 spinels at 800 ◦C [28,29]. However, it is accept-
ble for the metallic interconnect protection layer, which is usually
elatively thin, within 1–50 �m in thickness.

Also, the average CTE of the CoFe2O4 spinel was determined to
e 11.8 × 10−6 K−1 from room temperature to 800 ◦C, which was
lose to that of the ferritic stainless steels such as Crofer 22 APU,
MG 232, and E-Brite [30]. Apparently, both electrical conductiv-
ty and CTE of the CoFe2O4 spinel are adequate for it to be used as
n alternative spinel protection coating for SOFC metallic intercon-
ects.

.2. Examination of the electrodeposited layer before and after
xidation

The surface morphologies of the electrodeposited layers from
he Bath-2 and Bath-5 are shown in Fig. 3. All the CoxFe1−x films
xhibited polyhedral crystallites with an average grain size of
0 �m except that the pure Co plated layer exhibited a mixture
f acicular and polyhedral crystallites. The effects of deposition
emperature, solution pH and L-ascorbic acid on the Co–Fe film

orphology and crystal structure were studied by Park et al.
25]. According to their results, the size of polyhedral crystallites
ncreased as the deposition temperature increased from 23 to 70 ◦C,

ith the polyhedral crystallite size of about 5 �m achieved for solu-
ion pH of 0.3–1.5 at 70 ◦C. Obviously, a larger crystallite size was
btained for our plated CoFe layer, which might be related to the
hicker deposit layer for our samples.

The composition of the plated layer attained from different bath
olutions, as determined by EDS, was plotted as a function of the
o:Fe ratio (atom) in the bath solution in Fig. 4. Clearly, it is rel-
tively easy to achieve a desired alloy concentration by choosing
he appropriate Co:Fe ratio in the bath solution. This linear behav-
or in the co-deposition of Co2+ and Fe2+ was also observed in the
revious studies [26,31]. A cross-sectional view and EDS line scan
f the Crofer 22 APU coupon with the electrodeposited Co0.4Fe0.6

lloy film are shown in Fig. 5(a) and (b), respectively. No crack or
eel-off was observed in the plated layer. The plated layer was also
ery dense and uniform in thickness (around 40 �m) according to
he surface morphology and cross-section view. The Co content of
he plated Co–Fe alloy film was very uniform across the sample

Fig. 4. The Co content in the electrodeposited CoxFe1−x layer as a function of the
Co:Fe ratio in the bath solution.
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from 30 to 180 h.
From the baseline shown in Fig. 7, the typical initial “burn-in”

of the LSM cathode was observed; after about 20-h cell opera-
tion, an essentially constant power density of around 490 mW cm−2

was maintained. Such “burn-in” behavior has been reported for
ig. 5. Cross-sectional view (a) and EDS line scan (b) of the electrodeposited
o0.40Fe0.60 alloy film. Note that the Cu layer was added for improving the edge
etention of the sample.

ecause the bath solution was relatively stable with the use of the
acrificial Co0.40Fe0.60 alloy as anode. Furthermore, the utilization
f the Co–Fe alloy as the anode could avoid the formation of Fe(III)
n the solution, as would be the case with platinum anode. The
RD spectrum of the electrodeposited Co0.40Fe0.60 alloy, as shown

n Fig. 6(a), indicates that the deposited Co0.40Fe0.60 layer had the
ody-centered cubic (BCC) structure with the (1 1 0) preferred ori-
ntation, consistent with the earlier studies [25,26,31].

The surface composition of the oxidized CoxFe1−x layer, as deter-

ined by EDS, is shown in Table 2. According to the Co:Fe ratio in

he surface oxide shown in Table 2, only the composition of the sur-
ace oxide formed from the Co0.4Fe0.6 layer was close to CoFe2O4.
he XRD pattern taken on the oxidized surface of the Co0.40Fe0.60-

able 2
DS analysis results of the oxidized surfaces of the bare and plated Crofer 22 APU
oupons after oxidation in air at 800 ◦C for 100 h (in at.%).

O Cr Mn Fe Co

Pure Co 51.6 – – 1.4 47.0
Co0.80Fe0.20 50.0 – – 4.0 46.0
Co0.60Fe0.40 48.2 – – 30.9 20.9
Co0.40Fe0.60 46.4 – – 35.9 17.6
Co0.33Fe0.67 50.6 – – 33.3 16.1
Bare substrate 38.4 36.4 13.5 11.7 –
Fig. 6. XRD spectra of the Co0.40Fe0.60 alloy film deposited on Crofer 22 APU: (a)
as-deposited, and (b) after oxidization for 10 h in air at 800 ◦C.

plated coupon, as shown in Fig. 6(b), further confirms that the oxide
scale thermally grown after exposure to air at 800 ◦C for 20 h was
mainly the CoFe2O4 spinel phase with a small mount of Fe3O4.
Therefore, the Co0.40Fe0.60 layer was selected to act as a protective
coating for the Crofer 22 APU interconnect for additional in-cell
testing.

3.3. Cell performance with bare and Co0.40Fe0.60-plated
interconnects

The results of the button cell tests are given in Fig. 7, where the
power density versus time was plotted for the cells with Ag mesh,
bare and Co0.40Fe0.60-plated Crofer 22 APU attached to the cathode,
respectively. The baseline was conducted using the cell with the
Ni and Ag meshes as anode and cathode current collector, respec-
tively; the cell testing was terminated after 180-h cell operation,
as the power density was very stable with a negligible degradation
Fig. 7. Performance stability of the single cells with the bare and Co0.40Fe0.60-plated
Crofer 22 APU interconnects. The baseline data from a single cell with Ag mesh/paste
cathode current collector was also included for comparison.
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interconnect. The cell performance stability was improved signifi-
cantly with the plated Co0.40Fe0.60 layer on the interconnect, as the
Cr evaporation/migration from Crofer 22 APU to the cathode was
effectively blocked due to the presence of the converted CoFe2O4
spinel coating layer.

Table 3
EDS analysis of Cr content (wt.%) in the LSM cathode operated with the bare and
Co0.40Fe0.60-plated Crofer 22 APU alloy interconnects, respectively. The analysis was
conducted on the selected areas as indicated in Fig. 8.
ig. 8. SEM images of the cross-section of the Ni-YSZ/YSZ/LSM-YSZ/LSM cells after 30
rofer 22 APU as interconnects, respectively.

he cell with the Pt mesh and paste as current collector as well,
hich was related to the LSM cathode material as well as the sin-

ering/migration of Pt particles [22,32]. The cells with bare and
o0.40Fe0.60-plated interconnects were operated for about 300 h.
hese cells exhibited similar power densities at the beginning of
he tests, 295 and 243 mW cm−2, respectively, which were around
0% lower than that of the cell with Ag mesh/paste as cathode cur-
ent collector due to the fact that the contacting area between the
nterconnect and LSM cathode is half of that with Ag mesh/paste.
he cell with the bare Crofer 22 APU interconnect exhibited sig-
ificant decrease in power density in the first 4 h. Afterwards,
he performance degradation slowed down with a relatively con-
tant degradation rate; the power density decreased from 176 to
40 mW cm−2 during the remaining operation. The quick drop in
ell performance at the beginning stage of our test is probably
ue to that the evaporated CrO3 or Cr2(OH)2O6 was reduced at
he electrochemical active sites, thus blocking the oxygen reac-
ion sites and leading to the rapid increase in both charge-transfer
esistance and surface diffusion resistance of the LSM cathode
24,33]. The decrease in cell performance then slowed down and
chieved a constant degradation rate of ∼3 × 10−4 W cm−2 h−1 for
he last 100 h, likely due to additional Cr transport as well as
he ohmic resistance increase with continuous oxidation of the
nterconnect.

The performance of the cell with the Co0.40Fe0.60-plated inter-
onnect exhibited a more drastic initial “burn-in”, followed by
table performance at around 430 W cm−2, slightly lower than
he baseline. The stability in cell performance is likely due to
he effectiveness of the CoFe2O4 spinel coating in blocking the Cr
ransport to the cathode. An unexpected furnace power outage dis-
upted the test temporarily at 100 h; however, the power density
f the cell still was around 420 mW cm−2 after 310-h operation.
he degradation rate of the cell with the Co0.40Fe0.60-plated Cro-
er 22 APU interconnect was about 3 × 10−5 W cm−2 h−1 for the
ast 100 h, which is approximately an order of magnitude lower
han that of the cell with the bare interconnect. More importantly,
he Co0.40Fe0.60 coating provided an initial increase in power den-
ity rather than the sharp decrease displayed by the cell with bare
nterconnect. This is most likely due to the blockage of Cr diffusion
rom the interconnect alloy to the cathode with the presence of the
ense Co0.40Fe0.60 alloy layer and its subsequent conversion to a

r-blocking CoFe2O4 spinel layer.

In order to provide further understanding regarding the differ-
nt cell performances with the coated and uncoated interconnects,
he cross-sections of the tested cells were analyzed by SEM/EDS.
ig. 8(a) and (b) shows the SEM images of the cross-sections of
ability testing in air at 800 ◦C using (a) bare Crofer 22 APU; and (b) Co0.40Fe0.60-plated

the single cells using bare and Co0.40Fe0.60-plated Crofer 22 APU
interconnects after around 300-h stability testing at 800 ◦C. From
Fig. 8(a) and (b), the Pt deposits (as confirmed by EDS) were clearly
observed on the interface between the YSZ electrolyte and the cath-
ode for the cells with both the bare and coated interconnects. The
migration or deposition of Pt to the cathode–electrolyte interface
can potentially catalyze the oxygen reduction reaction, which could
lead to the cell performance increase during the initial cell test-
ing. Similar result was reported in an earlier study by Simner et al.
[32].

Significant differences in Cr distribution throughout the cell
structures were observed for the cells with different interconnects.
Table 3 lists the Cr content in the different regions of the test cells as
indicated in Fig. 8. After 300-h operation at 800 ◦C, a maximum Cr
content was found at the interface between the YSZ electrolyte and
the LSM-YSZ cathode for the single cell with the bare Crofer 22 APU
interconnect. However, near the interface between the cathode
and LSM current collector region (i.e. Region 4), a relatively low Cr
content was detected compared to that at the electrolyte/cathode
interface, implying that the Cr poisoning was from Cr evapora-
tion rather than a solid-state diffusion. Similar Cr distribution was
observed in the LSCF/YSZ half cell using a bare E-brite alloy as inter-
connect [18]. Taniguchi et al. [34] also observed Cr2O3 deposition at
the cathode/electrolyte interface when a LSM cathode was in con-
tact with various Cr-containing alloys and compounds; the deposits
resulted in significantly reduced cathode activity. For the single
cell with the Co0.40Fe0.60-plated Crofer 22 APU interconnect, the
Cr content in the cathode side gradually increased from the YSZ
electrolyte to the LSM current collector layer. But the maximum
Cr content in the cathode was still lower than the minimum Cr
content detected in the cathode of the single cell with the bare
Interconnect Cr content (wt.%)

Region #1 Region #2 Region #3 Region #4

Bare alloy 0.19 1.62 1.42 0.51
Plated alloy 0.15 0.34 0.37 0.42
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interconnect due to the thicker oxide scale and the presence of a
porous middle layer for the plated interconnect. In the contrast, the
power density of the single cell with the plated interconnect was
much higher than that with the bare interconnect. Since a larger
amount of Cr species deposit was found at the electrolyte/cathode
ig. 9. Surface morphology (a), cross-sectional view (b), and EDS line scan (c) of the
xide scale formed on the bare interconnect after cell testing at 800 ◦C.

.4. Surface morphology and structure of the thermally grown
xide scale

The surface morphology and cross-sectional analysis of the
xide scale formed on the bare and Co0.40Fe0.60-plated steel inter-
onnects after cell testing are shown in Figs. 9 and 10, respectively.
s shown in Fig. 9(a), some coarse octahedral spinel crystallites
ere embedded in the fine scale matrix for the bare Crofer 22

PU interconnect, similar to the results reported by Yang et al.

35]. Fig. 9(b) is the cross-sectional view of the oxide scale, while
he corresponding EDS line scan is given in Fig. 9(c). It can be
een that a duplex oxide scale consisting of a Cr2O3 inner layer
nd a (Mn,Cr,Fe)3O4 outer layer was thermally grown on the bare
rces 195 (2010) 3605–3611

substrate, as expected for Crofer 22 APU exposed to the cathode
environment [35].

As shown in Fig. 10(a), the oxide scale on the Co0.4Fe0.6-plated
steel surface was quite dense and compact. From Fig. 10(b) and (c),
the oxide scale thermally grown on the plated interconnect com-
prised a 50-�m Cr-free CoFe2O4 spinel outer layer, a thin Cr2O3
inner layer, and a porous 8-�m Co-rich Mn–Fe–Cr–Co–O mixed
oxide layer in between. The composition of the outer spinel layer
was relatively uniform from the surface to the porous middle layer;
no Cr and Mn could be detected in this layer, implying that the
Co0.40Fe0.60 precursor alloy film could quickly and effectively be
converted to CoFe2O4 in the SOFC cathode environment.

From the comparison of the cross-sections of the plated and
bare interconnects, it is expected that the area-specific resistance
of the unplated interconnect should be lower than that of the plated
Fig. 10. Surface morphology (a), cross-sectional view (b), and EDS line scan (c) of
the oxide scale formed on the plated interconnect after cell testing at 800 ◦C.
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nterface for the cell with the bare interconnect, the electrochem-
cal active sites near the interface was more severely deactivated
y the Cr species. Thus, Cr poisoning probably is a more important
actor than the conductivity of the oxide scale in controlling the cell
erformance for these cells.

While a relatively thick oxide scale was formed on the plated
nterconnect, there was no signs of scale spallation after 300-h cell
esting except near the edge of the interconnect channel, as a result
f the excellent match in CTE of the CoFe2O4 spinel outer layer
ith the substrate alloy as well as the absence of severe thermal

ycling. The adhesion of the coating might be further improved by
he use of a thinner Co–Fe alloy layer, interdiffusion annealing of
he plated interconnect after electrodeposition in a reduced envi-
onment, and/or controlled conversion treatment to form the spinel
ayer.

The combined results of cell testing and cross-sectional analysis
uggest that Cr migration/transport could be effectively blocked
y the formation of a dense, Cr-free CoFe2O4 spinel layer ther-
ally converted from the electrodeposited Co0.40Fe0.60 alloy on the

erritic steel, thus improving the cell performance stability in the
resence of a Cr-containing interconnect alloy.

. Conclusions

The electrical conductivity and CTE of the CoFe2O4 spinel were
easured in air at typical SOFC operating temperatures. These

esults suggest that CoFe2O4 is a potential protective coating spinel
or the Cr2O3-forming stainless steel interconnects. The CoFe2O4
pinel coating could be attained by oxidizing the co-deposited
o0.40Fe0.60 alloy film at 800 ◦C in air. Furthermore, in cell test-

ng the channeled Crofer 22 APU interconnect with the plated
o0.40Fe0.60 alloy film resulted in much higher cell performance
nd lower degradation rate than the bare interconnect due to the
ormation of a Cr-free CoFe2O4 spinel layer during cell testing. Elec-
rodeposition of an alloy precursor layer followed by its thermal
onversion to conductive spinel layer in the SOFC cathode envi-
onment provides an alternative way for fabricating electrically
onductive, Cr-blocking spinel coating onto the Cr-containing fer-
itic steel interconnect.
cknowledgements
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