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Abstract In solid oxide fuel cells (SOFCs) the inter-
connects electrically link air and fuel electrodes on either
side to produce a practical electrical power output. The
long-term stability of intermediate temperature (650–
800 �C) SOFC operation strongly depends on the com-
position of the ferritic steel interconnection material and
the steel/ceramic interface. During high-temperature
operation the Cr-containing ferritic steel forms an oxide
scale at its surface, thereby causing high ohmic electrical
contact resistance when connected to the surface of an
electronically conducting ceramic cathode material. In
the long run, the vaporization of Cr species from these
oxide scales also affects the cathode activity, eventually
leading to cell deterioration. One way of overcoming the
problem is to incorporate another electronically con-
ducting ceramic compliant layer, commonly known as
the contact layer, between the cathode and metallic in-
terconnect. In this contribution, LaNi0.6Fe0.4O3 was
tested as a cathode contact material. Its performance at
800 �C in the form of a �50 lm thick film applied on
two ferritic steel compositions was examined.
After 600 h of testing, contact resistances of 60 and
160 mW cm2 were obtained. The different values are
explained by the variation in steel composition.

Keywords Solid oxide fuel cell Æ Ferritic steel inter-
connect Æ Lanthanum nickel ferrite Æ Contact resistance

Introduction

Given that a single solid oxide fuel cell (SOFC) only
produces less than one volt, individual cells are usually
stacked together, anode-to-cathode, to produce a more
substantial voltage as electrical output from the SOFC
device during operation at high temperature. Thus an
interconnect material is used to connect the anode of
one cell to the cathode of another. The interconnect
must be electrically conducting, gastight and have a
matching thermal expansion coefficient (TEC) to that
of the other cell components [1, 2]. Both ceramic
(doped LaCrO3) and metal interconnects are used by
SOFC developers, depending on the particular cell
design and stacking concept. However, for intermedi-
ate-temperature (650–800 �C) operation, low-cost fer-
ritic steel interconnects are now being widely used [3, 4,
5], though problems due to poor electrical contacts
between metallic interconnects and electrodes are
reported in the literature [6, 7]. Normally, these steels
are high Cr-containing steels (>20 wt%). The presence
of Cr in the ferritic steel composition forms a very thin,
electronically poorly conductive chromia scale on the
surface of the interconnect, which in principle should
prevent further oxidation of the metal interconnect
while the fuel cell is operating at high temperature
(>650 �C) in an oxidizing atmosphere. In addition to
the increase in ohmic contact resistance, the vaporiza-
tion of chromium oxyhydroxides [8] from these oxide
scales during operation also affects the catalytic activity
of the cathode and causes cell degradation. One of the
ways of overcoming such a problem is to incorporate
compliant layers on both the anode and cathode side
[2]. As these coatings protect the interconnects, they are
also termed contact or protective layers. The contact
materials must have high electrical conductivity,
matching thermal expansions, and chemical stability,
particularly with respect to the electrodes to be con-
nected and the interconnect. Normally, on the fuel side
(anode), the contact is made of a nickel mesh that is
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welded to the metallic interconnect. On the oxidant side
(cathode), a thick film is deposited which is normally a
perovskite (e.g. LaCoO3 [9]). Recently, a variety of
such cathode contact layers have been reported in the
literature [10, 11, 12, 13, 14, 15].

In this paper, LaNi0.6Fe0.4O3 (LNF) [16] was tested
as a cathode contact material. According to Chiba et al.
[16], the series LaNi1–xFexO3 has an orthorhombic or
hexagonal perovskite structure at room temperature
when x>0.5 or x=0.4, respectively. For x<0.4, two-
phase mixtures were observed [16]. The performance of
LNF thick films applied on two ferritic steel composi-
tions was evaluated at 800 �C.

Experimental

In the present investigation, two model ferritic steel compositions,
FeCr(Mn) and FeCr(Mn,La,Ti) [10], were used. The only difference
between the two is the addition of small amounts of reactive ele-
ments (La and Ti). The LNF powder was prepared by the citrate-
nitrate gel technique [17]. In this technique, a gel is formed from the
mixed metal nitrate solutions in the presence of citrate. The mixture
of nitrates and citrate was then finally ignited as a result of the
thermally induced oxidation-reduction reaction. Upon calcination
at 700 �C for 3 h in air, the ash obtained from the ignition yields
the desired powder. Further grinding in a planetary mill under
ethanol for about a day produces ultra-fine powder having a mean
particle size of d50�0.3 lm. A screen-printing paste was prepared
using this ultra-fine powder together with ethyl cellulose and ter-
pineol as binder and solvent, respectively. This paste was then
applied by screen printing on the polished and cleaned surfaces of
the above-mentioned two steel compositions. The thickness of the
particulate films was about 50 lm. The samples were placed inside
a furnace and maintained at 800 �C in air. At this temperature,
sintering of the powder particles is very limited, although the
preparation route yields fine powders. Therefore the porosity of the
ceramic coating is typically in the range of 40–55% and the effective
contact area is approximately half of the geometrical size of the
samples.

The procedure for electrical and microstructural characteriza-
tions was the same as described elsewhere [10]. The reproducibility
of the set-up for the contact resistance measurements was tested
prior to the work with other ceramic materials and an experimental
error of 10–15% was found.

Crystalline phase analysis was carried out using a Siemens
D5000 diffractometer using Cu Ka radiation. Thermal expansion
measurements on the materials listed in Tables 1 and 2 were carried
out with a Netzsch DIL 402C dilatometer. The ceramic and me-
tallic samples were measured in air and in dried argon flowing
through two powder columns of Sicapent (Merck), respectively.
Sample preparation and further experimental details were previ-
ously reported elsewhere [18, 19].

Results and discussion

The XRD pattern of the as-calcined LNF powder is
shown in Fig. 1 (bottom). The large peaks correspond to
a rather disordered perovskite, whereas the other
broader reflections tentatively can be related to NiO and
La2NiO4-type structures. Already after heat treatment at
800 �C only perovskite reflections are visible. However,
the material consists of a mixture of mainly a hexagonal
perovskite and minor amounts of an orthorhombic
perovskite (only visible in Fig. 1 as shoulders on the left-
hand side of the hexagonal reflections). Sintering at
900 �C yields a single-phase hexagonal LNF powder
[16]. The lattice parameters measured on powder sin-
tered at 1400 �C (the pattern is the same as the one
measured after sintering at 900 �C as shown in Fig. 1)
gave a=5.504(2) Å and c=13.246(5) Å.

Table 1 Comparison of electrical conductivities of LNF, LSM and
LaCoO3 at 700, 800 and 900 �C

Material r at
700 �C
(S cm–1)

r at
800 �C
(S cm–1)

r at
900 �C
(S cm–1)

LaNi0.6Fe0.4O3 (LNF) 313 305 297
La0.65Sr0.3MnO3 (LSM) 233 228 228
LaCoO3 [18] – 700 –

Table 2 TEC values of LNF, LSM, LaCoO3, FeCr(Mn) and
FeCr(Mn,La,Ti) between room temperature and different mea-
surement temperatures

Thermal expansion
coefficient (K–1)·10–6

700 �C 800 �C 900 �C

LaNi0.6Fe0.4O3 (LNF) 11.5 11.8 12.1
La0.81Sr0.19MnO3 (LSM) [19] – 10.8 –
La0.7Sr0.3MnO3 (LSM) [19] – 11.7 –
La0.65Sr0.3MnO3 (LSM) 12.4 12.5 12.6
LaCoO3 22.9 22.5 22.2
FeCr(Mn) 11.7 12.2 12.7
FeCr(Mn,La,Ti) 11.6 11.9 12.2

Fig. 1 XRD patterns of LNF after heat treatments at 700 �C for
3 h, 800 �C and 900 �C for 5 h (from bottom to top). The filled
circles and squares tentatively correspond to reflections of NiO and
La2NiO4, respectively; the open circles correspond to reflections of
an orthorhombic perovskite
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Figure 2 shows the electrical resistances of the ma-
terial combinations FeCr(Mn)/LNF and FeCr(Mn,La,-
Ti)/LNF as a function of time. The FeCr(Mn,La,Ti)/
LNF combination shows a low contact resistance, which
increases steadily with time during the investigated ex-
posure time. In contrast, the FeCr(Mn)/LNF combina-
tion starts at a higher resistance value but remains
constant after about 70 h at a level of 150 mW cm2. The
results after 600 h of continuous running reveal almost
negligible variations in contact resistance (Fig. 2). Re-
markably, the electrical conductivity and thermal ex-
pansion coefficient (TEC) values of LaNi0.6Fe0.4O3 are
very favorable compared to the two most commonly
used cathode contact materials of La1–x–ySrxMnO3

(LSM) and LaCoO3. Although LaCoO3 offers an ex-
cellent conductivity value (700 S cm–1 at 800 �C) [20], it
allows only limited thermal cycling because of its ex-

tremely high TEC value (>20·10–6 K–1) (Tables 1 and
2). On the other hand, LNF shows a perfectly matching
TEC with that of other cell components, including the
two steel compositions (Table 2), comparable with sto-

ichiometric LSM [21]. In addition, it offers a moderate
conductivity value (�300 S cm–1 at 800 �C), which is
significantly higher than that of LSM (Table 1). There-
fore, it is expected that when LNF is used as a cathode
contact layer its contact resistance change (with steel) is
primarily due to differences in the steel compositions.
For further clarification an extensive microstructural
investigation was performed on both FeCr(Mn)/LNF
and FeCr(Mn,La,Ti)/LNF after termination of 600 h of
continuous exposure at 800 �C.

Figure 3 shows the polished cross-sections of two
interfaces between FeCr(Mn)/LNF (left) and
FeCr(Mn,La,Ti)/LNF (right). In both cases a Cr2O3

layer with significant amounts of Mn was formed. The
amount of Mn detected by EDX analysis is as shown in
Fig. 4. As the manganese is a minor component in the
steel composition, the interface layer is therefore better
described as a Cr2O3/(Cr,Mn)3O4 corrosion scale [5, 10].
In addition, the FeCr(Mn,La,Ti) steel shows internal
oxidation due to the Ti and La doping. Since in both
cases the corrosion layer seems to be very similar, it is
very difficult to predict the reason for the different re-
sults in electrical resistance measurements. However, the
higher resistance and stable performance of FeCr(Mn)/
LNF might be caused by the absence of Ti and La in this
steel composition, leading to a more stable and crys-
tallographically more perfect corrosion scale, which
therefore shows higher resistance and effective protec-
tion against further corrosion. This result is also in good
agreement with the thickness of the interface layers
formed. A closer look indicates that in the case of
FeCr(Mn) the corrosion scale is slightly thinner than
that of FeCr(Mn,La,Ti) (Fig. 3). Both the elements (La
and Ti) formed their oxides during the experiment (long-
time exposure at 800 �C in air) and are also incorporated
in the corrosion scales as dopants, leading to defects in
the crystal lattice and therefore to lower resistances.
However, these defects increase the material transport
across the interface layers and may explain the minor
protection against corrosion causing the small and
steady increase in resistance due to ongoing scale
growth.

For better understanding of the occurring chemical
processes, an FeCr(Mn,La,Ti)/LNF sample was exposed
for 500 h at 800 �C and examined by XRD. After the
annealing time the contact layer was carefully scraped
off from the metal substrate and both the powder

Fig. 3 SEM images of the material combinations FeCr(Mn)/LNF
(left) and FeCr(Mn,La,Ti)/LNF (right) after exposure. Experimen-
tal conditions: T=800 �C, p(O2)=0.21 bar, t=600 h and
j=150 mA cm–2

Fig. 2 Electrical resistance of the material combinations
FeCr(Mn)/LNF (solid line) and FeCr(Mn,La,Ti)/LNF (dashed
line). Experimental conditions: T=800 �C, p(O2)=0.21 bar and
j=150 mA cm–2
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obtained and the remaining substance on the substrate
were separately analyzed. The obtained XRD patterns
are shown in Fig. 5 together with the initial powder
pattern of LNF (pattern a). Three significant changes in
the perovskite pattern (b) were observed: (1) the initial
hexagonal LNF transformed to an orthorhombic per-
ovskite; (2) the perovskite reflections shifted towards
smaller 2H values, i.e. the dimension of the unit cell
increased; (3) NiO was formed during the exposure.
Some small additional spinel peaks were observed, but
these reflections are much more intense in pattern (c) of
Fig. 5, i.e. the oxide scale composed of chromia and
spinel was strongly bonded on the metal substrate.

Furthermore, two aspects are interesting to note.
Firstly, the Ni distribution in the contact layer in both
material combinations is depleted towards the steel in-
terface. The consequences or the influence of Ni on the
resistance has not yet been explored in detail, but it
seems that the contact layer undergoes a chemical re-
action. Because chromium species are released from the
steel and the Cr2O3/(Cr,Mn)3O4 corrosion scale does not
act as a perfect barrier for these chromium species [8], it
is assumed that the perovskite is partially substituted by
chromium. This would explain, on the one hand, the
crystallographic changes of the material and, on the
other hand, the release of NiO. However, this reaction
scheme cannot be visualized within the resolution limit

of the element mappings in Fig. 4. Secondly, no layer of
alkaline-earth chromates is formed, as reported by sev-
eral authors [10, 12, 13, 15], owing to the avoidance of
such elements in the perovskite. Therefore the inter-
face seems to be thinner, denser and less vulnerable to

Fig. 4 SEM image (top left) and element mapping of the material
combinationFeCr(Mn)/LNF.Experimental conditions:T=800 �C,
p(O2)=0.21 bar,t=600 hand j=150 mA cm–2

Fig. 5 XRD patterns of (a) the initial LNF powder after
calcination at 800 �C (cf. Fig. 1); (b) the LNF powder after
annealing at 800 �C for 500 h on top of an FeCr(Mn,La,Ti)
substrate (open circles belong to orthorhombic perovskite structure,
filled circles to NiO and filled triangles to spinel structure); (c) the
remaining substance on the FeCr(Mn,La,Ti) substrate (open circles
and filled triangles as before; open squares belong to Cr2O3)
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thermal cycles in comparison with the severe interfacial
reactions observed by Malkow et al. [22, 23], who ex-
posed a commercial ferritic steel (X 10 CrAl 18) with Sr-
containing LNF at 800 �C for 300 h. They observed a
30 lm thick reaction zone instead of 1–2 lm for
FeCr(Mn)/LNF and 2–3 lm for FeCr(Mn,La,Ti)/LNF
(see Fig. 2 left and right, respectively). The reasons for
the very different corrosion behavior are, on the one
hand, the Mn content in the model steels forming a
Cr2O3/(Cr,Mn)3O4 corrosion scale (Fig. 4) which pro-
tects the perovskite from enhanced chromia contami-
nation [3, 5] and, on the other hand, the absence of
alkaline-earth elements in the perovskite preventing
chromate formation (as also happened in the case of X
10 CrAl 18 [22, 23]) as mentioned above, thus thermo-
dynamically and chemically stabilizing the perovskite
[24, 25].

Conclusions

The use of LaNi0.6Fe0.4O3 as a cathode contact layer for
SOFC shows promising performances while operating in
the cathodic configuration using two ferritic steel inter-
connects for about 600 h at 800 �C in an oxidizing at-
mosphere. Particularly, the presence of La and Ti in the
steel compositions might be effective when LNF is used
as a protective coating. However, further long-time ex-
posures (more than the 600 h in the experiment) are
necessary to observe the contact resistance behavior in
depth. Probably minor compositional changes in the
steel interconnect may give even better results in order to
achieve the optimum material combination between the
ceramic and the steel. The avoidance of alkaline-earth
elements in the contact material seems to be the right
way to proceed.
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