Journal of the Korean Ceramic Society
Vol. 52, No. 5, pp. 344~349, 2015.

http://dx.doi.org/10.4191/kcers.2015.52.5.344

Lanthanum Nickelates with a Perovskite Structure as Protective Coatings
on Metallic Interconnects for Solid Oxide Fuel Cells

Nurhadi S. Waluyo***, Beom-Kyeong Park*, Rak-Hyun Song*, Seung-Bok Lee*,
Tak-Hyoung Lim*, Seok-Joo Park*, and Jong-Won Lee***"

*New and Renewable Energy Research Division, Korea Institute of Energy Research, Daejeon 34129, Korea
**Department of Advanced Energy and Technology, Korea University of Science and Technology (UST), Daejeon 34113, Korea

(Received July 29, 2015; Revised August 22, 2015; Accepted August 24, 2015)

ABSTRACT

An interconnect is the key component of solid oxide fuel cells that electrically connects unit cells and separates fuel from oxidant in the adjoining
cells. To improve their surface stability in high-temperature oxidizing environments, metallic interconnects are usually coated with conductive oxides.
In this study, lanthanum nickelates (LaNiO,) with a perovskite structure are synthesized and applied as protective coatings on a metallic interconnect
(Crofer 22 APU). The partial substitution of Co, Cu, and Fe for Ni improves electrical conductivity as well as thermal expansion match with the Cro-
fer interconnect. The protective perovskite layers are fabricated on the interconnects by a slurry coating process combined with optimized heat-treat-
ment. The perovskite-coated interconnects show area-specific resistances as low as 16.5 - 37.5 m Q-cm” at 800°C.
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1. Introduction

S olid oxide fuel cells (SOFCs) have been considered prom-
ising energy conversion systems with potential advan-
tages over low-temperature fuel cells (e.g., polymer elec-
trolyte membrane fuel cells), including fast electrode kinet-
ics, high tolerance to catalyst poisons, and fuel flexibility.”
In an SOFC stack, an interconnect electrically connects unit
cells and separates fuel from oxidant in the adjoining cells.>?
The key material requirements for SOFC interconnects
include the following:® (i) high electronic conductivity but
negligible ionic conductivity; (iz) high chemical/structural
stability in a dual atmosphere; (iiz) high density (low poros-
ity) to ensure separation between fuel and oxidant; (fv) coef-
ficients of thermal expansion compatible with those of other
SOFC components; and (v) low material/fabrication cost.
Among various metallic alloys under development, ferritic
stainless steels have been the materials of choice for SOFC
interconnects.” However, chromia (Cr,0,) scales with very
low electrical conductivity are known to grow continuously
during SOFC operations, leading to a considerable increase
of interfacial resistance.®® In addition, several studies have
reported severe degradation of cathodes in the presence of
metallic interconnects; this degradation is caused by evapo-
ration of gaseous Cr species from the chromia scales, fol-
lowed by electrochemical reduction on the active sites of
cathodes (i.e., Cr poisoning).'*'?
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Surface modification of metallic interconnects with con-
ductive oxide coatings is a practical solution to mitigate the
problems mentioned above. Some spinel-type metal oxides
based on Mn and Co are known to possess the capability to
reduce the growth rate of chromia scales and to inhibit Cr
migration from the chromia-rich layer toward the cathode
at high temperatures.'®'¥ Furthermore, mixed metal oxides
with perovskite structure are considered promising coating
materials for metallic interconnects because they exhibit
high electrical conductivity and good thermal expansion
match as well as high chemical/structural stability under
typical SOFC operating conditions. To date, much research
has focused on lanthanum manganites (LaMnO,) doped
with Sr and other elements; these materials have high elec-
tronic conductivity but relatively low oxygen permeability.”*'”
Recently, Choi et al.'® and Ni et al.' investigated per-
ovskite-type lanthanum nickelates (LaNiO,) as protective
coatings on metallic interconnects; they demonstrated that
LaNiO,-coated interconnects show resistances lower than
those of LaMnO,-coated interconnects. In addition to the
high intrinsic conductivity of LaNiO,, the interdiffusion
reaction between Ni (in LaNiO,) and Mn (in Mn-containing
Cr,0,) has been proposed to be responsible for the reduced
resistivity of interfacial chromia scales.*”

In this work, LaNiO, perovskites, in which different cat-
ions were substituted for parts of Ni, were synthesized and
applied as protective coatings on metallic interconnects for
SOFCs. Nano-sized perovskite oxides were prepared by the
Pechini method using citric acid. Structural, electrical, and
thermal expansion properties of the synthesized materials
were determined using various analytical tools. Perovskite
coatings were fabricated on a metallic interconnect (Crofer
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22 APU) using a slurry dip-coating process combined with
optimized heat-treatment; then, the area-specific resis-
tances of the coated interconnects were determined in an air
atmosphere at various temperatures.

2. Experimental Procedure

2.1. Material synthesis and sintering

The precursors used for the preparation of pure and doped
LaNiO, powders were lanthanum nitrate (La(NO,), - 6H,0,
99%, Kanto Chemical), nickel nitrate (Ni(INO,), - 6H,0, 99%,
Sigma-Aldrich), cobalt nitrate (Co(NO,), 6H,0O, 99%, Sigma-
Aldrich), copper nitrate (Cu(NO,), 2.5H,0, >98%, Sigma-
Aldrich), and iron nitrate (Fe(NO,),-9H,0, >98%, Sigma-
Aldrich). The required amounts of the precursors were dis-
solved in distilled water. Citric acid (HOC(COOH)(CH,COOH),,
>99.5%, Junsei Chemical) was added to the mixed solution
under magnetic stirring; then, the solution was heated to
90°C. The molar ratios of metal ions and citric acid for pure
and doped LaNiO, materials were maintained at 1 : 5 and
1: 3, respectively. The resulting solution was heated to
150°C to form a viscous gel. After this, the gel was dried at
250°C and then calcined at 800°C for 5 h to produce per-
ovskite-type oxide powders. For electrical and thermal
expansion determination, the Pechini-derived powders were
uniaxially pressed into bars under a pressure of 30 MPa.
The green body was sintered in air at 1050°C for 5 h.

2.2. Coating of protective layers on a metallic inter-
connect substrate

Crofer 22 APU (ThyssenKrupp VDM, GmBH, Germany, 1
mm in thickness) was used as a metallic interconnect sub-
strate. The substrate was cut into a coupon with dimensions
of 20 mm X 20 mm and was then grinded with 800 grit SiC
paper. A slurry was prepared by mixing the perovskite pow-
ders with toluene, isopropanol alcohol, and binders; then, the
Crofer 22 APU coupon surface was dip-coated in the slurry.
The coated samples were heat-treated in air at 900°C for 2 h.

2.3. Materials and coating characterizations

In order to identify the crystal structures and phases, X-
ray diffraction (XRD) patterns were recorded with an auto-
mated Rigaku diffractometer (2500 D/MAX, Rigaku) using
Cu K, radiation. The measurements were conducted over a
scanning angle range of 20 - 80° at a scan rate of 5° min™.
The morphological and compositional properties were char-
acterized by scanning electron microscopy (SEM, Hitachi X-
4900) coupled with energy dispersive X-ray spectroscopy
(EDS, Horiba). The electrical properties, such as the electri-
cal conductivity of the sintered specimen and the area-specific
resistance (ASR) of the coated specimen, were measured in air
at various temperatures using a DC four-probe technique
(Keithley 2400). To provide electrical conduction for the
ASR measurement, two separate pairs of Pt probes were
attached to both sides of the substrate so that one pair
would conduct the current and the other pair would sense

the voltage across the thickness. The thermal expansion
property of the sintered sample was evaluated from room
temperature to 800°C in air using a dilatometer (DIL 402C).

3. Results and Discussion

Given that fine particles exhibit higher sinterability com-
pared with large-scale particle agglomerates, in this study,
nano-sized powders of LaNiO,-based perovskites were syn-
thesized to achieve improvement in densification of protec-
tive coatings on metallic interconnects. LaNiO,-based perovs-
kites were prepared by the Pechini method, which has been
well-known as a useful technique for preparing nano-sized
oxide powders. Fig. 1 presents the powder XRD patterns for
the synthesized perovskites — LaNiO, (LNO), LaNi, ,Co, ,O,
(Co-LNO), LaNi;,Cu,,0, (Cu-LNO), and LaNj,Fe,,O,
(Fe—-LNO). The powders were obtained after calcination at
800°C. The diffraction peaks for all of the materials can be
indexed to the rhombohedral LaNiO, perovskite phase
(JCPDS No. 33-0711).2Y No secondary or impurity phases
were detected in the XRD patterns. The splitting of the dif-
fraction peaks (double peaks) at 20 = 32—33° is attributed to
the rhombohedral distortion of the perovskite octahedra.??
It can be seen in Fig. 1 that the XRD data for the synthe-
sized perovskites display similar profiles, which indicates
that the incorporation of Co, Cu, or Fe into LaNiO, caused
no significant change in the perovskite structure. The slight
peak shifts observed in the XRD patterns of the doped per-
ovskites (Co—LNO, Cu-LNO, and Fe-LNO) are mainly due
to differences in the ionic sizes of Ni and the dopants.?®

Figure 2(a) - (d) provide SEM images of the Pechini-
derived LNO, Co-LNO, Cu-LNO, and Fe-LNO powders,
respectively. From the SEM micrographs, it can be seen
that the powders were composed of nano-sized particles
with sizes of 100~150 nm in soft agglomerates, depending
on the dopant incorporated into the structure. The Cu—LNO
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Fig. 1. Powder XRD patterns for LNO, Co-LNO, Cu-LNO,

and Fe-LNO synthesized by the Pechini method and
calcined at 800°C.
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Fig. 2. SEM micrographs of the Pechini-derived perovskite
powders: (a) LNO, (b) Co-LNO, (¢) Cu-LNO, and (d)
Fe-LNO.

powder shows larger particle sizes in comparison to those of
the other powders, indicating that Cu doping led to slight
particle growth during the calcination process. The nano-
sized perovskite particles prepared in this work are
expected to exhibit the high sinterability required for the
fabrication of protective coatings on metallic intercon-
nects.**” The protective coatings should have high electri-
cal conductivity to reduce ohmic losses and to effectively
conduct electrons between the electrodes of the adjacent
cells. The Pechini-derived perovskite powders were sintered
in air at 1050°C; then, their electrical conducting properties
were determined in air at various temperatures ranging
from 550 to 850°C. As shown in Fig. 3, the electrical conduc-
tivity of the synthesized perovskites decreased gradually
with increasing temperature, which indicates metallic con-
duction behavior, as has been reported in previous stud-
ies. %2 The conductivity values of the doped LNO
perovskites were found to be higher than those of pure LNO
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Fig. 3. Plots of electrical conductivity vs. temperature for the
sintered perovskites measured in air.
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over the whole temperature range, proving the beneficial role
of dopants in improving the perovskite’s electrical properties.
In particular, the Cu—LINO perovskite exhibited a conductiv-
ity value of 390.5 S cm™ at 800°C, which was much higher
than that of LNO (100.6 S cm ™).

The XRD results (data not shown) indicated that LNO
and Cu-LNO undergo phase decomposition at 1050°C,
while the perovskite structures of Co-LNO and Fe-LNO
remain unchanged. In addition to the dopant’s role in facili-
tating electronic conduction, therefore, the high structural
stability might be responsible for the improved conductivity
observed for Co—LNO and Fe-LNO. Despite its promising
conducting property, Cu—LNO has a structural stability
problem that is of potential concern for its application as a
protective coating. As will be shown later, in fact, Cu—LNO
was unable to serve as an efficient coating for SOFC inter-
connects. Further work is currently being undertaken to
study in more detail the stability of the doped LNO per-
ovskites at high temperatures; results will be reported in a
subsequent paper.

Another important characteristic of a protective coating is
the compatibility of its thermal expansion properties to the
metallic interconnect; that is, the coefficient of thermal
expansion (CTE) of a coating material must be similar to
that of a metallic interconnect. Thermal expansion mis-
matches between coatings and substrates may cause crack-
ing or delamination due to mechanical stresses that can
develop during thermal cycling and/or long-term operation,
leading to significant performance degradation. Fig. 4 illus-
trates the linear expansion vs. temperature curves of the
perovskite materials, measured during heating from room
temperature to 800°C. As shown in Fig. 4, the thermal
expansion behaviors exhibit a good linearity with tempera-
ture up to 800°C. The average CTE values of LNO, Co—
LNO, Cu-LNO, and Fe-LNO were determined to be 16.1 X
10%°C™, 13.3x10*C™", 18.5x 10°C", and 11.4x 10%°C™,
respectively. These results show that the partial substitu-
tion of Co, Cu and Fe for Ni can make the thermal expan-
sion property more compatible with that of the Crofer 22
APU substrate (12.3 x 10°%°C™).%

As a next step, using the Pechini-derived perovskite pow-
ders, protective layers were coated on the Crofer 22 APU
substrate. A slurry dip-coating process was used; the slurry
composition and coating conditions were carefully controlled
to reproducibly obtain a thin and uniform layer. To prevent
possible damage to the metallic substrate during high-tem-
perature sintering, the coated Crofer samples were heat-
treated in air at a relatively low temperature (900°C). SEM
images of the surfaces and cross-sections of the perovskite
coatings taken after heat-treatment are shown in Fig. 5.
Perovskite coatings with thickness values of ca. 20 - 22 pm
were obtained. Although some pores are visible on the sur-
faces as well as on the cross-sections of the perovskite coat-
ings, continuous pore networks were only rarely observed
across the coating thickness. The surface morphology of the
Cu-LNO-coated sample appears to be more porous than
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Fig. 4. Plots of relative linear expansion vs. temperature for
the sintered perovskites measured in air.

those of the other samples, which suggests excessive grain
growth of Cu—LNO particles during the heat-treatment pro-
cess. EDS analysis was also performed on the perovskite-
coated interconnects to evaluate the elemental distribution,
with results shown in Fig. 5. The EDS results indicate the
presence of a chromia layer at the interface between the
coating and the substrate, as shown by the sharp increase of
Cr concentration. Overall, no significant Cr migration from
the interconnect to the protective coating was found to occur
during heat-treatment; however, some Cr species were
detected in the Cu-LNO coating, indicating that the Cu—
LNO coating cannot effectively inhibit the migration of Cr
species, probably due to its relatively high porosity, which
was revealed by SEM analysis.

Given that Cr species is known to cause cathode poison-
ing, the perovskite coatings (LNO, Co-LNO, and Fe-LNO)
in which no Cr element was observed were selected for the
electrical performance test. The ASR value was experimen-
tally measured to evaluate the electrical property of the
Crofer interconnects with protective coatings in an air
atmosphere. Fig. 6 illustrates the ASR values of the coated
Crofer interconnects measured at various temperatures.
The samples were oxidized in air at 800°C for 24 h prior to
the measurements. The ASR values were reduced by the
partial substitution of Co and Fe for Ni, which could be

Fig. 5. SEM micrographs of the surface and cross-section of the (a) LNO, (b) Co-LNO, (¢) Cu—LNO, and (d) Fe-LNO coatings on
the Crofer 22 APU interconnects. The concentration profiles of various elements across the coated interconnects, obtained

by EDS analysis are also presented.
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Fig. 6. Area-specific resistances of the Crofer 22 APU inter-

connects coated with LNO, Co-LNO, and Fe-LNO
measured in air at various temperatures.

explained by the higher electrical conductivity (Fig. 3) of the
doped LNO perovskites. In particular, the Co—LNO-coated
Crofer interconnect exhibited an ASR value as low as 16.5
mQ cm? at 800°C. The results presented here demonstrate
that Co—-LNO and Fe-LNO coatings are capable of effec-
tively suppressing chromia growth on the metallic intercon-
nects of SOFCs.

4. Conclusions

LaNiO, (LNO) perovskite oxides doped with Co, Cu, and
Fe were synthesized by the Pechini method and were
applied as protective coatings on metallic interconnects
(Crofer 22 APU). The doped LNO perovskites exhibited
improved electrical conductivity and excellent thermal
expansion compatibility with the Crofer interconnect. The
dense perovskite coatings were fabricated on the Crofer
interconnects by a slurry coating process and subsequent
heat-treatment. The perovskite-coated interconnects showed
ASR values as low as 16.5-37.5 mQ cm® at 800°C, proving
the feasibility of using LaNiO,-based perovskites as protec-
tive coatings for SOFC interconnects.
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