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g r a p h i c a l a b s t r a c t
� Bi-layered perovskite/spinel oxide
coating for solid oxide fuel cells.

� The bi-layered LaMnO3/Co3O4

coating is fabricated via an electro-
deposition route.

� The thin and dense coating is con-
formally formed on a metallic wire
network.

� The coated wire network serves as an
efficient current collector for tubular
cells.
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Solid oxide fuel cells (SOFCs) require low-cost metallic components for current collection from electrodes
as well as electrical connection between unit cells; however, the degradation of their electrical properties
and surface stability associated with high-temperature oxidation is of great concern. It is thus important
to develop protective conducting oxide coatings capable of mitigating the degradation of metallic
components under SOFC operating conditions. Here, we report a conformal bi-layered coating composed
of perovskite and spinel oxides on a metallic wire network fabricated by a facile electrodeposition-based
route. A highly dense, crack-free, and adhesive bi-layered LaMnO3/Co3O4 coating of ~1.2 mm thickness is
conformally formed on the surfaces of wires with ~100 mm diameter. We demonstrate that the bi-layered
LaMnO3/Co3O4 coating plays a key role in improving the power density and durability of a tubular SOFC
by stabilizing the surface of the metallic wire network used as a cathode current collector. The
electrodeposition-based technique presented in this study offers a low-cost and scalable process to
fabricate conformal multi-layered coatings on various metallic structures.

© 2017 Elsevier B.V. All rights reserved.
rgy Research Division, Korea
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1. Introduction

A solid oxide fuel cell (SOFC) is an electrochemical device that
generates electricity from a fuel and an oxidant at high tempera-
tures (600e800 �C) [1e3]. Over the years, SOFCs have received
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much attention owing to their advantages, including high conver-
sion efficiency, fuel flexibility, and low emissions of toxic pollutants
[2,4,5]. Various SOFC designs (e.g., planar and tubular) have been
devised to meet the requirements for specific applications,
including desired electrochemical performance, durability, and
reliability [6e8]. SOFCs require metallic components for current
collection from electrodes and electrical connection between unit
cells. For current collection of an anode-supported tubular cell, for
example, a metallic wire coil or network (e.g., mesh, felt, or foam) is
wrapped around a cathode exposed to a high-temperature
oxidizing atmosphere. The metallic component should maintain
high electrical properties as well as intimate contact with the
cathode during SOFC operation. Noble metals, such as Pt and Ag,
have been used as cathode current collectors of tubular SOFCs
[9e12]. In particular, Ag is preferred over other noble metals in
terms of material cost; however, it becomes volatile at high tem-
peratures, leading to a significant loss of its mass and structural
integrity. Furthermore, mobile Ag species would migrate toward
the cathode and form large-scale agglomerates and consequently
reduce electrochemically active sites for oxygen reduction [12e14].

FeeCr-based alloys, such as Ducrolloy, Crofer 22 APU, AISI 430,
and Inconel 600, are considered low-cost alternatives to Ag for
SOFC applications. Metallic alloys mentioned above require pro-
tective conducting oxide coatings to mitigate degradation of their
electrical performance and surface stability under high-
temperature oxidizing conditions [15e25]. As demonstrated in
many studies on metallic interconnects [15e25], a wide range of
metal oxides can be used as protective coatings, for instance, rare-
earth perovskites and Mn/Co-based spinels. Recently, many re-
searchers have focused on a bi-layered coating comprising (i) a
spinel oxide layer on a metallic substrate and (ii) a perovskite oxide
layer on the spinel oxide [21e24]. Bloom Energy Co. demonstrated
the efficacy and stability of a bi-layered (La,Sr)MnO3/Mn1.5Co1.5O4
coating on themetallic interconnect during long-term performance
tests [22]. Our group reported that a bi-layered LaCoO3/Co3O4
coating effectively mitigates degradation of the electrical proper-
ties of the Crofer interconnect [24]. The bi-layered perovskite/
spinel coating is believed to reduce the degradation of stainless
steels in the following ways: (i) the spinel oxide layer suppresses
oxygen diffusion toward themetallic substrate and thus inhibits the
growth of Cr oxide scales with poor conductivity; and (ii) the
perovskite layer acts as another barrier to the transport of Cr (solid-
state and/or gas phase) and oxygen [21,22,24]. In addition, a highly
conductive perovskite oxide layer plays a beneficial role in facili-
tating electronic conduction between the cathode and the protec-
tive coating [23,24].

In this study, we report a conformal bi-layered perovskite/spinel
coating on a metallic wire network fabricated by a facile
electrodeposition-based route. A bi-layered LaMnO3/Co3O4 coating
is fabricated by a three-step process: (i) electrodeposition of
metallic Co; (ii) chemically assisted electrodeposition of LaMnOHx;
and (iii) thermal conversion of LaMnOHx/Co to LaMnO3/Co3O4. In
our previous study, an electrodeposition-based approach was used
to fabricate a bi-layered LaCoO3/Co3O4 coating on a Crofer plate for
applications in SOFC interconnects [24]. In this work, the process is
modified to synthesize phase-pure LaMnO3 that is known to have
lower ionic conductivity (oxygen permeability) than LaCoO3 and
thus to prevent more effectively the oxygen inward diffusion
[26e28]. For applications to cathode current collectors for anode-
supported tubular cells, moreover, a conformal LaMnO3/Co3O4

coating is fabricated on a stainless steel wire network (Crofer mesh)
with a complicated shape and is shown to serve as an effective
protective layer, leading to improved power density and durability
of the cell.
2. Experimental

2.1. Preparation of a bi-layered perovskite/spinel coating

A rectangular Crofer 22 APU mesh (ThyssenKrupp) with di-
mensions of 5mm� 20mm (real surface area¼ 1.75 cm2) was used
as a metallic wire network. For the electrodeposition of metallic Co,
the Crofer and Pt meshes were employed as the working and
counter electrodes, respectively. The electrolyte solution was pre-
pared by dissolving 0.25 M CoCl2$6H2O (98%, Aldrich), 0.25 M
CoSO4$H2O (�99.0%, Aldrich), and 0.1 M H3BO3 (99.5%, Samchun
Pure Chemical) in deionized water. The solution pHwas adjusted to
3.3 by adding 0.1 M HCl. The metallic Co layer was electrodeposited
at a cathodic current density of 28 mA cm�2 for 20 s. The electro-
deposition of LaMnOHx was performed using an electrochemical
cell composed of cathodic and anodic chambers. The cathodic
chamber contained a Co/Crofer mesh (working electrode), an Ag/
AgCl reference electrode (with saturated NaCl), and a mixed metal
nitrate solution of La(NO3)3$6H2O (99.99%, Kanto) and
Mn(NO3)2$4H2O (�97.0%, Aldrich) in deionized water. To find the
optimum solution composition for the synthesis of phase-pure
LaMnO3, the Mn2þ concentration ([Mn2þ]) was varied between
20 and 180 mM, while the La3þ concentration ([La3þ]) was fixed at
20 mM. The pH value of the metal nitrate solution was adjusted to
4.5 by adding 0.1 M HCl. A Crofer plate with dimensions of
10 mm � 10 mm � 1 mm was used for the optimization study on
the synthetic conditions of LaMnO3 films. The anodic chamber
contained a Pt mesh (counter electrode) and a KNO3 solution
(�99.0%, Aldrich) that has the same concentration as the metal
nitrate solution in the cathodic chamber. Two chambers were
divided by an anion-exchange membrane (APS4, Asahi Glass) to
prevent unintended reactions (e.g., anodic oxidation of metal ions)
on the Pt counter electrode. Electrodeposition was carried out at a
cathodic current density of 0.5 mA cm�2 for 20 min. After drying at
70 �C, the LaMnOHx/Co/Crofer mesh was heat-treated in air at
800 �C for 2 h to fabricate LaMnO3/Co3O4/Crofer.

2.2. Material characterization

The crystal structure and phases were analyzed by X-ray
diffraction (XRD, 2500 D/MAX, Rigaku) with Cu Ka (l ¼ 1.5405 Å)
radiation. The surface morphologies were observed by scanning
electron microscopy (SEM, Hitachi SUe8230). A focused ion beam
(FIB) equipped with a SEM (FEI Helios Nanolab 450 F1) was used to
perform the cross-sectional observations of the coatings. The sur-
face chemistry was examined by X-ray photoelectron spectroscopy
(XPS, Thermo MultiLab 2000 spectrometer) combined with energy
dispersive X-ray spectroscopy (EDS, Ametek). The fraction of Mn4þ

in LaMnO3 was measured by a well-known chemical method
involving redox titration [29]. The LaMnO3 deposit was dissolved in
amixed solution containing 5MH2SO4 and 0.01mMNa2C2O4. After
this, 0.2 M KMnO4 was added slowly dropwise to the mixed solu-
tion until the pink color appeared. The fraction of Mn4þ was esti-
mated from the amount of Na2C2O4 that had been used to reduce
Mn3þ and Mn4þ to Mn2þ. The chemical compositions were deter-
mined using an inductively coupled plasma mass spectrometer
(ICPeMS, Aglient). For the titration and ICPeMS analyses, a Pt mesh
was used as a substrate to precisely determine the compositions
without complications arising from Crofer.

2.3. Performance evaluation of SOFCs

To evaluate the feasibility of the LaMnO3/Co3O4/Crofer mesh as a
cathode current collector for SOFCs, an anode-supported tubular
cell was fabricated as reported elsewhere [30]. The tubular cell



Fig. 1. Schematic diagram of the fabrication process of a bi-layered perovskite/spinel (LaMnO3/Co3O4) coating on a metallic (Crofer) wire network.
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consisted of La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) (cathode current collecting
layer), (La0.85Sr0.15)0.9MnO3 (LSM)e8 mol.% Y2O3-stabilized ZrO2

(YSZ) (cathode functional layer), YSZ (electrolyte), and NiOeYSZ
(anode functional layer and support) (NieYSZ upon reduction) (see
Fig. S1 in the Supplementary Data). Metal tubes were attached to
the cell using a ceramic adhesive to supply H2 into the anode
support. For current collection, the LaMnO3/Co3O4/Crofer meshwas
wrapped around the LSCF cathode using an La0.6Sr0.4CoO3 paste,
while an Ni meshwas inserted into the anode support and attached
onto the surface of NiOeYSZ using an Ni paste. The La0.6Sr0.4CoO3
and Ni pasteswere used to ensure the intimate contact between the
electrodes and the current collectors, thereby reducing the contact
resistances [31,32]. The polarization curve of the cell was obtained
at 800 �C, and then ac-impedance spectra were periodically
measured every 50 h at open-circuit voltages (OCVs). The imped-
ance measurements were carried out using a Bio-Logic SPe240
with an ac signal of 10 mV amplitude. During electrochemical
testing, the anode and cathode were fed with H2 gas humidified
with 3 vol% H2O and air, respectively. In addition, a thermal cycling
experiment of the LaMnO3/Co3O4/Crofer mesh was conducted be-
tween 200 and 900 �C at a ramp rate of 3 �C min�1.
3. Results and discussion

Fig. 1 presents a schematic diagram of the fabrication process of
a bi-layered perovskite/spinel coating on a metallic (Crofer) wire
network. The bi-layered coating is composed of a Co3O4 spinel layer
on the metallic substrate and an LaMnO3 perovskite layer on the
Co3O4 layer, and it was fabricated by a three-step process involving
(i) Co electrodeposition, (ii) electrodeposition of a mixed metal
hydroxide (LaMnOHx), and (iii) thermal conversion of LaMnOHx/Co
to LaMnO3/Co3O4.

In step (ii), LaMnOHx was synthesized on a Co/Crofer wire
network via chemically assisted electrodeposition as follows
[24,33,34]: upon the cathodic polarization of the working electrode
(Co/Crofer) in the mixed metal nitrate bath, nitrate ions (NO3

�) are
electrochemically reduced to hydroxide ions (OH�), which leads to
a local increase of pH near the working electrode and subsequently
the chemical precipitation of LaMnOHx. A typical potential vs. time
profile recorded during LaMnOHx electrodeposition is presented in
Fig. 2(a). Note that a bare Crofer plate (without electrodeposited Co)
was used to demonstrate the hydroxide formation. The measured
potentials are much higher than the reduction potentials of La3þ



Fig. 2. (a) Potential vs. time profile measured during the chemically assisted electro-
deposition of LaMnOHx at a cathodic current density of 0.5 mA cm�2 and photographs
of the bare and LaMnOHx-coated Crofer plates. (b) XRD patterns of LaMnOHx films
heat-treated in air at 800 �C. Electrodeposition was performed from mixed nitrate
solutions with various compositions: [La3þ] ¼ 20 mM and [Mn2þ] ¼ 20e180 mM.
Symbols ‘þ’, ‘�’, ‘B’, and ‘*’ indicate La2O3, La2CrO6, Mn3O4, and Crofer, respectively.
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(�2.58 V vs. Ag/AgCl) and Mn2þ (�1.39 V vs. Ag/AgCl), which in-
dicates that La3þ andMn2þwould not be electrochemically reduced
to their metal phases. After electrodeposition, a white-brown de-
posit of LaMnOHx was formed on the Crofer substrate, as shown in
Fig. 2(a). Here, it should be pointed out that the processing pa-
rameters used for step (ii) are different from those for step (i). In
general, the electrodeposition process of metallic Co proceeds via
direct reduction of Co2þ to Co, and thus, it can be conducted at a
relatively high current density [35]. On the other hand, the chem-
ically assisted electrodeposition of LaMnOHx requires a relatively
low current density to produce a dense, crack-free, and adhesive
layer. At high cathodic currents, the rate of NO3

� reduction (OH�

generation) would become much faster than that of LaMnOHx

precipitation, which causes the excessive growth of the high pH
region and results in the formation of deposits with low density
and poor adhesion strength [24].

To find the optimum solution composition for the fabrication of
single-phase LaMnO3, electrodeposition was performed on bare
Crofer plates from mixed metal nitrate solutions having various
compositions; [Mn2þ] was changed between 20 and 180mM, while
[La3þ] was fixed at 20 mM. A bare Crofer plate was used as a sub-
strate to clearly analyze the XRD data of the heat-treated LaMnOHx
deposit. A Co/Crofer wire network was found to add complications
to the analysis: (i) Co3O4 and Mn3O4 show similar diffraction pat-
terns, and (ii) the XRD data obtained from the mesh-type speci-
mens exhibit relatively low signal-to-noise ratios. Fig. 2(b) exhibits
the XRD patterns of the hydroxide deposits heat-treated in air at
800 �C. The film fabricated with [Mn2þ] ¼ 20 mMwas composed of
LaMnO3 and secondary phases of La2O3 and La2CrO6 (denoted by
symbols ‘þ’ and ‘�’, respectively). The amount of the secondary
phases decreased with increasing [Mn2þ] from 20 to 140 mM, and
phase-pure LaMnO3 was synthesized with [Mn2þ] ¼ 140 mM.
Given that the solubility product constants of La(OH)3 andMn(OH)2
are ~2.0 � 10�19 and ~1.9 � 10�13, respectively [36,37], the yield of
Mn(OH)2 precipitation would be lower than that of La(OH)3 during
electrodeposition, and thus [Mn2þ] should be higher than [La3þ]. At
[Mn2þ] ¼ 180 mM; however, Mn3O4 (denoted by symbol ‘o’) was
detected as the secondary phase. The XRD patterns of the LaMnO3
films synthesized with the optimized composition on both Crofer
and Pt substrates clearly show a rhombohedral perovskite structure
(JCPDS No. 50-0229) without any secondary phases.

Based on the optimization study presented above, a LaMnOHx

filmwas formed on a Co/Crofer wire network and then heat-treated
in air at 800 �C to fabricate a bi-layered LaMnO3/Co3O4 coating. The
XRD pattern of the bi-layered coating in Fig. 3(a) clearly shows
characteristic peaks for both LaMnO3 and Co3O4 (denoted by
symbols ‘A’ and ‘;’, respectively). Due to the complicated shape
(rounded surfaces and bent wires) and small exposed area of the
mesh-type specimen, the XRD pattern in Fig. 3(a) exhibits a low
signal-to-noise ratio, whichmakes some diffraction peaks invisible.
It should be noted, however, that the XRD patterns of LaMnO3 on
the Crofer and Pt plates (Fig. 2(b)) clearly show all of the charac-
teristic peaks corresponding to LaMnO3. An XPS analysis was
employed to acquire further information on the surface chemistry
of the bi-layered coating, as presented in Fig. 3(b). The O 1s spec-
trum shows two peaks at binding energies (BEs) of 528.8 and
531.3 eV, which are assigned to the lattice oxygen (O2e) and
absorbed oxygen species (O-, O2

�, or O2
2�), respectively [39,40]. The

Mn 2p spectrum exhibits a spin-orbit doublet for Mn 2p3/2 and Mn
2p1/2. The asymmetry of the two peaks implies the coexistence of
Mn3þ and Mn4þ on the LaMnO3 surface; namely, the peaks at
BE ¼ 641.1 eV and 642.9 eV are assigned to Mn3þ and Mn4þ,
respectively. The observed Mn 2p spectrum is in good agreement
with the XPS data of LaMnO3 in the literature [38e41]. Under an
oxidizing atmosphere, LaMnO3 is known to have oxygen excess,
which is accompanied by the oxidation of Mn3þ to Mn4þ ions for
charge compensation [42]. In Fig. 3(b), the fraction of Mn4þ was
estimated to be ~0.28 from the deconvolution analysis, similar to
the value obtained from the titration method (~0.3) and the data
reported by Tofield et al. [43]. The La 3d spectrum shows La 3d5/2
and La 3d3/2 spin-orbit doublet peaks that have a double peak
structure (BE ¼ 833.9 and 837.9 eV for La 3d5/2 and BE ¼ 850.7 and
854.7 eV for La 3d3/2) due to electron transfer from the oxygen
valence band to the empty La 4f level [44]. In addition, composi-
tional analyses were performed using EDS, XPS, and ICPeMS, and
the ratio of La/Mnwas estimated to be ~0.96 (EDS), ~0.91 (XPS), and
~0.90 (ICPeMS).

Fig. 4(a)e(c) show the surface morphologies of the bare Crofer,
Co/Crofer, and LaMnO3/Co3O4/Crofer wires, respectively. It is seen
that the bare Crofer wire of ~100 mm diameter has a clean metallic
surface without showing any characteristic crystalline morphology
(Fig. 4(a)), and the dense Co film was conformally deposited onto
the Crofer wire (Fig. 4(b)). The SEMmicrographs in Fig. 4(c) indicate
that the LaMnO3/Co3O4/Crofer wire has a conformal, dense, and
crack-free surface with nano-sized and polygonal-shaped grains,
which can serve as an effective protective coating. For cross-
sectional observation, the coated Crofer wire was sputtered with



Fig. 3. (a) XRD pattern and photograph of the LaMnO3/Co3O4/Crofer wire network. Symbols ‘A’, ‘;’, and ‘*’ indicate LaMnO3, Co3O4, and Crofer, respectively. (b) XPS spectra of the
O 1s, Mn 2p, and La 3d regions, and (c) EDS spectrum obtained for the LaMnO3/Co3O4 coating.
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a protective Pt layer and was then dissected using an FIB technique.
Fig. 4(d) and (e) present cross-sectional SEM images of the Co3O4/
Crofer and LaMnO3/Co3O4/Crofer wires, respectively. From a com-
parison of the two micrographs, we confirm the formation of the
bi-layered LaMnO3/Co3O4 on the Crofer wire. No connected pores
are detected across the thickness of the bi-layered coating, and the
interfaces between the layers are cohesive without any cracks or
delamination. The thicknesses of Co3O4 and LaMnO3 were esti-
mated to be ~250 nm and ~1 mm, respectively, which are much
smaller in comparison to coatings prepared by powder-sintering
techniques [15,16,19e23]. The structural and chemical analyses
reveal that the bi-layered (LaMnO3/Co3O4) coating was successfully
fabricated onto the Crofer wire network through the electrodepo-
sition process combined with thermal conversion. The fabrication
method presented in this study offers the following advantages
over conventional techniques. First, thin and dense coatings made
of perovskite and spinel oxides can be conformally formed on
porous substrates with complicated shapes. During the chemically
assisted electrodeposition process, the electrochemical reduction of
NO3

� to OH� occurs on any surfaces of the conductive metallic wires
exposed to the solution, leading to the formation of a uniform and
conformal LaMnOHx layer (LaMnO3 after thermal conversion).
Second, the electrodeposition-based approach provides a simple,
low-cost, and scalable process without the need for powder syn-
thesis/calcination, slurry preparation/coating, and high-
temperature sintering (>800 �C).

We employed the LaMnO3/Co3O4/Crofer wire network as a
cathode current collector and evaluated its feasibility in an anode-
supported tubular SOFC. The cell was held at 800 �C for 100 h prior
to electrochemical polarization measurements. Fig. 5(a) compares
the polarization (voltage vs. current) curves of the tubular cells
measured at 800 �C using the bare Crofer and LaMnO3/Co3O4/Crofer
wire networks. The OCV values of both cells were measured to be
~1.1 V, indicating that there was no fuel leakage from the cell. On
the other hand, the maximum power density of the cell assembled
with LaMnO3/Co3O4/Crofer was estimated to be 460 mW cm�2,
which was higher than that of the cell with bare Crofer. To gain in-
depth insight into the difference in the cell performance, electro-
chemical impedance spectroscopy was carried out, and the results
are shown in Fig. 5(b). The measured impedance spectra were
composed of two depressed, slightly overlapping arcs. The high-
frequency intercept corresponds to the ohmic resistance arising
from the electrode, electrolyte, and current collector [45e48]. The
high-frequency arc is attributed to the electrochemical reactions at
the electrode/electrolyte interfaces, whereas the low-frequency arc
is largely due to the mass transport in the anode support [45e48].
Of particular note is the lower ohmic resistance of the cell with
LaMnO3/Co3O4/Crofer compared to that of the cell with bare Crofer.
Keeping in mind that bare Crofer is quite susceptible to oxidation
and would have been passivated by Cr2O3 scales during the con-
ditioning step for 100 h, this result demonstrates the beneficial role
of the bi-layered LaMnO3/Co3O4 coating in improving the surface
stability of Crofer.

To evaluate the long-term stability of the cathode current col-
lectors, the evolution of the impedance spectrawas monitored over
1000 h of continuous testing. The data were also measured on the
cell using a benchmark current collector (Ag mesh). Fig. 6(a)e(c)
present the variations of the impedance spectra with time obtained
using the bare Crofer, LaMnO3/Co3O4/Crofer, and Ag wire networks,
respectively. During the long-term test, the cell with bare Crofer
exhibits a more significant increase of the ohmic resistance in
comparison to Ag and LaMnO3/Co3O4/Crofer. The variations of
ohmic resistances for different current collectors are plotted
against time in Fig. 6. The ohmic resistance of the cell with bare
Crofer increased by more than 60% over 1000 h, which implies
severe degradation of the electrical properties. On the other hand,
the ohmic resistance of the cell with LaMnO3/Co3O4/Crofer
remained almost constant, as in the case of Ag. The polarization



Fig. 4. SEM micrographs of the (a) bare Crofer, (b) Co/Crofer, and (c) LaMnO3/Co3O4/
Crofer wires. Cross-sectional SEM images of the Co3O4/Crofer and LaMnO3/Co3O4/
Crofer wires are presented in (d) and (e), respectively. The cross-sectional images are
tilted 52� to the vertical so that the scale bars are trigonometrically corrected.

Fig. 5. (a) Polarization (voltage vs. current) curves and (b) impedance spectra of the
anode-supported tubular SOFCs measured at 800 �C using the bare Crofer and
LaMnO3/Co3O4/Crofer wire networks.
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curves measured after 1000 h of continuous testing (Fig. S2) further
confirm that LaMnO3/Co3O4/Crofer leads to considerably improved
durability of the cell, as compared with bare Crofer. At this point, it
is of interest to compare the stability of the Crofer wire networks
coated with Co3O4, LaMnO3, and LaMnO3/Co3O4 and to prove the
efficacy of the bi-layered perovskite/spinel coating. For this pur-
pose, we conducted accelerated oxidation tests in air at 950 �C. The
weight gains and SEM micrographs of the oxidized samples are
presented in Fig. S3. The LaMnO3/Co3O4/Crofer wire network
showed a much lower weight increase (~0.6 mg cm�2) after 200 h,
compared with Co3O4/Crofer (~1.9 mg cm�2) and LaMnO3/Crofer
(~3.2 mg cm�2), indicating improved stability against high-
temperature oxidation. Furthermore, no significant change in the
surface morphology of LaMnO3 was observed.

The current collector should endure repeated thermal cycles
during SOFC operation. The stabilities of Ag and LaMnO3/Co3O4/
Crofer were examined and compared during thermal cycling be-
tween 200 and 900 �C. From the photographs and micrographs of
pristine and cycled Ag in Fig. 7(a) and (b), it is seen that Ag slightly
melted, leaving a dark stain on the zirconia substrate, after 10
thermal cycles. Moreover, morphological changes due to Ag evap-
oration, such as faceting or striation, are visible on the Ag wire. On
the other hand, LaMnO3/Co3O4/Crofer shows high structural sta-
bility without any signs of cracking or delamination. This
demonstrates the thermal compatibility of the bi-layered LaMnO3/
Co3O4 coating with the Crofer substrate, as expected from the co-
efficients of thermal expansion of LaMnO3 (~12 � 10�6 K�1) [49],
Co-based spinel (~10 � 10�6 K�1) [23], and Crofer (~12 � 10�6 K�1)
[50]. The thermal cycling caused grain growth of LaMnO3; however,
this might not have a significant effect on the stability of the bi-
layered coating. These results strongly suggest that LaMnO3/
Co3O4/Crofer can serve as an effective cathode current collector
with high stability under SOFC operating conditions.
4. Conclusions

In this study, a conformal bi-layered perovskite/spinel coating
comprising LaMnO3 and Co3O4 was fabricated on a metallic wire
network by a facile electrodeposition-based route: (i) Co electro-
deposition, (ii) electrodeposition of LaMnOHx, and (iii) thermal
conversion of LaMnOHx/Co to LaMnO3/Co3O4. The fabrication
method proposed here provides attractive features over conven-
tional coating techniques based on powder sintering: (i) a thin and
dense bi-layered LaMnO3/Co3O4 coating of ~1.2 mm thickness can be
conformally formed on the Crofer wire network; and (ii) the elec-
trodeposition approach provides a simple, low-cost, and scalable
process without the need for complicated procedures, i.e., powder
synthesis/calcination, slurry preparation/coating, and high-
temperature sintering. When applied to a cathode current collec-
tor for anode-supported tubular SOFCs, the bi-layered LaMnO3/
Co3O4 coating acts as an effective protective layer to inhibit the
high-temperature oxidation of the Crofer wire surface, thereby



Fig. 6. Impedance spectra of the anode-supported tubular SOFCs with the (a) bare Crofer, (b) LaMnO3/Co3O4/Crofer, and (c) Ag wire networks measured during continuous testing at
800 �C. (d) Increases of the ohmic resistance (DRohm) relative to the initial value (Rohm,ini) with time measured for different current collectors.

Fig. 7. Photographs and SEM micrographs of (a) pristine Ag and (b) thermally cycled Ag, and (c) thermally cycled LaMnO3/Co3O4/Crofer wire networks. Thermal cycling was
conducted between 200 and 900 �C at a ramp rate of 3 �C min�1.
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improving the power density and durability of the cell. Further-
more, LaMnO3/Co3O4/Crofer shows high structural stability
without cracking or delamination over the course of repeated
thermal cycles.
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