
NANOMATERIALS AND COMPOSITES FOR ENERGY CONVERSION AND STORAGE

Alternating-Current Electrophoretic Deposition of Spinel
Coatings on Porous Metallic Substrates for Solid Oxide Fuel
Cell Applications

ZHIKUAN ZHU,1 UDAY PAL,1,2 SRIKANTH GOPALAN,1,2

A. MOHAMMED HUSSAIN,3 SONG DONG,4 NILESH DALE,3

YOSUKE FUKUYAMA,4 and SOUMENDRA BASU 1,2,5

1.—Department of Mechanical Engineering, Boston University, Boston, MA 02215, USA.
2.—Division of Materials Science and Engineering, Boston
University, Brookline, MA 02446, USA. 3.—Nissan Technical Center North America
(NTCNA), Farmington Hills, MI 48331, USA. 4.—Nissan Research Center, Nissan Motor
Corporation Limited, Kanagawa 237-8523, Japan. 5.—e-mail: basu@bu.edu

The performance of solid oxide fuel cells (SOFCs) can be degraded by ‘‘chro-
mium poisoning’’ where thermally grown Cr2O3 on metallic surfaces forms
volatile Cr-containing species that are redeposited on active regions of the
cathode. This phenomenon is further exacerbated for porous metallic inter-
connects and metal-supported electrodes due to their large surface-to-volume
ratios. In this study, electrophoretic deposition (EPD) of CuNi0.2Mn1.8O4 spi-
nel powders on porous SUS430 metallic substrates using alternating current
(AC) was explored. Two-step densification heat treatment was used to form a
thin, uniform, protective spinel coating. The area-specific resistance (ASR)
and weight gain were tracked during 100-h oxidation tests at 700�C in air. The
results showed that, despite the considerable complexity of the sample shape,
AC EPD was able to form a protective coating layer that significantly limited
the growth rate of the thermally grown oxide (TGO) by reducing the kg value
by a factor of 25.

INTRODUCTION

Stainless steels, which form protective Cr2O3

thermally grown oxides, are widely used as inter-
connects in SOFC applications and also as elec-
trodes in metal-supported SOFCs.1,2 Metallic
interconnects come in various forms, including
dense plates with cross-channels, or as metal sup-
ports for cells, in either dense or porous form.
Typically, for metal-supported cells, a much thinner
anode is needed. The metal support has higher
electrical conductivity than the traditional Ni/
yttria-stabilized zirconia (YSZ) anode support, and
exhibits good resistance to cyclic oxidation.3–5

Among stainless steels, SUS430 alloy has become
one of the most popular materials because of the
good match of its coefficient of thermal expansion

(CTE) with that of YSZ, a widely used electrolyte
material in SOFCs. The cost of SUS 430 alloy is
much lower compared with Ni- or Co-based alloys or
ceramic materials. SUS 430 is also highly
machinable.2,6,7

At high operating temperatures, thermally grown
Cr2O3 and MnCr2O4 protective layers form on the
surface of SUS430, providing a diffusion barrier to
further oxidation. However, the formation of these
oxides leads to higher area-specific resistance. Also,
Cr-containing vapor species such as CrO3(g) and
CrO2(OH)2(g) are generated and then deposited at
the porous cathode under operating conditions. This
phenomenon is called Cr poisoning, which is one of
the major reasons for SOFC performance degrada-
tion.8–13 Many approaches have been pursued to
mitigate Cr poisoning, including removing Cr-con-
taining vapor species using a filter,14,15 using more
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Cr-tolerant cathode materials,11 and cleaning the
deposited Cr-containing phases on the cathode
using electrochemical methods,16,17 among others.

Recently, significant research efforts have focused
on electrophoretic deposition (EPD) as a means of
depositing protective coatings on metallic intercon-
nects.18,19 EPD is a low-cost approach using rela-
tively simple apparatus. Moreover, EPD provides
good thickness control, and allows for deposition on
both flat and curved surfaces, enabling coating
deposition on substrates with complex shapes. Cu-
Mn spinels and Mn-Co-based spinels have been
widely explored as coating materials for metallic
interconnects.20–24 Previous work by our group
showed that Ni-doped Cu-Mn spinel coatings exhib-
ited better phase stability, and exhibited lower Cr
diffusivity in the coating layer.25 Both direct-cur-
rent (DC) EPD and alternating-current (AC) EPD
have been studied by different researchers. Com-
pared with DC EPD, AC EPD results in a denser
green body and a more uniform deposition
layer.26,27

In this study, CuNi0.2Mn1.8O4 spinel powders
were fabricated and coated on porous SUS430
substrates using AC EPD. A two-step densification
method was used after deposition. To evaluate the
effectiveness of the protective coating layer, a 100-h
oxidation test was carried out at 700�C in air. The
area-specific resistance (ASR) and weight gain of
the samples were tracked during oxidation.
Microstructural changes in the coating were exam-
ined, and the Cr concentration profiles were mea-
sured. The results showed that, despite the
considerable complexity of the sample shape, AC
EPD could form a protective coating layer that
limited Cr diffusion in the coating and significantly
reduced the growth rate of the thermally grown
oxide. To the best of the authors’ knowledge, this is
the first example of oxidation-resistant AC EPD
coatings on porous metallic substrates for SOFC
applications.

EXPERIMENTAL PROCEDURES

The glycine-nitrate combustion synthesis process
(GNP) was used to fabricate fine and homogeneous
CuNi0.2Mn1.8O4 spinel powders.28 Our previous
work showed that using a glycine-to-nitrate molar
ratio of 0.63 leads to an optimal combustion reac-
tion. Proportional quantities of reactants were
dissolved in deionized (DI) water, and after stirring
for 10 min, a clear blue solution formed. The
solution was heated on a hot plate at � 90�C to
evaporate excess water. The beaker was then
covered with fine stainless-steel mesh to prevent
ejection of fine powders that form during combus-
tion, and the temperature of the hot plate was then
set to 500�C. Heating tape was used around the
beaker and set to 100�C to avoid water condensation
on the beaker wall during the reaction. Spontaneous
combustion and powder formation typically

occurred before the set temperature was reached.
The resulting powder was transferred to a box
furnace and calcined in air for 2 h at 800�C to
remove residues.29,30

To decrease the size of the spinel powder, it was
dispersed in ethanol and ball milled using 0.05-mm
YSZ balls in a SPEX Sample Prep 8000 M mixer/
mill. After ball milling, the YSZ balls were removed
by sieving. The powders were dispersed in an
ethanol/acetone solution. After ultrasonically
vibrating the powder solution for 15 min, iodine/
ethanol solution was added to the suspension. I2

reacts with acetone and releases H+ ions that
adhere to the spinel particles, making them posi-
tively charged. The suspension was then ultrason-
ically vibrated for 15 min to ensure thorough mixing
and reaction.

An AC signal generation setup was designed in
our laboratory, comprising a dual DC power supply,
function generator, oscilloscope, signal transfer
circuit, and small DC power supply for the transfer
circuit. The setup can generate pulsed DC signals or
AC signals with variable duty cycles and indepen-
dently adjustable positive and negative voltages and
time ratios. The output voltage ranges from �50 V
to + 50V, and the frequency ranges from 10 Hz to
1000 Hz.

Porous SUS430 substrates with dimensions of 1
cm 9 1 cm 9 0.4 cm were used as the cathode, with a
6 cm 9 5 cm 9 0.1 cm Cu plate as the anode. The
electrodes were immersed into the suspension of
spinel powder. Before deposition, the sample within
the suspension was placed in a vacuum chamber for
10 min to remove air bubbles. When a negative bias
is applied to the cathode, the positively charged
spinel particles migrate to the cathode due to
electrostatic forces. The AC signal used for deposi-
tion is shown in Fig. 1. Note that, since the powder
is positively charged (due to surface-adsorbed H+),
negative voltages correspond to the coating deposi-
tion mode while positive voltages correspond to the
coating removal mode. The coatings were deposited
for 15 min in total, and a magnetic stirrer was used
to increase the powder mobility inside the substrate.

Fig. 1. AC signal used for deposition
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To study the effectiveness of using AC EPD, a
coated was also formed by DC EPD on a reference
sample, using a –20 V DC signal for 3 min.

The as-deposited coatings need further densifica-
tion. A two-step heat treatment was used for
densification, consisting of a reduction anneal fol-
lowed by a reoxidation anneal, as shown in Fig. 2.31

As-deposited samples were reduced at 950�C for 2 h
in pure H2, during which the spinel is reduced to
Cu-Ni alloy and manganese oxide. The sample was
then cooled to room temperature then annealed in
air at 750�C for 24 h, leading to a denser
CuNi0.2Mn1.8O4 spinel coating.

Oxidation tests were carried out on both uncoated
and AC EPD-coated samples at 700�C for 100 h in
air. During the oxidation exposure, thermogravi-
metric (TGA, TA Q600 microbalance) measure-
ments were also carried out and the weight
changes of both samples were continuously
recorded. In addition, area-specific resistance
(ASR) measurements were separately carried out
for 100 h exposure at 700�C in air, using a four-
quadrant power potentiostat (Zahner PP211). For
these measurements, silver mesh and paste were
applied on both sides of sample, and the potential
was tracked when a 0.2 A current was applied. Note
that the coated samples used for TGA and ASR
measurements were different but prepared under
identical conditions.

Powder samples were examined by x-ray diffrac-
tion (XRD) analysis (Bruker D8 Advance) and
scanning electron microscopy (SEM, Zeiss Supra
55 VP). Uncoated and coated samples at various
stages were mounted in epoxy and polished in cross-

section. Polished cross-sections were examined by
SEM to track microstructure changes. Energy-dis-
persive spectroscopy (EDS, Oxford Instruments,
High Wycombe, UK) was used in line scan and
elementary mapping modes to analyze the compo-
sitional distribution in the coating.

RESULTS AND DISCUSSION

The microstructure of the powder before and after
ball milling is shown in Fig. 3. After milling, the
spinel powder was � 200 nm in size. To evaluate the
quality and purity of the spinel powder, XRD
analysis was carried out on the calcined powder.
The results (Fig. 4) match with standard cubic
spinel peaks. Neither CuO nor MnO peaks were
observed, indicating that the spinel powder was
phase pure.29

Figure 5a and b show SEM micrographs of
samples as deposited by DC and AC EPD, respec-
tively. Each images consists of two parts, with the
top part of each image showing the microstructure
in the middle areas of the porous samples, which the
powder has to diffuse through connected pores to
reach, whereas the bottom part of each image shows
the microstructure near the surface of the porous
samples, where the powder has easier access to
near-surface pores. This figure shows that AC
deposition can ensure that a significantly larger
amount of powder enters inner pores without clog-
ging the near surface pores. The DC EPD sample
(Fig. 5a) shows a thick coating on the surface of the
sample, which effectively clogs the surface pores,
resulting in very little coverage of the surface of
inner pores by the coating. In contrast, the coverage

Fig. 2. Schematic illustration of microstructural development during two-step sintering heat treatment

Fig. 3. Spinel powder samples (a) before and (b) after ball milling
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after AC EPD deposition (Fig. 5b) is much more
uniform. The surface of the sample is again coated,
but without clogging the surface pores, thus allow-
ing good coverage of the inner pores of the sample.
This finding reveals that AC EPD is a much more
effective deposition process for uniform coverage of
porous substrates.

Figure 1 shows the AC voltage signal, with the
�20 V signal corresponding to the deposition por-
tion of the cycle and +20 V corresponding to the
removal portion of the cycle. Since the deposition
time is longer than the removal time, there is net
deposition during each cycle. By alternating depo-
sition and removal, the film thickness can be better
controlled. Due to the excellent conductivity of the
metallic interconnect, the voltage is fairly uniform
in all parts of the porous substrate. As the coating
has significantly lower electronic conductivity, the
voltage drops rapidly in the coating as one moves
away from the substrate–coating interface. Thus, if
the coating gets thicker in one part of the sample

compared with other areas, powder in the outer part
of that area of the coating is most susceptible to
removal during the +20 V exposure. This creates an
autocorrecting mechanism that prevents the coating
thickness in any portion of the sample from differ-
ing significantly from that in other parts. This keeps
the surface pores open, which along with the
stirring of the EPD solution allows powder to reach
the inner pores of the sample.

Figure 5c shows the microstructure of an AC EPD
sample after two-step densification. A dense and
uniform coating layer has formed on all the pore
surfaces. This coating is expected to protect the
porous SUS430 substrate from oxidation. Figure 6
shows a low-magnification SEM image of the AC
EPD sample after the 100-h oxidation test and a
randomly chosen zoomed-in area inside the sub-
strate, with EDS maps of the constituent elements
in the coating and substrate. The maps reveal the
presence of the spinel coating on the surfaces
throughout the pores. There is also a Cr-rich layer
formed at SUS430 pore surfaces, probably formed
during the densification process. However, the
spinel coating covers the Cr layer and protects the
substrate from further oxidization.

Due to the tortuous surface morphology of the
substrate, the diffusion rate of spinel powder can
differ from pore to pore. This makes it more
challenging to deposit uniform coatings on porous
than flat samples. However, the figure clearly shows
that AC EPD enables reasonably uniform coverage
of all pore surfaces in the sample, even for pores in
the middle of the porous substrate.

Plots of the weight gain per unit area of the
uncoated and coated samples as a function of
oxidation time are shown in Fig. 7. The oxidation
rate constant, kg, was calculated for both samples.32

The fits give kg values of 2.25 9 10�6 mg2 cm�4 s�1

for the uncoated sample and 9.0 9 10�8 mg2 cm�4

Fig. 4. XRD scan of CuNi0.2Mn1.8O4 powder after calcination at
800�C in air

Fig. 5. SEM micrographs of cross-sections of (a) as-deposited DC EPD sample, (b) as-deposited AC EPD sample, and (c) AC EPD sample after
two-step densification process. The top part of each image shows pores in the middle of the samples, while the bottom part shows near-surface
pores
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Fig. 6. Low-magnification SEM image, and EDS mapping of coated sample after two-step densification and 100-h oxidation test

Fig. 7. Weight gain per unit area measured by thermogravimetry of (a) uncoated and (b) coated sample as a function of time. ASR changes as a
function of time for (c) uncoated and (d) coated sample. All data measured at 700�C in air
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s�1 for the coated sample, which corresponds to a
factor of 25 improvement for the coated sample. Note
that the area used here is the cross-sectional area of
the sample, not the total surface area of the pores on
which the coating is deposited. This means that the
actual kg values for both samples is smaller than
reported here. However, since the data for both coated
and uncoated samples are quantified in the same
manner, their relative comparison is valid. The con-
stant time period fluctuations in Fig. 7a and b are due
to the variation in the room temperature from day to
night, which changes the density of air and thus the
buoyancy of the sample holder in the microbalance.
These fluctuations are more obvious on the coated
sample due to the smaller total weight gain.

Figure 7c and d shows the ASR changes during
the 100-h exposure in air at 700�C. The ASR value
of the uncoated sample increased significantly from
22 mX cm2 to 310 mX cm2 after the 100-h oxidation
at 700�C. In contrast, the value of the coated sample
was very stable. The ASR for the coated sample
decreased slightly from 24 mX cm2 to 21 mX cm2

over the first 40 h. This may be due to better
sintering of the silver paste and silver wire. This
effect is also visible for the uncoated sample, when
the increase in the ASR seems slower than after this

time period. For the coated sample, the ASR
increased from 20 mX cm2 to 22 mX cm2 from 50 h
to 100 h. Clearly, the EPD-coated sample exhibited
significantly superior ASR performance compared
with the uncoated sample. This highlights the
ability of the AC EPD process to deposit coatings
on all surfaces of the porous substrate and signif-
icantly reduce the rate of further oxidation of the
sample.

Figure 8a and b shows the microstructure of
uncoated and coated samples after oxidation test-
ing. The Cr concentration was measured quantita-
tively by EDS line scanning. Figure 8c and d shows
the Cr concentration profiles for uncoated and
coated samples after the 100-h oxidation test. The
thickness of Cr2O3 for the uncoated sample after
oxidation is around 1.8 lm. The thickness of Cr2O3

for the coated sample after oxidation at the surface
is around 1 lm. There is a preformed Cr2O3 layer in
the coated sample before the oxidation test, during
the densification anneal at 950�C, before the coating
has fully densified. Therefore, the growth rate of the
TGO for the coated sample is much slower than for
the uncoated sample. The TGA results show that
the EPD coating layer on porous SUS430 substrate
effectively limited Cr2O3 layer growth.

Fig. 8. SEM micrographs of cross-sections after 100-h oxidation test at 700�C in air of (a) uncoated and (b) coated sample. EDS line scans
across the (c) TGO/substrate in the uncoated sample and (d) coating/TGO/substrate in the coated sample
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CONCLUSIONS

Deposition of protective CuNi0.2Mn1.8O4 spinel
coatings on porous metallic substrates was studied.
CuNi0.2Mn1.8O4 spinel powder was made by the
glycine-nitrate process and deposited on porous
SUS430 substrates using AC EPD. As-deposited
samples were densified by a two-step densification
anneal consisting of reduction in H2 at 950�C for 2 h
then reoxidation at 750�C for 24 h in air. Oxidation
tests at 700�C in air were carried out for 100 h. TGA
measurements showed that the oxidation rate con-
stant kg was 2.25 9 10�6 mg2 cm�4 s�1 for uncoated
sample and 9.0 9 10�8 mg2 cm�4 s�1 for the coated
sample, indicating that the coating reduced the kg

value by a factor of 25. ASR measurements revealed
an increase from 22 mX cm2 to 310 mX cm2 for the
uncoated sample. In contrast, the ASR of the coated
sample remained very stable and increased to only
25 mX cm2. EDS line scans showed that the
thickness of Cr2O3 for the uncoated sample after
oxidation was around 1.8 lm, in contrast to 1.0 lm
for the coated sample, most of which formed during
the two-step densification anneal. The TGA, ASR,
and EDS line scan results are consistent. The
results confirm the significant positive effect of the
EPD coating layer on protecting the porous SUS430
substrate from oxidation and keeping the ASR value
low.
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