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H I G H L I G H T S

• Performances of dense and porous Cu-Mn spinel coatings were compared in cell tests.

• Cr-poisoning occurs in open-circuit condition as well as under resistive load.

• Cr species diffuse into cathode via both gaseous and solid-state pathways.

• Porous Cu-Mn coating shows limited Cr gettering capacity and lifetime.

• Dense Cu-Mn coating shows distinct improvement in mitigating Cr-poisoning effects.
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A B S T R A C T

Chromium poisoning is one of the major reasons for cathode performance degradation in solid oxide fuel cells
(SOFCs). To mitigate the effect of Cr-poisoning, a protective coating on the surface of interconnect for sup-
pressing Cr vaporization is necessary. Among the various coating materials, Cu-Mn spinel coating is considered
to be a potential candidate due to their good thermal compatibility, high stability and good electronic con-
ductivity at high temperature. In this study, Crofer 22 H meshes with no protective coating, those with com-
mercial CuMn2O4 spinel coating and the ones with lab-developed CuMn1.8O4 spinel coating were investigated.
The lab-developed CuMn1.8O4 spinel coating were deposited on Crofer 22 H mesh by electrophoretic deposition
and densified by a reduction and re-oxidation process. With these different Crofer 22 H meshes (bare, CuMn2O4-
coated, and CuMn1.8O4-coated), anode-supported SOFCs with Sr-doped LaMnO3-based cathode were electro-
chemically tested at 800 °C for total durations of up to 288 h. Comparing the mitigating effects of the two types
of Cu-Mn spinel coatings on Cr-poisoning, it was found that the performance of the denser lab-developed
CuMn1.8O4 spinel coating was distinctly better, showing no degradation in the cell electrochemical performance
and significantly less Cr deposition near the cathode/electrolyte interface after the test.

1. Introduction

Lowering the operating temperature of solid oxide fuel cells to the
intermediate range of 650–800 °C can not only improve the reliability
and stability of SOFCs, but also enable the use of metallic alloys in
interconnects and balance-of-plant (BoP) materials [1–5]. Compared
with ceramic interconnects, metallic interconnects have higher elec-
tronic conductivity, higher thermal conductivity, better machinability
and lower cost [1,4,6–8]. The most widely developed and studied me-
tallic interconnect materials are the chromia-forming alloys due to their
high thermal compatibility with other SOFC components, high oxida-
tion resistance at high temperature, and the conductive chromium (Cr)

containing oxide scale that forms on the alloy surface [3,4,7,8]. How-
ever, on the cathode side (oxidation environment), Cr-containing oxide
scale can react with oxygen/moisture and form higher valent Cr-con-
taining vapor species (e.g. CrO3 and CrO2(OH)2) [9–13]. These Cr-
containing vapor species can transport and deposit in the cathode and
deteriorate its performance [1,2,14–24]. This degradation phenom-
enon, namely ‘Cr-poisoning’, is one of the major reasons for the per-
formance degradation in the SOFC stacks.

To mitigate the Cr-poisoning effect, decreasing the amount of Cr-
containing vapor species over interconnect becomes an obvious solu-
tion. Fe-Cr-Mn alloys such as Crofer 22 APU [25] and Crofer 22 H [26]
(ThyssenKrupp VDM), Sanergy HT (Sandvik Materials Technology)
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[27] and ZMG 232 (Hitachi Metals) [28] have been widely developed
for SOFC interconnect application. Due to the small amounts
(0.3–0.5 wt%) of Manganese in the Fe-Cr alloys, these steels develop a
well adherent (Cr,Mn)3O4 spinel top layer above the Cr2O3 layer at 800
and 850 °C, and Cr evaporation rate over them is 2–3 times slower than
that over alloys with pure Cr2O3 scales such as Ducrolloy (Plansee), or
with a noncontinuous (Cr,Mn)3O4 top layer such as E-brite (ATI Alle-
gheny Ludlum) [29–32].

Although (Cr,Mn)3O4 top layer formed over the Fe-Cr-Mn alloys can
effectively decrease the Cr evaporation rate, it has been shown that
performance degradation caused by Cr-poisoning is still considerable
when using these alloys as interconnect materials [13,20,21,23,33].
Thus, in order to mitigate the stack performance degradation, long-term
stable protective coatings over the interconnect for minimizing the Cr
vaporization are indispensable. Over the past 10 years, extensive efforts
were made in the development of protective coatings for metallic in-
terconnects [7,8]. Among various coating materials, composite spinel
oxides appear to be the most promising candidate, due to their high
conductivities and good capabilities in retarding oxidation of metallic
interconnect and suppressing vaporization of chromium [8]. While
(Mn,Co)3O4 spinels are the most studied to date [33–40], Cu-Mn spinels
that have higher electronic conductivities and lower cost are recently
receiving more attention [41–47].

In this paper, mitigation of Cr-poisoning employing a candidate
CuMn1.8O4 spinel interconnect coating is demonstrated. CuMn1.8O4

spinel coating is deposited on Crofer 22 H mesh by electrophoretic
deposition (EPD) and densified by a reduction and re-oxidation process.
To evaluate the performance of the CuMn1.8O4 spinel coating, the
spinel-coated Crofer 22 H mesh is employed in the electrochemical
testing of anode-supported cell (ASC). To simulate the interconnect in
the stack, the mesh is placed in direct contact with the SOFC cathode.
For comparison, Crofer 22 H mesh with no protective coating and that
with commercial CuMn2O4 spinel coating are also investigated. In ad-
dition to the electrochemical tests, microstructures of the different
Crofer 22 H meshes and the corresponding cell cathodes are char-
acterized and compared. The performances of two types of Cu-Mn
spinel interconnect coatings, CuMn2O4 (commercial) and CuMn1.8O4

(lab-developed), in mitigating Cr-poisoning are evaluated, and the ef-
fect of coating density on degradation phenomena are discussed.

2. Experimental

2.1. Electrophoretic deposition (EPD) of CuMn1.8O4 spinel coating

A commerical ferritic stainless steel, Crofer 22 H with composition
of 22.93 wt% Cr, 1.94 wt% W, 0.51 wt% Nb, 0.43 wt% Mn, 0.21 wt%
Si, 0.07 wt% Ti, 0.02 wt% Al, 0.08 wt% La, 0.10 wt% Si, 0.07 wt% C,
0.015 wt% N and the balance in Fe, was used as the interconnect ma-
terial in this study [26]. Crofer 22 H meshes with no coating and those
with CuMn2O4 spinel coating were commercially available from Fiaxell
SOFC Technologies (Switzerland) [48]. According to technical specifi-
cations, the CuMn2O4 coated mesh was sintered in air at 850 °C for 3 h.
The meshes have opening of about 0.6 × 0.9 mm and thickness of
0.2 mm.

The uncoated Crofer 22 H meshes were used as the substrates for
deposition of the CuMn1.8O4 spinel coating by the electrophoretic de-
position (EPD) process in our laboratory (the substrates were ultra-
sonically cleaned in the mixture of acetone and ethanol prior to coating
deposition). Powders of CuMn1.8O4 used for coating were synthesized
by the glycine nitrate process (GNP). Propotional amounts of manga-
nese nitrate (Mn(NO3)2·4H2O, Alfa Aesar, USA), copper nitrate (Cu
(NO3)2·2.5H2O, Alfa Aesar, USA) and glycine (CH2NH2COOH, Alfa
Aesar, USA) were dissolved in deionized water, stirred for 10 min, and
heated on a hot plate at 100 °C for 25 min for evaporating the excess
water. The temperature of the precursor was then raised until the auto-
combustion occurred. After the combustion reaction was completed,

the powders were calcined at 800 °C for 2 h to remove any unreacted
reactants.

The synthesized spinel powders were ball-milled in ethanol for 4 h
with 0.3 mm zirconia balls (Tosoh. Corp, Japan) to reduce the particle
size. The CuMn1.8O4 powders were then mixed with desired amounts of
acetone, ethanol and iodine, and the mixture was used as suspension
media for the EPD. The EPD was performed for 10 min at a constant
voltage of 20 V. Due to the irregular shape of the meshes, instead of
conventional uniaxial compaction, the as-deposited coating was den-
sified by subjecting the samples to a thermal treatment process: re-
duction at 1000 °C for 24 h in forming gas (2% H2 + 98% Ar) and then
annealing in air at 850 °C for 100 h.

2.2. SOFC fabrication

The cells used in this study were comprised of 5 layers: a Ni/8YSZ
(8 mol% Y2O3–92 mol% ZrO2) anode substrate, a Ni/8YSZ anode in-
terlayer, an 8YSZ electrolyte, a LSM (Sr-doped LaMnO3)/8YSZ com-
posite cathode active layer, and a LSM current collector layer. As-sin-
tered cell structures consisting of two anode layers and electrolyte were
commercially purchased (Materials and Systems Research Inc., USA).
Cathode active layer and cathode current collector layer were screen
printed over the electrolyte. Slurry for the composite cathode active
layer were prepared by mixing (La0.8Sr0.2)0.95MnO3-δ (Fuel Cell
Materials, USA) and 8YSZ (Tosoh Corp., Japan) powders in a 1:1 wt
ratio and ball milling the mixture for 10 h in alpha-terpineol (Alfa
Aesar, USA) with the desired amount of pore former (Carbon lamp-
black, Fisher Scientific, USA) and binder (V6, Heraeus, USA). For pre-
paration of slurry for the cathode current collector layer, LSM powders
were ball milled for 24 h in alpha-terpineol with desired amount of pore
former (Carbon black, Fisher Scientific, USA) and binder (V6, Heraeus,
USA). After screen printing of each cathode layer, the structure was
sintered at 1200 °C for 2 h. After the fabrication was completed, the
thickness of cathode active layer and the cathode current collector layer
were approximately 30 μm and 50 μm, respectively and the active
cathode area was 2 cm2.

2.3. On-cell tests employing interconnect meshes

On identical cells, Crofer 22 H meshes (a) with no protective
coating, (b) with commercial CuMn2O4 coating, and (c) with lab-de-
veloped CuMn1.8O4 coating, were used individually as current collec-
tors on the cathode side for electrochemical cell testing. Prior to the cell
assembly, the Crofer 22 H mesh (bare/CuMn2O4 coated/CuMn1.8O4

coated) was cut into round pieces having the same area as the SOFC
cathode (∼2 cm2), and was attached on the cathode with a LSM paste.
A nickel mesh was also pre-attached on the anode with nickel paste
(Fuel Cell Materials, USA). Fig. 1 shows the schematic of the cell
structure and interconnect mesh during the cell testing. In the fixture
for cell testing, a single cell was sandwiched between two alumina
tubes. A gold gasket on the cathode side and a mica gasket on the anode
side were used for sealing purpose. In addition, glass paste (Fuel Cell
Store, USA) was applied outside the tube circumference to ensure gas
tightness. Two silver wires on the cathode side and two nickel rods on
the anode side were firmly pressed on the Crofer 22 H mesh and nickel
mesh respectively, to ensure good contacts. On each side, one wire/rod
was used for current application, and the other for voltage measure-
ment. More details of the cell testing fixture have been previously
published [23].

The cells were electrochemically tested at 800 °C. On the anode side,
humidified hydrogen with 2% H2O (obtained by passing hydrogen
through a water bubbler at ∼ 18 °C) was circulated at 300 cm3/min,
providing fuel under flooded condition and low fuel utilization. On the
cathode side, dry air was used over at 1000 cm3/min (with gas velocity
of approximately 4.8 m/s at 800 °C), which also provided a flooded
condition with negligible fractional oxidant utilization. The cell testing
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procedure was as follows:

a. After the open-circuit voltage (OCV) of the cell was stable, current-
voltage (C-V) measurement and electrochemical impedance spec-
troscopy (EIS, under open-circuit condition) were performed to
characterize the initial cell performance (at t = 0 h).

b. The cell was then operated under open-circuit condition for 48 h.
After that, the C-V and EIS measurements were carried out (at
t = 48 h) to characterize the cell performance.

c. Cell was then operated under galvanostatic condition at 0.5 A/cm2

(relative to the cathode area) for up to 240 h. The galvanostatic
condition was interrupted by C-V and EIS measurements every 24 h
to monitor the cell performance on a daily basis.

The details of the cell test conditions with uncoated, CuMn2O4

coated, and CuMn1.8O4 coated interconnect meshes, are summarized in
Table 1. All electrochemical measurements were made with a Princeton
Applied Research PARSTAT® 2273 potentiostat, and a KEPCO 20-20 M
power amplifier.

2.4. Microstructural characterization

The surfaces of CuMn2O4 coating and CuMn1.8O4 spinel coating
(after thermal treatments but before on-cell tests) were characterized by
X-ray diffraction (XRD, Bruker D8 Advanced XRD system with CuKα
radiation). The meshes with both CuMn2O4 and CuMn1.8O4 spinel
coatings before and after the on-cell tests were sectioned and im-
pregnated with epoxy. After the epoxy hardened, they were polished
down to 0.05 μm and sputter-coated with carbon. The cross sections of
the coatings were examined by scanning electron microscopy (SEM,
Zeiss Supra 55VP) and energy dispersive X-ray spectroscopy (EDX,

EDAX). After the electrochemical testing, the cells were fractured. The
fractured cells were examined using the following methods:

a. To characterize the Cr intensity profile within the cathode on a flat
cross section, one piece of each fractured cell was mounted (in
epoxy), polished, sputter-coated (with carbon), and examined by
SEM and EDX.

b. To observe the cathode/electrolyte interfaces with higher lateral
resolution and contrast, another piece of each fractured cell
(without epoxy mounting) was sputter-coated and examined by an
in-lens detector (instead of conventional secondary-ion detector) in
SEM. Elemental analysis of Cr-containing deposits near the cathode/
electrolyte interfaces were performed by EDX.

3. Results and discussion

3.1. Characterizations of coatings before on-cell testing

Fig. 2a and b show the cross-sections of commercial CuMn2O4 and
lab-developed CuMn1.8O4 coatings on the surface of Crofer 22 H mesh,
respectively. The commercial CuMn2O4 coating has thickness of ap-
proximately 5 μm and porosity of approximately 48% (estimated by
ImageJ software on multiple SEM images). In contrast, the lab-devel-
oped CuMn1.8O4 coating is slightly thicker with thickness of approxi-
mately 10 μm, and it appears to be relatively denser with porosity of
approximately 4%.

SEM images of top views of CuMn2O4 coating and CuMn1.8O4

coating are shown in Fig. 2c and d respectively. Again, compared with
the commercial CuMn2O4 coating, the lab-developed CuMn1.8O4

coating is much denser with nearly no gap between the spinel grains.
The average grain size of CuMn2O4 coating is approximately 0.52 μm,
and that of CuMn1.8O4 coating is approximately 0.63 μm.

Fig. 2e shows the XRD patterns measured on the surface of these two
coatings. Compared with CuMn2O4 coating, the diffraction peaks of
CuMn1.8O4 are slightly to the right, indicating a slight smaller lattice
parameter in the case of CuMn1.8O4 coating. By averaging the lattice
constants calculated from (220) peak (at 2θ of ∼30.3) and (311) peak
(at 2θ of ∼35.8), lattice constants for CuMn1.8O4 and CuMn2O4 are
found to be 0.8314 nm and 0.8324 nm, respectively. The higher lattice
constant of CuMn2O4 could be due to the fact that there are more Mn
ions in the lattice. In both coatings, diffraction peaks of cubic spinel
phases, Fe-Cr substrates, and slight amounts of Mn3O4 are observed.

Fig. 1. A schematic of the cell structure and the inter-
connect mesh during cell testing.

Table 1
Cell test conditions with uncoated, CuMn2O4 coated, CuMn1.8O4 coated interconnect
meshes.

Cell Interconnect
coating

Current condition Total
duration

Cell 1 No coating 48 h of open-circuit + 144 h of
close-circuit at 0.5 A/cm2

192 h

Cell 2 CuMn2O4 coating 48 h of open-circuit + 240 h of
close-circuit at 0.5 A/cm2

288 h

Cell 3 CuMn1.8O4 coating 48 h of open-circuit + 240 h of
close-circuit at 0.5 A/cm2

288 h
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3.2. Cell test results

3.2.1. Cell performances under open-circuit condition
As mentioned in Section 2.3, cells were initially operated under

open-circuit condition for 48 h. Fig. 3a and b show the impedance
spectra measured of Cells 1, 2 and 3 measured at 0 h and after 48 h of
open-circuit condition, respectively. In an impedance spectrum (re-
presented by a Nyquist plot), the high-frequency intercept on the real
axis corresponds to the area specific ohmic resistance (RΩ) of the cell.
The difference between high frequency intercept and low frequency
intercept corresponds to the area specific electrode polarization re-
sistance (Rp). The results of EIS measurements in the first 48 h can be
described as follows:

a. The ohmic resistances (RΩ) of the cells tested with uncoated (Cell 1),
CuMn2O4 coated (Cell 2) and CuMn1.8O4 coated (Cell 3)

interconnect meshes were 0.24, 0.20 and 0.18 Ω·cm2, respectively,
and during the 48 h of open-circuit condition the values did not
change. Comparing the ohmic resistances between the cells, it is
found that cells tested with spinel-coated meshes have lower RΩ’s
and Cell 3 (tested with CuMn1.8O4 coated mesh) shows lowest RΩ
among the three cells.

b. At 0 h, the area specific polarization resistances (Rp) of Cells 1, 2 and
3 were 1.89, 1.85 and 1.74 Ω·cm2, respectively (see Fig. 3a). The
initial Rp's of these cells appeared to be relatively close, which is
reasonable since the cells were fabricated under identical condi-
tions.

c. At 48 h, the area specific polarization resistances (Rp) of Cells 1, 2
and 3 were 1.91, 1.55 and 1.22 Ω·cm2, respectively (see Fig. 3b).
Compared with their initial values measured at 0 h, Rp of Cell 1
(tested with uncoated interconnect) slightly increased by 1.1%, Rp

of Cell 2 (tested with CuMn2O4 coated interconnect) decreased by
16.2%, and Rp of Cell 3 (tested with CuMn1.8O4 coated interconnect)
decreased by 29.9%. The changes of Rp of these cells are also
summarized in Fig. 3c. While the decrease of Rp for the cells tested
with spinel-coated interconnects (Cells 2 and 3) can be ascribed to
the cell break-in Refs. [13,23,49–52], the slight increase (instead of
decrease) of Rp for cell tested with uncoated interconnect (Cell 1)
clearly indicates that some Cr-poisoning through the chemical route
occurred under open-circuit condition, which dominates over the
improvement seen during the cell break-in.

The C-V curves and the corresponding power density curves of the
cells measured at 0 h and at 48 h are displayed in Fig. 3d and e. At 0 h,
the maximum power densities of Cells 1, 2 and 3 were 0.36 W/cm2,
0.35 W/cm2 and 0.40 W/cm2, respectively. At 48 h, due to the cell
break-in, the maximum power densities for the above-mentioned cells
increased to 0.41 W/cm2 (by ∼14%), 0.51 W/cm2 (by ∼46%), and
0.61 W/cm2 (by ∼53%), respectively. In the case of Cell 1 (tested with
uncoated meshes), the extents of increase in maximum power density
due to cell break-in was significantly smaller than the cells that were
tested with spinel-coated meshes, again indicating that the cell break-in
of Cell 1 was counteracted by the Cr-related degradation under open-
circuit condition.

Overall, the observations from C-V measurements and from EIS
measurements agreed with each other, showing highest improvement
of performance of Cell 3 (tested with CuMn1.8O4 coated mesh), mod-
erate improvement of performance of Cell 2 (tested with CuMn2O4

coated mesh), and no/minimal improvement of performance of Cell 1
(tested with uncoated mesh).

3.2.2. Cell performances under galvanostatic condition
After 48 h of open-circuit condition, the cells were operated under

galvanostatic condition at 0.5 A/cm2. Fig. 4a shows the area specific
polarization resistances (Rp) and area specific ohmic resistances (RΩ)
obtained from EIS measurements as functions of time for Cells 1, 2 and
3. The results of EIS measurements after t = 48 h can be described as
follows:

a. In these three cells, no significant changes of area specific ohmic
resistances (RΩ) were observed. At the ends of the experiments, the
area specific ohmic resistance of Cells 1, 2 and 3 were measured to
be 0.19, 0.20, and 0.14 Ω·cm2, respectively, which indicates that the
lab-developed CuMn1.8O4 coating provided distinctly better elec-
trical conductivity.

b. The area specific polarization resistances (Rp) of Cell 1 (tested with
uncoated mesh) and Cell 2 (tested with CuMn2O4 coated mesh) were
found to decrease at the beginning of the galvanostatic testing, and
then they started to increase. The behavior that Rp decreases in-
itially and then increases was also observed by some other authors
[1,23,53–55], and can be ascribed to the activation effect (cell
break-in) of cathodic current on cell performance. The increase in

Fig. 2. SEM micrographs of the cross sections and the top views of coatings before on-cell
testing: (a, c) commercial CuMn2O4 coating, and (b, d) lab-developed CuMn1.8O4 coating.
(e) XRD results of CuMn2O4 and CuMn1.8O4 coatings before on-cell testing.
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the Rp values after the decrease for Cells 1 and 2 can be ascribed to
the degradation caused by the Cr-poisoning effect. The rate of in-
crease of the Rp value for Cell 2 is less than that of Cell 1 indicating
the beneficial effect of the CuMn2O4 coating in decreasing the per-
formance degradation due to Cr-poisoning.

c. In contrast, Rp of Cell 3 (tested with CuMn1.8O4 coated mesh) is
relatively stable during galvanostatic testing. The relatively stable
Rp of Cell 3 is due to the fact that the cell performance of Cell 3 has
already improved during the first 48 h of cell break-in under open-
circuit condition and there was no impact of Cr-poisoning. Overall,
Rp of Cell 3 was the lowest, compared to that of Cells 1 and 2.

Fig. 4b shows the Nyquist plot of Cells 1, 2 and 3 measured before
and after galvanostatic conditions. The activation effect of cathodic
current on the cell performance in Cell 3 was much less compared to
that in Cells 1 and 2 and agreeing with all the conclusions presented
from Fig. 4a.

The cell performances were also characterized using C-V measure-
ments. Fig. 5a shows the cell potentials at 0.5 A/cm2 (obtained from C-
V measurements) as a function of time for the cells tested with different
interconnect meshes. The cell performances can be described as follows:

a. Cell 1 (with no coating): When there was no protective coating over
the interconnect mesh, significant degradation of cell performance
was observed under the galvanostatic condition (0.5 A/cm2). The
cell performance degradation was most rapid in the first 24 h and
then the rate of degradation decreased. Overall, the cell potential at
0.5 A/cm2 decreased from 0.67 V to 0.47 V (degraded by ∼30%)
during the 144 h of galvanostatic testing.

b. Cell 2 (with CuMn2O4 coated mesh): In the case of commercial
CuMn2O4 spinel coating, cell performance increased slightly in the
first 24 h of galvanostatic testing, and then stable for the next 144 h
of galvanostatic testing (72 h–216 h in Fig. 5a). However, de-
gradation was observed starting from 216 h (see Fig. 5a). In total,

Fig. 3. (a, b) Impedance spectra of Cell 1 (with no coating on mesh), Cell 2 (with CuMn2O4 coated mesh) and Cell 3 (with CuMn1.8O4 coated mesh) measured under open-circuit condition
at 800 °C in dry air at (a) t = 0 h, and (b) t = 48 h (the high frequency intercepts are normalized to zero for comparing the non-ohmic polarization resistances). (c) Comparison of
polarization resistances (Rp) before and after 48 h of open-circuit conditions. (d, e) C-V curves and corresponding power density curves measured at 800 °C in dry air at (d) t = 0 h, and (e)
t = 48 h.
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the cell potential at 0.5 A/cm2 increased from 0.71 V to 0.73 V
(improved by ∼3%) in the 240 h of galvanostatic condition.

c. Cell 3 (with CuMn1.8O4 coated mesh): In contrast, when lab-devel-
oped CuMn1.8O4 spinel coating was employed, no performance de-
gradation was observed during the entire experiment. The cell po-
tential at 0.5 A/cm2 increased from 0.74 V to 0.87 V in 240 h of
galvanostatic testing (improved by ∼18%).

The power density curves before and after the galvanostatic con-
dition of these cells are displayed in Fig. 5b. The maximum power
density of Cell 1 (with no coating) decreased from 0.41 to 0.24 W/cm2

(by ∼43%), and that of Cell 2 (with CuMn2O4 coated mesh) decreased
from 0.51 to 0.44 W/cm2 (by ∼14%). In contrast, the maximum power
density of Cell 3 (with CuMn1.8O4 coated mesh) increased from 0.61 to
0.86 W/cm2 (by ∼42%).

Compared with open-circuit condition, galvanostatic condition (at
0.5 A/cm2) significantly promoted the performance degradation when
there was no protective coating over the interconnect mesh (Cell 1).
This is considered to be due to the Cr-containing oxide scale over the
uncoated Crofer 22 H mesh, which easily reacts with O2 in the air,
provides Cr vapor species that get electrochemically deposited in the
cathode [13,23]. In contrast, when CuMn2O4 or CuMn1.8O4 spinel
coating was applied over the Crofer 22 H mesh (Cell 2 or 3), slight or no
degradation of cell performance was observed due to the suppression
effects of the spinel coatings on the evaporation of Cr vapor species.
However, comparing the two types of Cu-Mn spinel coatings, it was
found that the performance of the lab-developed denser CuMn1.8O4 was
distinct better, showing no observable degradation of cell performance
(Cell 3).

Fig. 4. (a) Area specific polarization resistances (Rp) and ohmic resistances (RΩ) obtained from EIS measurements as functions of time for Cell 1 (with no coating on mesh), Cell 2 (with
CuMn2O4 coated mesh) and Cell 3 (with CuMn1.8O4 coated mesh). (b) Nyquist plots of Cells 1, 2 and 3 obtained before and after galvanostatic condition (the high frequency intercepts are
normalized to zero for comparing the non-ohmic polarization resistances).

Fig. 5. (a) Cell potentials at 0.5 A/cm2 as functions of time, with uncoated (Cell 1), CuMn2O4 coated (Cell 2) and CuMn1.8O4 coated (Cell 3) interconnect meshes as cathode current
collectors. (b) Power density curves of the cells measured at t = 48 h and at the ends of the experiments (i.e. before and after the galvanostatic conditions).
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3.3. Microstructures of cell cathodes

Fig. 6a-d show the cross-sectional SEM micrographs near the
cathode/electrolyte interfaces in (a) an untested reference cell, (b) Cell
1: tested with uncoated Crofer 22 H mesh, (c) Cell 2: tested with
commercial CuMn2O4 coated Crofer 22 H mesh, and (d) Cell 3: tested
with lab-developed CuMn1.8O4 coated Crofer 22 H mesh, respectively.
Compared with the clean interface in the reference cell (Fig. 6a), the
following differences are observed in the microstructures of Cells 1, 2
and 3:

a. In Cell 1 (with no coating), major amounts of Cr-containing deposits
are observed near the cathode/electrolyte interface, and these de-
posits appear to extend several micrometers into the cathode
(Fig. 6b).

b. In Cell 2 (with CuMn2O4 coated mesh), the Cr-containing deposits
are mainly distributed at the cathode/electrolyte interface, where
the amounts of deposits are much less than those in Cell 1 (Fig. 6c).

c. In contrast, the cathode/electrolyte interface in Cell 3 (with
CuMn1.8O4 coated mesh) appears to be relatively clean with no
observable Cr-containing deposits (Fig. 6d).

EDX analyses were performed to examine the elemental changes in
the cathode cross sections of the cells after electrochemical testing. In
the EDX analysis, overlap between LaLβ2 peak and CrKα peak in the X-
ray spectrum are commonly observed in the La and Cr containing
cathodes (such as LSM). In this study, the relative intensity ratio of the
(LaLβ2 + CrKα)/LaLα was taken as an effective criterion of Cr de-
position: a larger (LaLβ2 + CrKα)/LaLα intensity ratio indicates a
higher amount of Cr deposits. The EDX spectra obtained from the da-
shed circular regions indicated in Fig. 6a-d are correspondingly shown
in Fig. 6e-h. The intensity ratios of (LaLβ2 + CrKα)/LaLα were as fol-
lows: Cell 1 (4.78) > Cell 2 (0.61) > Cell 3 (0.20) > reference cell
(0.17) (the dashed circular regions have diameters of 1 μm, which
means that each EDX spectrum was collected from a point at the
cathode/electrolyte interface). In the spectrum obtained in Cell 1

Fig. 6. SEM micrographs of cathode cross sections in: (a) untested reference cell, (b) Cell 1: tested with uncoated Crofer 22 H mesh, (c) Cell 2: tested with commercial CuMn2O4 coating,
and (d) Cell 3: tested with lab-developed CuMn1.8O4 coating. (e-h) EDX spectra obtained from the dashed circles corresponding to Fig. 6a-d.
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(Fig. 6f), the intensities of Cr and Mn are distinctly higher, indicating
that the deposits near the cathode/electrolyte interface are Cr,Mn-rich
phases. These Cr and Mn containing deposits are likely (Cr,Mn)3O4

spinels, which were reported by many other researchers [18,21,56]. In
the case of Cells 2 and 3 (Fig. 6g and h), only slightly higher intensities
of Cr than the baseline value were detected. Due to the limited re-
solution of SEM/EDX, the exact compositions of Cr-containing deposits
are difficult to determine, and higher resolution EDX analysis is needed.

To quantify and compare the amounts of Cr concentrations in the
cathodes of the three tested cells, EDX spectra were collected from
rectangular areas (2 μm in the direction of cathode bulk, 16 μm parallel
to the electrolyte) at 0, 1, 3, 5, 7, 15, 25, 40, 50, 60, 70 and 80 μm away
from the cathode/electrolyte interface, and the average intensity ratios
of (LaLβ2 + CrKα)/LaLα were obtained. Fig. 7a shows an example SEM
image of cathode cross section after cell testing, showing three layers
screen-printed/painted over the YSZ electrolyte: LSM + YSZ cathode
active layer (∼30 μm), LSM cathode current collector layer (∼50 μm),
and LSM contact layer (∼10 μm). Fig. 7b shows the (LaLβ2 + CrKα)/
LaLα intensity ratios as a function of distance away from the cathode/
electrolyte interfaces in the cell tested with uncoated, CuMn2O4 coated
and CuMn1.8O4 coated interconnect meshes (the cathode thickness is
correspondingly aligned with the SEM image shown in Fig. 7a). The Cr
concentration profiles in the cells can be summarized as follows:

a. Cell 1: When cell was tested with uncoated Crofer 22 H mesh, a
steep concentration gradient of Cr-containing deposits was observed
near the cathode/electrolyte interface. The (LaLβ2 + CrKα)/LaLα
intensity ratio at the cathode/electrolyte interface was measured to
be 0.91, which indicates that large amounts of Cr-containing species

were deposited close to the cathode/electrolyte interface.
b. Cell 2: When commercial CuMn2O4 coated Crofer 22 H mesh was

employed, the concentration gradient near the cathode/electrolyte
was more gradual. The (LaLβ2 + CrKα)/LaLα intensity ratio at
cathode/electrolyte interface was measured to be 0.38, indicating
smaller amount of Cr-containing deposits compared with that in the
cell tested with uncoated mesh.

c. Cell 3: When the cell was tested with lab-coated dense CuMn1.8O4

coated Crofer 22 H mesh, the (LaLβ2 + CrKα)/LaLα intensity ratio
near the cathode/electrolyte interface was only 0.27, indicating
minor amount of Cr-containing deposits.

The (LaLβ2 + CrKα)/LaLα intensity ratios obtained in the cathode
current collector layers (∼30–80 μm away from electrolyte) are also
shown in the zoomed-in plot in Fig. 7b (on the right). Interestingly it
was found that a Cr concentration gradient relative to the surface of the
cathode current collector layer (∼50 - 80 μm away from electrolyte)
developed in Cell 1. Since there is no protective coating on the surface
of Crofer 22 H mesh used in Cell 1 testing, the higher intensity of Cr at
the cathode surface compared with that in the bulk of LSM cathode
current collector layer, suggests a solid-state diffusion pathway for Cr
species in addition to the gas transport pathway. This solid-state dif-
fusion pathway of Cr from interconnect to cathode was also reported
and suggested by other researchers [57–59]. In contrast, when the in-
terconnect mesh was coated with CuMn2O4 (Cell 2) or CuMn1.8O4

spinel (Cell 3), no intensity gradient of Cr was observed at cathode
surface, indicating that the protective coating acted not only as a sup-
pression layer for Cr vaporization, but also as a barrier layer for Cr
solid-state diffusion.

Fig. 7. (a) An example SEM image of cathode cross section after cell testing, showing three layers screen-printed/painted over the electrolyte: LSM + YSZ cathode active layer, LSM
cathode current collector layer, and LSM contact layer. (b) (LaLβ2+CrKα)/LaLα intensity ratios as functions of distance away from the electrolyte in the cells tested with uncoated,
CuMn2O4 coated and CuMn1.8O4 coated interconnect meshes (these average intensity ratios were obtained based on the EDX spectra collected from 2 μm × 16 μm rectangular areas).
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3.4. Characterizations of coatings after on-cell testing

Fig. 8a, e, c, and g show the cross-sectional SEM micrographs of the
two types of coatings (CuMn2O4 spinel coating and CuMn1.8O4 spinel
coating) on the Crofer 22 H mesh before and after the cell testing. The
corresponding EDX mapping of Cr in the cross-sections of the coatings
are shown in Fig. 8b, f, d, and h. Before cell testing, a Cr diffusion layer
(between Cr-containing oxide scale and the coating) was found in the
lab-developed CuMn1.8O4 coating (see Fig. 8d), which is not present for
the commercial CuMn2O4 coating (see Fig. 8b). This is due to the fact
that CuMn1.8O4 coating was annealed in air at 850 °C for 100 h, while
CuMn2O4 coating was annealed for only 3 h. After the cell testing, both
CuMn2O4 spinel coating and CuMn1.8O4 spinel coating were found to be
well adhered to the interconnects, indicating good thermal compat-
ibility between the coatings and the interconnect material. In the case
of the porous CuMn2O4 spinel coating, the coating became dense after
cell testing. The result of the EDX mapping shows that a reaction layer
rich in Cr developed between CuMn2O4 coating and Crofer 22 H and the
Cr begins to diffuse throughout the coating. In the case of lab-developed
CuMn1.8O4 spinel coating, it was found that the diffusion of Cr from the
reaction layer into the coating was limited. It is worth mentioning that
the oxide scale in CuMn1.8O4 coating appears to be thinner after on-cell
testing, compared with that before the cell testing (See Fig. 8c and g).
The thickness of Cr2O3 layer depends on two competing factors: (a)
oxidation of the substrates that forms new Cr2O3 and thus increases its
thickness, and (b) consumption of this layer due to its reaction with the
coating layer which decreases its thickness (forming a Cr-containing
reaction layer). The thinner oxide scale indicates that the rate of con-
sumption is larger than the rate of formation during the testing. While

thinner oxide scale is beneficial to the cell performance because of the
poor electrical conductivity of Cr2O3 (in comparison with that of Fe-Cr
alloy and spinel coating), the effect of reaction layer is still unknown.

In order to examine and compare the Cr concentration profiles in
these two types of Cu-Mn coatings before and after cell testing, EDX line
scans were performed on the cross-sections of the spinel coatings.
Fig. 8i and j show the Cr intensities in the porous commercial CuMn2O4

spinel coating and in the lab-developed dense CuMn1.8O4 spinel
coating, before and after the 288 h on-cell testing. The EDX line scan
results can be summarized as follows:

a. In the case of CuMn2O4 coating (Fig. 8i), a Cr concentration gradient
developed in the coating cross section. The intensity of Cr on the
surface of the coating after testing was found to be much higher than
its initial value before testing, indicating Cr diffusion into the
coating and reaching the surface.

b. In the case of CuMn1.8O4 coating (Fig. 8j), after the cell test, the Cr
diffusion is limited within the dense inner layer of the coating,
showing no distinct Cr intensity on the surface of the coating.

3.5. Summary of observations

In this study, based on the comparative experiments using uncoated,
porous commercial CuMn2O4 spinel coated, and lab-developed denser
CuMn1.8O4 spinel coated interconnect meshes, chromium poisoning
phenomena are comprehensively investigated through cell electro-
chemical performance, cathode microstructures, and coating micro-
structures. The observations can be summarized and discussed as fol-
lows:

Fig. 8. SEM micrographs of CuMn2O4 coating and CuMn1.8O4 coating (a, c) before and (e, g) after 288 h of on-cell testing in air at 800 °C. (b, d, f, h) On the right of SEM images are EDX
maps of Cr in the corresponding samples. (i, j) Cr intensity profile before and after 288 h of on-cell tests (in air at 800 °C) in the cross-sections of (i) porous commercial CuMn2O4 spinel
coating, and (j) lab-developed dense CuMn1.8O4 spinel coating.
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a. Cr-poisoning can occur under open-circuit condition through che-
mical pathway. Although chemical pathway of Cr-poisoning has
been proposed by other researchers [15,20], it is shown in this study
that the cell activation (or break-in) under open-circuit condition
can be counteracted/restrained by the presence of Cr vapor species
(shown in both C-V and EIS measurements). Therefore, when
studying the Cr-related degradation of SOFC cathodes, care needs to
be taken during the cell heat-up and equilibration processes, to ac-
count for the Cr environment that already exists before the cell
testing begins.

b. Compared with open-circuit condition, galvanostatic condition at
0.5 A/cm2 significantly promoted the performance degradation
when cell was tested with uncoated interconnect (Cell 1). This is
considered to be due to the Cr-containing oxide scale over the un-
coated interconnect that easily reacts with O2 in the air and provides
large amounts of Cr vapor species which are electrochemically de-
posited in the cathode [13,23]. In contrast, when CuMn2O4 or
CuMn1.8O4 spinel coating was applied over the Crofer 22 H mesh
(Cells 2 and 3), slight or no degradation was observed due to the
mitigation effects of the spinel coatings on the evaporation of Cr
vapor species.

c. In addition to the gaseous transport of Cr species, surface diffusion
of Cr through grain boundaries proposed by Tucker et al. is also
possible [57,58]. A Cr intensity gradient relative to the surface of
the cathode was observed in the cell tested with uncoated inter-
connect mesh (Cell 1), which was not the case for the cells tested
with spinel-coated interconnect meshes (Cell 2 and 3). It is con-
sidered that the spinel coating acted not only as a suppression layer
for Cr vaporization, but also as a barrier layer for direct contact
between cathode materials and Cr-containing oxide scale over the
interconnect, thereby preventing solid-state diffusion of Cr species.

d. Comparing the porous commercial CuMn2O4 spinel coating and lab-
developed dense CuMn1.8O4 spinel coating, different observations in
cell performance, cell microstructures and coating microstructures
were found. In the case of commercial CuMn2O4 spinel coating, Cell
2 performance was stable at first and then started to show slight
degradation. Considering the CuMn2O4 spinel coating is porous, it is
likely that Cr vapor species started to evaporate through the pores of
the coating layer at the beginning of the cell test. The stable per-
formance at the beginning of the galvanostatic condition is con-
sidered to be due to the coexistence of the activation effect of
cathodic current and the detrimental effect of Cr-poisoning. Starting
at t = 216 h, Cell 2 performance degradation was observed (see
Fig. 5a), and Cr intensity on the coating surface was no longer zero
(see Fig. 8i). In contrast, when relatively denser CuMn1.8O4 spinel
coating was applied on the interconnect, Cell 3 performance showed
continuous improvement under galvanostatic condition which in-
dicates that cell activation is effective and Cr-poisoning effect is
negligible in this cell. Nearly no Cr-containing deposits was ob-
served at the cathode/electrolyte interface of Cell 3, and the Cr
diffusion was limited within the dense inner layer of the CuMn1.8O4

spinel coating. It is to be noted that higher stress and/or lower
fracture toughness may be associated with a denser coating and
therefore the effect of coating density on long term performance
needs to be further investigated. It is also suggested that annealing
and densification of the coating (under oxidizing atmosphere)
should not be performed while cell testing, because Cr-poisoning
may occur during annealing when the coating is not completely
densified [40]. Overall, in order to minimize the effect of Cr-poi-
soning on cell performance during long-term operation, a dense and
well-adherent protective coating on Fe-Cr alloy interconnect is ne-
cessary.

4. Conclusions

In this work, CuMn1.8O4 spinel coating was deposited on the surface

of Crofer 22 H mesh by electrophoretic deposition (EPD) and success-
fully densified by a reduction and re-oxidation process. Anode-sup-
ported solid oxide fuel cells with LSM-based cathode were fabricated
and electrochemically tested at 800 °C in the presence of Crofer 22 H
mesh with no protective coating, that with porous commercial
CuMn2O4 coating and the one with relatively denser CuMn1.8O4

coating.
Under open-circuit condition, the cell break-in was significant when

the cell was tested with spinel-coated interconnect meshes but was
negligible in the case of uncoated mesh. Cr-poisoning through the
chemical route occurred under open-circuit conditions before the cell
tests began. Under galvanostatic condition (0.5 A/cm2), significant
performance degradation was observed when no protective coating was
applied over the interconnect mesh. In addition, a steep Cr concentra-
tion gradient was observed near the cathode/electrolyte interface, in-
dicating that large amounts of Cr-containing species were electro-
chemically deposited during cell testing. In contrast, slight or no
degradation in cell performance was observed when CuMn2O4 or
CuMn1.8O4 coated interconnect mesh was used. Compared to the
porous CuMn2O4 coating, the performance of the relative denser
CuMn1.8O4 spinel coating was distinctly better, showing continuous
improvement in cell performance and significantly less Cr deposition
near the cathode/electrolyte interface after the test.

The cross-sections of the two types of Cu-Mn spinel coatings were
also characterized and compared. It was found that the porous
CuMn2O4 coating has poorer Cr gettering capacity, showing Cr diffu-
sion out of the coating. In contrast, the Cr diffusion is limited within the
dense inner layer of the CuMn1.8O4 coating, showing no distinct Cr
intensity on the surface of the coating. This study shows that dense and
long-term stable interconnect coatings are indispensable for mitigating
the effects of Cr-poisoning, and the dense CuMn1.8O4 spinel coating
shows great promise.
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