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ABSTRACT

The present work aims to evaluate the feasibility of thermally sprayed Mn; 5Co;.504/FeCr24 interconnect under
real operating environment of tubular solid oxide fuel cells (SOFC). Different from the planar SOFC, further
practical application of ferritic stainless steels interconnector is still limited in tubular SOFC, mainly due to the
special construction and complex operating environment. Investigating the stability of interconnector under
reducing-oxidizing (redox) atmosphere is an important issue towards practical applications of tubular SOFC. In
this work, thermal spraying was applied as a cost-effective method to prepare the segmented-in-series SOFCs
based on Mn; 5Co;.504/FeCr24 interconnector. The detailed heating and deposition process for different
Mn; 5Co; 504 particles, quantitative relationship between the Mn; 5Co; 504 coating thickness (5p) and micro-
structure homogenization rate (dé/dt) during oxidizing treatment, as well as the feasibility of thermally-sprayed
Mn; 5C0; 504/FeCr24 interconnect for tubular SOFC applications in range of 600-800 °C were thoroughly

evaluated.

1. Introduction

As a clean and efficient energy conversion device, solid oxide fuel
cells (SOFC) represents one of the most potential power generation
systems owing to their fuel flexibility and high system efficiencies [1-5].
To produce a usable power output, multiple single fuel cells are usually
stacked in electrical series via interconnectors. As a key component in
SOFC stacks, the interconnector electrically connects the adjacent single
cells while physically separating the fuel from the oxidant gas. In planar
SOFC systems, the interconnectors are generally designed in form of
bulk materials and exposed only to the oxidizing atmosphere. While for
tubular types, many systems with high efficiency and high stability have
been developed using the “segmented-in-series” SOFC (SS-SOFC) design,
with the cells delineated in bands around the tube [6-9]. In this design,
the cell components (anode/electrolyte/cathode/interconnector) are
deposited layer by layer onto the porous tube, and then one end of the
tube is sealed. During the stack operation, the fuel/oxidant gas is
transported inside the tube by a feeding pipe and released near the
closed end of the cell, while the oxidant/fuel gas is transmitted outside
the tube in opposite direction. In the whole process, the interconnector
is exposed to both anodic reducing (Hy) and cathodic oxidation (O3)

* Corresponding author.

atmospheres simultaneously. As a result, good chemical, microstruc-
tural, and phase stabilities for the interconnector are required in both
the reducing and oxidizing environments (redox condition).

To render SOFC technology economically feasible, both their fabri-
cating cost and the operating temperature need to be further decreased.
Developing intermediate-temperature (600-800 °C) tubular SOFCs
through low-cost manufacturing process is the critical step towards
commercialization. In recent years, thermal spraying (TS) characterized
with high deposition rate, high automation, high flexibility and low cost
have been used for the manufacturing of tubular SOFCs, such as Siemens
Westinghouse Power Corporation (SWH) and Mitsubishi Heavy In-
dustries (MHI) stacks [10-14]. The output power for our thermally
sprayed tubular SS-SOFC stacks assembled with 56 tubes (ten cells in
series per tube) reached more than 800 W at 830 °C, indicating a
promising potential of TS technology for large-scale power generation
application [15]. On the other side, progresses in the intermediate-
temperature (600-800 °C) SOFCs have facilitated the application of
less expensive metallic interconnectors [16,17]. Due to the excellent
electric performance, good thermal compatibility, high impact-
resistance, and low fabrication cost, Cr-containing ferritic stainless
steels (FSS) such as Crofer 22 APU [18,19], Crofer 22H [20,21], T441
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Fig. 1. Manufacturing scheme of current thermally sprayed two-cell-stack assembled with MCO/FeCr24 interconnector.

[22-24], and SUS430 [25,26] have been developed as promising
interconnector materials for SOFC stacks. However, the typical cathode
operating environment inevitably causes the formation of Cr-rich oxide
layers at the cathode/interconnector interface, which could grow line-
arly in term of square root of the operation time [27,28]. The continuous
scale growth may lead to adverse consequences as follows: (i) increased
electrical resistance and possibility of coating spallation, which would
be further exacerbated by the thermal mismatch between the oxide layer
and substrate; (ii) accelerated volatilization of cro* species (e.g. CrOs,
CrO2(OH)3) [29] at the three-phase boundary and then drastic cell
performance degradation [30,31]. It was suggested that a dense outer
scale such as (Cr,Mn)304, (Cr,Mn,Fe)304 could be generated in prior to
the formation of CryOg layer, and then reduce the Cr evaporation rate to
some extent, by adding elements with high oxygen affinity (e.g. Mn, Ti)
into the FSS substrates [32,33]. Crofer 22 APU and similar alloys spe-
cifically developed for SOFC stacks exhibited good performance in real
stack tests [18,34]. Nevertheless, these special interconnectors are
rather expensive and unattractive for commercial applications, in
comparison to commodity FSS such as T441 and SUS430. Moreover, the
stack performance degradation caused by Cr-poisoning is still consid-
erable. To effectively prevent Cr-volatilization and improve the stack
performance stability, application of long-term stable protective coat-
ings over the interconnector is indispensable.

To date, Mn-Co based spinel, Mn-Cu based spinel [35,36], Fe-
containing spinel such as NiFeyO4 [37], CuFexO4 [38], and (Fe,Co,
Ni)304 [39] have exhibited promising potential for SOFC interconnects.
Among variety of materials, (Mn,Co)3sO4 coatings including
Mn; 5C071.504 [40,41], MnCo204 [21], Fe-doped [42] and Cu-doped [43]
Mn-Co spinels have evoked great interest, owing to their satisfactory
electrical conductivity, well-matched thermal properties, and especially
the efficiency in retarding oxygen transfer and inhibiting Cr-

vaporization. The spinel coatings have been deposited by various tech-
niques such as thermal spraying [44,45], electrodeposition [46-48],
magnetron sputtering [49], screen printing [43], and slurry spraying
[50]. By adopting substrate-preheating strategy, rather dense
Mn; 5C01.504 (MCO) coatings were successfully deposited onto the
planar T441 interconnector through atmospheric plasma spray (APS)
technology without any post-treatments. The APS-MCO coatings with
high structural stability effectively improved the oxidation resistance of
the interconnector during long-term operation under the SOFC cathode
environment [40]. Based on the reduction-oxidation properties of Mn-
Co oxide spinel, Gao et al. [51] also realized improved performance
for thermally-sprayed planar SOFCs assembled with MCO/Lag ¢Srg 4.
Cog.oFepgO3 (LSCF) current collector. The long-term stack testing
(nearly 35,000 h) conducted by Forschungszentrum Jiilich showed very
low chromium evaporation into the cathode, indicating the great
effectiveness of Mn-Co-Fe spinel coated interconnector for planar SOFCs
[52]. However, the further practical application of FSS interconnector in
tubular SOFCs is still limited by several issues: (i) bulk stainless steel is
not suitable for the interconnector, based on the specific structure and
fabrication process of tubular SOFCs; (ii) the tubular designs set much
stricter requirements in the microstructural stability, phase composi-
tion, and electrical properties for the interconnector, which operates
under both the anodic reducing and cathodic oxidation atmospheres
(redox atmosphere). Therefore, investigating the behavior of inter-
connector/protective coating systems under redox condition is an
important issue towards practical applications of tubular SOFCs for
long-term operation.

Our basic objective in current work is to evaluate the feasibility of
FSS interconnector layers under the real operating environment of
tubular segmented-in-series SOFCs. First, the heating and deposition
models for MCO particles under different states were proposed, based on
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Table 1
Spray processing parameters for current two-cell-stack.
Coatings Arc current (A) Arc power (kW) Spray distance (mm) Traverse speed (mm-s 1) Ar (slpm) H, (slpm) N, (slpm)
MgO-Al,03 600 36 80 400 40 5 6
NiO-YSZ 600 36 80 600 45 5 5
8YSZ 600 42 80 600 45 6 5
FeCr24 600 36 140 600 43.5 4.5 6
MCO 600 36 80 600 45 6 5
LSM 600 30 80 600 45 5 5

the monitoring results of inflight particle temperature and as-spraying
coatings. Then MCO coatings with different thickness (10 pm, 40 pm,
100 pm) were exposed to isothermal oxidation at 800 °C for different
durations (10 h, 30 h, 50 h, 100 h, 300 h), aiming to construct a
quantitative characterization on the microstructure homogenization
rate (dé/dt), and determine a feasible coating thickness for the stack
operation. Afterwards, plasma sprayed Mn;j 5Co;504/FeCr24 inter-
connector was exposed to Air/H; redox atmosphere at 800 °C for 120 h,
in order to evaluate the phase, structural, and electrical stabilities under
simulating conditions of tubular cells. Ultimately, two cells in series
were deposited onto SUS430 porous support and tested under real
operating environment of tubular SOFCs, to examine the output per-
formance and microstructure stability.

2. Experimental
2.1. Fabrication of the segmented-in-series SOFC

Two thermally sprayed cells with an effective electrode area (active
area) of 3.4 cm? were deposited on the porous SUS430 support and
connected in series through MCO/FSS interconnector with length of 8
mm. The porous steel support in thickness of 1.2 mm demonstrates an
apparent porosity of 17.7% and high gas permeability of 1.07 x 102
em* gf1.s™!, which could provide enough through-thickness pores for
fuel gas diffusion. During the cell fabrication, six spray powders were
utilized and the detailed morphologies are presented in Fig. S1. Com-
mercial MgO-Al;O3 (1.6:1 wt%) composite powders provided by Yiyang
Xiandao plasma spray powder company were used for the insulating
layer, with a particle size of 45-75 pm. Commercial agglomerated
Lag gSrp.2MnOs3 (LSM, 10-30 pm, Fujimi), NiO-YSZ (10-25 pm, Qingdao
Tianyao) powders, and 8 mol.%Y203-ZrO5 fuse-crushed powder (8YSZ,

Fig. 2. Thermally sprayed segmented-in-series SOFC sub-module assembled with MCO/FeCr24 interconnector: (a) the structure diagram; (b) photo of a two-cell-
stack; (c) diagram of the output performance testing assembly; and (d) cutting section from the tested cells.
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Fig. 3. (a) The inflight particle temperature for different MCO powder particles, MCO coatings deposited at room temperature by using: (b) original powders, (c) S-
1100 sintering powders, and (d) the heating and deposition models of MCO particles during the coating deposition process. Note: S-1000 refers to MCO powders

sintered at 1000 °C for 10 h, while S-1100 refers to 1100 °C for 2 h.

10-25 pm, METCO) were used as the feedstock for cathode, anode and
electrolyte layer, respectively. Spherical FeCr24 powders with 24 wt%
Cr (30-50 pm) and agglomerated Mnj 5Co; 504 (MCO, 30-50 pm)
powders acquired from Qingdao Tianyao Industrial co., LTD were used
for the deposition of interconnector and protective layers.

Fig. 1 elaborates the manufacturing process of current thermally
sprayed two-cell-stack assembled with MCO/FeCr24 interconnector.
Firstly, a porous MgO-Al;03 insulating layer in thickness of 120-150 pm
was deposited onto the metal support, aiming at separating the single
cells. Then all the cell components were prepared layer by layer onto the
porous insulating layer through a commercial plasma spray system (GP-
80, 80 kW class, China), in order of NiO/YSZ anode functional layer, YSZ
electrolyte membrane, FeCr24/MCO interconnector and then
Lag gSrp 2oMnO3 (LSM) cathode. Four masks were utilized to deposit the
abovementioned functional layers, the detailed technological parame-
ters are listed in Table 1. To achieve dense structure with good interface
bonding and high gas tightness, substrate preheating strategy was
adopted for the fabrication of YSZ and MCO layers. Based on a self-as-
sembly copper heating stage, the deposition temperature was main-
tained at a given value (550 °C, YSZ) and precisely monitored by an
infrared pyrometer (RayRPM30L3U, Raytak, America) in the mean-
while. Then the protective Ar gas with a flow rate of 40 L-min ! was
supplemented through an argon gas shrouded attachment that was
installed on the plasma torch, aiming to minimize the oxidation of in-
flight particles during the spraying process of FeCr24 interconnector.
Afterwards, the half-cell was treated in Hy atmosphere at 750 °C for 2 h,
to ensure the sufficient reduction of NiO to Ni in the anode layers. At
last, dense MCO protective coating was deposited at 400 °C, followed by
the deposition of porous LSM cathode layer at room temperature (RT).
The structural diagram of two-cell-stack assembled with MCO/FeCr24
interconnector is presented in Fig. 2(a).

2.2. Redox durability of MCO/FeCr24 interconnector

Prior to the performance test, the stability of thermally sprayed
MCO/FeCr24 interconnector was investigated under both the 20 %Hy/
Ar mixed gas atmosphere and Hy/Air redox conditions, in terms of
phase, structural and electrical stabilities. First, the isothermal exposure
was performed on MCO/FeCr24//Mg0-Al,03/SUS430 in dry 20 %Hy/
Ar environment at 800 °C for 5 h, aiming to explore the microstructure
feature of FeCr24 layers under reducing condition. While the second
testing was carried out in a temperature range of 450-800 °C for 120 h,
with MCO coating exposed in the flow of air atmosphere (cathode
environment) and the SUS430 substrate exposed in H flow at a rate of
0.3 slpm (anode environment), aiming to simulate the operation envi-
ronment of tubular SOFCs. The detailed testing process can be found in
previous work [53]. In addition, the electrical resistance of the inter-
connector was measured by four-point measurement simultaneously.
Then the crystallographic phases for MCO coating at the top and bottom
regions were respectively examined by X-ray diffraction (XRD) gener-
ator (RigakuD/Max-2400). The microstructures were characterized by
scanning electron microscopy (SEM, MIRA 3 LMH, TESCAN, Czech
Republic).

2.3. Performance of the segmented-in-series SOFC

The apparatus for output performance test is schematically shown in
Fig. 2(c), where the two-cell-stack was first fixed onto one side of the
quartz tubes by using Ag paste as the sealant, and then treated at 180 °C
for 0.5 h to achieve the solidification of Ag sealant. The silver wires were
subsequently attached onto the anode layer marked yellow in Cell #1
and cathode layer in Cell #2 by spot welding, aiming for current
collection. During the performance testing, Hy and Air with flow rate of
0.08 and 0.1 slpm were used as the fuel and oxidant gas, respectively.
It’s worth mentioning that the anode layer was exposed to Hj
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Fig. 4. The microstructure evolution of 100-um-thick MCO coatings after exposure to air for: (a), (b) 10 h; (c), (d) 30 h; (e), (f) 50 h; (g), (h) 100 h; (i), () 300 h; (k)
the corresponding EDS map scanning based on Figure (b); and (n) the growth dynamic curve; and SEM morphology for MCO coatings with thickness of (1) 10-pm and
(m) 40-pm after exposure for 10 h; (n) homogenization rate for 100-pm MCO coatings. Note: § denotes the thickness of upper uniform layer, t denotes the treatment

durations; and k' denotes the oxidation rate constant.

atmosphere for reducing treatment (750 °C, 2 h) before the cell opera-
tion, in order to obtain uniform and porous Ni-YSZ composite anode
structure. Then the output performance (I-V and I-P curves) of current
two-cell-stack during several thermal cycling in temperature range of
600-800 °C was measured through the Keithley 2420 test station, while
the electrochemical impedance spectra (EIS) under open circuit voltage
(OCV) condition was characterized via the Solartron 1260/1287 elec-
trochemical system. The test frequency range herein was set as 0.1-100
KHz, with an amplitude of alternating circuit (AC) voltage of 25 mV. In
each thermal cycle, the cells in series were firstly operated at 600 °C,
650 °C, 700 °C and 750 °C for 15 min, respectively, and then held at
800 °C for 100 h to evaluate the output stability. All the above-

mentioned tests were carried out in a tube furnace, with a heating/

cooling rate of 3 °C-min .

3. Results and discussions
3.1. Heating models for the molten MCO particles

In prior to the coating deposition, the inflight particle temperature
for MCO powders under different states was monitored through particle
diagnostic sensors (DPV-2000 from Saint-Bruno, QC, Canada). Fig. 3(a)
presents the corresponding apparent temperatures for the inflight MCO
particles under different states (original, S-1000, S-1100). Given the
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same deposition parameters for MCO layer shown in Table 1, the
average surface temperatures for different MCO powders is respectively
2257 °C, 2290 °C and 2321 °C, exhibiting a positive correlation trend
with the powder density. The MCO coatings deposited at RT by using
original agglomerated powders and S-1100 powders are presented in
Fig. 3(b) and (c). Compared to the previous MCO coatings with pre-
heating treatment at 400 °C [40], the coatings herein exhibit typical
lamellar structure, characterized with non-bonding interfaces, micro-
cracks and pores. Moreover, plenty of unmelted nanoparticles can be
clearly observed in the coating prepared with original powders (see
Fig. 3(b)), leading to an apparent porosity of 9.97 + 0.83%. The
apparent porosity herein was measured by using the image processing
software “image J”. As for each coating, the mean porosity was calcu-
lated from statistics on ten different regions. To prevent the coating from
being damaged during the sample cutting process, the surface was first
impregnated with E7-glue in vacuum, followed with drying treatment at
80 °C for 2 h.

Due to the high porosity, the original agglomerated MCO powders
presented relatively low surface temperature and heat-transfer rate,
leading to a semi-molten droplet with unmelted nanoparticles in the
center. Then after impacting the substrates with high velocity, the semi-
molten droplet spread out and solidified into a flattened particle with
high porosity, see Fig. 3(d). In comparison, the sintered powders with
high density exhibited improved surface temperature and heat-transfer
rate, promoting the melting process for flying particles in the plasma
jet flame. As a result, the fully molten droplet presented enhanced
mobility and filling performance, contributing to flattened splat with
lower porosity. This is further verified by the coating shown in Fig. 3(c),
where no unmelted cluster was detected and lower apparent porosity
(7.92 + 0.66%) was obtained. After comprehensive consideration, sin-
tered Mn; 5Co; 504 powders (S-1100) with a particle range of 20-30 pm
were utilized for the subsequent coating deposition.

3.2. Growth kinetics of the MCO spinel layers during post-annealing

When directly treated in air, inhomogeneous microstructure char-
acterized with dense spinel top layer and non-uniform inner layer was
detected for the APS-MCO coatings, leading to a reduced electrical
property. This microstructure inhomogeneity was ascribed to the oxy-
gen deficiency in the inner region, companied by the retarded diffusion
of O/04 in the gradually densified top layer. So it is necessary to explore
the evolution process (i.e. growth rate) of the top layer, which is critical
to the structural uniformity and electrical properties of the whole spinel
coating. In this study, MCO coatings with different thickness (10 pm, 40
pm, 100 pm) were exposed to isothermal oxidation at 800 °C for
different durations (10 h, 30 h, 50 h, 100 h, 300 h), aiming to construct a
quantitative characterization on the microstructure homogenization
rate and determine a feasible coating thickness for the stack operation.

According to the microstructure evolution shown in Fig. 4, the
coating thickness as well as the post-treatment durations exhibit
remarkable effect on the coating homogeneity. When the coating is
around 10 pm, a homogeneous spinel can be obtained after 10 h
isothermal oxidation. While for coating in thickness of 40 and 100 pm, a
distinct two-layer structure consisting of dense surficial layer (7-10 pm)
and nonuniform inner layer is observed after testing for 10 h. EDS map
scanning (see Fig. 4(k)) based on the inhomogeneous region charac-
terized with light-colored precipitates and dark matrix indicates that the
light region is in rich of Co, while the dark matrix is in rich of Mn.
Nevertheless, the interface between the two layers gradually evolved
towards the substrate side in prolonged oxidation process, see Fig. 4(a)—
(j). As can be seen, the top layer gradually increases to 18-23 pm, 35-40
pm and then approximately 55-60 pm after testing for 30 h, 50 h and
100 h, respectively. When the duration prolongs to 300 h, a fully uni-
form microstructure is ultimately achieved. Based on the microstructure
evolution of 100-um-thick MCO coatings, a quantitative characteriza-
tion on the microstructure homogenization rate (ds/dt) was established,

Applied Surface Science 587 (2022) 152861

Fig. 5. The calculated gas leakage rate for as-sprayed MCO coatings with
different thickness.

where § denotes the thickness of upper uniform layer and t denotes the
treatment duration. The statistics on -t values during isothermal
oxidation illuminate the applicability of Wagner’s theory [54-57]
(Formula 1) for MCO spinel growth, where the thickness of uniform
layers exhibits a parabolic relationship with the treatment duration, see
Fig. 4(n). According to Formula 2, the homogenization rate (ds/dt) is
inversely related to the thickness of upper uniform layer, which is
opposed to the non-uniform area and only related to the treatment
duration.

& =2kt @
as K

@ _k 2
d 6 &)

Worth to mention is that the dé/dt is also of inverse correlation
with the coating thickness (5p), when the whole coating realizes fully
homogenization (i.e. §o = §). As can be seen, the time required for fully
homogenization is extended accordingly with the increasing of coating
thickness, suggesting that a reasonable control for the thickness is
necessary. However, the gas permeability for thermally sprayed ceramic
coatings below 100 pm is usually inverse to the coating thickness. To
achieve a high interface bonding strength, certain surface roughness is
required for the substrates, which simultaneously lead to an uneven
thickness and increased gas permeability especially for rather thin
coating. Therefore, finding a balance between the thickness and uni-
formity is crucial for the coating application. Different from the
apparent porosity, gas permeability herein is essentially based on the
changes of differential pressure (AP) due to the gas leakage across the
coatings, so can directly reflect the porosity of through pores. The testing
apparatus and detailed calculations are supplemented in Fig. S2. To
evaluate the influence of thickness (5-100 pm) on the density of as-
sprayed MCO coatings, a comparison testing of the gas permeability
was carried out. Based on the results shown in Fig. 5, the gas perme-
ability for 10-pm-thick MCO coatings is 6.65 + 0.49 x 1077
em*-gf1.s71, closed to the upper limit (10 order) for interconnect
application. When it increased to about 60 pm, a further decreased value
of 1.96 + 0.04 x 1077 cm*.gf 1-s~! was obtained for the MCO coating.
In spite of non-uniform chemical distribution in the initial stage, the
deposited MCO layers with suitable thickness (i.e. 40-60 pm) could
accomplish a uniform spinel structure after post-annealing or operation
under oxidizing environment for less than 100 hrs, indicating the
feasibility for stack operations.
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Fig. 6. (a)-(c) SEM and EDS data for MCO/FeCr24 interconnector after exposed in 20 %H,/Ar atmosphere at 800 °C for 5 h; and the morphology for MCO/FeCr24
interconnector after testing in Hy/Air redox atmosphere at 800 °C for 120 h: (d) MCO/ FSS, (e) the upper, and (f) bottom region of MCO coating.

3.3. Redox stability of the MCO/FeCr24 interconnector

Based on the specific structure of our tubular segmented-in-series
SOFCs shown in Fig. 2(a), the interconnector deposited onto MgO-
Al;03/SUS430 support is exposed to both anode and cathode environ-
ments simultaneously. The metal part would suffer from oxidation,
while the oxide part would suffer from reduction. Therefore, the stability
of interconnector under both reducing and oxidizing conditions is vital
to the real stack operation. According to previous work, the MnCo204
coatings exposed to Hy/Air redox atmosphere presented a bilayer
structure consisting of relatively dense upper layer (spinel) and porous
bottom layer (MnO/Co), revealing the partial decomposition of
MnCo204 spinel [53]. So it is necessary to develop a composite inter-
connector for the tubular SOFCs, considering the instability of single
spinel coating under redox condition. In this work, the stability of

thermally sprayed MCO/FeCr24 interconnector have been investigated
under both the 20 %Hy/Ar mixed gas atmosphere and Hy/Air redox
atmospheres, in terms of phase, structural and electrical stabilities. The
testing performed on MCO/FeCr24 interconnector//MgO-Al;O3 insu-
lating layer//SUS430 support under Hp/Ar mixed gas atmosphere is
designed to explore the microstructure feature of thermally sprayed
FeCr24 layers under single reducing condition. The introduction of Ar
aims at adjusting the oxygen pressure and meanwhile slowing down the
reaction process. While the subsequent testing carried out under Hp/Air
reducing-oxidizing (redox) atmospheres aims to further evaluate the
structural and electrical performance under simulating conditions of
tubular SOFCs.

According to the cross-sectional morphology shown in Fig. 6(a) and
(b), the MCO coatings exposed to Ha/Ar mixed gas atmosphere appear to
be rather porous, while the interconnector layer exhibits high gas-
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Fig. 7. (a) XRD analysis on the MCO/FeCr24 interconnector after 120 h test under redox atmosphere; (b) gas leakage rate of the MCO coatings and MCO/FeCr24
interconnector at different stages; (c) ASR value for the MCO/FeCr24 interconnector under redox condition at 800 °C; and (d) Arrhenius plots at different

temperatures.

tightness. Based on the dot scanning shown in Fig. 6(c), the light par-
ticles marked as spot 1 is in rich of Co (with a Co/Mn ration of 47.08/
2.92), which was induced by the fully decomposition of MCO spinel and
further demonstrates the instability of spinel coating under low-p(O3)
environment. As for FeCr24 layers, the light and dark region marked as
spot 2,3 is respectively in rich of Fe (with a Fe/Cr ration of 85.9/14.1)
and Cr (with a Fe/Cr ration of 22.7/77.3), while the grey strip region
marked by arrows is comprised of CryO3. The Hy used in the redox
stability test has a gas purity of 99.99%, with a maxmium volume
concentration of 5 ppm for Oy and 10 ppm for H,0, while the Ar gas with
the same purity also contains 10 ppm of O, and 15 ppm of H,O. Based on
the Dalton’s law of partial pressure, the 20 %Hy/Ar mixed gas herein
presents a low oxygen pressure (p(O2)) of 1.65 x 10~ atm, but is still
well above the critical value of Cry03 (3.8 x 10728 atm, 800 °C). This
also explains the existence of CryOs scales detected in the FeCr24
coatings. However, different morphology was obtained for the MCO
coating, which is characterized with high density in the upper region
and unconnected micro-pores in the bottom region after exposure to Hy/
Air redox atmosphere for 120 h. Moreover, the MCO coating exhibits a
good adhesion with FSS interconnector and no crack is detected after
testing, see Fig. 6(d)-(f). This structural character is similar with the
MCO/bulk T441 as treated in oxidizing environment, illustrating the
effectivity of thermally sprayed FeCr24 coatings. On condition that the
FeCr24 matrix could effectively block the in-diffusion of H/Hj, the
operating conditions could be more closed to that of planar cells.
Afterwards, XRD was respectively performed on the top region
(exposed to oxidizing atmosphere) and bottom region (near to the FSS
interconnector) for the MCO coatings exposed to Hy/Air redox

atmosphere. After XRD analysis on the top layer, MCO coating with a
depth of approximately 40 pm was removed from the surface side
through careful polishing, and then x-ray diffraction was performed on
the bottom layer in thickness of 10 pm. As indicated in Fig. 7(a), the
coating is still comprised of cubic MnCo204 and tetragonal CoMnyO4
spinel phases, demonstrating that the thermally sprayed MCO/FeCr24
interconnector has excellent microstructure stability under the redox
condition. Meanwhile, the FeCr24 layer could effectively prevent the
above MCO coating from anodic reduction atmosphere. The strong
diffraction peak detected at 44.7° corresponds to the Fe-Cr matrix, since
the X-ray with an investigation depth of about ten several micrometers
could penetrate the bottom layer. Given the rigorous operation envi-
ronment, gas permeability of the interconnector should be below the
critical value (10'6 cm4-gf’1~s’1). The rather low value of 2.38 x 107
cm4-gf Ls7T! (see Fig. 7(b)) for the tested MCO/FeCr24 interconnector
indicated a high density, which can be ascribed to the densification of
both the MCO and FSS interconnectors. The surface energy minimiza-
tion leads to the coalescence of small isolated pores in middle and bot-
tom regions, accompanied by the densification of the free top layer
during the sintering process for MCO coating. On the other side, the Cr-
rich oxidation layers filled in the non-bonded interface for the APS-
FeCr24 coating further enabled the interconnector with improved
density.

At last, the interfacial ASR was measured as a function of time in Hy/
Air environment at 800 °C for 120 h, aiming to evaluate the electrical
performance of the thermally sprayed MCO/FeCr24 interconnector
under redox condition in tubular SOFC stacks. Fig. 7(c) demonstrates the
resistance variation with the duration time, which can be divided into
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Fig. 8. Output performance of current two-cell-stack assembled with MCO/FeCr24 interconnector: (a) I-V curves; (b) Arrhenius plots at different temperatures; and
electrochemical impedance spectra (c) at different temperatures, (d) at 800 °C for different thermal cycles; (e) the thermal cycling stability.

two stages: (i) a rapid descent stage in the initial 20-h, and (ii) a steady
decline stage in the later 100-h. The significant drop from the initial 45
mQ-cm 2 to 35 mQ-cm 2 observed in the first 20-h is mainly attributed
to two factors: (a) the reformation and homogenization of spinel struc-
ture in the first few hundreds of hours, as discussed before, and (b) the
enhanced interfacial adhesion between each part. At the end of 120-h
test cycle, the resistance further decreased to 30 mQ-cm?, still a little
higher than the previous reported MCO/bulk T441 (23 mQ-cmz) [40].
The observed ASR is attributed to three parts: (i) the MCO protective
coating, (ii) the FSS interconnector, and (iii) the SUS430 substrate.
Mn; 5Co; 504 exhibits a gradually enhanced conductivity with the
increasing temperature, which varies from 5 S-cm~! (T = 500 °C) to 100
S-cm™! (T = 900 °C) under the air atmosphere.[50] In addition, the
electrical conductivity of bulk FSS and SUS430 could reach a magnitude
of 10° S.cm ™! in range of 450-800 °C, considerably higher than MCO
and Cr-rich oxide scales (0.006-0.02 S-cm’l, 700-800 °C). Therefore,

the relatively higher resistance herein was mainly ascribed to the Cry0s3,
considering the massively distributed Cr-rich oxide scales in the ther-
mally sprayed FSS layers. As shown in Fig. 7(d), the resistance (LnR) of
MCO coating exhibits a nonlinear distribution trend in the temperature
(1/T) range of 450-800 °C. Nevertheless, a linear relationship can still
be observed in range of 700-800 °C. The calculation based on the
Arrhenius equation indicated an activation energy (E5) of 0.89 eV for the
thermally sprayed MCO/FeCr24 interconnector under the redox atmo-
sphere at 700-800 °C, which is closed to that of bulk Mn; 5Co; 504 (0.6
eV). To facilitate the SOFC stacks with a higher output performance, the
interconnector should have an electrical conductivity above 1 S-cm ™.
[58] The shortest transport path for the electrons in this work is
approximately 0.14 cm, and the resultant conductivity of the MCO/
FeCr24 interconnector is about 3.1-4.7 S-cm ™', which could meet the
requirement for tubular SOFC stacks.
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Fig. 9. Cross-sectional morphology of the tested cells: (a), (b) the single cell; (c) the interconnector/anode; (d) the cathode/interconnector; (e) the structure and (f)

EDS map scanning based on MCO coating.

3.4. Output performance of the two-cell-stack during several thermal
cycles

Considering the relatively low cost and simple preparing process,
segmented-in-series SOFCs based on sheet SUS430 support were finally
assembled through APS process, and then exposed to real operating
environment of tubular SOFCs. The density of APS ceramic coatings is
inversely proportional to the thickness, especially for coatings less than
100 pm.[59] According to Tsukudaet al., the stacks based on low pres-
sure plasma sprayed (LPPS) electrolyte layer with thickness of 100 pm
delivered a V¢ of 1 V at 1000 °C for each single cell.[60] Malzbender
et al. introduced an APS-MnCo gFeq 104 protective coating for Crofer22
APU interconnect, and obtained a maximum V¢ of 1.05 V for the planar
stack at 840 °C [61]. Based on a 50-60 pm dense YSZ electrolyte pre-
pared through high speed plasma spraying (SAPS) process, the single
cell developed by Zhang et al. delivered a maximum Vo of 1.02 V at
600-800 °C. The resultant tubular SOFCs consisting of 6 cells (LSM/
YSZ/Ni-YSZ) in series were then produced through APS process, and

10

delivered a maximum output power of 117 mW-cm 2 at 800 °C [15]. In
current work, an average open circuit voltage (Voc) up to 1 V is achieved
for the single cells at 600 °C (see Fig. 8(a)), suggesting that the density of
YSZ and MCO/ FeCr24 interconnector layers deposited via APS process
had already meet the requirements for SOFCs. Moreover, the resultant
two-cell-stack based on MCO/FeCr24 interconnector delivered a max
output power density of 133 mW-cm ™2 at 800 °C, with an average
voltage degradation of less than 1.8%-cycle™! after 3 thermal cycles
from 600 °C to 800 °C for 78 h, as shown in Fig. 8(e). Unfortunately,
significant drop in both the voltage and power density was detected after
the 4th cycling. The stack performance is determined by both the output
voltage and the internal resistance. With increasing of the operation
temperature, the Voc gradually decreases and then the internal resis-
tance variation plays a decisive role in the stack performance.

Fig. 8(c) and (d) indicate the typical impedance spectra for cells
tested at different temperatures, and after different thermal cycles at
800 °C, respectively. The polarization resistance (Zpo1) includes contri-
butions from both the anode and the cathode, and can be estimated from
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Table 2
TEC values of each electrode in current thermally sprayed stack (x10 %K™,
600-800 °C).

SOFC SUS430 Ni/ 8YSZ  FeCr24 MCO LSM
components support tube 8YSZ
TEC value 12.6-12.8 ~11.5 10.5 12.3-12.5 1277 11.08

the diameter of the impedance loops. Whereas the ohmic resistance
(Rohm) is primarily attributed to the resistance of electrolyte (Relys) and
interconnector (Reonnect), Which can be determined from the intercepts
with the abscissa at high frequencies of the impedance spectra. Worth to
mentioned is that the Rejy; was basically constant within the test cycles,
so the Ropy was dominated mainly by the interconnector layers. Since
the resistance for single cells was primarily contributed by YSZ elec-
trolyte, which has a much lower ionic conductivity (0.03 S-cm~! at
800 °C) than the LSM (180 S-cm™!) and Ni-YSZ (> 1000 S-cm™!) elec-
trodes. Whereas for the cells in series, the interconnector plays a critical
role in the device resistance. The previous reported single cells con-
structed with thermally sprayed LSM/YSZ/Ni-YSZ exhibited an imped-
ance of 0.85 Q~cm2, indicating that the Rohy for the cells in series should
be above 0.85 Q-cm?. Based on the initial Rohm of 1.03 Q.cm? shown in
Fig. 8(d), we can calculate that the initial Reopnect Was closed to 0.18
Q-cm?, which increased by about 0.22 Q-cm? after 4 thermal cycles
lasting for 100 hrs. Moreover, the enhanced resistance was mainly
ascribed to the MCO protective coating, since the conductivity of MCO
(10-68 S-cm™1)[50] is much lower than FSS (5000-4000 S-cm™!) during
the temperature range of 600-800 °C. In our current segmented-in-series
SOFC stacks, the interconnector layer indicates a more complicated
resistance change and the interface resistance cannot be evaluated
properly, since it overlaps with both the cathode and anode, and does
not have a regular geometry. On the other hand, the initial Z, in this
study is 2.82 Q-cm? closed to the reported 2 Q-cm? for LSM/YSZ at
800 °C, indicating that the activation polarization is mainly attributed to
the electrodes. As shown in Fig. 8(b), the resistance (Ln R) showed a
good linear relationship with the temperature (1/T). Based on the
Arrhenius equation, the activation energy corresponding to the ohmic
and activation polarizations is respectively 1.07 eV and 1.35 eV. In the
anode supported cell constructed with Ni-YSZ/YSZ/Ni-YSZ, the elec-
trolyte and anode both exhibited an E, of 0.8 eV, while the LSM cathode
had a much higher value of 1.4-2 eV, closed to the value in this work.
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To reveal the increased polarization resistance and subsequent per-
formance degradation, post-test analysis on the microstructure was
carried out for the cells in series. As shown in Fig. 9(a) and (b), the two
single cells, in combination with the dense interconnector both exhibit
good interface bonding, which contributes to a decreased contact
resistance and ohmic resistance. Besides, the upper region with thick-
ness of above 20 pm exhibits a relatively high density for the MCO
coating, while an increased porosity is observed in the bottom region
(Fig. 9(d)). EDS test performed on the porous bottom region indicates a
homogeneous microstructure with atomic ratio of 50.3Mn/49.7Co,
which is closed to the initial MCO coating. Here we can conclude that the
FeCr24 interconnector has effectively prevented the reducing atmo-
sphere from the anode side, and enables the MCO coating with enhanced
stability to some degree during the thermal cycles. The performance
degradation during the thermal cycling is mainly attributed to the failed
cathode layers, where large longitudinal cracks are detected in the part
contact with the interconnector layers. The present observations indi-
cate that cathode failure herein is likely due to a combination of various
phenomena: tensile stress from slight thermal mismatching, and then
stress concentration in the overlapping area of LSM/MCO. It is well
known that the typical Ni-8YSZ/8YSZ/LSM combinations are thermo-
mechanically compatible with each other, which is also verified by the
intact structure of single cell part (Fig. 9a and b). According to the
thermal expansion coefficients (TECs) of each functional layer listed in
Table 2, the prepared electrolyte and electrodes have closed TECs,
slightly lower than the interconnector layers. This discrepancy in ther-
mal expansion is highly possible to subject the cathode layer to tensile
stress during stack heating. Combined with the stress concentration, this
outermost overlap region between the cathode/interconnector layers
(Fig. 2a) has a much higher cracking tendency during multiple thermal
cycles. Under tensile conditions, through-thickness cracks are likely to
develop from pre-existing defects (i.e. pore, microcrack) in the thermally
sprayed LSM layer and eventually lead to the stack degradation. To
optimize the thermal matching between the LSM/MCO layers and
reduce the cracking tendency, composite interconnector can be
considered by introducing a (La,Sr)TiOs outer layer with suitable TEC of
~11 x 107%-K ! into the interconnector.

4. Conclusions

In summary, the MCO/FeCr24 interconnector layers prepared via

Fig. 10. Schematic diagram for the large-scale assembling of thermally sprayed tubular SOFC stacks.

11



Y. Hu et al.

APS technique have achieved a high redox durability under the tubular
stack environment, indicating a promising application prospect. Worth
to mentioned is that the planar circular cell in this work is actually a
partial reflection of our tubular segmented-in-series SOFC, indicated as
the green circular region in Fig. 10. Herein the manufacturing process
was simplified and other related factors were minimized, since current
work is focused on the feasibility of thermally-sprayed FeCr24/MCO
interconnector layers rather than the tubular stacks. It was demon-
strated that densified MCO powder particles contribute to improved
surface temperature and melting degree, as well as enhanced coating
density. It was also confirmed that the homogenization rate (dé/dt) for
MCO coatings under oxidizing atmosphere is inversely related to the
coating thickness (6p), which suggests an appropriate thickness of ~60
pm for subsequent SOFC applications. Besides, the thermally sprayed
MCO/FeCr24 interconnector exhibited stable phase structure, low gas
permeability of 2.38 x 107 em*-gf 1s™! and adequate electrical con-
ductivity of 4.7 S-em™! under Hy/Air redox atmosphere at 800 °C,
indicating a promising feasibility for tubular SOFC applications. The
resultant segmented-in-series stacks based on this MCO/FeCr24 inter-
connector delivered a max output power density of 133 mW-cm ™2 at
800 °C, with an average voltage degradation of less than 1.8%-cycle !
after 3 thermal cycles from 600 °C to 800 °C for 78 h. The FeCr24
interconnector has effectively prevented the reducing atmosphere from
the anode side, and enables the MCO coating with enhanced stability to
some degree during the thermal cycles. Unfortunately, the discrepancy
in thermal expansion subjects the cathode layer to tensile stress, leading
to crack growth, dramatically increased polarization resistance and then
degraded device performance. To address this issue, future efforts
should be taken in constructing composite interconnector layers to
optimize the thermal matching between the cathode/interconnector
layers.
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