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HIGHLIGHTS GRAPHICAL ABSTRACT

e The metal-supported SOFC was
fabricated with single in situ firing at
1000 °C.

e Aerosol deposition was used for
fabrication of a nanostructured anode
layer.

e Magnetron sputtering was used for
fabrication of a gas-tight membrane.

o Polarization resistance of an anode v % log
layer is important at less than 650 °C. 0.00.10.2030405060708091.0
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ARTICLE INFO ABSTRACT

Metal-supported solid oxide fuel cells (MSC) are the most promising fuel cells for the intermediate temperature

iz:s(;rldjep osition range (500-700 °C). However, due to the necessity to consolidate ceramic layers on a metal substrate, the fabri-
AD cation route is challenging and often includes tradeoffs between the desirable microstructure of the functional
Magnetron sputtering layers and the scalability of fabrication routes. The present study describes a manufacturable fabrication route of
Metal-supported solid oxide fuel cells MSCs with desired microstructure and single in situ firing at 1000 °C in a testing rig imitating SOFC stack. The
MSC fabricated cell demonstrates open circuit voltage equal to 1.09-1.1 V and power density at 0.70 V equal to
In situ firing 0.27-0.4 W/cm? at 602-645 °C. The comparison to an anode-supported cell (ASC) based on a commercial anode

substrate reveals that the anode of the MSC, deposited by the aerosol deposition method, has a substantial advan-
tage over the anode of the ASC.

1. Introduction Conversely, low temperatures slow all reactions, including reactions of
the cell degradation, which provides an opportunity for using inexpen-

Fuel cells are electrochemical devices that convert the chemical en- sive materials for auxiliary elements of fuel cell stacks and generators.
ergy of substances to electrical energy through electrochemical reac- For many applications, the intermediate temperature range
tions. Fuel cells operate in a wide temperature range from room tem- (500-700 °C) may be optimal [2-4]. Metal-supported solid oxide fuel
perature to 1000 °C [1]. The high temperatures provide a fast rate of cells (MSCs) are the most promising type of fuel cells for the intermedi-
electrochemical reactions without the need for expensive catalysts such ate temperature range as they incorporate metal supports and conse-
as platinum, and the high conductivity of ion-conducting materials. quently decrease the thicknesses of the functional ceramics to the thick-
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nesses necessary for the electrochemical processes, which makes them
mechanically durable and relatively inexpensive. Furthermore, a metal
substrate allows hermetization of the anode chamber by welding [5],
which is significantly more mechanically robust than ceramic-glass
sealants [6]. However, the fabrication of MSCs with the desirable mi-
crostructure of the functional layers is a challenging task. To obtain a
consolidated ceramic structure, high firing temperatures, significantly
exceeding 1000 °C, are often required [7-9]. The firing in air at these
temperatures is detrimental to the metal supports — anode interface and
the metal support itself, so the firings of the anode and electrolyte mem-
brane better be conducted in a low-oxygen environment [7,10,11]. The
firing in reducing atmosphere at high temperatures (more than
1100 °C) leads to Ni coarsening in the anode layer, which reduces the
density of triple-phase boundaries (TPB) in the anode layer and nega-
tively impacts its electrochemical activity [12,13]. High firing tempera-
tures also lead to diffusion between the anode layer and the metal sub-
strate, which is detrimental to the electrochemical activity of the anode
layer. Moreover, the firing temperatures of anode layers, electrolyte
membranes, and cathodes are usually different [14-16], which makes
the whole fabrication process multi-step and time-consuming.
Currently, several well-known technological routes address the
problem of ceramic consolidation in the fabrication of MSCs. Ceres
Power, Ltd. incorporates laser-drilled metal substrates that are more
tolerable to oxidation than a metal substrate made of powder and fabri-
cates all major functional layers by screen printing, followed by firing
at temperatures between 1000 °C and 1100 °C in air [5,17,18]. How-
ever, these temperatures may be too low to consolidate layers deposited
by screen printing and still lead to low-conducting oxide film formation
on the metal-anode interface [19], which does not allow to open the full
potential of thin-film SOFC in terms of power density [17,18,20].
Many studies implement multistage firing in controlled atmospheres
for the production of MSCs using either traditional wet-ceramic meth-
ods such as screen-printing, tape-casting, etc. [7,21,22] or combination
of backbone formation and infiltration [9,16,23-25]. Though a reduc-
ing atmosphere prevents oxide film formation, these technological
routes are complex and slow, as firing each cell takes hours, which is
not feasible for mass production. Moreover, the infiltration technique
itself is time-consuming, and wet-ceramic methods do not solve the
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problems of Ni agglomeration and Cr diffusion at high firing tempera-
tures (1100-1200 °C).

Plasma spray technologies allow the formation of the whole mem-
brane electrode assembly (MEA) without intermediate firing steps
[26-28] and temperatures of post-fabrication treatment are low
[26,28]. However, electrolyte membranes deposited by plasma spray
technologies need to be relatively thick to maintain gas-tightness (more
than 10 pm) [28-30]. Although a lot of progress has been made in im-
proving the microstructure of SOFC electrodes deposited by plasma
spray technologies [28-30] the electrodes are still characterized by rel-
atively coarse microstructure and underdeveloped TPB in comparison
to other techniques. These factors lead to relatively high resistance of
the cells prepared using plasma spray technologies.

Recently, many researchers have focused on Ni-Fe alloys as materi-
als for the substrate of MSC [31-33]. Ni-Fe alloys contain no Cr that
poisons Ni-based anodes and can be easily reduced after exposure to an
oxidizing atmosphere, which makes it possible to fire the whole MEA in
air at high temperatures. Nevertheless, Ni-Fe alloys are brittle and diffi-
cult to weld [34-36], which eliminates one of the main advantages of
MSCs and makes them similar to ASCs in terms of mechanical proper-
ties.

This study investigates a fabrication route feasible for mass produc-
tion of steel-based MSC with close to an optimal structure of functional
layers and single in situ firing in a testing rig imitating a SOFC stack at
relatively low temperatures and different oxygen partial pressure on the
anode and the cathode side. The fabrication route includes the dry-
powder based aerosol deposition method [37-39] for deposition of an
anode layer, magnetron sputtering for deposition of a three-layer elec-
trolyte membrane [40-42], and screen-printing for deposition of a cath-
ode layer [43]. For a more profound analysis of the electrochemical
characteristics of the fabricated MSC, the anode-supported cell (ASC)
with a commercial anode substrate was fabricated by our standard fab-
rication procedure [44] with the same cathode layer as the MSC.

2. Material and methods

Fig. 1(a) demonstrates metal substrates prepared by sintering
metal powder in a vacuum furnace SNVE 1.3.1./16 (ThermoCeramics,

Fig. 1. (a) Metal substrates after sintering; (b) Metal frames; (c) Metal substrates welded into the metal frame; (d) Metal substrate with the deposited anode layer;
(e) The cell with the Ni/GDC anode layer and the GDC-8YSZ-GDC electrolyte membrane; (f) The MSC with the cathode layer.
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Russia) at 1100 °C for 1 h under 10-5 Torr pressure. The powder was
produced by laser ablation of «Crofer » steel (VDM Metals GmbH, Ger-
many) and sieved through a mesh of <20 pm. The substrates were
rolled to make their surface flatter, cut into disks with a diameter of
23 mm by laser marker MiniMarker 2-M50 (CNII LOT, Russia), and
then welded into « Crofer » steel frames with a grid thickness of
0.7 mm and a total thickness of 1 mm (Fig. 1(b and c)). The porosity
of the substrates was determined by weighing and measuring the
geometry.

Fig. 1(d) demonstrates the metal support with an anode layer. The
anode layer was deposited of Ni (surface area 8.1 + 0.5 m? g 1 IEP,
UB RAS, Russia) and 10 mol.% gadolinia-doped ceria (GDC) (surface
area 6.1 m? g 1, Kceracell Co. Ltd., South Korea) with a 50/50 wt%
fraction powders by the aerosol deposition method. The self-made labo-
ratory setup [45] includes a fluidized bed aerosol generator and a
5 mm? converging nozzle with axial symmetry. The absolute pressure
in the deposition chamber was 200 Pa, and that in front of the nozzle
was 0.1 MPa. The distance between the nozzle and the substrate was
1 cm. Dry nitrogen was used as a carrier gas with a flow rate of
35 = 15 NLPM.

Fig. 1(e) demonstrates the cell with a three-layer GDC- 8 mol.% yt-
tria-stabilized zirconia (8YSZ)-GDC electrolyte membrane deposited
on the anode without intermediate firing steps. The membrane was
prepared using the reactive magnetron sputtering method. The sput-
tering was carried out using metal targets with the composition Zr-Y
(85:15 at.%) and Ce-Gd (90:10 at.%) (Girmet, Russia) [44]. The de-
position was performed in the atmosphere of Ar/O, mixture at a work-
ing pressure of 0.2 Pa. The deposition rate of 8YSZ and GDC layers
was 0.72 pmh™ ! and 2 pmh™ 1, respectively. A thin layer of 8YSZ
was incorporated into the electrolyte structure to suppress electronic
conduction in the GDC in a reducing atmosphere.

Fig. 1(f) demonstrates a (LaggySTg.40)0.05C00 20F€0.8003.x (LSCF)/
GDC-LSCF (Kceracell Co. Ltd., South Korea) cathode layer that was
applied by the screen printing technique. The area of the cathode was
1.77 cm?.

The fabricated cells were subjected to in situ firing in a testing rig
with a maximum firing temperature of 1000 °C. Nitrogen gas was on
the anode side of the cell, and air was on the cathode side. The nitrogen
was changed to hydrogen after cooling to 650 °C.

The ASC was based on a commercial two-layer anode support from
Kceracell Co. Ltd. (South Korea) with a thickness of 700 pm (NiO/YSZ
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composite) [44,46] and diameter of 21 mm. The two-layer electrolyte
membrane (8YSZ-GDC) was deposited by the magnetron sputtering
equipment used for the MSC. The thickness of the 8YSZ and GDC layers
was 5 pm and 1 pm, respectively. The anode-membrane half-cell was
sintered at 1200 °C in air to stabilize the phase and crystalline structure
of the membrane. The same LSCF/GDC-LSCF (Kceracell Co. Ltd., South
Korea) cathode layer as for the MSC was applied by the screen-printing
technique. The LSCF/GDC layer was applied onto the electrolyte mem-
brane. After drying at 80 °C, the LSCF layer was applied onto the LSCF/
GDC layer. The area of the cathode was 1.77 cm?. The cathode layer
was sintered at 1050 °C in air as recommended by Kceracell Co. Ltd.

The testing rig included metal anode and cathode current collect-
ing/gas supply plates made of steel Crofer 22H. The steel plates in the
testing rig imitate bipolar plates in a SOFC stack and have the current
collecting ribs 1 mm wide and gas channels 2 mm wide parallel to a
testing cell. The Ni mesh with a thickness of 0.25 mm was placed on the
anode plate, and the ribs of the cathode plate were coated with the
LSCF for better adhesion to the cells. Gas insulation of electrodes was
provided by compression gaskets [44].

Electrochemical measurements were conducted using a potentio-
stat/galvanostat/ZRA Reference 3000 (Gamry Instruments, USA) with
air as an oxidant and hydrogen as a fuel. Dry hydrogen was used in the
case of MSC, and wet hydrogen (3 vol% H,0) in the case of ASC. Dry
anode gas is used in the case of the MSC to minimize anode-side humid-
ity during in situ firing. Changing gas humidity during testing is techni-
cally infeasible in our testing rig without risking anode oxidation. Im-
pedance spectra were collected in a frequency range from 0.1 Hz up to
300 kHz at a 20 mV voltage magnitude. The impedance spectra were
fitted by using an equivalent circuit model.

The samples were studied using scanning electron microscopy
(SEM) (Supra 50VP, Zeiss, Germany) with an installed energy-
dispersive X-ray (EDX) spectrometer (Oxford Instruments, UK).

3. Results and discussion

Fig. 2 demonstrates SEM images of the GDC-8YSZ-GDC electrolyte
membrane deposited by magnetron sputtering on the unsintered Ni/
GDC anode deposited by the aerosol deposition method. Magnetron
sputtering deposits films by condensing atoms. This process allows the
formation of gas-tight films if parameters are chosen carefully. Fig. 2
shows that the electrolyte membrane is gas-tight after deposition.

Fig. 2. (a) Cross-section of the GDC-8YSZ-GDC membrane deposited on the unsintered Ni/GDC anode; (b) Interface between the GDC layer of the membrane and the

Ni/GDC anode.
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High-temperature treatment of the electrolyte membrane is desirable
only for stress relief and stabilization of oxygen stoichiometry [41].
The gas-tight microstructure of the membrane provides an opportunity
for in situ firing with different gases on the anode and the cathode
side. GDC electrolyte in the anode layer provides nuclei for membrane
deposition, which leads to strong adhesion between the anode and the
membrane even before sintering Fig. 2(b). The nano-to submicron par-
ticles are uniformly distributed throughout the layer, forming the
nanostructured anode with uniform density, which provides an oppor-
tunity for obtaining consolidation of the Ni/GDC anode layer at tem-
peratures as low as 950 °C [45]. The average ratio of Ni to GDC in the
anode layer is 43/57 wt% [45].

Fig. 3 shows the SEM images of a cross-section of the MSC after test-
ing. The thickness of the metal substrate is 300 um (Fig. 3(a)), and the
porosity is 35 * 5 %. The Ni/GDC anode penetrates the substrate at
30-40 pm. The thickness of the anode layer relative to the top surface
of the metal substrate is about several micrometers (Fig. 3(b)). This
provides strong adhesion between the substrate and the anode [45] be-
cause the contact area is high compared to the thickness of the anode
layer. The substrate has about 35 % porosity. Therefore, the effective
thickness of the anode layer can be estimated as
35 + 5um x 0.35 = 0.05 = 12.5 + 3.5 um. This effective thickness
should be close to optimal for electrochemical reactions on Ni/GDC an-
ode [47], especially for a nanostructured anode with high TPB. Because
the anode layer penetrates the metal substrate, the electron transport
distance from the substrate to any point in the anode layer is reduced.

i i r’:l‘.':f -

300 nm N
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This shorter distance allows for lower polarization resistance in the an-
ode layer, even if the Ni content is relatively low or Ni has undergone
some agglomeration. As a result, operational stability may increase.
The total thickness of the electrolyte membrane (GDC-8YSZ-GDC) is
6 pum, and the 8YSZ layer is 0.9 pm (Fig. 3(c)). The optimal thickness,
equal to 1 pm, of the YSZ layer deposited by magnetron sputtering was
determined in our previous study for the anode-supported cell [41].
The 6 pm GDC layer provides a microstructure without visible defects.
A decrease in the thickness of the GDC layer is possible, but is not justi-
fied in our opinion, as it contributes little to the total resistivity of the
cell [45]. However, if the thickness of the GDC is decreased, the possi-
bility of random defects due to metal substrate relief is increased. The
total thickness of the cathode (LSCF/GDC + LSCF) layer is about
45-50 pm, where the LSCF/GDC layer is attached to the electrolyte
membrane and has a thickness of about 25 pm. The electrolyte mem-
brane has no visible delamination from the anode or the cathode layer.

Fig. 3(d) and (e) demonstrate a cathode-membrane interface and
an anode-membrane interface, respectively. Solid bridges between the
electrodes and the membrane are visible, which indicates good adhe-
sion after the in situ firing at 1000 °C. The structures of the anode
and cathode layers have submicron porosity.

Fig. 4 demonstrates elemental analysis of the cross-section of the
MSC after the test. Table 1 presents the quantitative results of elemen-
tal analysis from areas marked on Fig. 4(a). Fig. 4(b) and Table 1
demonstrate that Ni and GDC are uniformly distributed in the anode
layer without signs of Ni agglomeration. The Ni/GDC ratio is about

Fig. 3. SEM images of a cross-section of the MSC after testing (a) The whole cross-section; (b) Higher magnification of the upper part of the cell; (c) The mem-
brane-electrode assembly; (d) Cathode-membrane interface; (e) Anode-membrane interface.
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Fig. 4. SEM image (a) Cross-section of the MSC for EDX analysis after testing; (b) Corresponding mapping of Fe, Cr, La, Ni, Ce, Zr.

Table 1
Results of EDX analysis from areas marked on Fig. 4(a).
Spectrum (0} Fe Co Ni Sr Zr La Ce Gd
1 14 9 3 4 19 46 5
2 28 4 4 9 47 8
3 32 31 28 9
4 20 72 8
5 18 3 69 10
6 16 3 38 38 5

All results in weight %.

42/58 wt% (spectrum 6), which is in agreement with our previous re-
search [45]. GDC is also uniformly distributed in the cathode layer.
The uniform distribution of GDC provides a developed TPB for both
electrodes. Fig. 4(b) shows that the metal grains are covered with a

chromia layer, which prevents further oxidation of the metal grains
and keeps the high conductivity of the substrate. Table 1 demonstrates
that no foreign elements were registered in the electrolyte membrane
(spectra 3, 4), and Fig. 4(b) shows that there are no peculiarities in
the part of the membrane adjacent to the metal grain. Table 1 proves
that the thin upper GDC layer prevents contact between the YSZ elec-
tron blocking layer and LSCF (spectra 2, 3) that could have led to the
formation of low-conducting phases [48]. Ultimately, no signs of mi-
crostructural degradation were registered in the MSC after the test.
Fig. 5 demonstrates the SEM images of a cross-section of the ASC
after testing. The Ni/8YSZ anode support includes two layers: a
coarse current-collecting layer (thickness 0.7 mm) and a fine anode
functional layer (thickness 25 pm). The total thickness of the elec-
trolyte membrane (8YSZ-GDC) is about 6 pm, and GDC is about 1 pm
(Fig. 5 (b)). The membrane has a gas-tight microstructure. The total
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Fig. 5. SEM image (a) Cross section of the ASC after testing in low magnification; (b) Cross section of the ASC in high magnification of the MEA; (c) Cath-
ode-membrane interface of the ASC with cathode-membrane interface of the MSC for comparison; (d) Anode-membrane interface of the ASC with anode-

membrane interface of the MSC for comparison.

thickness of the cathode (LSCF/GDC + LSCF) layer is 45-50 pm,
where the LSCF/GDC layer is attached to the electrolyte membrane
and has a thickness of about 25 pm (Fig. 5 (a)). Fig. 5(c) shows that
the difference in grain size between the cathodes of the MSC and ASC
is not very significant. On the other hand, the difference in grain size
between the anodes of the MSC and ASC is obvious Fig. 5(d). The sig-
nificantly finer microstructure of the Ni/GDC layer provides more of
the electrochemically active surfaces.

Fig. 6 demonstrates the electrochemical data of the MSC and ASC.
Fig. 6(a) presents the current-voltage and current-power dependencies
of the MSC and ASC. Table 2 displays values of OCV and power densi-
ties at 0.70 V and 0.90 V for the cells. The values of OCV are close to

the thermodynamic values and provide direct evidence of the absence
of substantial gas or electron leakages between the anode and the
cathode, which indicates the gas-tightness of the electrolyte mem-
brane and its low electronic conductivity for both cells. The closeness
of the OCV to the thermodynamic values for the MSC proves that the
relatively high relief of the metal substrate does not strongly affect the
quality of the electrolyte membrane deposited by magnetron sputter-
ing. The MSC has a slightly higher OCV than the ASC due to the use of
dry hydrogen in the case of the MSC. Almost identical power densities
for MSC and ASC at temperatures around 600 °C and different at tem-
peratures around 650 °C imply the differences in the structure of im-
pedances of the cells. Table 3 presents performance and technological
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Fig. 6. (a) Current-voltage and current-power dependencies of the MSC and ASC; (b) Time dependence of the voltage for two samples of MSC with current load
180 mA/cm?; (¢) Impedance hodographs near OCV for the MSC and ASC with fits (solid lines); (d) Bode plots of the imaginary part of the impedance with fits (solid

lines); (e) Equivalent circuit model for the MSC and ASC.

Table 2
OCV and power densities of the MSC and ASC.

Cell Temperature, °C  OCV, V Power density, mW/cm?
type
at 0.70 V at 0.90 V
MSC from 602 to from 1.099 to from 283 to from 154 to
645 1.087 411 227
ASC from 604 to from 1.089 to from 280 to from 137 to
656 1.080 481 245

Table 3

comparison of the fabricated in this study MSC with state-of-the-art
MSCs with steel support and LSCF-based cathode. The fabricated MSC
has good values of power densities for the case of LSCF-based cath-
odes, especially considering that the cells were tested in conditions
close to conditions in stacks of SOFC in terms of gas supply and cur-
rent collection. Our previous study showed that the metal sup-
port-anode-electrolyte membrane structure of the MSC can withstand
thermal cycling at a heating rate of 500 °C/h without structural failure
[45]. This stability results from the strong adhesion of the penetrated
anode layer to the metal substrate and the magnetron-grown elec-
trolyte membrane to the anode layer. However, the mechanical stabil-

Performance and technological comparison of state-of-the-art MSCs with steel support and LSCF-based cathodes.

Ref. Year  Anode Num. of firing Max. firing temp. Atmosphere of ocv Power density at Power density at
steps ({9} firing 0.9 V (W/cm2) 0.7 V (W/cm2)
650 °C 600 °C 650 °C 600 °C 650 °C 600 °C
This 2025 Ni/GDC 1 (in situ) 1000 Ny/Air 1.09 1.10 0.23 0.15 0.42 0.28
work
[29] 2025 Ni/GDC 1 (in situ) 800" H ,/Air 1.04 1.05 0.14 0.07 0.31 0.19
[491] 2021 Ni/GDC 1 (in situ) 750" H ,/Air 1.00 1.01 0.18 0.10 0.50 0.37
[7,13] 2020 Ni/GDC 1 + 1 (in sitw) 1100 H,, H ,/Air 1.15 1.15 0.43 0.22 0.80 0.45
[9] 2018 Ni/LST- 5 1000 Air 1.16 1.17 0.13 0.10 0.20 0.15
GDC
[17,20] 2017 Ni/GDC Not stated 1000-1100 Air - 1.10 - - - 0.29 (0.75 V)
[501] 2016 Ni/ScSz 1 (in situ) 750" H ,/Air 0.95 095 0.11 0.09 0.65 0.50

a The cells were formed by plasma spray technology.
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ity of the cathode layer during rapid thermal cycling remains a prob-
lem that needs to be addressed in further research.

Fig. 6(b) demonstrates the short-term operation stability of the
MSCs in a galvanostatic regime at 600 °C for two samples with differ-
ent OCV under the same current density. The sample with an initial
OCV of 1.1 V exhibited degradation due to the drop in OCV, but there
was no increase in resistivity. The sample with initial OCV of 1.0 V
demonstrated no degradation. The lower OCV indicates more water
(oxygen) on the anode side, which is due to problems with hermitiza-
tion of the testing rig or defects in the membrane. Therefore, different
amounts of oxygen or humidification during in situ firing and testing
could play a role in the difference in stability of the samples. However,
there is no explanation of the exact mechanism of OCV degradation,
and additional research is needed. Fig. 6(c) demonstrates hodographs
of the impedance measured under OCV conditions with plotted fits.
Fig. 6(d) demonstrates Bode plots of the imaginary part of the mea-
sured impedances with plotted fits. Fig. 6(e) shows an equivalent cir-
cuit model (L — inductor; Ry, Ry, Ryp, Rip resistors; CPEyg, CPEyy,
CPE,; — constant phase elements). According to the equivalent circuit,
L and R, are responsible for the inductance of the supply wires and
ohmic losses of the cell, respectively. As will be shown below, (Ryg-
CPEyp) includes the most dominant contribution to the polarization of
anode reactions, (Ry-CPE,z) — of cathode reactions, and (R;z-CPE, ;) —
of mass-transport losses in the case of low fuel humidity. The distinct
contributions to the impedances of the cells were separated by fitting
and presented in Fig. 7 for qualitative analysis.

The higher ohmic losses of the MSC may come from several reasons,
such as the presence of low conducting films at the anode-metal sub-
strate interface, the less sintered cathode, and poor phase or crystal
structure of the magnetron-sputtered membrane due to the lower firing
temperature than in the case of ASC. The difference between the ohmic
losses of the MSC and ASC displays no temperature dependency
(0.1 Q x cm? at 600-650 °C), which may indicate that the additional
ohmic losses are associated with the electronic current. In our previous
study [45], we used (Lay goSr.20)0.95C005_5 (LSC) cathode and the metal
substrate with Ni protective coating for a MSC mini stack with single in
situ firing at 950 °C. The mini stack demonstrated significantly better
values of the ohmic resistance despite the lower firing temperature of
the anode layer, which points out the ways for improvements.

Fig. 7 demonstrates the Bode plots of the imaginary part of the im-
pedance with separated R-CPE contributions for the MSC and ASC at
600-650 °C. Fig. 8 demonstrates column plots of the real part of the
contributions to the impedance of the MSC and ASC at 600-650 °C
with fitting error bars.

The magnitude of -ImZ and ReZ of middle-frequency contributions
(Ry-CPEyp) with resonance at 5-20 Hz are close and increase in the
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same ratio for the MSC and ASC, which provides evidence for mostly
the same nature of these contributions. The most dominant role in these
contributions probably corresponds to processes of the similar LSCF-
based cathode layer, which is consistent with the frequency range from
literature data [51-55]. The different resonance frequencies of the
peaks of the cathode contribution for the MSC and ASC can be ex-
plained by different sintering temperatures of the LSCF [55,56] by
other contributions to this frequency range for the ASC and the MSC, or
by fitting errors. This contribution was not observed in our study of the
MSC with the LSC cathode and single GDC membrane due to different
cathode material [45].

The low-frequency contribution (R;z-CPE;) with peaks at 1 Hz in
the case of the MSC exhibits weak thermal activation behavior (Figs. 7
and 8) and is likely linked to gas-conversion impedance. The gas-
conversion impedance is most likely caused by low humidity on the an-
ode side [57-60] exacerbated by the high chemical capacitance of GDC
due to changes in oxygen stoichiometry [61]. This contribution was not
observed in our study of the MSC with the LSC cathode and single GDC
membrane [45] due to high humidity on the anode side. The absence of
the low-frequency peak in the case of the ASC can be explained by the
absence of the GDC in the anode layer and the higher humidity of the
anode gas.

The polarization losses of the MSC are lower than that of the ASC,
and the lower the temperature, the more the difference (Fig. 6), which
provides lower total losses in the case of the MSC at 600 °C despite its
higher ohmic losses. It is visible from the bode plot (Fig. 6(d)) as well as
from the fits (Fig. 7) that the difference in polarization losses for the
MSC and ASC comes from the contribution to the impedance in the
high-frequency range (Rys-CPEyy) with resonance frequency at about
100-500 Hz in the case of ASC, which corresponds to processes on the
YSZ/Ni fuel electrode of SOFCs [51,57,62—-64]. The anode for the MSC
was fabricated from the powder with nano Ni and submicron GDC par-
ticle size and sintered at a relatively low temperature of 1000 °C, which
led to high TPB values. The high TPB values of the anode layer of the
MSC and higher ionic as well as electronic conductivity of GDC that ex-
tends electrochemical reaction to the double phase boundary lead to
significantly lower anode polarization losses than in the case of the
ASC, which is especially important at temperatures less than 650 °C,
where anode contributions to the losses are significant. [57,65]. Fig. 8
shows the YSZ/Ni anode contribution to the impedance of the ASC is in-
deed comparable to or even higher than that of the LSCF/GDC-LSCF
cathode. Moreover, some anode processes probably also contribute to
the MF range, which makes anode contribution to the impedance even
more significant. Therefore, the polarization resistance of the cathode
layer in the case of the ASC is less influential than in the case of the MSC
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= = ASCHF ASC 605 °C
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MSC 645 °C i —ASC MF
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Fig. 7. Bode plots of the imaginary part of the impedance with separated R-CPE contributions for the MSC and ASC at (a) around 650 °C; (b) around 600 °C.
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Fig. 8. Column plots of the real part of the contributions to the impedance of
the MSC and ASC at 600-650 °C with fitting error bars.

because the polarization resistance of the anode layer of the ASC is also
a significant factor limiting cell performance.

The difference in power densities for MSC and ASC at 650 °C in-
creases with increasing current. However, at high voltages such as
0.9 V, that is, at high electrical efficiency, the power densities of MSC
and ASC are close (Table 2), which is due to high activation barriers for
electrode reactions at low currents. Therefore, the high activity of the
anode layer in the case of MSC is especially important when operating
at high electrical efficiency.

Despite the high activity of the anode layer in case of the MSC, the
polarization losses are still much higher than in the case of our MSC
with LSC cathode [42,45], which indicates that for unlocking the full
potential of the MSC the significant improvement in cathode activity in
comparison to the commercial LSCF-based cathode (Kceracell Co. Ltd.)
is needed. The use of LSC cathode fabricated by screen printing is not a
reliable solution for practical purposes due to its high coefficient of
thermal expansion of 20 K™ [66]. A way to improve the cathode activ-
ity is to find new materials or fabricate the existing cathode materials
with superior microstructure and low sintering temperatures. The pos-
sible options for obtaining cathode layers of conventional materials
with superior microstructure may include fabrication of the thin LSC
cathode by magnetron sputtering [67], or by aerosol deposition
method, significant improvement in TPB values of the LSCF-based cath-
odes fabricated by AD [68], screen printing or other powder-based
methods.

4. Conclusions

The fabrication of the MSC with single in situ firing of all functional
layers at 1000 °C was described. The fabrication included the deposi-
tion of the Ni/GDC anode by the aerosol deposition method, the GDC-
8YSZ-GDC electrolyte membrane by magnetron sputtering, and the
LSCF/GDC-LSCF cathode layer by screen printing. The MSC demon-
strated OCV of 1.099-1.087 V and power density of 283-411 mW/cm?
at 0.7 V and 602-645 °C.

The high adhesion between separate particles in the unsintered an-
ode layer allows the electrolyte membrane deposition by magnetron
sputtering without intermediate firing. The initial gas-tightness of the
membrane provides gas separation between the anode and the cathode
chambers. In the anode layer, the small size of powder particles
(<100 nm) not bonded in agglomerates due to the absence of liquids in
the fabrication process provides low sintering temperatures. These facts
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make it possible to fire all functional layers of MSC simultaneously in a
desired gas atmosphere inside the testing rig imitating SOFC stack.

The MSC demonstrated less polarization resistance than the ASC in a
high-frequency region from about 10 Hz to 100 kHz, which is explained
by the highly developed TPB of the Ni/GDC anode deposited by aerosol
deposition method as well as by high electronic and ionic conductivity
of GDC. The polarization resistance of the anode layer in the case of the
ASC is at least as significant as the polarization resistance of the LSCF/
GDC-LSCF cathode layer. However, the polarization resistance of the
LSCF/GDC-LSCF cathode layer in the case of the MSC is the most signif-
icant factor impeding the cell performance. The high activity of the an-
ode layer is especially important when operating at high voltages, that
is, at high electrical efficiency. To express the full potential of the MSC,
an increase in cathode activity is needed, which can be obtained by new
materials or by significant microstructure improvement of the existing
ones.
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