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Solid oxide fuel cells (SOFCs), attractive for diverse applications in a broad range from small portable
and auxiliary power units, up to central power systems, are conventionally produced by sintering
methods. However, plasma spraying promises some advantages particularly for cells with metal support.
In the present paper, research activities conducted in recent years at DLR as well as latest developments
on plasma sprayed functional layers for SOFC as cathodes, electrolytes, and anodes are reported. Power
densities of more than 800 mW/cm? were achieved for plasma sprayed single cells of 12.56 cm? size, and
300 mW/cm?, respectively, with a 250 W stack made of 10 cells. These values were attained at 0.7 V and
800 °C, with H,:N, =1:1 as fuel gas and air as oxidizing gas. Furthermore, continuous operation of more
than 5000 h was attained with a plasma sprayed metal-supported SOFC stack which could also withstand

more than 30 redox and thermal cycles.

Keywords degradation, long-term stability, metal-supported
SOFC, plasma sprayed functional layers, suspen-
sion plasma spraying

1. Fuel Cells—Devices Not Limited to
Only One Single Application

Present times are characterized by a general change in
the energy supply. The scarcity of fossil resources requires
a considerably higher efficiency in their use. At the same
time a rapid increase of using renewable energy sources
like solar radiation and wind can be observed. Therefore,
hydrogen will become of increasing significance in the
future as a carrier of energy for a society oriented to
regenerative energy supply. It is storable and transport-
able, can be manufactured in a simple way by means of
electrolysis and can be used to produce thermal and
electrical power in a highly efficient and environmentally
friendly form by fuel cells. As fuel cells transform com-
bustion gas consisting mainly of hydrogen not only into
thermal and electrical energy, but also in water and well-
defined harmless exhaust emission, they can be used
multi-functionally. This is shown in Fig. 1 using the
example of applications in aviation. In addition to an
auxiliary power unit (APU) for on-board electricity and
replacing the ram air turbine (RAT) for the emergency
power supply, the fuel cell may serve to reduce consider-
ably the extra load of water before the start since service
water needed in lavatory, e.g., is produced by the fuel cell
during the flight. Moreover, the exhaust gases of the fuel
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cell can be filled into the tanks of the airplane (being
located in the wings) and, therefore, the development of
explosive gas mixtures can be suppressed as the tank is
getting depleted (“‘inertisation”).

There are a number of different types of fuel cells
operating from ambient temperature up to about 1000 °C
with differences in materials, structure, function, geome-
try, properties and required combustion gases. Solid oxide
fuel cells (SOFCs) with operating temperatures above
600 °C can be run with a variety of fuels without any
elaborate reforming needed. This makes them attractive
for very different applications in a broad range from small
portable and APUs, combined heat and power suppliers in
houses up to central power systems. A special type of cells
is the so-called metal-supported solid oxide fuel cell
(MS-SOFC, Fig. 2a). Primarily MS-SOFCs have been
developed for use in the automotive sector. Therefore,
development goals are lowest possible weight with highest
possible energy density and quick and uniform start-up. In
contrast with anode- or electrolyte-supported fuel cells a
porous metal substrate performs the mechanical load-
bearing function of the cell (Fig. 2b).

Conventionally SOFCs are produced by sintering
methods which means in general long processing times
between 10 and 20 h with sintering temperatures notably
above 1000 °C to get the desired mechanical quality. In
case of MS-SOFC, high temperature sintering may cause
degradation of metallic components and limits the choice
of suitable materials and geometries. In contrast, adapted
plasma spray techniques (Ref 1-3) offer some distinct
advantages for metal-supported cells in terms of limiting
substrate temperatures. Thermal degradation and tem-
perature dependent interdiffusion between materials can
be suppressed. Besides production of active layers (elec-
trodes or electrolytes) plasma sprayed coatings can also be
applied for corrosion protection (Ref 4), for insulating
between cell components, and for sealing in SOFC stacks
(Ref 5). Plasma spraying offers high production rates that
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Fig. 2 Photographs of (a) two SOFCs, (b) different metal substrates (uncoated and plasma sprayed)

have the potential to lower production costs and good
scalability favoring commercialization of SOFCs (Ref 6).
This paper presents the research activities and the latest
results achieved at DLR in recent years on development
of plasma sprayed functional layers for MS-SOFCs. Main
objectives of the work were to improve performance and
durability of the cells by systematic enhancement in the
processing conditions, incorporating sub-micrometer- and
nanometer-sized functional layers.
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2. Structure and Operation of SOFCs
and Plasma Spraying Applied to It

The electrochemically active part of a high temperature
SOFC consists in principle of three layers (Fig. 3a):

® an air electrode, where oxygen is reduced to double
negatively charged oxygen ions by up-taking of
electrons,
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Fig. 3 (a) Operating mode of an SOFC, (b) scheme of functional layers of an MS-SOFC

Fig. 4 MS-SOFC stack built of 10 single cells

e an clectrolyte, conducting oxygen ions at higher
temperatures, and

e an anode, where the fuel is oxidized and electrons are
set free which return via an external load to the
cathode, generating useful electrical power.

Due to the high operating temperatures of about
800 °C further components are necessary. For instance,
diffusion limiting layers between different cell parts and
oxidation preventing layers for the metallic interconnects
(Fig. 3b). Cells typically are operated at 200 to 300 mA/
cm” loads and the desired electrical power of a fuel cell
generator is achieved by means of a series connection of
identical cells (so-called ‘‘stacking”, Fig. 4). For stack
designs with reactive solder as sealing, electrically insu-
lating layers are needed (Ref 7). Although plasma spray-
ing is applicable and is used for production of all layers
described above, in the following only development
activities for the electrochemically active part of the
SOFC (“the three layers”) will be specified.

Materials for the core of such cells are mostly of
ceramic type: typically perovskites for the cathodes, yttria
stabilized zirconia (YSZ) for the electrolyte and a mixture
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(cermet) of Ni and YSZ for the anode. Anode and cath-
ode have to show suitable porosity with extended length of
so-called triple phase boundaries (TPB) ensuring good
access for gases and their reaction at the surfaces, whereas
the electrolyte has to be dense and gas-tight, and as thin as
possible to possess low resistivity for conducting the oxy-
gen ions.

3. Plasma Spraying of Functional Layers
for SOFC

SOFCs can be manufactured by atmospheric plasma
spraying (APS) (Ref 8). However, for denser ceramic
coatings better melting and higher particle velocities are
favorable. For this reason, special plasma spraying
equipment has been developed and used at DLR. Fast
plasma jet and spray material velocities which are needed
for dense electrolyte layers were realized by using a direct
current (DC) torch with Laval like contoured anodes.
The torch was integrated into a low pressure chamber
(Ref 6, 9). To fabricate SOFC electrode layers a three-
cathode plasma gun TriplexPro 200 (Sulzer Metco,
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Fig. 5 Liquid feeding system developed at DLR with touch-
screen controls and online diagnostic support

Switzerland) was applied under APS conditions. Besides
standard-sized powder particles (20-60 um) suspensions
with sub-micrometer particles were alternatively injected.
An in-house developed liquid injection system (Fig. 5) for
suspension plasma spraying (SPS) as well as for solution
precursor plasma spraying (SPPS) was adapted to get
denser electrolyte coatings as well as electrode coatings
with higher TPBs.

On-line diagnostic tools, employed to correlate pro-
cessing parameters with the plasma jet characteristics and
in-flight particles parameters, included:

e an enthalpy probe from Tekna Plasma System Inc.
(Canada) for measurement of plasma enthalpy, tem-
perature, and composition,

® Accuraspray from Tecnar (Canada) for measurement
of (median) velocity and temperature of the particle
jet in the plasma.

Properties of the functional layers were evaluated by
employing electrochemical testing coupled with imped-
ance spectroscopy (Ref 10), gas permeability and leak rate
measurements as well as a four point dc resistivity method
(Ref 11).

Additional analytic methods that have been used to
characterize SOFC layers are scanning electron micros-
copy of powders as well as of fractured and polished
samples of deposits, X-ray diffraction (XRD) measure-
ments conducted by diffractometry in a BRAGG-
BRENTANO test assembly, and coefficient of thermal
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Fig. 6 Leak rate values of 8YSZ deposits as function of mean
velocity and temperature of particle jet measured by Accura-
spray at 300 mm standoff distance of the particle plume axis

expansion (CTE) measurements from room temperature
up to 1050 °C under constant flow of air performed with a
dilatometer.

3.1 Vacuum Plasma Sprayed Electrolyte Layers

Much of the research carried out on electrolytes of
SOFCs is oriented to improve its ionic conductivity and,
concurrently, to lower operating temperatures. Although
there has been an extensive study of alternative solid
electrolyte materials (like scandium doped zirconia
(S¢SZ), gadolinia-doped ceria (CGO), lanthanum gallate-
based perovskites (e.g., LSGM), or others (Ref 12)), the
most commonly used electrolyte material in SOFCs is still
zirconia stabilized with 8 mol% of yttria (8YSZ) due to its
better stability and lower electronic conductivity at ele-
vated temperatures compared to other electrolyte mate-
rials (Ref 13). However, to reduce the resistivity to oxygen
ion diffusion in 8YSZ, either higher operating tempera-
ture or thinner electrolyte layers are options. For operat-
ing temperatures of 800 °C and below, production of thin
electrolyte layers that remain hermetic is the main chal-
lenge for the plasma spray process.

Using a D-optimal design of experiment (DOE), influ-
ence of different 8YSZ feedstock powders and plasma spray
parameters were examined on deposition efficiency, gas-
tightness and electrochemical behavior of vacuum plasma
sprayed (VPS) electrolytes (Ref 14). In-flight particle sur-
face temperature and average velocity, measured by on-line
particle diagnostics, were correlated with plasma and de-
posit properties. It was concluded that the influence of
particle velocity is four times higher on open porosity of the
deposit than the particle temperature (Fig. 6). Owing to this
development thickness and area-related leak rate values of
plasma sprayed 8YSZ deposits could be reduced from 65 to
35 ym and from 15.2 to 1.7 Pa m/s, respectively, which
consequently resulted in lower ohmic resistance and higher
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Fig. 7 Suspension plasma sprayed 8YSZ electrolyte layer with
low porosity

open circuit voltage (OCV) for cells. At this, leak rate val-
ues were determined in a test rig at room temperature. One
side of a sample with surface area A of the layer was exposed
to atmospheric air pressure p,. The other side was mounted
to a chamber of constant volume V, which was evacuated to
low pressure po (2300 Pa). While air from high pressure side
moved into the chamber across the layer, pressures on both
sides of the sample were detected. Starting from p, time
interval At to equalize both pressures was measured. Finally
area-related leak rate was given by

(Pa —po) XV

L. —
a A X At

Despite this tremendous progress in plasma spraying of
electrolytes further improvement is needed. For instance,
the ionic conductivity of as-sprayed layers (0.021 S/cm) is
threefold lower than plasma sprayed and sintered ones at
1500 °C for 4 h (0.068 S/cm). This was attributed to the
splat boundaries which hinder ion diffusion across the
deposit (Ref 15). In addition, post-mortem analysis of cells
after long-term experiments showed increased formation
of chromium oxide on the ferritic steel indicating that
there was too much water on the cathode side of the cell
(Ref 16). This corrosion is caused by extended cross-over
of hydrogen and, hence, not sufficient gas-tightness of the
electrolyte (see section 4). For this reason, first experi-
ments of nanostructured electrolytes made by SPS were
conducted to increase ion-conductivity as well as density.
As can be seen in Fig. 7 it seems to be possible to get
8YSZ layers on dense substrates with low porosity. On
adapting suspension plasma spray parameters (Table 1), a
porosity of 6.7% could be measured by image analysis.
However, Marr and Kesler (Ref 17) showed that electro-
Iyte permeability behavior not only depends on spray
parameters but also on surface quality of substrates used.
Therefore, only electrochemical tests can finally give some
more detailed information about the quality of these
electrolyte coatings. These experiments are still pending.

3.2 Plasma Spraying of Cathodes

Although thickness and gas-tightness of the solid elec-
trolyte are of high importance concerning ohmic resis-
tance and degradation behavior of an SOFC the
performance is also affected strongly by electrode layers.
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Table 1 SPS conditions to get 8YSZ layers with low
porosity on dense substrates

Current 400 A
Enthalpy 17.4 MJ/kg
Spray distance 90 mm
Suspension flow rate 38.4 mL/min

In case of limited porosity of plasma sprayed electrodes
this causes lower gas permeability, obstructing mass
transport within the electrodes and leading to high con-
centration polarization especially at higher current densi-
ties. In the end, it lowers power densities achievable.
Therefore, experiments were done to increase porosity of
cathodes in plasma sprayed cells.

As cathode material mainly LaMnOj3; or LaCoO; based
perovskites are used [e.g., LSM (Lag ¢Srp4MnQO3) or LSCF
(Lag Stg.4C0g2Fes03) (Ref 18)]. Again thermal spraying
can be applied beneficially, as high temperatures (as used
with sintering for instance) can be avoided which reduces
the risk of undesirable interlayer reactions. In Ref 19
power densities at 0.7V of more than 300 and
500 mW/cm? were reported for cells with LSM and LSCF
cathodes produced by conventional plasma spraying with
F4 type gun. In present work mixed nano-micro structured
cathodes were developed. The nanometer-sized particles
offered a high effective surface area for catalytic activity
of gases. Nanoparticles, however, tend to agglomerate and
sinter at operating temperatures of the cell and their
beneficial effect can be quickly lost. Micrometer sized
particle were, therefore, introduced to impede sintering of
the nanoparticles. A 20 to 80 wt.% ratio of nanometer
to micrometer-sized particles was adapted in which
the nanometer-sized particles were 60 to 90 nm and
micrometer-sized particles were 0.8 to 2 um. The particles
were agglomerated in size of 5 — 45 um using spray drying
prior to plasma spraying. Investigations with LSM
(La0,6Sr0,4MnO3) and LSCF (Lao,68r0,4C00,2Feo,gO3) as
cathode material were carried out. These cathode deposits
exhibited no undesirable secondary phases and sufficient
permeability for gases (Ref 14).

However, perovskites may decompose at high tem-
peratures and in reducing atmosphere forming secondary
phases which are detrimental for electro-catalytic activity.
Therefore, special care is needed during plasma spraying
of these materials to avoid decomposition. Plasma
enthalpy and plasma to particle heat transfer has to be
limited. Otherwise severe degradation may reveal as can
be seen in Fig. 8, where XRD measurements of Lagsg
S1.40C0020F€0 8003 powder and different plasma sprayed
deposits are shown (Table 2). Here plasma jet of
parameter set 1 possessed a higher enthalpy, temperature
and velocity compared to parameter set 2.

Reduction of enthalpy and velocity, however, may lead
to extremely poor deposition efficiencies and rates.
Therefore, another approach was considered that con-
sisted of working with powder agglomerates instead of
bulky particles. The spray process development was aim-
ing at promoting partial melting of the surface of
agglomerates while keeping the inner core unmelted. The
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Fig. 8 XRD of Lags55S19.40C00.20Fe0.80035 powder and resulting
plasma sprayed deposits

Table 2 Plasma spray conditions for the fabrication
of LSCF cathodes

Anode diameter Ar flow He flow Arc

of plasma torch, mm rate, slm rate, slm current, A
1 11 30 5 350
2 9 50 5 200

molten surface acted in this way as an adhesive which
assisted in sticking the impacting particles together. The
porous interior provided the high specific surface area and
the porosity for the deposit to ensure sufficient gas per-
meability and electrochemically active area. A porosity of
around 20% with average pore radius of 0.84 pm and pore
size range between 60 nm and 8 pm was achieved from
identifying an appropriate set of processing parameters by
correlating spray parameters to plasma jet characteristics,
in-flight particle properties as well as deposit structure and
quality. Furthermore, electrochemical testing with differ-
ent types of LSCF materials (LaggoSro.40C0020Fe5003,
Lag 58810.40C00.20F€0.8003 and L30A7SSr0.20C00_20F60A8003)
showed that powder stoichiometry and plasma spray
parameters can strongly influence the electrochemical
activity of the cathode layer especially at lower operating
temperatures (Ref 10).

3.3 Suspension Plasma Spraying of Anodes

The anode is probably the most delicate functional
layer of an SOFC with regard to the requirements it has to
fulfill (Ref 20-22). On the one hand its electronic con-
ductivity has to be as high as possible to minimize electric
losses and supply electrons. If YSZ is used as electrolyte
material the anode is normally a cermet consisting of
nickel and YSZ. On the other hand, analogous to the
cathode, it has to be porous enough to permit access of the
fuel (mostly hydrogen or reformates from hydrocarbon
fuels). The electrochemical performance of an anode layer
is mainly governed by active reaction sites (TPB) where
oxide ions from the electrolyte, fuel gas and electrode
meet. These three phases do not only have to congregate
in one point but for good electrochemical activity they
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Table 3 8YSZ powders used for suspension plasma
spraying of anodes

Powder distributor Evonik (Darmstadt, SAAN Innova-

Germany) tions (Lund,
Sweden)
Particle size 12 nm (“CITY”) 50 nm 200 nm
Dispersion medium water Ethanol/pentanol
Concentration 20 wt.% 10-20 wt.%

have to be connected to the electrolyte and the electronic
contact layer by conducting paths of 8YSZ and nickel.
Both conductivities depend on the content of nickel and,
respectively, 8YSZ and are diametrically depending on
their volume ratio (Ref 11). An optimal ratio (in vol.%)
between 8YSZ and nickel is considered to be around 70/30
(Ref 23).

Another challenge for plasma sprayed MS-SOFC an-
odes is to possess a surface roughness as low as possible.
The smoother the anode the thinner a gas-tight plasma
sprayed electrolyte can be produced on top of it. Gener-
ally speaking the roughness in plasma spraying is limited
by the splat characteristics and, thus, by the powder par-
ticle size. SPS shifts the lower particle size limit down to
the nanometer scale and promises coatings with lower
roughness. All reasons mentioned before (large active
surface areas, good porosity, low roughness) were argu-
ments to investigate SPS and SPPS as manufacturing
process of anode layers.

Three 8YSZ powders were tested (Table 3). Under
APS conditions nickel usually is sprayed as nickel oxide
and is reduced to nickel before operating the fuel cell.
However, nickel oxide melts at lower temperature than
8YSZ and is difficult to stabilize in a combined suspension
with 8YSZ. Thus, nickel was applied by SPPS as nickel
nitrate (hexahydrate) in liquid precursor form. This nitrate
undergoes different stages from liquid precipitation and
oxidation until melting of the resulting nickel oxide
(Ref 24-26). To control the formation of a composite
cermet structure of nickel oxide and 8YSZ the behavior of
each liquid had to be investigated separately. In the fol-
lowing the injection of nickel nitrate will be discussed first.

Depending on spray distance liquid nickel nitrate in-
jected shows an increase of weight of nickel oxide on steel
substrates (Fig. 9). The sharp peak at 80 mm spray dis-
tance is the point of optimum particle conditioning. Most
of the liquid precursor has transformed into fully molten
nickel oxide droplets and, thus, an optimal deposition rate
is reached. The lower deposition at smaller distances can
be attributed to unfinished precipitation or melting of light
small particles, whereas the strong decline after 80 mm is
an indication for cooling and decelerating particles. Sim-
ilar effects are already known from plasma spraying with
>10 um powders at spray distances from 100 to 120 mm
as discussed in Ref 27. The only difference is that melting
and cooling happens there within centimeters not milli-
meters. The same behavior is reflected in the roughness of
the coating. At a spray distance of 55 mm the roughness is
lower because only smaller precursor droplets have
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Fig. 9 Exemplary deposition and roughness characteristics of nickel nitrate over increasing spraying distance (200 A, 50 slm Ar,

46 mL/min of 10 wt.% Ni)

Fig. 10 Nickel nitrate layer deposited by SPPS of (a) hollow and (b) compact broken spheres

transformed into molten particles or liquid precursors
have precipitated on the substrate.

However, the roughness is higher than expected for
coatings made of nanoparticles because the droplets did
not transform into solid particles but into hollow spheres
with diameters in the range of droplets of 10 um. After
80 mm those shells solidify, break and form denser and
smoother layers. Figure 10 shows cross sections of both
stages in SEM. In Fig. 10(a) cavities of micrometer size
can be seen that are formed when hollow shells of nickel
oxide collide with the substrate. Once the spheres cool
down after 80 mm their elasticity is reduced and denser
structures arise as seen in Fig. 10(b).

In contrast to nickel nitrate SPS coatings made by
injection of 8YSZ nanoparticles in a water-based suspen-
sion show a completely different behavior. Referring to 28
and 29 no local maximum of deposition can be found for
different spray distances when they are too large for
nanoparticles, or if thermal loading on substrate is too
high at closer distances. In Fig. 11 the declining branch of
the deposition behavior similar to the one of Fig. 9 after
80 mm can be seen. In contrast to nickel nitrate injection
the roughness is in general very low for all distances. This
is a direct result of the particle size of the powder used in
the suspension. They can form finer splats than powders in
conventional plasma spraying and can even compensate
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substrate roughness. What is needed to get a coating with
a smooth surface is, therefore, a nanopowder that stays in
agglomerated form with a semi molten shell. If the
agglomerate hits the surface, its outer molten shell breaks,
releases the not fully melted nanoparticles and sticks them
onto the substrate. In this respect, the process differs
strongly from a coating process with fully molten
agglomerates which lead to micrometer or sub-microme-
ter particles. Sub-micrometer particles, however, tend to
mimic the substrate roughness up to several microns
coating thickness. This effect has become familiar under
the name “‘stacking defects” in SPS coatings (Ref 30, 31).
In the next step both liquids were injected simulta-
neously for plasma sprayed fuel cell anodes. The coatings
were optimized for a Ni/Zr volume ratio of 1:2 which was
investigated by XRD. Furthermore, the resulting coating
roughness was measured. Out of 200 parameter sets tested
in a first trial three of them were chosen according to
different roughness and thickness which are the result of a
differing microstructure. Spray parameters and coating
compositions are listed in Table 4. The coatings were not
optimized for getting a high porosity. This will be created
later on during the reduction of nickel oxide which leads
to a volume shrinkage of nickel oxide to nickel by 40%.
All anodes were coated at the same time with a VPS
electrolyte layer showing similar leak rates of about

Journal of Thermal Spray Technology
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Fig. 11 Exemplary deposition and roughness characteristics of 8YSZ (SAAN) with increasing spraying distance (500 A, 50 slm

Ar, 30 mL/min of 10 wt.% 8YSZ)

Table 4 SPS parameters tested for anode layer

Sample no. A B C
Torch current, A 500 400 400
Ar flow rate, slm 70 70 50
He flow rate, slm 20
Flow rate (nickel nitrate), mL/min 46.2 23.0 28.0
Distance torch to sample, mm 75 65 65
Amount of NiO in anode, wt.% 38.83 40.64 43.52
Amount of YSZ in anode, wt.% 61.17 59.36 56.48
Roughness R, of anode surface, pm 5.8 59 3.4
Avg. thickness of anode, pm 12 10 9

4.5 Pa m/s. LSCF paste was brushed manually as cathode
layer and contacting was done with a platinum mesh. The
cells had a diameter of 40 mm. Roughness R, of anode
surface and average thickness of anode is given in Table 4.
Cross-sections of the complete fuel cell after testing are
shown in Fig. 12. Anode A mainly consists of fully molten
splats of nickel oxide and 8YSZ. This explains the mim-
icking effect of the substrate and the highest roughness
among all tested anodes. Anode B and C consist mostly of
fully molten nickel oxide and partially molten 8YSZ
agglomerates, which fill the gaps of the substrate and lead
to a smoother anode surface.

First results of these newly developed anode layers
are shown as U-i curves in Fig. 13. Maximum power
density at 0.7V could be detected in cell B
(66.9 mW/cm?). The value of cell C is similar under same
conditions (65.4 mW/cm?), whereas cell A performs
poorest with only 49.3 mW/cm?. Even though the perfor-
mance is only one-tenth of what conventionally sprayed
cells perform, a clear distinction can be found between
microstructural factors influencing the performance. Cell
B and C perform very similar though their anode micro-
structure is very different. Anode of cell B is rougher and
slightly thicker than anode of cell C. Since performance is
similar, it seems that some properties changed diametri-
cally. However, to get a more conclusive picture further
examinations by electrochemical impedance spectroscopy
are planned to reveal more details about the chemical
reaction mechanisms and their limiting properties.
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4. Improvements Achieved
in Metal-Supported SOFCs

The main requirements on MS-SOFC, and according to
the functional layers it consists of, are high electrical
power densities, good mechanical stability and durability
for long-term operation, i.e., mainly stable against thermal
and redox-cycling. All spray activities described in
section 3 served to implement these requirements. In
combining such plasma sprayed electrolytes with im-
proved plasma sprayed electrodes, at operation tempera-
tures of 800 °C power densities of around 800 mW/cm? at
0.7 V for small single cells (12.56 cm?), around 400 mW/
cm? at 0.7 V for 80 cm? cells and >300 mW/cm? at 0.7 V
in a 250 W stack made of 10 cells could be successfully
demonstrated. As an example the development of maxi-
mum power density of plasma sprayed single cells at DLR
between 2006 and 2010 is shown in Fig. 14. Further
improvements in power density are expected in future by
previously shown potential in liquid injection plasma
spraying of functional layers. However, prior to this,
activities at DLR have been concentrated on testing the
durability of plasma sprayed MS-SOFC stacks for long-
term operation.

Plasma sprayed MS-SOFC stacks show a superior
resistance to strong temperature and redox-cycling tests
compared to conventionally made ones. A strong anode
reduction, e.g., was done in switching off the fuel gas
abruptly and purging immediately with nitrogen for 5 min
to remove residual hydrogen. Subsequently, anode side
was flowed through with 50 mL/min pure oxygen for 1 h
to oxidize the nickel inside. Before running the stack again
with standard fuel gas (1 slm H, and 1 slm N,) it was
purged with nitrogen once more. 20 of such redox-cycles
together with 15 thermal cycles could be reached in one
MS-SOFC stack made of 10 cells (Fig. 15). Between
individual cycles the degradation rate was determined
from polarization curves at OCV. Subsequently, a load of
200 mA/cm?® was applied for one hour. The increase of
power after two redox-cycles can probably be explained
by a breakup of the nickel agglomerates inside the anode
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Fig. 13 So-called “U-i-curves” (a combined diagram of polari-
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Fig. 14 Development of maximum power density of plasma
sprayed single cells at DLR between 2006 and 2010
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Fig. 15 MS-SOFC stack made of 10 cells tested under condi-
tions of thermal and redox-cycling

increasing TPB. However, with increasing number of
cycles this effect was compensated by a degradation of the
anode. This degradation manifested in appearance
of micro cracks caused by volume changes during redox-
cycling. The degradation rate after 20 cycles was 9.1%.

One limiting factor of plasma sprayed MS-SOFCs re-
mains: gas-tightness of the electrolyte layer restricts the
diminishing of layer thickness. Insufficient gas-tightness to
hydrogen diffusion does not only reduce the efficiency of
the cell but may also limit life-time of the cell, as water is
produced at the cathode side. This water can corrode the
interconnector made of ODS-Fe26Cr alloy (ITM) and can
lead to chromium poisoning of the cell. Interestingly, an
endurance test at DLR on a plasma sprayed MS-SOFC
stack with four cells showed that an operating time of
more than 5000 h was possible (Fig. 16). Although the
overall degradation rate was 10.7% (~4%/1000 h during
the first 2500 h), which is still too high for industrial
applications, this was a promising value as no protective
coatings were used in this stack. Future investigations on
an MS-SOFC stack with protective coatings on cathode
side and diffusion barrier layer on anode side are expected
to provide much lower degradation rates and, thus, longer
operating times.
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Fig. 16 Endurance test on MS-SOFC stack with four cells

5. Conclusion

Results presented in this paper support that plasma
spraying can be a promising alternative to wet ceramic
processing. However, each functional layer needs a cus-
tomized approach of plasma spraying. Only conventional
APS technology with micrometer-sized powders is not
sufficient to get highest qualities of coatings. It was shown
in this work that VPS, SPS as well as SPPS and combi-
nations thereof are promising alternatives especially for
gas-tight thin electrolyte and high-efficient electrode
layers. It could be demonstrated that plasma sprayed
MS-SOFCs can be prepared having power densities
approaching those of main stream anode supported cells
often produced by wet ceramic processes. Despite of
continuous enhancements of power density and long-term
stability over the last years that were presented in this
paper, durability of plasma sprayed MS-SOFC (e.g. deg-
radation) still has to be further improved to make plasma
spraying a predominant manufacturing technique. At the
same time, the costs and complexity of handling these
spray technologies have to be considered to become suc-
cessfully implemented in industrial mass production.
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