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Microstructure and Polarization Resistance of

Thermally Sprayed Composite Cathodes for
Solid Oxide Fuel Cell Use

K. Barthel, S. Rambert, and St. Siegmann
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Porous composite cathode coatings containing (baSro2).edVMNO 3 (LSM) and ZrO ,—12% Y,0; (YSZ) were
prepared by vacuum plasma spraying (VPS) and flame spraying (FS) on prefabricated substrate-based
planar solid oxide fuel cells (SOFC) with 60 mm in diameter. Microstructural observations reveal the open
porosity of the cathode coatings and prove qualitatively the compositional gradient from YSZ-LSM
composite to pure LSM. The electrochemical behavior was investigated by impedance spectroscopy. The
results of graded cathodes compared with nongradient and bilayered ones are discussed with respect to the
cathodic polarization resistance between 750 and 98D. Bilayered cathodes indicate the lowest cathodic
losses followed by the graded ones and the conventional composite. Flame spraying as a rarely used
processing tool for SOFC components can provide cathodes of high electrochemical performance.

Keywords compositionally graded cathodes, flame spraying, im- peratu_res in air, and good compatibili_ty with the e:lectrolyte.
pedance spectroscopy, microstructure, perovskite, vac- Strontium-doped lanthanum manganite (LSM) with a per-

uum plasma spraying ovskite-type structure is one of the materials that satisfactoril
meets these requirements for cells that operate abov€ 800
ducti Numerous publications have shown that additions of oxygen
1. Introduction ion-conductive electrolyte material (mostly yttria-stabilized zir-
conia (YSZ) or cerium-gadolinium-oxide (CGO)) to the
perovskite, which leads to the formation of a composite cathode
can improve the cathodic performance furth@rAnalog to al-
kaline fuel cells, where the liquid electrolyte completely pene-
trates the electrodes, the reaction area that appears ¢
pseudotriple phase boundary (TPB) of electrolyte, electrode, an
gas phase is considerably enlargfe@iaking into account the
higher melting point of YSZ at 258G, the addition of this ma-
terial is expected to improve the morphological stability during
operation, as the open porosity will not diminish by sintering and
creep. To derive the benefit of additional catalytically active
sites, a two-phase percolation in the LSM and in the ion con
ductor must be obtained. Thus, the lowest cathodic polarizatio
resistance occurs at a volume ratio of about*l:1.

Despite these advantages, we must consider that the oversg
electronic conductivity decreases by about a factor of 10 becaus
of the YSZ or CGO addition. Because of this, the pure electronig
current collection is considerably hindered. The two tasks de
scribed, however, charge transfer and current collection, tak
place at geometrically opposite parts, at the electrolyte-cathod
interface and the top of the cathode, respectively. Based on th
. mechanism, two-layer cathodes, consisting of a composite pal
2. Composite Cathodes as well as a pure perovskite part, have been successfully a

) ) o plied 89101

The SOFC cathodes must show high electronic and ionic con-" t3ying into account that the thermal expansion coefficient of
ductivity, sufficient thermal and chemical stability at high tem- p ., phases differs by 30 to 50%, it can be expected that thes
cathodes always suffer from a thermomechanical mismatch be
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Swiss Federal Laboratories for Materials Testing and Research, EMPA,Cath_Ode performance further. |r_‘ _the present paper, we also i
Thun CH 2602, Switzerland. vestigated how a graded transition of the composite phase

Solid oxide fuel cells (SOFCs) enable the direct conversion
of the chemical energy of hydrocarbons into electricity. As they
have high electrical efficiencies of up to 70% and low emissions,
they represent a good potential for the cogeneration of heat ant
electrical power in an ecologically more acceptable way. Al-
though this technology promises very stable long-term opera-
tion, without use of corrosive liquids and movable parts, the
application still has not been realized because of the relatively
high manufacturing costs. A major approach toward cost savings
is the reduction of the high operating temperatures from the cur-
rently used 900 to 100G to intermediate temperatures (ITs) of
650 to 800C. This step would allow the replacement of inter-
connections consisting of expensive ceramics or high-tempera-
ture Ni/Cr-based alloys by common Cr-rich ferritic steels.
Because of slower kinetics of the cell reaction, however, the
power output decreases with lower working temperatures. Thus,
IT operation requires a membrane-electrodes assembly (MEA)
of high electrochemical performance. As the latter is primarily
limited by the cathode reactiéhmajor attention within the pre-
sent work has been given to the improvement of the cathode.
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Fig. 1 Schematic ofd) porous compositebj two-layer, andd) graded composite cathodes of LSM-YSZ

pure LSM within the cathode can influence the electrochemical g “ Fr
performance. The results have been compared to those of nor ‘ '"
gradient and two-layer structures (Fig.1)

3. Thermal Spray Processing {l :

Various preparation techniques have been used to manufac I'_]I 1 '
ture SOFC components; however, they are often relatively ex- .
pensive or time consuming. For commercial applications of o -';.I
SOFC systems, vacuum plasma spraying (VPS) represents . P~ % 1 PR
promising processing route, and, therefore, it has already beetr - il I 3
applied by many groups:*23t allows the porosity-controlled F
deposition of the entire MEA in a single processing step. For the oo | i —

deposition of porous cathodes, however, flame spraying (FS), a
a simpler process in an atmospheric environment, would be ar e
even more economical choice. Thus, composite cathodes hav: il
been processed by both techniques in this work.
The advantages of thermal spraying for the manufacturing of
functionally graded materials within the millimeter-thickness
range were already reported in Ref 14 through 17 and others.
Compositionally graded coatings in the thickness range of 40 torjg. 2 Powder feed system for four powders by Medicoat AG
80 um can only by realized by thermal spraying, as the molten
powder particles of a diameter of 20 to/s8 flatten by a factor
of 5 to 10 at the impact on the substrate surface. Thus, the spra2) was employed. The spray parameters were adapted to the
conditions had to be set up to deposit the total cathode thicknespowder properties within the ranges of 100 mbar chamber pres-
within five to six spray passes. This creates the gradient of fivesure, 275 to 350 mm spray distance, 40 to 50 Ipm Ar primary
to six layers 1Qum thick each. The actual composition of each plasma gas flow, 0.5 to 1 Ipm becondary plasma gas flow, and
layer is given by the PC-controlled powder feed rates during the16 to 25 kW electrical input power. Flame spraying was carried
spray passes. out using a CastoDyn DS 8000 gun fabricated by Castolin SA.
The composite cathodes have been fabricated using monoFor the deposition of graded coatings, the on-top powder feed-
lithic LSM and YSZ powders as well as a mixture of 50:50 vol.% stock was replaced by the connection for the external twin-dos-
of both. The LSM and YSZ powders were obtained from PSC ing system by Sulzer Metco AG, which allows the feeding of
(Praxair Speciality Ceramics, Woodinville, USA) and MEL two powders. The composite cathodes were deposited on planar
Chemicals Ltd. (Manchester, United Kingdom), respectively. porous metal-supported cells 60 mm in diameter, which have
The composite one was prepared at EMPA by milling LSM and been prefabricated as described in Ref 18. These components
YSZ together to a size smaller thaprth followed by spray dry- can be understood as minicells corresponding to the Sulzer
ing and sintering. They all had to fit the size range of 20 to50 HEXIS concept!® consisting of metallic interconnector and gas
For VPS, a Medicoat AG (Magenwie) (CH) 50 kW DC-VPS distributor, anode cermet, and YSZ electrolyte. Each cell has
equipment with a powder feeder for four different powders (Fig. been completed with four sector-shaped cathodes of 1. 4&cm
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Fig. 3 Top view of sector-shaped graded composite cathodes on 60
mm diameter cells (electrolyte appears white)

surface area each (Fig. 3) by applying a special masking tech-
nigque. The quadrants were separately coated with different com-
positions, one following the other, by turning the masking sheet
90 deg each time.

4. Microstructure and Composition

After deposition, x-ray diffraction (XRD) measurements did
not indicate any formation of the undesired La-Zirconate phases.
Destructive microstructural investigations have been carried out 5

. ) . ubsirata
using coatings on stainless-steel sheets that have masked the cell
during the deposition of the desired cathode area. The cathod: (b)
microstructure was investigated by preparing metallographic
sections and by scanning electron microscopy (SEM) top-view Fig. 4 (a) Polished section of a graded LSM-YSZ composite cathode
observations. Figures 4 and 5 illustrate that the more finely dis-Processed by VPSb) Polished section of a graded LSM-YSZ com-
persed microstructure and pore structure is obtained by vpsPosite cathode processed by FS.

Cathodes created by FS also contain some microcracks. Both

phases, LSM and YSZ, can barely be optically distinguished by

their gray scale (the lighter gray phase is the YSZ). The micro-related to the perturbation differ greatly depending on the type
graphs show qualitatively how the YSZ content diminishes to- of electrochemical loss. One expects the following kinds of dis
wards the surface of the cathodes. tribution, depending on the frequency:

» ionic/electronic conduction losses (electrolytic resistance)

5. Electrochemical Behavior at a high-frequency range;
» interface (electrodes) reaction losses (charge transfer) at

The electrochemical measurements have been carried outb’  medium-frequency range;
means of a specially adapted SOFC bench test, where hydroge,
and air can be separately fed to a cell at temperatures of up tt
1000C. The four cathodes of the cell were contacted, reference
points added, and the cell heated and polarized to 0.5 V. The po  One must be aware that a part of a composite cathode (t
larization resistances were obtained by impedance spectroscopcathode in the macroscopic, physical sense) actually behaves
using a Zahner IM6 spectrometer. The impedance spectroscopan electrolyte (in the electrochemical sense). This is even tru
superimposes a small amplitude signal (generally sinusoidal) tofor homogeneous cathodes, because of the mixed conducting b
the direct current of the cell. It records the real part (pure ohmichavior of the perovskites. As regards the cathode performanc
contribution) and the imaginary part (capacitive and inductive calculation (polarization resistance), the whole electrolyte-like
contributions) of the potential response as a function of the sig-contribution, in the electrochemical sense, was subtracted. Th
nal frequency applied to the electrochemical device. In favorableextra electrolyte part resulting from the composite cathode wa
cases, it allows effective separation of the different contributions small, however, and the performance increase resulting from th
of the various electrochemical losses, because the response tim¢omposite structure was quite effective.

mass transfer losses (gas diffusion in the porous electrode
at a low-frequency range.
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Fig. 6 Polarization resistances of VPS cathodes by impedance spec-
troscopy
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Fig. 7 Polarization resistances of FS cathodes by impedance spec-
troscopy

(b)

Fig. 5 (a) SEM top view of graded LSM-YSZ composite cathode
processed by VPSbY SEM top view of graded LSM-YSZ composite

cathode processed by FS The activation energy of the cathode can be calculated by means

of the slopes obtained. In the present cases, values between 0.75
and 0.9 eV have been typically obtained.

Thin, solid electrolytes do not allow for easy separation of the  For the VPS deposition, the polarization resistance compared
anodic and the cathodic contributions. Moreover, the usual ref-to the composite is clearly reduced by using gradient or bilayer
erence electrode (actually a small auxiliary cathode that is keptcathodes, with the latter having the lowest polarization. Two
nonpolarized using a high-resistance multimeter) does not operpowder feed techniques have been applied for the FS process,
ate correctly on thin, asymmetrical cells, that is, on cells having which gave different results. Adjusting the local composition by
unequal anode and cathode areas, or for slightly shifted elecmixing with a Y-shaped tube during injection (Y-injection) gave
trodes. The measurement necessitates a specially designed rehigher polarizations than those obtained with VPS, whereas the
erence electrode that is not yet available. Making a Y-injection of LSM-YSZ composite granulated powder resulted
quasi-symmetric cell is another way to solve the problem. Thisin very low polarizations. In the first case, the graded cathode
cell has an insulating layer deposited on the anode cermet, thawas slightly superior to the others. The second cell with very low
is, covering the area located between the reference point and losses did not show an improvement by applying a layered gra-
point corresponding to the edge of the cathode location. A sym-dient.
metrical VPS cell of this type was actually produced and showed Finally, we conclude that in all cases the bilayer and/or
a significant improvement in the measurements, but failed tograded cathodes give the lowest polarization resistances, which
meet all our expectations. It suggested that the anode contribumeans improved cathode performance. For two of three cells, the
tion was low with respect to the cathode(s). In the Arrhenius clearest improvement was obtained by the bilayer type. The re-
plots shown in Fig. 6 and 7, the cathode polarization resistancesults confirm again the assumption made in Section 2 that a vol-
are shown as a function of the temperature in the range of 750 tume ratio of nearly 1:1 of LSM and YSZ may lead to the lowest
95C°C. The inverse-proportional behavior of the logarithm of the possible polarization resistance. Within bilayer-type cathodes,
polarization resistance is a known consequence of the slower kithe 50:50% composition is present from the interface toward the
netics of the cathodic reaction at lower operating temperatureselectrolyte up to 20 to 40m thick and thus represents an ex-

346—Volume 9(3) September 2000 Journal of Thermal Spray Technology



tended TPB length. Graded cathodes with a linear composition 3.
profile, in comparison, may have a considerably smaller than
50:50% vol.% of LSM-YSZ (within a few microns thickness)

and in consequence a smaller TPB length, because of the direc
composition change from 50:50% LSM-YSZ to pure LSM that
starts very close to the interface.

If the total length of the TPB is primarily determining the ca- ¢
thodic polarization, the composition profiles of the graded cath-
odes still must be adapted. This could be realized, for example
by applying an S-shaped profile with a larger 50:50% zone close 7.
to the electrolyte, followed by a steeper gradient toward pure
LSM for current collection. 8.

6. Summary and Outlook 9.

Porous composite cathodes of {315 5)0.0MNO; (LSM) and
Zr0,-12% Y,0; (YSZ) were successfully deposited by thermal
spray processes. Furthermore, compositionally graded deposit:

of 40 to 80um thick have been realized applying the multilayer 4,

principle. The composition profiles obtained can be qualitatively
verified by their microstructures. The electrochemical perfor-

mance of the cathodes, evaluated by impedance spectroscop12.

indicates significant improvements, especially for the bilayer
technique, whereas the concentration profiles of the multilayer
gradients still must be optimized. Flame spraying as a new pro-
cessing tool in this field seems to have good potential for future
applications as it provides encouraging results within an advan-
tageous cost range. The good experience resulting from therma
spraying of composite cathode coatings by will be further in-
vestigated within the Sulzer Hexis SOFC development.

16.
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