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Abstract

Solid oxide fuel cell (SOFC) systems are worldwide under development in the 1-1000 kW range where shifts from laboratory testing to
trials for market penetration become visible. Materials systems are available allowing the processing of multilayer devices mainly out of
conductive ceramic materials to fulfill the demands of a fuel cell system with sufficient power density.

A main drawback for real market introduction and maturity still is high cost, related to materials as well as processing. Alternative cheaper
raw materials, as well as the replacement of expensive and complicated processing steps by cheaper and simpler techniques are being
considered. In addition to that the use of new materials with enhanced electronic, ionic and catalytic activities are looked for to show the way
to increased power densities, as enlarging power densities means material saving and cost reduction too.

The multilayer SOFC device consists of:

a porous, gas permeable, electronic conductive substrate carrier (either acting as anode or cathode);

an anode or cathode functional layer being porous with high specific surface area (three phase boundary contact);
a gas tight ion conducting (negligible electronic conduction) electrolyte;

a cathode or anode functional layer with a porous high specific surface area (three phase boundary contact);

a porous cathode or anode for gas penetration;

contact layers making the electronic joints between cells.

The overall processing of this system has to be made as simple as possible (cost effective), i.e. using as few and as cheap as possible
processing methods to fulfill the property demands of the single layers and the multilayer device.

The set of multilayers used today has to be reconsidered looking for superior properties like higher ionic conductivity (electrolytes other
than YSZ), increased oxygen exchange activity (other perovskites than LS8i@Mn0s)), new redox stable and catalytic active anode
materials (oxides instead of Niin Ni/YSZ cermet) as well as new contact layers with improved long-term resistance stability. The state-of-the-art
fuel cell is described, processing and properties are given and alternatives for materials and processes will be discussed.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction So the whole chain of energy conversion comprises a pri-
mary energy carrier which is mainly fossil, a combustion
Today electrical energy is generated via a thermal engine process to convert the chemical energy into heat (in a nu-
process, i.e. lignite, hard coal, natural gas or mineral oil clear power plant the heat is generated by a nuclear reac-
fired, and a turbine is powered by the produced hot gas. Thetion), then into mechanical and finally into electrical energy.
mechanical energy is then converted into electrical energy The intermediate steps of heat production and mechanical
by means of an electric generator. energy are connected with losses of efficiency. Moreover,
the maximum efficiency of such a heat engine is limited by
the Carnot efficiency.
* Corresponding author. Tek:49-2461614010; fax+49-2461618210. Therefore, the objective is to optimize the efficiency of
E-mail address: d.stoever@fz-juelich.de (D. Stéver). power generation to save primary energy carriers and reduce
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the emissions of power plants. With regard to the preceding further increase the over-all efficiency (e.g. by turbines in the
section it would be advantageous to directly convert primary case of SOFCs), good specific weight (power/kg) compared
energy carriers into electrical energy. This can be done by to batteries and (iv) environment-friendliness (in the case of
fuel cells. Solid oxide fuel cells (SOFCs) in addition offer H, no emission, low emission when using hydrocarbons).
the advantage to be powered by hydrogen as well as by The requirements for an electrolyte can be summarised as

hydrocarbons like methane. follows:
The fundamental reaction in a fuel cell is: 2k O, — hiah ionic conductivity:
2H,0. In order to prevent a direct reaction between oxygen °Ng : Y ]
and hydrogen these two gases and the corresponding partial * no eIgctromc Fonductmty,
reactions, the oxidation of the hydrogen B 2H' +2¢e™, * gas tightness; . - .
e thermal expansion coefficient adjusted to anode and

and the reduction of oxygen:Or 4e- — 20%~, have to
be separated. This is the task of the fuel cell membrane.

A fuel cell membrane consists of a gas tight electrolyte
that is capable of conducting oxygen ions. In one gas cham-
ber the oxidant (air) is supplied. The oxygen gas diffuses
through the air electrode (cathode) to the electrolyte and
takes up two electrons per oxygen atom and then migrates
as an oxygen ion through the electrolyte. In the fuel gas
chamber the hydrogen gas is oxidised at the fuel gas elec-
trode (anode)—electrolyte interface. The electrons then move
along an outer circuit to the cathode. In the case of hydro-
carbons the fuel gas is first reformed to hydrogen by either
direct reformation (directly into hydrogen and carbon diox-
ide) or by a shift reaction (intermediate generation of carbon
monoxide).

The efficiency of a fuel cell is not limited by the Carnot
efficiency.

From the Nernst equation one can calculate the open cell
voltage or “electromotoric forceEg as:

_ RT, r©O2x)
= p(Ozn)

whereR is the ideal gas constarit,is the (absolute) temper-
ature,z the number of moving electrong, is the Faraday
constant, angh(O2 k,/a) are the oxygen partial pressure on
the cathode and anode side, respectively.

For the reduction of an oxygen molecule= 4 electrons

Eo

cathode (becomes important with increasing operating
temperature of the fuel cell);
e no chemical reactions with the anode and the cathode;
e stable against oxidising and reducing atmospheres
(air/fuel gas).

The electrodes have to fulfill the following demands:

e high electronic conductivity;
e air and fuel gas must be transported from the gas

chambers to the electrolyte;

e catalytic activity (adsorption, dissociation and electro-
chemical reaction);

e no chemical reaction with the electrolyte or intercon-
nect material;

e stable against air and fuel gas atmospheres, respec-
tively;

e thermal expansion coefficient has to match to the
adjacent components.

Fig. 1 shows the setup of a planar fuel cell in a metallic
housing (“stack”) in a more realistic way. Here, the fuel cell
consists of a porous anode substrate, a so-called anode func-
tional layer where the electrochemical reaction takes place(
which will be described in detail later), an electrolyte, a
cathode functional layer where the oxygen gas is reduced
in the main and a cathode that acts as a current collector.
The metallic parts enable the gas supply and electrically in-

are necessary. The oxygen partial pressure on the air side ig¢erconnect adjacent fuel cell membranes. Contact layers are

0.2 bar, while it is roughly 10?°bar on the hydrogen gas
side. From this an electromotoric force Bf = 1.2V can
be deducted. The efficiency of a fuel cell is defined as
the ratio of the change of the Gibbs’ free enthalp@ and
enthalpyAH

AG
AH
AG can be calculated from the open cell volt&peasAG =
nFEp, with n the number of moving electrons for the gen-
eration of one molecule of #0 (n = 2). With Eg = 1.2V,
n = 2, andA H = 2495 kJ/mole (experiment) this implies:
nBzmax = 92%.

Besides the high efficiency, even under partial load condi-
tions, the further advantages of fuel cells are (i) no moving

BZ max =

necessary in order to optimize the electrical contact between
fuel cell and interconnect. For insulation and sealing of the
several gas chambers a glass solder is used.

2. Processing of the multilayer device SOFC

Firstly, the processing of anode-supported SOFCs is
shown and later on generalised to other concepts (see also
[1-3]).

To secure a sufficient mechanical stability of this fuel
cell, with layer thickness of only few microns, a substrate is
installed. This can in principle be of the same material as the
anode (“anode substrate”) or any other ceramic or metallic
material as far as it fulfils the requirements of chemical

parts having thus no wear issues, no mechanical stress andtability, high conductivity and open porosity.

no noise, (ii) easy adaptation of the power to the demand
(watt to megawatt region), (iii) the waste heat can be used to

The first method that should be described here to produce
substrates isvarm-pressing. Here, the powders are coated
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Fig. 1. Drawing of a fuel cell membrane in a metallic housing.

with a binder and then pressed. In a heating step to about The features of a functional layer can be seekim 2

100°C the binder becomes soft and the material can be fur- To enable the anode partial reactions showrfig. 2

ther compacted. During the cooling phase the binder hardensthree phases have to be present: the hydrogen gas, an elec-
again. The result is a green body of the substrate which cantron conducting phase and an ion conducting phase. In the
be easily handled and subsequently fired to burn the organicsketch of the anode—electrolyte interface the points where
out and to sinter the powder to get a solid porous substrate.theses phases meet are marked with small circles. Since these

Anindustrially established and cost effective alternative to so-called three phase points mark the area where the oxi-
produce ceramic plates is tape casting. Powders are dispersedation of the hydrogen takes place and thus determines the
in a solvent (e.g. ethanol), and plasticizers and binders arereaction rate, the purpose of processing the functional layer
added. After removal of the air the slurry is cast on top of a is to increase the number of the electrochemical active sites.
supporting tape and controlled in height by a Doctor Blade. In contrast to the functional layer the substrate has only to
In sophisticated drying steps a green tape of the startingsecure a good gas transport and good conductivity.
powders is formed which can then be sintered to a porous For processing an electrolyte layer Vacuum-Slip-Casting
ceramic. can also be used.

On top of the substrate the anode functional layer is A technically simple processing route of processing cath-
cast. In the Vacuum-Slip-Castifigorocess the porous sub- odes is “Wet Powder Spraying” (WPS). The cathode mate-
strate is used as a filter where the solvent of a suspensiorrial is ground to the desired particle size and dispersed in a
of the functional layer material—nickel oxide (NiO) and solvent. This suspension is subsequently sprayed on top of
yttria-stabilised zirconia (YSZ)—is sucked through while a the electrolyte via an airbrush gun.

“filter cake” of the material is remains on top of the sub- Problems of Wet Powder Spraying are the material
strate. losses due to “overspray” and its sensitivity to changes in

electrons
gas

three phase boundary H H,—>2H*'+2¢e

(catalytic active area) \ ’ 2 H* + 0% H.O
2

ions

anode
functional
ayer

electrolyte (8YSZ)

Fig. 2. lllustration of the tree phase boundary.
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temperature and humidity. Both of these parameters influ- The manufacturing of tubular SOFCs starts with the ex-
ence the drying speed of the suspension in the sprayingtrusion of the air—electrode-supported cathode tube made
cone and thus the quality of the sprayed cathode layer. of lanthanum-calcium—-manganite (tube dimensions: length
An established technique which does not show the prob- 180 cm; active length 150 cm; diameter 22 mm; wall thick-
lems of Wet Powder Spraying is screen-printing. The pow- ness 2 mm; power 140 W per single c4#f]. For extrusion
der is mixed with a binder, then homogenised to a paste andthe starting powder is mixed with solvents and paraf-
finally screen-printed. Nevertheless, this method is limited fins/waxes and then compacted, degassed, homogenised
to planar geometries. and subsequently moulded by means of a conveyor screw.
Besides the planar anode-supported concept other designéfter drying and sintering at temperatures larger than
are also well established. Within the scope of planar SOFCs1500°C the ceramic interconnect (lanthanum chromite) is
there are also electrolyte-supported designs. The latter hasadded via plasma spraying alongside the tube as a 10 mm
an electrolyte of about 250m in thickness. On the one broad strip. This interconnect is subsequently sintered to
hand, since the typical electrolyte material YSZ has a very gas tightness. Thereafter the interconnect is masked and
high strength these cells exhibit good mechanical stability. then the electrolyte, consisting of eight YSZs, is added via
On the other hand, the ionic conductivity of YSZ is low electrochemical vapor deposition (EVD) or atmospheric
(~10-1 S/cm at 900C), and one either obtains low perfor- plasma spraying and sintering. Finally, the tube is coated
mance of the SOFC due to a large internal resistance, or thewith metallic nickel in a nickel bath. The nickel and the
temperature has to be increased (thermally activated con-YSZ form a well-penetrated structure of numerous triple
ductivity behaviour) which causes problems with regard to phase points.
degradation. Disadvantages of this design are the expensive process-
A problem of all stack concepts with planar SOFC is the ing techniques like EVD. Moreover, in the tubular concept
separation and sealing of the gas chamber to avoid the di-the electrons have to pass from one tube to the next in a
rect reaction of the fuel gas and the air. Today glass soldersmaximum of half the circumference of the tube33 mm).
can be used. Nevertheless, the compound of metallic com-This can be partially absorbed by the “high power density
ponents, a ceramic fuel cell membrane and the glass sufferdHPD)” design: with the flattened HPD design this path is
from a disastrous thermal cycling behaviour because of thereduced to~10 mm.
different thermal expansion coefficients of these materials. A considerable portion of the over-all cost for ceramic
Moreover, the interfacial reactions of these materials at high high temperature fuel cells is the cost for sintering. There-
temperature leads to further stability problefas]. fore, efforts are done to minimize the number of firing steps,
A design that manages without sealing in the hot re- i.e. a common sintering of several components (“cofiring”).
gion is the tubular concept which has been established byOne of the main problems is the different sintering rate
Siemens—-WestinghousEig. 3). of the components which lead to tensile stresses and

Fig. 3. Tubular (top) and novel HPD design (bottom; four channel design) (Siemens Westinghouse design).
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Fig. 4. Stresses and bending during sintering of components with different sintering rates.

compressive stresses, respectively, and bending. The bend3. Materials development
ing B (as defined irFig. 4) depends on the (“free”) shrink-

age ratesirgl‘;%trolyte and ég@%tm,yte on the Poisson number 3.1. Electrolyte materials
Velectrolyte @Nd Vsubstrate the thickness of the electrolyte layer
(s) and the substratdd], the width of the substraté.Y and As pointed out in the preceding paragraph the ionic con-
the generalised viscositiegiectrolyte aNd substrate ductivity of the electrolyte material YSZ proved to be a bot-
tleneck. Therefore, a material screening to look for better ion
352 [1(1— Vsubstraté?) ) Telectrolyte?) _ conduc_ting materials is necessaryl_:ﬁg. 5the ion transport _
B(t) ~ D2 / ) dr  with properties of some selected materials is shown. Doped ceria
O e ns“bs”f"ftree as well as scandium-substituted zirconia and Lagh&sed
Esubstrate Celectrolyte materials exhibit a higher ionic conductivity. Nevertheless,

Oelectrolyte = X Nelectrolyte

the ionic conductivity is only one criterion for a suitable
electrolyte. Doped ceria for instance reacts with YSZ (e.g. in
One idea to minimize the bending is a “symmetric cell” the substrate) and forms low ion conducting phases (worse
design. While the electrolyte layer is printed on the top than YSZ and ceria themselves).

side, a honeycomb-like structure of the electrolyte material Moreover, at low oxygen partial pressures doped ceria
is screen-printed on the bottom side. Assuming a homoge-can change its valence (£e< Ce*t), which leads to en-
neous stress distribution, a honeycomb structure coveringhanced electronic conductivity and lattice expanding].

half of the substrate area and with a thickness twice as thickLaGaG-based materials suffer from an evaporation of Gal-
as the electrolyte should lead to no bending of the whole lium and from reactions with the adjacent electrodes. On

1 — vsubstrate

ensemble any more. the anode side lanthanum reacts with the zirconium in the
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1.0 dj\%\\\‘:'i %
2 ] 8\\ Ao,
Q 2.0 = %
> g
D254 [~ O 5
S ©—8YSZ N
—V—CSO 3 o
3.0 —A—CGO .
1| —©—LGO 8
-3.54 | —0-—10ScSZz i
08 09 10 11 12 13 14

1/T [1000/K]

Fig. 5. lonic conductivities of selected electrolyte materials: CSO, SrO-substituted; @$&D, GaOz-substituted Ceg) LGO, (SPt, Mg?t)-doped
LaGaQ; 10 ScSZ, 10 mol.% S$S©Os-stabilized ZrQ [10].
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Fig. 6. Cathode functional layer made of LSM/YSZ (left) and with a mixed ion and electron conducting material (right).

anode forming insulating LaZrOphases. Nickel and zirco- 151 x 10°6K-1 (20—-800°C) for Lag 6Sr.4C0p2Feng03_s
nium can also diffuse into the LaGa@naterial. Moreover  versusy = 10.8x 10-8 K~ for YSZ). It was pointed out by
the LaGa@-based material itself tends to generate consid- Ulimann et al. that there is a clear correlation between high
erable amounts of impurity phase like LaSrGaScandium  jonic conductivity and high thermal expansion coefficient
on the other hand is a very rare and expensive elef@nt  [11]. For that reason there always has to be a compromise

between ion conductivity and unacceptable high thermal
3.2. Cathode materials expansion.

A further disadvantage is the low chemical stability com-

To enable the partial reactior,@ 4e~ — 20°~ oxygen pared to LSM. On the one hand, LSCF allows the oxygen to
gas, electrons and a medium to transport the oxygen ions aramove easily from lattice site to lattice site. On the other hand,
necessary (three phase boundary, similar to the anode funcSr ions can diffuse too. Direct contact between LSCF and
tional layer). Since the ionic conductivity of the perovskite YSZ electrolyte leads to the formation of insulating SrZrO3
LSM is negligibly small, the functional layer is a mixture of at the LSCF-YSZ interface when sintering the cathode at
LSM and the electrolyte material, YSZ. This is sketched on temperature above 100C. An interlayer consisting of for
the left side inFig. 6. The three phase area where oxygen example Gd-doped ceria (CGO) spatially separates LSCF
gas, electrons and an ion conducting phase are present ignd YSZ and thus can suppress the formation of SrZrO3.
marked with small grey circles. The number of three phase In Fig. 7 the current—voltage curves of selected cathode
points determine the oxygen reduction rate and thus the per-materials are presented (details of the electrochemical cell
formance of the cathode. tests se¢12]).

A different approach is shown on the right sideFag. 6. A 2% A-site substoichiometry leads to significantly higher
The three phase area would be vastly increased (grey areaurrent densities which can be explained by a higher number
on the surface of the balls in the sketch) when the cathodeof defects. The substoichiometric materials show a higher
material has an intrinsic electronénd ionic conductivity. sintering activity, and therefore sintering temperafligeof
(La,Sr)(Co,Fe)@_s materials (LSCF) exhibit these proper- the cathode has been adapted to obtain similar microstruc-
ties: for Lay gSrg.4Cop oFep gO3_s the electronic conductiv-  tures for all cathodes. Moreover, a reduced sintering tem-
ity is about 280 S/cm at 80@ while the ionic conductivity perature implies a reduced tendency for SrZf@mation.
is around 2x 10~3 S/cm. Moreover, the surface exchange A 5% substoichiometry, however, seems to lead to lower
kinetics are faster compared to LSM. performance than 2% substoichiometry.

A disadvantage from the viewpoint of physics is the = The powder synthesis route of the cathode materials
large thermal expansion coefficient that is consider- (spray-drying, Pechini) presumably has no influence on the
ably larger than the expansion coefficient of YSZ & performance (see laSr2Cop2Fe g03_s).

1.1

—=— reference (LSM) 1.1 —=— reference (LSM)

—e— | 6SCF, T_=1200°C —®—L8SCF - spray, T = 1150°C
> 1.0 —A—|58SCF, T= 1080°C ~1.0- —4—LBSCF - Pec2, T = 1080°C
o —v—L55SCF, Tz = 1080°C = —v—L785CF, T=1060°C
&0.91 © 0.9
K] A, s
> 0.8 A, S 0.8
g V. a, =
[]
0.7 = v O 0.7 Ry
& 750 °C 750 °C
O.U T T T T T T 06 ¥ T ¥ T ¥ T ¥ T r T ¥ T ¥
00 02 04 06 08 10 12 00 02 04 06 08 10 12
current density (A/lcm©) current density (A/cm®)

Fig. 7. Current—voltage curves of SOFCs with (La,Sr)(Co,ke}@athodes.
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