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Abstract. The most important requirements to electrodes for solid oxide fuel cells and similar devices are listed,

and it is explained how the requirements usually lead to a composite electrode. Three examples of composite

electrodes are described in some details, namely the ceria based hydrogen electrode, the Ni-YSZ cermet anode and

the LSM-YSZ. Here YSZ means yttria stabilized zirconia, and LSM is lanthanum strontium manganate.
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1. Introduction

Electrodes for solid oxide fuel cells (SOFC) are

usually composite electrodes because the require-

ments to an SOFC electrode are so comprehensive that

no single material is able to ful®l them. This is also

generally the case for electrodes in a number of other

electrochemical devices such as batteries, electro-

lysers, electrochemical pumps and sensors. However,

the range of requirements is very much varying when

the whole ®eld of electrochemical technology is

considered. This paper focuses on electrodes for the

high temperature (600±1000�C) SOFC, but devices

such as the solid oxide electrolysis cell (SOEC),

electrochemical pumps and sensors have similar

demands to the electrode properties. Common

features of these devices are that they are all-solid-

state gas electrodes (i.e., no liquid components), they

operate at high temperatures, they have a ceramic

ionic conductor as electrolyte, and they contain at

least one ceramic component in both of the electrodes.

This paper outlines the general requirements with

emphasis on the SOFC electrodes. Two examples are

treated in details, namely the Ni-YSZ-cermet SOFC

anode, the negative electrode where the oxidation of

the hydrogen takes place, and the LSM-YSZ-

composite SOFC cathode (YSZ� yttria stabilized

zirconia and LSM� lanthanum strontium manga-

nate). The SOFC cathode is the positive electrode

where the oxygen reduction takes place. Another

electrode, the ceria based SOFC anode, is also brie¯y

discussed as an example of a signi®cantly different

type of composite electrode.

2. Requirements to Electrodes

Several authors have dealt with the requirements to

SOFC electrodes previously, e.g., [1±4]. Table 1 lists a

set of electrode requirements. It should be noted that

the required value of the speci®c electronic con-

ductivity is dependent on the actual design of the fuel

cell stack. The limit of 100 S/cm is only valid for the

bipolar ¯at plate design. In other designs with long

current paths in the electrode plane, a much higher

value may be demanded. It is in principle possible to

compensate a bad electronic conductivity with a

thicker layer of electrode material, but the gas

diffusion through thick layers of porous material

may give rise to unacceptable diffusion polarisation as

detailed below.

Probably, the highest demands are on the elec-

trodes of the high temperature electrolyser (reversed

SOFC) at least with respect to redox stability. The



cathode, the negative electrode on which the

reduction of water takes place must be stable at

potentials down to ÿ 1.4 V versus O2 (1 atm) in order

to sustain a suf®ciently fast hydrogen evolution rate.

The anode (the positive electrode) must be stable up

to � 0.3 V versus O2 (1 atm) to assure a high enough

oxidation rate of oxide ions to oxygen gas. Both

electrodes should be able to tolerate the gas from the

other electrode through possible cracks and pinholes,

and this is important in the SOEC as well as the SOFC

mode.

However, other requirements may arise in speci®c

applications. For instance, low temperature oxygen

sensors need low electrode polarization resistances,

i.e., the sum of the polarization resistances must be

insigni®cant compared to the electronic resistance of

the electrolyte. High temperature sensors such as for

oxygen measurements in molten steel during steel

production demand both high thermal shock resis-

tance and chemical stability. The oxygen sensor used

in combustion engines (the lambda sensor) must be

resistant towards poisoning and interference by other

gaseous components than oxygen.

Several types of composites may be exploited. The

simplest type of composite electrode is a single layer

containing a mixture of two phases with similar

particle size. For SOFC electrodes the two phases

would typically be the electrolyte (YSZ) and an

electronic conducting electrode material. An example

is the porous 10 to 50 mm thick Ni-YSZ electrode. In

case of the LSM-YSZ cathode the porous composite

electrode may have a too low lateral electronic

conductivity. Therefore, it is necessary to add a

current collector on top of it, e.g., a porous 50 mm

thick layer of LSM [5±7]. Naturally, this may be done

in a more sophisticated way by making functional

gradients in order to induce the desired properties.

Such gradients may be in both composition and in

structure [8±10]. The limit in complexity will often be

set by economics as a more sophisticated structure

requires more advanced and expensive fabrication

methods. An example is the electrochemically very

ef®cient ``tree-structured'' composite SOFC cathode

developed by Osaka Gas using electrochemical

vapour deposition (ECVD) [11,12], which may be

too expensive for a technical device.

3. Examples of Composite Electrodes

The performance of a composite electrode naturally

depends on the properties of the components, but it is

Table 1. A list of requirements to a composite electrode in a commercially viable SOFC stack with operation temperatures in the range of 600 to

1000�C

Requirement

Technology/

Economy Background/Comment

Dimensional and thermodynamical stability

at relevant temperatures and PO2

Technology Example: For the anode at 1000�C from 10ÿ 18 atm to 0.2 atm O2

Good thermal expansion coef®cient (TEC)

matching with other stack materials

Technology In particular to that of the load bearing structural element of

the cell (or cell stack)

Good adhesion and electrical (ionic) contact

to the electrolyte*

Technology

Chemical compatibility with other cell and

stack components

Technology Both during cell fabrication (sintering), stack assembly and operation

Chemical compatibility with the gaseous

reactants and products

Technology

Polarization resistance 50:1Ocm2 Economy The stack price has an almost linear dependence on the polarization

resistance

Electronic conductivity > 100 S/cm Economy To assure ef®cient current collection. The actual value is strongly

design dependent

Tolerance to natural available fuels

(SOFC anode)

Economy To avoid expensive fuel cleaning

Cheap materials and applicability of a cheap

fabrication process

Economy To make the device commercially viable

*Anchoring to electrolyte and percolation through ionic and electronic conducting phases.
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also very dependent on the details of the geometrical

structure and the interaction between components.

This is illustrated in the following using the composite

hydrogen electrode, Ni-YSZ, and the composite

oxygen electrode, LSM-YSZ, both on YSZ electro-

lytes as these are the most commonly used SOFC

electrodes. Their properties, merits and shortcomings

are described based on the requirements listed in

Table 1. It should be noted that in order to get high and

reliable performance of an SOFC stack these

requirements must be ful®lled at any local operation

conditions. Inherently, local conditions such as

temperature and PO2
will vary over wide ranges

during operation, but also through the cell stack and

laterally over the single cells at a given steady state

stack operation condition.

In spite of the differences in materials and the types

of processes taking place, the Ni -YSZ and the LSM -

YSZ electrodes have a number of features in common.

The reason for this is the composite nature of the

electrodes with the electrochemical reactions taking

place in zones near the three phase boundary (TPB)

line (see Fig. 1). However, before looking into the

details of these most widely investigated electrodes,

let us have a look at the on-going development of a

doped ceria electrode. This development started as an

attempt of making a simple electrode using a mixed

ionic and electronic conductor.

Fig. 1. Illustration of the difference in location of the electrode reaction on two SOFC electrode types. Upper: In an electrode where the

electrode material is exclusively an electronic conductor, the reaction zone is restrained to the vicinity of the triple phase boundary (TPB).

Lower: In a mixed ionic-electronic conductor (MIEC) the electrode reaction can take place on the entire electrode surface.
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3.1. The Doped Ceria Electrode with Mixed
Conductivity

A simple electrode design would appear to involve

only a single material, but it is very dif®cult to ®nd

one material, which will ful®l all the requirements of

Table 1. For instance, the requirement for a low

electrode polarisation resistance points to the use of a

mixed conductor with electronic and ionic conduc-

tivity in order to get as high active electrode area as

possible as illustrated in Fig. 1. Takahashi et al. [13]

showed that doped ceria is an excellent hydrogen

electrode at 1000�C and explained this to be due to the

mixed ionic and electronic conductivity of reduced

ceria. However, ceria undergoes a change of volume

when the oxygen partial pressure PO2
is varied.

Furthermore, the electronic conductivity of doped

ceria is not suf®cient to take care of the current

collection in an SOFC stack [4], and the sintering of a

doped ceria anode on a YSZ electrolyte involves

formation of a reaction (diffusion) zone with limited

oxide ion conductivity [14,15].

The ceria expansion and reaction problems may be

minimized by a composite solution where YSZ

particles protrude into the ceria layer at short

distances for anchoring, providing suf®cient adhesion

at low sintering temperature [16]. Sintering of the

ceria on YSZ at temperatures below about 1200�C
prevents any signi®cant diffusion of ceria and YSZ

into each other. To limit the mechanical implications

of the volume instability during redoxing, the ceria

layer must be thin. This makes the problem of the low

electronic conductivity even worse, and therefore, it is

necessary to add a current collection layer of another

material with high electronic conductivity [16]. A

sketch of this kind of advanced composite is shown in

Fig. 2.

It appears that instead of a simple electrode a

complicated one emerged, and a suitable (cheap and

redox stable) current collector material has not yet

been demonstrated. Nevertheless, ceria based anodes

have important advantages over conventional Ni-

based anodes, namely the ability to endure repetitive

oxidation and reduction (redoxing) and the ability to

avoid (or tolerate) carbon deposition from hydro-

carbon fuels. These properties strongly encourage

continued efforts of developing this electrode.

3.2. The Ni-YSZ Electrode

Variables which may be used for controlling the

properties of Ni-YSZ-electrodes are: (1) Ni/YSZ

volume ratio, and (2) porosity and particle size

distribution which is mainly affected by raw materials

morphology, application methods and production

parameters such as milling and sintering. In the

following the various electrode properties are mainly

related to these parameters, as they are the only ones

studied systematically so far. The effect on the

properties of the composite of other parameters such

as doping the YSZ with other oxides or alloying the Ni

with other metals have not yet been studied to any

appreciable extent.

Fig. 2. Electrode structure with two elements of composite structure. (1) The electrode adhesion on the interface towards the dense

electrolyte is improved by a physical anchoring (YSZ-scales), and (2) the electrode functions are divided on two layers taking care of the

electrochemical conversion (ceria) and current collection, respectively.
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3.2.1. Electrode mechanism and polarization
resistance. Ni is a very good bond breaker of both

the H-H and the C-H bond in CH4 [17]. In spite of this,

the polarization resistance, RP, is unacceptably high

for a pure Ni electrode. At temperatures of 800 to

1000�C pure nickel metal has a high surface mobility

[18], causing it to sinter and agglomerate into a coarse

structure with a limited TPB against the electrolyte

surface. In a composite with the electrolyte material a

substantially longer TPB can be obtained per unit area

of cell, provided that two interwoven solid networks

of the two phases are obtained to provide TPB's

throughout the electrode volume. In this composite

structure Ni particles tend to sinter and grow until the

YSZ network con®nes them and thus prevents them

from further growth. This means that the structure of

the YSZ network controls the total structure of the

composite including the structure of the porosity as

sketched in Fig. 4. So far there seems to be general

agreement about this in the literature. It is also agreed

that the longer the TPB-length per unit cell area the

lower is the polarization resistance [19,20].

In order to optimize the Ni-YSZ structure, knowl-

edge about the type of process which limits RP is

needed. The value of the TPB line speci®c resistance

should be known and preferably also the widths of the

reaction zones on the Ni and on the YSZ along the

TPB as well as the spatial distribution of the current

densities within these zones. If this information is

available, the optimal structure and thickness of the

cermet may be calculated using statistical models

[21]. However, there are discrepancies in literature.

Possible reaction paths are suggested in Fig. 3. The

type of processes have been discussed in some details

Fig. 3. Possible reactions in SOFC electrodes near the TPB. Upper: Anodic reactions in the H2=H2O=Ni=YSZ electrode, to the left

including bulk transport of H� in Ni and YSZ, to the right including bulk transport of electrons in YSZ. Lower: Cathodic reactions in the

air/LSM/YSZ electrode, including bulk transport of holes in YSZ and oxide vacancies in LSM.
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[22±27]. The charge transfer may partly take place at

the electrolyte surface because the YSZ electrolyte

has some electronic conductivity [28,29], which is

probably very dependent on trace impurities. Also

NiO is slightly soluble in YSZ. The solubility varies

with temperature from about 1.1% at 1200�C to about

1.7% at 1600�C [30,31]. A solubility around 0.5% at

800�C is found by extrapolation. In the reducing fuel

atmosphere Ni metal will precipitate in the YSZ.

As discussed previously [24,32,33], it is reasonable

to assume a signi®cant degree of hydrogen coverage

on the Ni even at 1000�C. Also hydrogen ( protons) is

slightly soluble in Ni (6610ÿ4 atom %) and highly

mobile. The diffusion coef®cient is 1:5610ÿ4 cm2/s

at 1000�C. Finally, protons are to a low extent soluble

and mobile in the YSZ ( proton concentration up to

about 2610ÿ5 atom% and diffusion coef®cient

1610ÿ6cm2/s). This seems to be enough to allow

local current densities of protons through the bulk

YSZ of the order of 100 mA/cm2 at distances of up to

1 mm from the Ni [24]. Thus, it seems that the

hydrogen oxidation (and water reduction) may

proceed through a number of consecutive steps and

through different parallel paths, and in fact evidence

of entirely different rate limiting steps at temperatures

below 845�C and above 890�C has been presented

[26].

Experimental evidence exists, which indicate that

the reaction zone width on Ni is less than 1 mm [34].

The extension of the electrode process onto the YSZ

surface is not well determined, but a value of no more

than 13 mm at 700�C has been indicated based on

experiments with Ni pattern electrodes [35].

As the speci®c electronic conductivity of Ni is

orders of magnitude higher than the speci®c ionic

conductivity of YSZ, the electrochemical active

volume is expected to reside near to the electrolyte

surface. The distance from the YSZ electrolyte

surface into the cermet where the electrochemical

reactions take place is called the active thickness. It

has been found to be about 10 mm at 1000�C [36,37]

as shown in Fig. 5(a).

Fig. 4. Sketch of Ni-YSZ cermet anode. To the left hydrogen oxidation at the TPB of connected Ni-particles, to the right hydrogen

oxidation at an isolated Ni-particle requiring electronic conductivity of the YSZ to participate in the reaction. Connected Ni-particles are

known to agglomerate and grow until the YSZ-network surrounding them prevents further growth.
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The lowest reported values of polarization resist-

ance, RP, for the H2=H2O/Ni-YSZ electrode are about

20 to 40 mO cm2 at 1000�C [38]. No details of the

anode fabrication procedure were given. At Risù the

status of the Ni-YSZ electrode is 30 mO cm2

5RP560 mO cm2 at 1000�C and 60 mO cm25RP

5120 mO cm2 at 850�C for anodes produced by

spray painting. The fabrication details are described

elsewhere [10,39,40].

3.2.2. Lateral electronic conductivity. Here the

current collection structure is treated as a part of the

electrode even though this approach may be dis-

cussed. In order to keep the internal resistance of the

SOFC stack low it is necessary to have an ef®cient

current collector. For the bipolar ¯at plate design a

typical lateral current path length of about 1 mm can

be assumed. If the resistive contribution should be

negligible, say less than 10 mO cm2 for a 200 mm

thick 30% porous structure, this implies a speci®c

electronic conductivity of about 100 S/cm. Other cell

designs containing substantially longer lateral current

paths in the electrodes may need a much higher

speci®c conductivity, as the conductivity cannot just

be overcome by a thicker electrode due to gas

diffusion limitations [41,42]. To illustrate this point

the diffusion resistance of a porous layer of 1 mm

thickness is estimated to 50 mO cm2 [43,44]. This is

50% of the acceptable polarization. The assumption

for this calculation was: the porosity is 30%, the pores

are larger than 1 mm, i.e., no Knudsen diffusion, and

the tortuosity factor is 3.

The electronic conductivity of a simple Ni-YSZ

cermet structure with randomly mixed particles of

similar size seems to follow the rules of percolation

with a fair approximation [45,46]. This means that

gradually varying the Ni content from below 30 vol %

of solids to above 50 vol %, there is an abrupt increase

in the electronic conductivity. The in¯exion point of

the S-shaped curve is in the range of 30±40 vol % Ni.

If a signi®cant fraction of the YSZ particles are much

bigger that the Ni particles then the in¯exion point

may be moved down to 15 vol % Ni [47]. However, in

order to get a long TPB length, a signi®cant amount

(20±30%) of the YSZ must have very ®ne particles,

below 1 mm diameter, at least in the vicinity of the

electrolyte. Fine YSZ particles must be evenly

distributed around the Ni-particles in order to keep

both a stable TPB length and electronic conductivity

over long periods of time. Otherwise the Ni particles

will grow and become too coarse. The porosity of the

simple cermet with 40 vol % Ni (of the solids) must be

lower than about 30±35% after the reduction of the

NiO to Ni [48,49]. Otherwise the connectivity

between the Ni-particles is lost.

3.2.3. Dimensional and thermodynamic stability.
The durability of anode performance is to a large

extent linked to the microstructure in the same way as

attainable performance. For a cermet with coarse and

®ne YSZ sintered together with NiO, a negligible

degradation over 2500 h at 1000�C with 200 mA/cm2

has been demonstrated [50]. For cells with a Ni-YSZ

(a)

(b)

Fig. 5. Active thickness of composite electrodes produced by

spray painting and sintering at 1300�C. (a) Ni-YSZ cermet anodes

with 40 vol % Ni [37]. (b) LSM-YSZ composite cathodes with

50 wt % LSM [6].
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cermet fabricated by ®xation of the Ni metal using

electrochemical vapour deposition of YSZ under

reducing conditions no measurable degradation was

found over 4800 h at 1000�C with 450 mA/cm2 and a

fuel utilization of 85% [51].

Accidental oxidation of the Ni-YSZ cermet anode

is generally found to be detrimental. The volume

expansion of the Ni metal by oxidation to NiO

typically leads to destruction of the surrounding YSZ

framework. The molar volume of Ni and NiO is

6.6 cm3/mol and 11.1 cm3/mol, respectively.

The stability of Ni in the anode is affected by high

water vapor pressures at operation temperatures.

Ni(OH)2 has been calculated to have a signi®cant

vapor pressure at high pH2O, and depletion of Ni

from cermet anodes at the gas inlet has been

demonstrated in durability tests [52]. The gradients

in pH2O at active TPB's are supposed to be

responsible for this Ni dissolution and a following

deposition elsewhere as the pH2O decreases and the

Ni(OH)2 decomposes.

3.2.4. Thermal expansion coef®cient matching. The

difference in thermal expansion coef®cient (TEC)

between the electrolyte and the Ni-YSZ cermet

electrode layers and the resulting stress buildup

must also be considered. The TEC of TZ8Y is

between 10:6±11:0610ÿ6 Kÿ1 [53]. A TEC of

14610ÿ6 Kÿ1 can be found for NiO, and a TEC of

12:3610ÿ6 Kÿ1 can be measured for a NiO/YSZ

composite with 53 vol % NiO [54], i.e., about what

would be found by linear interpolation between the

values of the two components. For a Ni-YSZ cermet

with 40 vol % Ni the TEC value was found to be close

to that of YSZ. This seems low considering the TEC

of pure Ni is about 17610ÿ6 Kÿ1. The reason is that

the elastic modulus of Ni is only in the range of 14.8±

21.1 GPa compared to 137±157 GPa for YSZ [54].

This means that if a well sintered YSZ network is

established this will control the measured overall TEC

of the cermet, but it may cause a build-up of internal

stresses.

The non-reduced NiO-YSZ composite has a TEC

which is close to the weighted average of the TECs of

the two components because the eleastic modulii of

the two oxides are approximately equal [54].

Considering cells to be stress free at the sintering

temperature of 1300±1350�C in air, the TEC

difference between the composite and the YSZ

causes tensile stresses in the composite at lower

temperatures. This may result in serious crack

formation in the composite and these cracks may

proceed into the electrolyte sheet causing cell failure

during cool down [55].

3.2.5. Chemical compatibility with stack components
and gaseous reactants. In general the Ni-YSZ

cermet is very stable towards other stack compo-

nents. No detrimental reactions are detected for silica

based glass seals in contact with the cermet, whereas

Ni-depletion by nickel-phosphate formation is

observed by reaction with phosphate based glasses

[56]. Sulphur and sulphur compounds known to

reside in natural fuels are also known to adsorb to the

Ni-surface and to cause a loss of electrode

performance. This effect is similar to catalytic

poisoning, and is in some cases observed to be

reversible [57].

As mentioned in Table 1 the SOFC anode should

be able to tolerate natural available fuels without

expensive fuel cleaning. In this respect Ni is far from

ideal. If it is exposed to pure methane or other

hydrocarbons at SOFC operating temperatures, the

hydrocarbons will crack forming hydrogen and

carbon because Ni is a good cracking catalyst [17].

Unfortunately, carbon dissolves in Ni causing a

volume expansion. Furthermore, if the carbon

activity is high enough the carbon tends to precipitate

on the interface between the Ni and the YSZ. Thus,

the Ni-cermet is both chemically and mechanically

destroyed by hydrocarbons. The way around this is

steam reforming, either external or internal. In the

latter case, the reforming takes place on the Ni in the

cermet electrode, and this causes another problem. At

high temperatures the reforming reaction may be

very fast, and the reforming reaction is strongly

endothermic. This causes steep temperature gradi-

ents, which may result in mechanical failure of the

cell [58].

3.3. The LSM-YSZ Electrode

Variables which may be used for controlling the

properties of LSM-YSZ-electrodes are: (1) LSM/YSZ

volume ratio, (2) stoichiometry of the LSM, i.e., the

(La� Sr)/Mn-ratio and the La/Sr-ratio, (3) porosity

and particle size distribution which is mainly affected

by the properties of the starting powders, the

application methods, and production parameters

such as milling time and sintering temperature.
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3.3.1. Polarization resistance. Possible reaction

paths for the oxygen reduction at the LSM-YSZ

electrode are shown in Fig. 3(b). It is uncertain to

which extent diffusion of oxygen in the LSM phase is

a limiting factor, but the oxide ion conductivity of

LSM is known to be low [59]. This restricts the

electrochemical processes to take place at or near the

TPB. This is in line with the ®nding that the oxygen

electrode reaction rate is essentially proportional to

the length of the TPB for porous (not composite)

doped lanthanum manganate electrodes at small

overpotentials [60]. Thus, the way of optimizing the

LSM cathode should be through an LSM-YSZ

composite electrode, and this point has been well

proven [5±7,61,62]. The active thickness of a

50/50 wt % LSM/YSZ composite electrode sintered

at 1300�C is found to be about 10±15 mm in the

temperature range of 700 to 1000�C [6], see Fig. 5(b).

The detailed reaction mechanism for the oxygen

reduction on an LSM/YSZ electrode is not well

understood. From experiments with pointed elec-

trodes the width of the reaction zone on the YSZ is

indicated to be no more than a few microns [32]. The

TPB length-speci®c resistance is in the range from

about 750Ocm for undoped lanthanum manganate

electrodes to about 20O cm for 50% Sr substitution on

the La sites (in air at 1000�C at ÿ 75 mV over-

potential). The actual values are very much dependent

on the detailed history of the electrode, i.e., of the

current density and the time with the current density

of a given magnitude [63±66].

The status at Risù is that the polarisation

resistances of the LSM-YSZ composite air electrode

is 30 mO cm25RP550 mO cm2 at 1000�C and

70 mO cm25RP5120 mO cm2 at 850�C. It is essen-

tial to sinter the electrodes at a temperature of about

1100�C and also a functional grading of the composite

electrode seems to be important in order to obtain high

performance [10,67].

3.3.2. Lateral electronic conductivity. The compo-

site LSM-YSZ-layer has a far too low conductivity to

take care of the current collection. As pure LSM

possesses a reasonably high electronic conductivity in

the range of 50±350 S/cm at temperatures of 700±

1000�C depending on Sr concentration and tempera-

ture [68,69] it may be used for current collectors if it is

sintered properly. This may require sintering tem-

peratures of about 1300�C. This may in turn be a

problem in certain designs where the current collector

must be sintered below 1100�C due to the sensitivity

to high temperatures of the underlying composite

electrode. In such cases the in-plane conductivity may

be low because of high porosity and because of a

limited particle-neck formation between the LSM

particles in the current collecting layer. The con-

ductivity may be improved by substituting 50% or

more of the Mn in La1ÿuSruMnO3 with Co. However,

this increases reactivity and TEC mismatch with YSZ

[70] as explained in more details below.

The gaseous oxygen diffusion limitation may be

signi®cant for the air electrodes, as the diffusion

coef®cient for oxygen in nitrogen is substantially

smaller than for water in hydrogen [41]. An

appreciable diffusion resistance may be the result,

especially for a case like the Siemens-Westinghouse

cell design with a 2.2 mm thick porous cathode

support [38,71].

3.3.3. Dimensional and thermodynamic stability.
The oxygen/manganese (O/Mn) ratio of La1ÿuSru

MnO3+d varies considerably with PO2
, temperature,

degree of strontium doping, and (La� Sr)/Mn-ratio.

The O/Mn ratio ranges from 3.18 in pure oxygen at

600�C, to about 2.75 in atmospheres with

PO2
510ÿ15 atm at 1000�C for a Sr doping of 30%.

La1ÿuSruMnO3 is unstable in very reducing atmo-

spheres such as the anode gas at 1000�C. It splits up

into La2O3, MnO, SrMnO3 and La2Mn2O4 when the

O/Mn ratio goes below about 2.8, i.e., the decom-

position starts in the range 10ÿ15 atm5PO2

510ÿ14 atm at 1000�C slightly dependent on the

exact composition of the LSM [72±74]. The

lanthanum manganate crystal unit cell volume may

change up to 5% due to stoichiometry changes

[75,76], and also other properties of the LSM

change with stoichiometry [77]. At high oxygen

partial pressures the lattice contains cation vacancies

which provides the charge compensation for the Mn4�

formed at high PO2
. This means, fortunately, that the

change in molar volume is much less than the change

in unit cell volume because the number of unit cells

per mol also changes when PO2
changes.

3.3.4. Thermal expansion coef®cient matching. The

TEC of LSM materials increases with the Sr-content

from ca. 11:2610ÿ6 Kÿ1 for zero Sr content to ca.

13610ÿ6 Kÿ1 for 50% Sr doping [69,78], but

discrepancies exist in the literature [69,79]. This

may be due to differences in measurement procedures
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and actual measured temperature ranges. The ®gures

given here are averaged over the temperature range

from room temperature to 1000�C or 1100�C. Also, it

should be noted that LSM may undergo phase

transitions upon heating, cooling or change in PO2

[75,80]. This is unwanted because a phase transition is

associated with a volume change which may degrade

the composite electrode.

In order to enhance the lateral electron conduc-

tivity of the current collecting layers and to widen the

TPB, partial substitution of Mn with Co has been

proposed because both the electronic and the ionic

conductivity of strontium doped lanthanum cobaltites

(LSCo) are orders of magnitudes higher than those of

the LSM. However, the reactivity between LSCo and

YSZ is severe, and the TEC of 22610ÿ6 Kÿ1 is

excessive compared to 10:8610ÿ6 Kÿ1 for YSZ.

Therefore, a gradual change from YSZ over LSM to

the pure LSCo is necessary [70], but the economic

feasibility of such a complicated electrode structure is

uncertain.

3.3.5. Chemical compatibility with the YSZ
electrolyte. If the LSM is put into close contact

with YSZ, reactions may take place at temperatures

above 900�C within times less than 1000 h. The LSM

is in fact stable towards YSZ as long as the activity

of La2O3 or SrO is low [81], but if no precautions are

taken MnOx will diffuse from the LSM phase into

the YSZ leaving ``free'' La2O3 or SrO, which

immediately reacts with YSZ forming poorly

conducting La2Zr2O7 or SrZrO3 [5,81±87]. One

way around the problem is to have an Mn-over-

stoichiometry in the LSM of a few %, enough to

saturate the YSZ without forming ``free'' La2O3 or

SrO. A Sr substitution between 20 and 40% also

helps to avoid formation of reaction products at the

YSZ-LSM interface. Dissolution of MnOx in the

YSZ lattice causes a decrease in the oxide ion

conductivity by roughly a factor of 5 at 800�C and an

increase in the activation energy from ca. 0.9 eV to

ca. 1.2 eV [81].

4. Concluding Remarks

The performance of composite SOFC electrodes in

terms of area-speci®c polarisation resistance is at

present suitable for technological exploitation using

``classical'' materials such as Ni-YSZ and LSM-YSZ.

However, there is still room for improvements

especially at temperatures lower than 850�C.

Materials with a broader stability range in terms of

PO2
are wanted for both electrodes, and especially

ceria with a suitable catalyst and a redox-stable

current collector structure may contribute to the

development of an electrode for natural gas conver-

sion and electrolyzer operation. During this

development it should be born in mind that the

materials and fabrication processes should be cheap.

Fabrication processes such as tape casting, calen-

dering, spray painting are cheap and suited for mass

production. Finally it should be noted that for SOFC a

lifetime of 40.000 h with a degradation rate of less

than 0.5% per 1000 h is required in order to make

power generation using SOFC competitive.
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