
REVIEW

Materials and manufacturing technologies for solid oxide fuel cells

Norbert H. Menzler • Frank Tietz •

Sven Uhlenbruck • Hans Peter Buchkremer •

Detlev Stöver
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Abstract This article summarises recent developments in

solid oxide fuel cell research regarding materials, processing

and microstructure–property relationships. In the materials

section, the various cell and stack materials are briefly

described, i.e. electrolytes, electrodes, contact and protective

layers, interconnects and sealing materials. The section on

processing gives an overview of manufacturing technologies

for cells including a view of different substrate materials and

designs. Besides the widely used planar cell designs, the

technologies for tubular designs are also described. In

addition, the technologies are grouped with respect to the

support, e.g. metal- or ceramic–metal (cermet anode sub-

strate)-supported SOFCs. Finally, special emphasis is laid on

the microstructure of functional layers which primarily

govern the power output of the SOFC.

Introduction

In the last 20 years, research in the field of solid oxide fuel

cells (SOFCs) has increased exponentially. This research

was promoted by the various advantages which SOFCs

have in comparison to other traditional or novel energy

devices. Besides their high theoretical efficiency, their

possibility of using either natural gas, biogas or methane as

fuel (fuel flexibility), their noiseless operation, and, com-

pared to other fuel cells, their operation without using

noble metals as catalysts, mention must also be made of

the wide variety of possible applications ranging from

combined heat and power plants (hundreds of kW) to

household energy supply or auxiliary power units for

passenger cars or trucks (1–5 kW level).

However, up to now, market entry has not started due to

two major drawbacks: first, the costs of components, stacks

and systems, and secondly the lack of field tests to ensure

reliability with respect to operational conditions like cur-

rent load and thermal cycles.

R&D in the field of SOFCs has so far dealt with mate-

rials development for the cells themselves, the intercon-

nects and the sealing, the manufacturing technologies of

cells and interconnects, the introduction of cells into stack

designs, proper stack sealing, the balance-of-plant com-

ponents (reformer, heat exchanges, blowers etc.) and sys-

tem evaluation including modelling activities with respect

to gas flow, heat distribution, and efficiency depending on

the various cell architectures and stack designs.

Solid oxide fuel cells (SOFCs) can be grouped into

tubular and planar designs. Both types can consist of one or

several single cells per stacking unit, i.e. on a single tube or

in a single layer. Depending on the application, the tubular

SOFCs have dimensions from needle-like shapes to lengths

of about 1.5–2 m [1, 2] for rapid start-up times and large

gross power, respectively. The planar designs can be

divided into stacks containing metallic or ceramic inter-

connect material and cells with thick (electrolyte-sup-

ported) or thin (electrode-supported) membranes with

thicknesses usually in the range of 150–250 and 5–20 lm,

respectively [3, 4]. The size of technologically relevant

planar cells varies from 10 9 10 to 25 9 25 cm2 or

according to corresponding areas of a circular shape.

The general tendency today to reduce the operating

temperature from about 1000 to 500–800 �C is in favour of

cell designs with thin electrolytes due to the lower ohmic

resistance and hence the higher power density that can be
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achieved. Therefore, many developers regard anode-sup-

ported cells as the best choice for realising an SOFC

operating at reduced temperature [3–5], see Table 1.

The term ‘anode supported’ was initially introduced to

explicitly indicate that in such fuel cells mechanical sta-

bility is transferred from the thick, dense electrolyte layer

to an even thicker, porous anode (0.5–1.5 mm, i.e. anode

substrate) [6, 7]. In recent years, other types of SOFCs have

also been developed which have the mechanical support on

the anode side, although this is not necessarily the anode

substrate. In all these cases, the substrate is always porous

to allow gas transport to and from the anode. The materials

used for such substrates are metals or alloys [8], compos-

ites like the conventional Ni/8YSZ cermet (8YSZ: 8 mol%

yttria-stabilised zirconia) or even refractory ceramics [9].

In the case of insulating substrates, they only deliver the

fuel gas to the anode, and the current path has to be

established along the substrate surface instead of passing it

perpendicular to the substrate surface as in the case of

electrically conductive substrates. Thermomechanical

compatibility is difficult to achieve with metallic sub-

strates, because, on the one hand, they often have higher

thermal expansion coefficients than the other cell compo-

nents and, on the other hand, severe corrosion can occur

leading to failure of cell performance.

On the anode substrate, the other cell components are

deposited in the sequence anode–electrolyte–cathode.

Normally, the coatings are realised by screen printing (SP),

slurry coating, wet powder spraying or atmospheric plasma

spraying [5]. Even if the anode substrate is made of the

anode material, Ni/8YSZ, it has been found beneficial for

the electrochemical performance to apply an additional

anode layer which has a finer microstructure thereby

ensuring better electrocatalytic conversion of the fuel gas

[10]. The layers typically have thicknesses of 5–20 lm for

the anode, 10–20 lm for the electrolyte and 50–80 lm for

the cathode (Fig. 1). Nowadays the cathode also is com-

posed of two layers: an electrochemically fine-grained

composite of the electrolyte material and the electrocata-

lyst (lanthanum manganite), and a coarse current collection

layer supplying air and electrons to the composite layer.

During the last 10 years, there have been three main

areas of research for making SOFC technology competitive

with other electricity generators:

1. Cost reduction: Several approaches have been under-

taken to reduce the costs of materials, components,

cells and stacks, e.g. by applying low-cost technical

grade raw materials [2, 11, 12], by reducing the

manufacturing costs (e.g. reduction of sintering tem-

peratures, reduction of sintering steps [13], application

of conventional ceramic or metallurgical processing

methods, simplification of production processes etc.),

by decreasing the thickness of components, especially

the anode substrate, by integration of cheaper inter-

connect materials.

2. Higher performance, power density and efficiency

have been targeted to lower the operating temperature.

Simultaneously, this implies the aim of reducing

degradation processes and costs (due to a smaller

number of cells required for a certain gross power).

Hence, higher performance gives more flexibility in

operation and that is why the switch from electrolyte to

anode-supported designs has taken place. Performance

has been further increased by using new cathode

materials and optimising their microstructure.

3. Another aspect related to costs is the aim of decreasing

degradation processes and increasing durability and

reliability (in operation and in component fabrication).

Table 1 Ionic conductivity (ri) of different oxygen ion conductors

(in S/cm)

Material ri at 800 �C ri at 600 �C

Zr0.85Y0.15O1.93 (8YSZ) 5.0 9 10-2 6.2 9 10-3

Zr0.80Sc0.19Al0.02O1.90 (10ScSZ-Al) 1.2 9 10-1 1.1 9 10-2

Ce0.8Gd0.2O1.9 (CGO) 6.5 9 10-2 1.3 9 10-2

La0.8Sr0.2Ga0.90Mg0.1O3-x (LSGM) 1.1 9 10-1 1.6 9 10-2

La10Si6O27 1.7 9 10-2 8.2 9 10-2

20 µm 

anode

substrate

current collector 

cathode

electrolyte

Fig. 1 SEM cross section micrograph of a typical 5 layer anode-

supported SOFC manufactured at Forschungszentrum Jülich. It shows

part of the 1.5 mm thick anode support layer of Ni-YSZ cermet, the

7 lm thick anode, the 10 lm thick electrolyte, the 15 lm thick

cathode, and the 60 lm thick current collector layer
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In the latter cases, it has been realised that this aim is

easier to achieve with small-scale applications in

the 1–5 kW class than with larger systems (100–

1000 kW). Several degradation phenomena such as

chromium poisoning of the cathode, contact resis-

tances at the interfaces—especially at the intercon-

nect—the long-term stability of electrolytes, anodes

and cathodes, and the influence of fuel gases and

contaminants (e.g. coking, sulphur poisoning) have

been addressed. Several review articles have been

published recently [14–16] and, due to the vast

diversity of degradation phenomena, this topic will

not be covered in this article.

This article is divided into three sections: The first deals

with the materials used for the cell (electrolyte, electrodes)

and the adjacent stack components (interconnects, coatings

and sealants). The second section describes the manufac-

turing technologies for the various cell designs, and the

third section deals with the microstructure of the electro-

chemically active layers of the cell, which is correlated

with its power characteristics to illustrate the microstruc-

ture–property relationship in an SOFC.

SOFC materials

Electrolytes

An SOFC uses a solid oxide ion conductor as the electro-

lyte material. This material must have sufficient ionic

conductivity for O2- ions at operating temperature. In

accordance with the aim of lowering operating tempera-

tures, nowadays thin electrolyte films on porous electrode

substrates are preferred. The four main material systems for

the electrolyte are partially cation-substituted ZrO2, CeO2

and LaGaO3 as well as apatites. The ionic conductivities of

these solid electrolytes are listed in Table 1.

Apart from the apatite La10Si6O27, the other solid electro-

lytes have an ionic conductivity which is about twice as high

as that of 8YSZ at 800 �C as well as at lower temperatures.

Therefore, although the improvement may be significant for

electrolyte-supported cells, it is negligible for electrode-sup-

ported cells. Assuming an electrolyte thickness of 10 lm and

an ionic conductivity of 0.05 and 0.12 S/cm for 8YSZ and

10 mol% scandia-stabilised zirconia (10ScSZ), respectively,

at 800 �C (Table 1), this leads to an ohmic loss across the

electrolyte layer of about 20 and 8 mX cm2, respectively.

These values are much smaller than the overpotentials at the

cathode, which are in the range of 100–400 mX cm2.

Only apatite, an ion conductor with excess oxygen ions

on interstitial sites instead of oxygen vacancies as in the

other materials, has a different temperature dependence

and a smaller activation energy of the ionic conductivity.

Therefore the value at 800 �C is rather low, but the

material exceeds the conductivity of 8YSZ at 600 �C and

also outperforms the other materials at B500 �C [17].

During exposure at 1000 �C, it was found that 8YSZ

samples showed a higher decrease of conductivity than

samples with a higher Y2O3 content [18, 19]. The best

conductivity values after annealing were reached by sam-

ples with 10 mol% Y2O3. The ageing of zirconia stabilised

with 7.8 mol% Sc2O3 directly correlated with the decrease

in conductivity and temperature (700–1000 �C) [20].

Similar investigations with Sc2O3 contents between 8 and

12 mol% showed only slight degradation effects after

ageing at 1000 �C for up to 6000 h. Samples with 11 mol%

Sc2O3 remained nearly unchanged with respect to con-

ductivity [21, 22]. Until now, however, the lower price and

wider availability of yttria means that it is much more

frequently used as a stabiliser in contrast to scandia.

The high ionic conductivity of the gadolinia-substituted

ceria is superimposed by a p-type electronic conduction

above 600 �C [23]. The electronic conductivity signifi-

cantly increases at low oxygen partial pressures, which is

attributable to a reduction of Ce4? to Ce3?. However, the

problem with ceria is, above all, the poor sintering

properties of the commercially available powders, which

necessitates high sintering temperatures and causes

interactions between CeO2 and the YSZ layer [24, 25]

when it is used as a diffusion barrier layer (see ‘‘Cath-

ode’’ section).

Lanthanum gallate (LaGaO3) is a poor ionic conductor.

By replacing La3? and Ga3? ions with Sr2? and Mg2? ions,

respectively, high ionic conduction is obtained [26]. Time-

dependent measurements on La0.8Sr0.2Ga0.85Mg0.15O2.825

[27] have shown that the conductivity at 700 �C in air is

nearly unchanged and amounts to 0.073 S/cm over a period

of 200 h. However, lanthanum gallate reacts with the NiO

of the anode into a lanthanum-nickel oxide. This leads to a

deterioration of the ionic conduction and the anode func-

tion. It was possible to suppress this reaction after applying

an (Ce,Sm)O2-x interlayer, but the fabricated cell failed

after 2000 h of operation [28].

Besides apatites, other oxide systems such as oxy-

cuspidines (RE4MIII
2�xMIV

x O9þx=2 or RE4�xMII
x MIII

2 O9�x=2)

[29–32], mayenite (Ca12Al14O33) [33, 34], gallates or

RE3�xMII
x GaO6�x=2 [35] or germanates RE2�xMII

x GeO5�x=2

[36] (RE = rare earth; MII = Ca, Sr; MIII = Al, Ga;

MIV = Ge, Ti) have been investigated in recent years.

However, either due to the expensive raw materials (e.g.

Ga2O3) or insufficient ionic conductivity, these materials

are not expected to play an important role in the SOFC

development.
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Anode substrates and anodes

The most commonly applied anode material is a nickel/

YSZ cermet [37]; a mixture of nickel oxide and YSZ

powder is used as the starting material. In the final structure

of the electrode, the nickel oxide is then commonly

reduced to nickel during the start-up phase of the cell or

stack by the prevailing fuel atmosphere. The nickel serves

as a catalyst for the oxidation reaction of the hydrogen and

is finely dispersed around the YSZ particles. The function

of the zirconia skeleton is to stabilise a porous electrode

structure, to create an extended reaction zone by increasing

the amount of three-phase boundaries and also to match the

thermal expansion coefficient between the nickel and the

other cell components.

The demands made on the anode substrate such as good

electrical conductivity, good gas permeability and fine-

grained homogeneous microstructure can be realised by the

powders currently used and were studied in detail for

Ni/8YSZ anode substrates. At the stage of development

where these demands on the component can be fulfilled

reproducibly, consideration can also be given to technical

powder qualities for cost reduction. Since the anode sub-

strate accounts for more than 90% of the ceramic material

expenditure of the ceramic parts, this component is the

most promising candidate for material savings. Therefore,

low-cost nickel oxides of technical powder quality were

sought [11] to replace the NiO used hitherto, which satisfy

very high demands on quality.

Because of the introduction of an additional anode

functional layer (see Fig. 1), it is possible to divide up the

two tasks of the Ni/8YSZ anode substrate, i.e. the

mechanical stability and the electrocatalytic conversion of

the fuel. This allows us to separately tailor the material

properties of the anode functional layer and the anode

substrate. Therefore, new cermets based on Ni/Al2O3 or

Ni/TiO2 were synthesised [38, 39] to match the thermal

expansion coefficient of the 8YSZ thus avoiding thermo-

elastic bending during cell fabrication [40] and reducing

the costs of the substrate. However, during cell fabrication,

a severe interaction with the anode layer was observed due

to liquid phase sintering which led to a detrimental

decrease of electrochemical performance.

Apart from cermets other materials can also be used as

anode substrates, e. g. metals (ferritic steels) or ceramics

with n-type conductivity. On the one hand, these alterna-

tives offer solutions for the very important re-oxidation

stability of anode cermets [41], because they do not

undergo a strong volume expansion during re-oxidation.

On the other hand, disadvantages like corrosion and chro-

mium diffusion from the steel into the anode need further

improvement. Also cell manufacturing is difficult because

steels have to be protected from severe corrosion and

highly conductive ceramics may lose their high electrical

conductivity during sintering in air [42]. Therefore, either

the electrolyte has to be deposited by plasma spraying [43,

44] or has to be sintered in an atmosphere of low oxygen

partial pressure [45]. Furthermore, the cathode has to be

applied without an additional sintering step [44].

Besides mechanical damage during re-oxidation, anode

cermets also suffer from sulphur poisoning or coking from

the fuel gas if the methane contains contaminants or insuf-

ficient amounts of water for internal reforming. Although

efficient and compact de-sulphurisers are available and

controlled system operation can solve these problems, there

is an ongoing search for ceramic anode materials to over-

come these drawbacks. In most cases, perovskite materials,

such as (Sr,La)TiO3, (Sr,Y)TiO3, (La,Sr)(Cr,Mn)O3, (La,Sr)

CrO3, (La,Sr)(Al,Mn)O3, (La,Sr)(Ti,Mn)O3, have been

investigated for this purpose [46]. With pure ceramics,

however, cell performance has always been significantly

lower than for the conventional Ni/8YSZ anode, because

these anodes either do not have sufficient electronic or ionic

conductivity or are not catalytically active. Actually, there

are approaches to improve performance using ceramic

composites with small additions of catalysts [47–49] and the

cell performances or anode overvoltages achieved show very

encouraging data when composites of an ion conductor, an

electronic conductor and a catalyst are applied, e.g. (Sr,Y)

TiO3/YSZ/Ru [48], (Sr,Y)TiO3/YSZ/Ni [49], (Sr,La)TiO3/

YSZ/Pd–CeO2 [50]. An interesting approach is the use of

(Sr,La)TiO3 as the anode substrate and a thick anode layer of

Ni/YSZ taking advantage of the high conductivity in

reducing atmosphere and the redox stability of (Sr,La)TiO3

combined with the superior electrocatalytic properties of

Ni/YSZ cermets [51]. Such button cells delivered about

1 A/cm2 at 0.7 V and 800 �C, and also demonstrated

improved sulphur tolerance and stability with respect to

coking in natural gas. The first anode-supported half-cells

manufactured with dimensions of 5 9 5 cm2 using

(Sr,Y)TiO3/YSZ as the anode substrate and YSZ as the

electrolyte showed no significant increase of gas leakage

across the electrolyte after numerous redox cycles between

fuel gas and air, thus demonstrating the feasibility of larger

cells with reliable mechanical integrity of the electrolyte

layer [52].

A wider range of anode materials—also including more

exotic possibilities—are described in recently published

articles [46, 53–57].

Cathode

Perovskite materials of the ABO3 type are generally used

as the cathode material. A frequently used material

is lanthanum manganite (LaMnO3) with substitutions of
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strontium or calcium at the A-site [58, 59]. Both A- and

B-site substitutions have been investigated extensively so

that these ceramics can be selected according to the

demands made on their properties such as thermal expan-

sion coefficient, electronic or ionic conductivity and

chemical interaction with the electrolyte.

Lanthanum or strontium cobaltites have attracted much

attention because of their high mixed ionic-electronic

conduction [60]. Indeed, (La,Sr)CoO3 shows a higher

cathodic performance than (La,Sr)MnO3, but the cobaltite

possesses a very different thermal expansion in comparison

to YSZ [61] and it reacts readily with this electrolyte at

high temperatures (C800 �C) forming highly resistive

La2Zr2O7 or SrZrO3 compounds. These unfavourable solid-

state reactions can be avoided if a ceria-based diffusion

barrier layer is applied [62]. As a compromise between

thermal expansion mismatch and electrochemical perfor-

mance, the composition La0.6Sr0.4Fe0.8Co0.2O3 (LSFC) has

been established as an alternative to (La,Sr)MnO3 cathodes

for reduced operating temperatures since the mid 1990 s

[62, 63]. SOFCs with cathodes of similar LSFC composi-

tion reach current densities of 1.5–2 and about 1 A/cm2 at

800 and 600 �C, respectively, and at 0.7 V [64].

The advantage of such mixed ionic–electronic con-

ducting cathodes is their increased reactive catalytic sur-

face area over the whole perovskite grain. Therefore, the

charge transfer of adsorbed oxygen atoms takes place

directly on the perovskite surface [65]. The increase in

oxygen ion conductivity and hence in mixed conductivity

is generally correlated with an increasing thermal expan-

sion [66]. Therefore, an improvement of the transport

properties is always linked to an increasing mismatch in

thermal expansion relative to the other cell components.

A rough classification of cathode materials regarding

their electrocatalytic activity follows the order: LaCoO3 [
LaMnO3 [ LaFeO3 [ LaCrO3 [67]. The electrocatalytic

activity also varies with alkaline-earth concentration in the

perovskite. In general, the electrical and ionic conductivity,

the thermal expansion coefficient and the catalytic prop-

erties increase with increasing alkaline-earth content

between 0 \ x \ 0.5 in La1-xAxBO3 with A = Ca, Sr,

Ba and B = Cr, Fe, Mn, Co. The extreme case is

Ba1-xSrxCo0.8Fe0.2O6-d, which shows extraordinarily high

thermal expansion and high oxygen ion mobility [68, 69].

It is, therefore, not surprising that cells with this cathode

material result in very high power output [70]. For practical

applications, however, this material is not useful due to the

large thermal expansion mismatch with the other cell

components and the formation of barium carbonate in the

presence of CO2 in the oxidant gas leading to rapid and

severe performance loss [71, 72].

For the past several years, more number of complex per-

ovskites such as double perovskites (AIIIAIIB2O5þd typically

with AIII = RE, AII = Ba and B = Co) and K2NiF4?d-type

materials have been under investigation. Compared with the

ABO3 perovskites, the double perovskites possess ordered

oxygen vacancies in the AIIIO layer resulting in two different

coordination spheres for the cobalt ions [73] and high oxygen

ion mobility, [74, 75]. The first cathode tests, however, do not

show significant differences to cobaltites of similar compo-

sition (e.g. RE0.5Sr0.5CoO3-d) [76], and it is also likely that

these Ba-containing cathode materials are prone to reactions

with CO2.

Materials with K2NiF4?d-type structure like AIII
2�xAII

x BO4þd

with AIII = RE, AII = Ca, Sr, Ba and B = Mn, Fe, Co, Ni, Cu

typically have lower electronic conductivity than the analo-

gous ABO3 perovskites [77, 78], but the ionic conductivity and

oxygen exchange kinetics can be very high due to excess

oxygen ions on interstitial sites [79–81]. It is worth noting

that the activation energy of ionic diffusion is significantly

smaller than for cathodes with oxygen vacancies. Hence, the

cathode polarisation is low [82], and SOFCs with nickelates

as cathodes have shown very promising current densities of

about 1.2 and 0.6 A/cm2 at 800 and 600 �C, respectively, and

0.7 V [83, 84] making them interesting cathode materials

especially at reduced operating temperatures.

Interconnect

The interconnect in SOFC stacks is the component which

electrically connects the single cells and in planar systems

additionally separates the gas compartments from each

other. In an SOFC system, numerous demands are made on

the interconnect, such as good electrical conductivity, gas

tightness, chemical compatibility with the adjacent com-

ponents of the fuel cell, high corrosion resistance to the

reaction gases, matched thermal expansion and, last but not

least, reasonable costs. In order to meet all these require-

ments, two classes of materials are commonly used for

interconnects, namely ceramic and metallic materials [85].

Whereas ceramic interconnects played a dominant role in

early SOFC developments, metallic interconnects have also

been frequently used in recent developments and are the

favoured materials worldwide today due to the general

trend towards lower operating temperatures.

Practically all ceramic interconnects are based on

LaCrO3-type materials because this is one of very few

perovskites that do not decompose in the fuel gas atmo-

sphere. However, due to the electrical conductivity

required, lanthanum chromites cannot be used at temper-

atures lower than 800 �C. In addition, lanthanum chromites

show undesirable swelling in reducing atmospheres caused

by the reduction of Cr4? ions to Cr3? and the formation of

oxygen vacancies [86] leading to strong internal stresses

and possible cracking during operation.
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Apart from these physical handicaps, costs are high for

the LaCrO3 and for the processing of the layers. Hence, the

advantages of metallic interconnects are obvious: high

electrical conductivity, good ability for processing and

lower costs. The disadvantages, however, are corrosion in

combination with increasing resistance during operation,

chromium evaporation and unsatisfactory high-temperature

strength.

The long-term stability of the metallic interconnect is

essentially governed by the corrosion characteristics. The

materials used for interconnects are alloys which form

chromium oxide, thus ensuring sufficiently high conduc-

tivity for thin oxide scales. Meanwhile, several ferritic

steels have been developed especially for SOFC applica-

tion containing only very small amounts of aluminium and

silicon to avoid the formation of highly resistive oxide

scales and low amounts of manganese for the formation of

(Cr,Mn)3O4 spinels as the outer corrosion scale [87–89].

The main focus in interconnect development is still the

improvement of corrosion behaviour, but also the reduction

of the contact resistance of the oxide scales or in combi-

nation with coatings and the reduction of chromium

evaporation to avoid a detrimental poisoning of the cathode

with chromium species [90–96]. All these phenomena

make a major contribution to the observed degradation of

stack voltage during operation, although it is not yet clar-

ified to what extent.

Protective and contact coatings

Many attempts have been made to reduce the damaging

effect of chromium vapours on the cathode side by suitable

protective layers. The first approach was plasma-sprayed

coatings of lanthanum chromite as a protective method to

minimise the evaporation of volatile Cr species [97, 98].

The function of these coatings as diffusion barriers against

volatile Cr species strongly depends on the quality of the

layers (gas tightness, crack density) and may not always be

as effective as expected. In addition, for anode-supported

cells, the plasma-sprayed chromite coatings are character-

ised by high contact resistances and high fabrication costs

in comparison to ceramic methods using slurries or pastes.

However, the reactivity of lanthanum chromite with met-

als, either with Cr- or Fe-based alloys, is low and the metal/

ceramic interface is very stable under operating conditions.

Chemical interactions between coatings and intercon-

nect material increase when the alkaline earth content in

the ceramic is increased. Often perovskite materials have

been brought in contact with Cr-based alloys or steels and

the formation of chromates (e.g. CaCrO4 or SrCrO4) was

observed [97, 99–101] leading to the progressive decom-

position of the perovskite material and a brittle interface.

As a consequence of these interactions, the application of

cobalt oxide or cobalt manganese spinel between the

perovskite and alloy was investigated [100, 102–105] and

showed stable contact resistance over time.

Coating the ferritic steel Crofer22APU by wet powder

spraying with a porous Co3O4 layer or a metallic Co layer

leads to the formation of a new dense Cr-free reactive layer

under SOFC operating conditions [102]. As a reaction

product of Mn from the oxide scale of the steel and the

Co3O4 layer, this dense layer may act as a barrier against

the vapour phase transport of volatile Cr species.

Contact materials are electrically conductive ceramics

applied to improve the contact between interconnect and

electrode. Whereas for the anode side metallic materials

are used (as mesh, foam or paste), the cathode side is often

coated with ceramic cathode-like compositions having

conductivities in the range of 50–500 S/cm. Because there

are no electrochemical requirements to be obeyed for the

contact materials, they can vary significantly from the

electrode materials and be optimised with regard to other

physical and chemical properties than the electrodes. Apart

from the electrical conductivity, the most important prop-

erties are the thermal expansion and sintering behaviour at

assembling temperatures in the range of 800–1100 �C.

Because the contact layer thickness may vary between 30

and 200 lm and ceramic materials heat treated below

1000 �C are usually very porous, the specific conductivity

of the material should be high. This is, in fact, the case for

lanthanum cobaltites which have specific conductivities up

to 1700 S/cm [106]. In contrast, the thermal expansion of

these cobaltites has a strong mismatch with the other cell

components. For electrically conductive ceramics, there-

fore, a compromise between acceptable conductivity and

tolerable mismatch in thermal expansion has to be made as

for the cathode materials.

Sealings

In planar SOFCs, gastight seals must be applied along the

edges of each cell, along the outer edges of the stacking

layers and the gas manifold to separate the two gas com-

partments and to insulate the stacking layers from each

other.

Glass or glass ceramics are frequently applied for join-

ing metals, especially the joining of steels [107]. Many of

these products are available commercially, but most of the

sealing products are produced for low-temperature joining

and for room temperature applications. However, no

commercial product fulfils the requirements of a thermal

expansion coefficient in the range of 10–13 9 10-6 K-1

up to high temperatures. Therefore, many SOFC develop-

ers started their own sealing development.

Most studies have been carried out on barium calcium

alumino-silicate (BCAS) and barium calcium magnesium
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alumino-silicate (BCMAS). The comparison of BAS, CAS

and MAS glasses using B2O3 as a fluxing agent and TiO2,

ZrO2, NiO and Cr2O3 as a nucleating agent showed that the

barium glass tended to react with chromium steel more

than the other glasses, displayed faster crystallisation and

appropriate thermal expansion [108, 109].

BCAS glasses and ferritic steels easily form BaCrO4 in

the presence of oxygen [110]. Studies by Yang et al. also

clearly showed that the sealing material alone does not lead

to good joining. It is more important to adapt the inter-

connect/sealant couple.

Under oxidizing conditions, the formed oxide scales of

ferritic steels (chromium oxide scale at the inner interface

to the steel followed by a scale of manganese chromium

spinel at the outer interface towards the glass) are partially

dissolved by the glass. This leads, on the one hand, to good

adhesion and mechanical sticking between sealant and

steel, and, on the other hand, however, to a destabilisation

of the steel at the three-phase boundary glass/metal/air

[111, 112]. Thus, good adhesion and stability against cor-

rosion may become conflicting objectives.

Besides glass–ceramics, compressive seals and brazing

systems have also been investigated [113]. In the case of

compressive seals, metallic gaskets and mica-based materi-

als (vermiculite, phlogopite) were tested. None of the seals is

hermetically gastight and require high mechanical loads to

achieve low leakage rates [114, 115]. To the best of our

knowledge, no stack has yet been successfully operated with

such sealing systems. Also, the brazing has not yet reached a

reliable applied status. However, the use of Ag–CuO–Ti

brazes in combination with an insulating layer seems to offer

technologically interesting alternatives to glass–ceramic

sealants [116, 117]. The application of brazes on thin inter-

connect components has shown that (a) the interaction at the

braze/ferritic steel interface is strongly dependent on the

steel pre-treatment [117, 118] and (b) mechanical failure is

observed at rather low mechanical load [118]. Brazing on

untreated steels revealed a reaction zone of oxides containing

Fe, Cr and Cu with large amounts of Fe, thus indicating that

no protective chromia scale could be formed during brazing.

In the case of pre-oxidised steel samples, the oxide scales

consisted of Cr and Cu oxides. The observed crack formation

always took place within the brittle reaction zone [118].

SOFC manufacturing technologies

The fabrication processes for SOFCs can be distinguished

in different ways. The following should be mentioned:

• Geometrical design: e.g. planar, tubular or hybrid forms

• Mechanical support: e.g. anode-, electrolyte-, cathode-,

metallic- or inert-supported

• By processing technologies, e.g. ceramic (wet chemi-

cal technology plus thermal treatment), thermal (e.g.

plasma or flame spraying) or gas phase deposition

techniques

• By thickness of the component/layer, e.g. thick

([100 lm), thin (5–100 lm) and ultra-thin (\5 lm)

• Or by substrate and functional coatings

For this presentation, the manufacturing technologies

are divided according to the group of technologies. That

means the techniques are described in the following order:

firstly, ceramic processing methods, secondly, thermal

spraying methods, and, thirdly, physical, chemical and

electrochemical technologies. In particular, the chapter on

ceramic processing methods is subdivided into substrate

and coating technologies. All the substrate manufacturing

and coating technologies are not only described techno-

logically but also with respect to industrialisability. That is

to say, the current status of the technology is discussed with

respect to its industry level (laboratory scale, technological

scale, industrial scale, complete continuous production

line).

Ceramic processing methods

Substrate

Tape casting (TC) The tape casting technique is widely

used in the ceramics industry to manufacture two-dimen-

sional thin dense or porous supports. Thicknesses range

from approximately 100 to 800 lm in the final fired state.

For SOFCs, TC is used mostly for fabrication of the

mechanical bearing support for planar designs. For elec-

trolyte-supported cells, usually a 100–200 lm thick 8YSZ

tape is cast and sintered to full density. For electrode-

supported cells, the electrode is cast typically in thick-

nesses of 250–500 lm, and the support needs to be porous

to ensure gas diffusion.

Typical slip formulations can be found in [119–123]. As

an example, the slip of an anode support developed at

Forschungszentrum Jülich is described in more detail.

The anode support consists of nickel oxide and 8YSZ in

variable ratios, typically 50:50 wt%. The powders are

suspended in an azeotropic mixture of solvents, e.g.

methylethylketone (MEK) and ethanol (EtOH), in a ratio of

2:1 wt%. As organic additives, binder(s), dispersant(s),

plasticiser(s), de-airers, surfactants and wettability opti-

misers are added. The necessary porosity in the final

electrode is either ensured by the organic additives added;

or, if a higher pore volume fraction is to be obtained, then

pore formers, such as polymers, rice starch or graphite, are

also added. The slip consisting of powder, solvents and

organics must be outgassed before casting. The casting
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itself [119] is done by transporting the slip into a reservoir,

which is open on the bottom side. Under the reservoir, a

polymeric tape is transported, and the slip covers the

transport tape. The transport tape and the coated slip are

moved through one or two blades (‘doctor blades’), which

ensure slip thickness and uniformity over the width of the

tape. Subsequently, the tape is moved into a well-con-

trolled drying chamber. After drying, the tape formed can

be cut by, for example, knife cutting or punching into the

envisaged geometries. After cutting, the substrates can

either be pre-sintered to de-binder the material and to form

a substrate that is easy to handle for the subsequent func-

tional layer coatings, or the ‘green’ (non-sintered) tape can

be coated directly with, for instance, anode and electrolyte

and afterwards co-fired with the substrate. In both cases,

the firing temperature of the electrolyte to gas-tightness is

below the highest temperature within the complete manu-

facturing process (typically 1400 �C). The electrolyte

supports are always sintered to gas-tightness before coating

with the functional layers. For almost all anode-supported

cells and for all electrolyte-supported cells, the substrate is

now manufactured by tape casting [124–130]. The geom-

etries which can be fabricated range from 50 9 50 mm2

for single cells (or 50 mm in diameter) up to 200 9

400 mm2 for cells for power stacks.

In recent years, efforts have also been made to cast

metals to form metal-supported SOFCs [131]. Here, typical

SOFC interconnect materials like Crofer22APU [132],

ITM [133] or others were cast in the same way as described

above. The basic differences are the casting thicknesses

and the slip formulations. Normally, oxide powders have a

smaller particle size distribution (1–10 lm) than metallic

powders (\45 lm for these applications), and, thus, the

slips for metal powders must be more viscous to avoid

separation or unwanted graded structures. In addition, the

sintering conditions (vacuum or inert gases, Tmax) and the

coating technologies for the metal supports (mostly thermal

spraying) differ from those for ceramic supports.

Pressing methods Another technology for forming two-

dimensional thin substrates is the pressing of powders by

cold, warm, hot, cold-isostatic (CIP) or hot-isostatic

pressing (HIP). The main disadvantage of the pressing

techniques in comparison to, for example, tape casting is

that they operate discontinuously, i.e. each process of fill-

ing, optionally heating up, pressing, and demoulding is

done unit-by-unit. This is time-consuming and is thus now

used less frequently for SOFC substrate manufacturing. In

the ceramics industry, these methods are mostly used for

smaller geometries with complex structures. Especially the

techniques, CIP and HIP, are only applied for extremely

dense three-dimensional structures because they need

complex machines. Therefore, for SOFC manufacturing

only cold and warm pressing are used in certain cases.

Pressing techniques are applied in particular if thicker

substrates need to be manufactured (thickness [800 lm).

The reason is that, for example, tape casting requires too

much time for the drying of such thick tapes. One example

of the use of a pressing method for SOFC substrates is the

manufacturing of thick (1 or 1.5 mm) anode supports for

large cells for power stacks [134, 135]. Here, a pre-con-

ditioned powder mixture known as Coat-Mix� powder is

used. A special technique is used to mix the substrate

materials (NiO and 8YSZ) together with a polymeric resin.

By adding water to the acid solution, the solubility of the

resin is reduced and it subsequently precipitates at the

powder surface and, after a drying step, a flowable powder

mixture is formed. This powder is then filled into the

pressing unit and pressed at moderate pressure (*1 MPa)

at approximately 100 �C to two-dimensional substrates

with dimensions of to 350 9 350 mm2. After de-bindering

and a pre-sintering step, the porous substrate is coated with

the functional layers according to the scheme described in

the ‘‘Tape casting’’ section.

Extrusion Extrusion is used in the ceramics industry if a

continuous structure with an elongation in one direction is

necessary. Typical geometries are tubes, rectangles, trian-

gles and derived structures with or without inner structur-

ing (e.g. clay bricks).

For SOFCs, this technique is mostly used for the Sie-

mens tubular cathode support [136] and the Rolls-Royce

flat tubular inert-supported design [9]. Its use for planar

designs is limited because the ratio between substrate width

and substrate thickness is limited. If the envisaged width is,

for instance 100–150 mm, then the substrate thickness is

roughly [2 mm. The technique consumes a great deal of

material because sizes of the same shape can be manu-

factured by tape casting in thinner structures. However, for

the tubular and quasi-tubular designs, extrusion is the

appropriate technique.

For extrusion, the powders are usually mixed with

water-based plastics. Owing to the time-consuming drying

step, the amount of water should be as small as possible;

thus, in most cases, water-soluble binders are added (e.g.

methylcellulose, polyacrylamide, polyvinyl alcohol etc.) to

minimise the water content. The major difference between

extrusion and tape-casting slips is the viscosity. Extrusion

slips have extremely high viscosities in the range of

1000 Pa s while tape-casting slips are in the range of only

some Pa s. After extrusion, the tube is cut into the desired

length by wire-cutting. For SOFC fabrication, the substrate

is usually de-bindered and sintered before coating with

functional layers. The sintering of both the cathode and the

inert support is performed at high temperatures

([1400 �C), which ensures no dimensional changes of the
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support and, therefore, uniform structures for the sub-

sequent coating and sintering steps.

Calendering Calendering means the connection of more

than one thin planar structure by pressing them together

during rolling between two or more rollers. The technique

is continuous and is used to combine the substrate with one

or two functional layers pre-fabricated by, for instance,

tape casting. Hence, calendering is a technique performed

between substrate manufacturing and coating. Normally, it

is limited to tapes of relatively similar thicknesses, which

means that it cannot be used to combine, for example, a

thick substrate (1.5 mm) with a very thin anode and elec-

trolyte (\10 lm). It can, however, be used to combine thin

supports (\500 lm) with relatively thick functional layers

[20 lm. Owing to the rolling-pressing of the different

tapes in the ‘green’ state, they are ‘glued’ together by the

remaining organics. A prerequisite for calendering is,

therefore, the use of similar organics for all tapes or the use

of organics which do not interact during calendering,

de-binding, and sintering. In SOFC calendering as used by

AlliedSignal [137,] normally half-cells consisting of the

support, one electrode and the electrolyte are produced. A

subsequent coating step with the second electrode is added

after the first sintering. Table 2 lists the substrate manu-

facturing techniques, the geometries to be fabricated with

the respective technique and some slip/paste/suspension

information.

Summary of substrate manufacturing techniques As

SOFCs move closer and closer to the market, substrate

manufacturing techniques which are continuous and which

are already established in other application fields have been

used. The trend is clearly moving to extrusion for tubular

designs and to tape casting for planar designs. Discontin-

uous or time-consuming technologies are increasingly

ruled out. In addition, there is an obvious tendency towards

thinner supports to minimise materials costs. For example,

10 years ago, anode-supported cells were normally 1 mm

thick, whereas nowadays they are 300 mm or less. The

same trend is observable for electrolyte-supported SOFCs

(from 250-lm support thickness down to *100 lm).

Another direction is to form the necessary porous micro-

structure ‘intrinsically’, which means not by adding special

pore formers but only the organics used for fabrication. If

pore formers are necessary, then there is a shift towards

using cheaper ones (e.g. rice starch) rather than special

polymers or graphite.

Coatings

Various technologies can be applied for coating SOFC

substrates. At least three different groups can be

mentioned:

• wet chemical or ceramic technologies like SP slip

casting or spraying methods

• thermal spraying technologies like atmospheric or

vacuum plasma spraying, and

• gas phase deposition techniques like chemical (CVD),

electrochemical (EVD) or physical vapour deposition

(PVD)

Nearly all the technologies from the three groups have

been applied. There are numerous reasons for using one

particular coating technology for a special layer. For

instance:

• layer thickness: thermal spraying normally leads to

layers with thicknesses of more than 30 lm, ceramic

technologies lead to coating thicknesses ranging from

typically 5 to 100 lm, and the third group is applied for

thin films (less than &2 lm)

• layer microstructure: thin and dense layers can be

obtained by CVD, EVD and PVD; ceramic coating

Table 2 SOFC substrate manufacturing technologies and typical characteristics

Substrate

manufacturing

technique

Geometries Substrate characteristics (in final fired state) Slip/paste/suspension

characteristics
Thickness Elongation

Tape casting Planar 100–800 lm 20 9 20 to 400 9 400 mm2 Low viscosity (Pa s); azeotropic

solvents, various organics

Pressing Planar,

microtubular

(CIP, HIP)

Planar 500–2000 lm;

microtubular wall thickness

100–500 lm

Planar 20 9 20 to 400 9 400 mm2;

microtubular tube length up to 100 mm,

[ up to 10 mm

High viscosity or simple powder

mixture; pressing agent, fewer

organics

Extrusion Planar, tubular,

quasitubular

Wall thickness 500–2000 lm Planar 100 9 400 mm2a; tubular [ up to

10th cm, length up to m

High viscosity (1000 Pa s),

water-soluble binders,

additional organics

Calendering Planar 100–2000 lm Comparable to tape casting (TC),

depending on TC single tape size

As TC basics

a More important than the effective size is the ratio width/length
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technologies can be used either for dense or for porous

layers, and plasma spraying normally leads to less

porous layers with or without segmentation cracks

• substrate type: for ceramic substrates, typically also

ceramic coating technologies are applied; for metal

substrates thermal spraying techniques are used in most

cases because if oxide layers applied by wet chemical

technologies are coated, then they must be sintered in

air, and the metal will oxidise, forming either insulating

oxide scales or involving the risk of corrosion or scale

spallation

• substrate geometry: tubular designs cannot be coated

by technologies like SP because this is a two-dimen-

sional coating technique; vice versa a dip process can

easily be applied to tubular geometry by dipping the

porous support into a tank with the coating suspension.

If fine structures need to be obtained, e.g. for the Rolls-

Royce quasi tubular design, then this rules out

technologies which have been developed for large

sizes (e.g. plasma spraying)

• costs: all manufacturing steps including materials and

processes must be able to be integrated into an

industrial production line to reduce fabrication costs

In the following, the most frequently applied coating

technologies for state-of-the-art SOFCs and some new

manufacturing technologies are presented.

Screen printing (SP) The most widely used coating

technology for ceramic planar supports (electrolyte, anode

or cathode) is SP In the case of electrolyte-supported

SOFCs, both electrode layers are coated by SP, and for the

anode- or cathode-supported designs, the functional elec-

trodes and the electrolyte are applied by SP.

For SP typically pastes consisting of the powder, a

binder, e.g. ethyl- or methylcellulose, and a solvent, e.g.

terpineol, are used. Typical amounts of powder are in the

range of 60%. Similar to tape-casting slips, the paste vis-

cosities are also in the range of few Pa s. However, the

rheological behaviour must have a special time depen-

dence. This behaviour can be characterised by the SP

process itself. The paste is pressed through a screen by a

squeegee. While being pressed through the mesh, the paste

must flow, and after removing the screen from the substrate

to be coated, the paste must fill the remaining channels

formed by the chaining and weft thread of the screen. After

filling the cavities, the paste must stop flowing to ensure

the dimensional accuracy of the layer. In most cases, the

so-called pseudo-plastic rheological behaviour is preferred.

Screen-printed layers have, after sintering, thicknesses

ranging from *5 to *100 lm depending on layer char-

acteristics, screen used and z-direction shrinkage of the

dried coating. Typically, the wet thickness is 3–4 times the

dried thickness, and the dried thickness one and a half

times to double the sintered thickness. Typical particle

sizes for screen-printed layers vary from 1 to *15 lm.

With SP, dense and porous layers can be obtained, thus

either the electrolyte or the electrodes can be printed.

During manufacturing of electrolyte-supported cells,

both electrodes can be printed and co-fired at temperatures

between 1000 and 1200 �C, if the right particle size

distributions and the right material ratios are used

(LSM:8YSZ for the cathode and NiO:8YSZ for the anode).

For anode-supported cells the sintering of the electrolyte

and the second electrode is done separately. The reason is

that for dense sintering of the electrolyte high temperatures

are necessary (*1400 �C). By contrast, the cathode does

not withstand such high temperatures. It either decomposes

or it also densifies, thus drastically reducing the amount of

three-phase boundaries and subsequently losing cell power,

or it interacts with the electrolyte material forming insu-

lating phases (e.g. lanthanum zirconate). The latter possi-

bility, the interaction between the electrolyte material

8YSZ and high power density cathode materials, e.g.

La–Sr–Fe–cobaltites, takes place at relatively low tem-

peratures (\1000 �C). However, typical sintering temper-

atures for these LSFC cathodes are 1050–1100 �C. Thus, a

barrier layer must be introduced inhibiting the diffusion of

La or Sr to the 8YSZ. This barrier layer, typically ceria-

gadolinia or ceria-samaria oxide, is also applied by SP and

sintering.

SP is also used to coat the functional layers in the Rolls-

Royce quasi tubular design. However, only the flattened

broad sides of the inert support were coated and, thus, the

technique can also be applied to geometries which are not

exclusively planar. The rounded edges are not coated with

the functional layers.

Typical current densities for anode-supported cells

based on tape-cast substrate and screen-printed functional

layers are in the range of 1.3–1.5 A/cm2 if an LSM/YSZ

cathode and an LSM current collector are used (single cell

test at 800 �C and 0.7 V with hydrogen/water vapour and

air, 50 9 50 mm2 and 40 9 40 mm2 active area).

The SP technique is industrially established, scalable, and

can be introduced in a production line. Thus, it is ideal for

low-cost fabrication with high throughput capacity [138].

Recently, efforts were made to use the SP technique to

apply thin-film electrolyte layers by combing the solid part

within the paste (the powder) with additional sols of the

same composition (e.g. YSZ or CGO sol), which enables

smaller particle sizes, and possibly lower sintering tem-

peratures and thinner layers [138–146]. This development

would be beneficial for reducing manufacturing costs

(lower TSint) and reducing ohmic losses (thinner electro-

lyte) for SOFC use with classical materials, but at lower

operation temperatures.
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Spraying methods The spraying of liquids for coating

planar, tubular and three-dimensional structures is widely

used in various industries, e.g. automobile, white goods

(dishwashers, washing machines etc.), electronics. In many

cases, this technique is used for large components aiming

for thin homogeneous layers (e.g. paints). Spray techniques

can work with horizontal parts, subsequently the spray

stream moves vertically, or with vertical or horizontal parts

(or even tubular parts by turning the tube) and a horizontal

spray stream. In Fig. 2, this is illustrated schematically.

The main advantage of spraying techniques in compar-

ison to, for example, SP is that by spraying, non-uniform

and non-planar geometries can also be coated. This is

illustrated in Fig. 2c. Planar structures were coated

homogeneously by meandering the spray gun over the

component. In all the cases, spraying techniques suffer

from overspray. The formation of overspray has two dis-

advantages: the coating efficiency is reduced and, conse-

quently, the costs are higher (even if the overspray is

recycled, it must be re-cleaned, and a recycling system has

to be installed) and by meandering over the parts, the

meander steps must be very well adapted to suppress

inhomogeneous coating thickness because of different

overlapping courses.

If structured planar geometries are to be coated, then the

rheological behaviour of the spray suspension must also be

very well adapted. If the viscosity is too high, then the

coating thickness differs between the top and the bottom

parts due to insufficient flow (thicker on the hills, thinner in

the valleys), and if it is too low, then the case is vice versa

(thicker in the valleys and thinner on the hills). The coating

homogeneity is, therefore, a combination of suspension

rheology and adhesion of the suspension to the component

to be coated.

For solid oxide fuel cells, spraying techniques like wet

powder spraying (WPS) [147] can be applied twice. First,

for the coating of the functional layers on the mechanical

support irrespective of the support and the layer to be

coated (e.g. electrolyte-, anode-, cathode- or inert-sup-

ported and all layers), and, secondly, for the coating of the

metallic interconnects with protection or contact layers.

Especially the interconnect coating is of interestbecause it

typically contains channelled structures for the gas distri-

bution. These channels can be rectangular in shape, of

trapezoidal design or may have a wavy-like structure. Even

rectangles with 90� edges can be coated, but due to the

relation between the spray direction and the different

coating directions (horizontal to the spray gun or parallel)

the coating thickness, homogeneity and quality differ.

Figure 3 shows as an example of two typical channel

structures of metallic interconnects and some coatings.

From Fig. 3, it can be seen clearly that insufficient

adhesion or spreading behaviour of the spray suspension

leads to

• lens-like coatings on the hills (leading to minimised

contact area between the cathode or current collector

and the contact layer), especially for rectangular gas

channels

• thick coatings in the gas channel edges or at the gas

channel ground (leading to enhanced cracking during

suspension drying)

• thin, uneven coatings on the channel walls (rectangular

design)

Such complex structures with ‘hard’ edges and walls

parallel to the spraying direction cannot be coated totally

homogeneously. In the case of the metallic interconnect for

SOFCs, the homogeneity is important but it need not be

100%. The necessary homogeneity depends on the special

layer and its function within the stack. As an example, the

chromium evaporation protection layer ensuring the for-

mation of a special crystal that evaporates less volatile

chromium species than the typical chromia layer needs to

be coated at every free metal surface. However, the

thickness is not the key factor, which means it can vary

from e.g. 5 to 10 lm. On the other hand, the contact layer

must have a minimum thickness to ensure safe and com-

plete contacting of the whole cell to the interconnect, thus a

minimum thickness needs to be maintained.

One application of the WPS technique to the SOFC

itself is the coating of the cathode and the electrolyte on the

older tubular Siemens design. Here the tubes or quasi-

tubular geometries are coated with a vertical spray gun and

by horizontally turning the tubes (Fig. 4).

component spray gun 

component 

spray gun 

component

spray gun 
movement 

spray gun 

(a)

(c)

(b)

Fig. 2 Positions of spray gun and component to be coated;

a horizontal/horizontal, b horizontal/vertical, both with tubular

designs and c vertical/horizontal with planar and planar structured

designs
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In principle, the technique may also be used to coat net

or mesh structures with functional layers (e.g. Ni-mesh in

SOFCs).

Nowadays, the technology is used for the cathode

coating of ASCs at Topsøe Fuel Cells [124, 125] and for

interconnect coating at Forschungszentrum Jülich [148].

Electrophoresis and electrostatic spraying Electrophore-

sis (EP) and electrostatic spraying (ES) have up to now

only attracted limited attraction with respect to large-scale

manufacturing of SOFCs. A few groups utilise both tech-

nologies on the laboratory scale [149–151]. The basics of

EP can be found in [152, 153]. Only Ceres Power [154]

manufactures the electrolyte on metal-supported SOFCs on

a commercial scale. No other R&D has been scaled-up to

realistic cell dimensions for SOFC stacks or used to man-

ufacture increased amounts of cells. Therefore, no detailed

description of these technologies is presented here.

Slip casting Slip casting and especially vacuum slip

casting (VSC) is a coating technique for planar or tubular

porous substrates. An open porosity is a prerequisite for

film formation because during VSC a simple slurry, com-

posed of the powder, ethanol and an organic binder, is

applied on top of the planar substrate, or a tubular substrate

is inserted into the slurry, from the back side of the planar

substrate or inside the tube vacuum is drawn, the dispersant

migrates through the porous support and a smooth and

homogeneous powder layer is formed. The technology

works like a filtration process. For SOFCs, the technique is

mostly used to coat anode-supported cells with the anode

and the electrolyte layer. Both the anode support and the

anode itself are porous and thus both layers, i.e. the anode and

the electrolyte, can be coated by this technology. The basic

principle is shown in Fig. 5. By using sub-micron-sized

Fig. 3 WPS coating of contact

layer on an interconnect with

trapezoid gas channels (left) and

sinusoidal channels (right)

Fig. 4 Coating of tubular and

quasi-tubular SOFCs with

electrolyte (planar and edged

part of a flat tube)

Fig. 5 Schematic of vacuum slip casting (tubular cathode substrate)
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particle distributions (*100–500 nm), fewer requirements

have to be met with respect to suspension stability, defloc-

culation, sedimentation etc. By doing so, very thin, even and

extremely homogeneous layers of thicknesses from 1 to

20 lm can be obtained [134]. Owing to the vacuum-assisted

filtration and sedimentation, the green particle density is

relatively high and thus such layers can be sintered at the

chosen temperatures to ideal densities. This ensures good

gas-tightness, which is one of the basic characteristics an

SOFC electrolyte must fulfil.

Up to now the layer quality has been excellent. The

major drawback of this technique is that it is less suitable

for being introduced into an industrial production line. This

is especially true for the planar structures which need to be

handled many times (application to the porous support,

sealing to the top side by e.g. a rubber gasket, removing the

sealing and taking off the coated half-cell). For ease of

automation, other techniques like SP or spraying have

obvious advantages, and, thus, VSC is still only performed

at R&D institutes and not in industry.

Roller/curtain coating While slip casting is mainly a lab-

scale technology, SP and spray coating are well established

for industrial applications. With respect to fabrication lines,

tape casting would be the first choice as a substrate man-

ufacturing techniques. Consequently, also a continuous

coating technology would be of great interest. Spray

coating is such a continuous technique but, as mentioned

above, it suffers from overspray, and SP needs intermediate

(automatic) handling for placing and removing the sub-

strate between printing. Two in-line coating technologies

are roller coating or curtain coating [155]. In roller coating,

the suspension is moved from a reservoir via various

intermediate rollers (typically made of metal and coated by

a polymer) to a coating roller. The substrate moves on a

support through the coating roller, and the suspension is

coated while it passes the roll. The layer thickness can be

varied by adjusting the distance between the substrate and

the coating roller, the suspension viscosity and the through-

pass speed. Typical layer thicknesses (final fired state) are

in the range of 5–50 lm. If holohedral layers are coated

(e.g. anode and electrolyte on anode support), then there is

some ‘overspray’. This is the suspension which passes on

the right and left side of the substrate. This overlapping

suspension can easily be collected by a basin under the

rolling machine (it is advantageous if the bottom of the

transporting support is made of a mesh or sieve structure;

thus, the overlapping suspension can pass through and be

collected). For these types of coating, there is no overlap-

ping suspension before and after the substrate. By contrast,

if layers which do not completely cover the component are

to be applied (e.g. cathode on electrolyte), then a sur-

rounding rim of electrolyte is necessary to be applied over

the sealing material which connects the cell to the frame

and ensures gastight sealing between the two atmosphere.

The overlapping suspension can be collected as described

above. Figure 6 illustrates the basic coating principle. For

coating by rollers, the major prerequisites are planar, even

substrates, because normally the coating roller must have

an exact diameter to achieve good homogeneous layer

thickness. If the substrates are bent and elastic, the coating

roller can level them during passing, but the risk of

cracking is evident.

Another possibility for holohedral coatings is the

so-called curtain coating. Here, the suspension is not

coated by a roller but moves downwards as a continuous

curtain (comparable to a waterfall) from a reservoir. The

components to be coated are transported in the same way as

in roller coating. Also the overlapping suspension (here on

all four sides) is collected as mentioned above (see Fig. 7).

With this technique, no structured or non-holohedral layers

can be applied. However, if non-holohedral layers are to be

coated, then the parts of the component which are not to be

covered need to be masked before coating. After the

coating step, the mask must be removed or, for example,

burnt off.

Up to now, only first attempts have been made at using

those highly automated mass fabrication coating processes

[156]. The first anode-supported SOFCs manufactured by

roller coating show acceptable current densities of

approximately 1 A/cm2 at 800 �C and 0.7 V in single cell

testing with hydrogen and air (cell size 50 9 50 mm2)

with LSM/8YSZ cathode and LSM current collector.

Typical values of such kinds of cells are in the region of

*1.5 A/cm2. The lower current densities are attributed to

support rolls 

substrate support 

substrate coating

coating roll 

moving
direction

Fig. 6 Roller coating of functional layers

support rolls 

substrate support 

substrate coating

moving
direction

`overspray` 

reservoir

coating   suspension 

Fig. 7 Curtain coating of functional layers
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as yet poorly adapted anode and electrolyte thicknesses

(*[10 lm) and insufficient microstructure of the anode.

However, in principle there are no major objections to

these mass fabrication techniques. If SOFCs enter the mass

market, then such technologies will be applied in the future

for cell manufacturing.

Dip, spin coating (sol–gel) The need to reduce operating

temperatures (from 800–950 to 650–750 �C) also neces-

sitates thinner functional layers to minimise ohmic inter-

nal losses. Layer thicknesses of *5–100 lm can be

manufactured by ‘classical’ ceramic powder technology.

If thinner layers are to be applied, then two parameters

must be adapted: first, the support must be adapted to

thinner structures, which means that the surface roughness

and the particle and pore sizes must be reduced (a 1-lm

thin layer on a support with particle sizes of 5–10 lm is

geometrically impossible or needs great effort, including,

for example impregnation with a resin to close the pores;

during the ongoing manufacturing steps, the resin needs

to be burnt off). Therefore, the basic particle size distri-

butions in the suspensions, slips or pastes tend to be

reduced from micro-sized to sub-micro- or nano-sized.

This tendency consequently leads to the second parameter,

which requires greater efforts in suspension stabilisation

because smaller particles tend to form agglomerates,

aggregates or to separate more easily. Another possibility

of minimising the layer thickness is the use of sol–gel-

based techniques. In the sol–gel, the oxides are in a

precursor stage and are converted into the oxidic phase

during temperature treatment. The basics of sol–gel

technology can be found in [157, 158]. The use of this

technique for SOFC applications is described in [140–

146]. Coating with sol–gel layers can be done in principle

by various techniques, e.g. SP roller coating, spraying,

and also with dip and spin coating. The coating medium

itself can be a pure gel or a mixture of a gel and an oxidic

powder phase; in the latter, the gel acts as a kind of

binder during manufacturing and the oxide precursor,

which forms very small particle sizes (nm range), can act

as an aid during sintering to reduce the sintering tem-

perature due to the high sintering activity (excellent sur-

face to volume ratio).

The dip-coating process is applicable to planar or three-

dimensional structures. Normally, it is easier to coat porous

substrates because of the capillary forces which support the

adhesion of the coating than to coat dense structures. Here,

the risk of drain-off due to unadapted adhesion behaviour

and suspension viscosity is higher. Typical industrial

applications are the coating of crockery with glazes or the

metallisation of CDs with a reflective layer covered sub-

sequently by e.g. dip or spin coating layers.

The substrates to be coated can be covered completely

during dipping or partly by masking the parts which are not

to be coated. After coating, the masks must be removed or

burnt off. Typical layer thicknesses with powder-based

suspensions range from 2 to 10 lm and with sol–gel-sus-

pensions from 10 nm to 2 lm. The dipping itself can be

done once or in multiple steps. Normally a drying or cal-

cination step is inserted between multiple coating steps.

Especially the quality (e.g. gas-tightness or surface

roughness) of the thinner layers depends strongly on the

surface quality of the substrate (see above). If multiple

coating steps are needed to ensure layer quality, then the

technology is more applicable on the laboratory scale, but

if the coating can be done in one step, then it is industrially

applicable. The major parameters during dip-coating are

the suspension viscosity (which governs the layer thick-

ness), the time of coating, the powder loading of the sus-

pension, the coating temperature (at ambient or slightly

enhanced temperatures; also affects viscosity) and the

speed with which the part is moved through the suspension.

Figure 8 shows schematically two possible types of dip-

coating (vertical and horizontal).

substrate 

reservoir 

suspension

coating 

moving directions 
vertical coating 

substrate 

reservoir 

suspension

coating 

moving directions 

horizontal coating Fig. 8 Types of dip coating
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The spin coating process depends, from the suspension

point of view, on the same factors as the dip-coating.

However, here, the machine parameters play a more

important role. The layer is formed during high-speed

turning of the planar substrate with the suspension posi-

tioned on top of the substrate. The spinning speed (in

addition to the suspension viscosity and the adhesion force

of the suspension on the substrate) influences the layer

thickness. By enhancing the spinning speed, the layer

becomes thinner. While for dip coating hardly any

unnecessary suspension is left, like the spraying technique,

spin-coating produces an overspray. This is the suspension

which is moved outwards from the centre to the substrate

rims and is spun off. However, the overspray can be col-

lected and re-dispersed. Spin-coating suspensions can be

also made of pure powder suspensions as well as sol–gel

suspensions and mixtures thereof. Examples of the use of

spin-coating for SOFCs are the application of sol–gel

electrolyte layers on anode-supported SOFCs [141–144].

Here, spin or dip coating compete with other thin film

techniques as described in ‘‘Cathode’’ section.

Up to now, both technologies have been used on the

laboratory scale for SOFCs, but they have the potential to

be industrialised only if they can be incorporated into a

production line, as, for example, in the semi-conductor

industry.

Table 3 lists the ceramic coating technologies, typical

layer thicknesses and their industrialisation status.

The application of the coating technology for mass

production of SOFCs will strongly depend on (a) the

industrialisability of the technique, (b) its costs and (c) the

obtained or desired film characteristics. In some cases,

especially requirements (a) and (c) could be conflicting.

Thus, in the application field SOFC, which is sometimes a

better technology with respect to film quality, will be

replaced by a technique which is more easily incorporated

into a production line. Slip casting and SP can be men-

tioned as an example. Up to now, vacuum slip casting has

provided high-quality electrolyte layers with good adhe-

sion, microstructure, reproducibility, thickness and gas-

tightness, but it is impossible to industrialise it. Therefore,

it will be replaced by SP which is easier to incorporate into

a production line, but has the drawback of needing to

change the mesh after several coatings and a layer quality

which is not yet as good as VSC.

At this point, it must be pointed out that not only will the

substrate and coating technologies play a key role during

fabrication and industrialisation of SOFCs, but sintering

also will remain a crucial parameter. The number of sin-

tering steps needed, the sintering temperatures and the

furnaces used will also influence cell quality and costs. The

reduction of the number of sintering steps correlates

directly with the manufacturing costs, and continuous

furnaces will be preferable to batch furnaces. In order to

ensure high power output for the cells, it seems that at least

two sintering steps are needed: a first step at higher tem-

peratures for the substrate (ESC) or the substrate–anode–

electrolyte unit (ASC) to ensure electrolyte gas-tightness,

and a second step to apply the electrodes (ESC) or the

cathode (ASC). Typical sintering temperatures for the

electrolyte material are 1400 �C, and especially the cath-

ode materials do not withstand temperatures above

1200 �C: Either they are highly densified, which results in

less current density, or they decompose and thus lose their

physical characteristics. Efforts have been made in recent

years with co-firing especially of the substrate, anode and

electrolyte [159–161].

More literature about ceramic manufacturing technolo-

gies, some focusing on SOFCs can be found in [135, 155,

162–165].

Thermal spraying methods

The basics of thermal spraying are described in various

books and review articles [44, 166–168], including in part

application to SOFC. Thus, in this article only the special

application of plasma spraying to SOFCs will be described.

Plasma spraying is mostly applied to metal-supported

SOFCs (MSCs) because metallic supports cannot be coated

by ceramic coating techniques and subsequent sintering at

high temperatures ([1200 �C) under oxidative conditions.

The metal support will oxidise, and if the sintering regime

is long enough, then not only will, for example, chromia

layers be formed (which would not be a crucial problem

Table 3 Ceramic coating

techniques and some parameters
Technique Typical film thickness (after sintering) Industrialisation status according

to SOFC

Screen printing 5–100 lm; but only discrete thicknesses

(depending on mesh characteristics used)

Established

Spraying 5–100 lm Established

Slip casting 1–20 lm Lab scale

Roller, curtain coating 5–20 lm Lab scale to commercial scale

Dip-, spin coating 2–10 lm for powder-based and 10 nm

to 2 lm for sol–gel-based

Lab scale
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because they form anyway during operation), but also iron-

oxide layers (including the risk of break-away corrosion),

and an interdiffusion between the steel and the anodic

nickel will change the material properties of both metals

and lead to austenitisation of the ferritic steel and reduction

of the catalytic activity of Ni. Thus, plasma spraying

without any high-temperature sintering as a post-coating

step is of interest.

Atmospheric plasma spraying (APS)

Thermal coating by plasma spraying at ambient pressure is

mostly used for oxide coatings. Typically a powder with an

agglomerate size in the range of some tens of micrometers is

used. The powder agglomerate diameter mainly depends on

flowability in pressure conveying. Smaller powder sizes tend

to form bigger agglomerates and loose flowability; bigger

powder particle sizes need higher temperatures or longer

retention times within the plasma to be completely melted.

These requirements for the powder limit the layer thickness

that can be coated. Normally, layer thickness for plasma

spraying is between *40 and 300 lm. Thus, thin films such

as 2–10 lm thick electrolytes or electrodes cannot be applied

by conventional APS. Another limitation is the substrate to

be coated. Because during plasma spraying, the sample to be

coated is heated by the plasma flame high temperature gra-

dients that form not only in the z-direction but also in the

horizontal direction. Ceramics mostly suffer from relatively

poorer thermomechanics, and especially thermal gradients

promote stresses in the ceramics in excess of their strength,

thus leading to substrate cracking. Therefore, plasma

spraying is mostly used for metal-supported SOFCs. Here,

all the functional layers, electrodes and electrolyte, can in

principle be coated. However, during APS there is a risk of

oxidising the metal support. The adaptation of the spraying

parameters (spraying distance, spraying speed, type of sup-

port gas, heating of the substrate etc.) strongly influences the

quality of the coating and also of the support. In contrast to

Schiller and coworkers [169, 170], who had long experience

with vacuum plasma spraying of SOFCs, the group of Vaßen

and coworkers tried to apply APS to SOFCs [44, 171, 172].

The latter authors showed that in principle APS is applicable

to metal-supported SOFCs based on a support made of

Crofer22APU. The current density for single cells reached

values of up to *1 A/cm2 at 800 �C, 0.7 V with air as oxi-

dant and a mixture of hydrogen with 3% water vapour as fuel.

Those values are roughly one-third less than those obtained

with typical anode-supported cells but very encouraging.

Three drawbacks can be seen at the moment for the APS

coatings:

1. The electrolyte layer, which needs to be gas-tight, shows

some porosity thus leading to reduced open circuit

voltage (OCV) values; this is an indication that the

electrolyte is not completely dense. This can be

confirmed by measuring the helium leak rate. Typically,

anode-supported cells with layers applied by ceramic

technology and sintering reach He leak rates of

10-6 hPa dm3/(s cm2) in the oxidised state of the

substrate and the anode, and roughly one order of

magnitude higher values in the reduced state [120]. The

leak rates measured for the metal-supported plasma-

sprayed cells is in the range of 10-2 hPa dm3/(s cm2)

[44]. This results in gas leakage and thus in reduced

OCV values. The lower OCV is not a problem for single-

cell testing, because this is a short-term measurement,

but for stack operation, a permanent leakage between the

tow atmospheric compartments leads to an internal gas

crossover, and this may result in damage to the electrode

(either re-oxidation of the anode or deterioration of the

cathode) and/or loss of power, both leading to high

degradation rates.

2. The electrodes should be open-pored and show a high

number of three-phase boundaries (TPBs). Therefore, a

mixture of anodic or cathodic materials needs to be

plasma-sprayed. Unfortunately, the microstructure of

the manufactured cells shows rather poor porosity, for

example horizontal splat pores typical of plasma spray-

ing and poorer interpenetration of the two electrode

materials (e.g. NiO ? YSZ or LSM ? YSZ). Both

powders have different physical characteristics (melting

point, surface area, materials density etc.) and were thus

melted and transported within the plasma flame in a

different manner. Therefore, a major power limitation

for APS-coated SOFCs refers to non-optimal electrode

microstructure.

3. Owing to the flowability of the powders and their

underlying particle size distribution, the layer thick-

ness obtained by APS is relatively thick. This results in

high intrinsic ohmic losses and subsequently in low

power density.

All these three factors limit the power output and the

lifetime, i.e. the degradation rate, of a cell or a cell within a

stack. However, owing to the advantages of metal supports

(re-oxidation tolerance, costs and low-temperature appli-

cation), coating by plasma spraying is still of great interest,

and many R&D groups worldwide are working on this

subject.

Vacuum plasma spraying (VPS)

Besides APS, plasma spraying at low pressure is of interest.

Typically, VPS is used to coat metallic layers, e.g. bond

coats for thermal and environmental barrier coatings [173].
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However, great efforts have been taken to apply VPS to

SOFCs [169, 170]. The main advantage of VPS in com-

parison to APS is that thinner layers with a denser micro-

structure (especially for the electrolyte) can be obtained.

For example, DLR has developed an SOFC based on a

metal support (Crofer22APU) by spraying the anode, the

electrolyte and the cathode using VPS. The basic problem

in applying VPS to SOFC is that typically two transport

gases, one usually argon and the second hydrogen, are

used. By using a strong reducing gas such as hydrogen,

especially the perovskites are destroyed by decomposition.

Thus, a different second carrier gas needs to be used (e.g.

nitrogen, helium). This requires the adaptation of the spray

process to each SOFC functional layer to reduce the con-

sequences of using the spraying equipment at suboptimal

parameters. As DLR has shown [169], the use of VPS for

all functional layers leads to cells with good current den-

sities, and also stacks have been manufactured and tested.

The measured current densities for single cells are in the

range of 300 mA/cm2 at 800 �C and 0.7 V with air and a

hydrogen/nitrogen mixture (12.57 cm2 active area), and in

stack tests, 270 mA/cm2 was obtained at 800 �C (4-cell

stack with 125 cm2 active area; hydrogen and air). MSCs

still suffer from higher degradation rates (compared to

anode- or electrolyte-supported SOFCs) and incomplete

electrolyte density, thus involving the risk of electrode

destruction. The main purpose of using metal-supported

SOFCs is to lower the operating temperature from typically

900–950 �C for ESCs and 750–800 �C for ASCs down to

temperatures below 700 �C. The reduced operating tem-

perature may be beneficial for the long-term behaviour of

materials for the metallic interconnects and the cells.

Low-pressure plasma spraying (LPPS)

Besides the ‘classical’ VPS LPPS also has become attrac-

tive in recent years. LPPS operates at lower pressure values

than VPS (VPS * 10–100 hPa, LPPS \ 10 hPa). The

main advantage of LPPS compared to VPS is a longer

plasma flame (because of the lower pressure), which results

in longer dwelling times for the powder within the plasma,

and in a larger circle which coats the substrate. Thus, the

thermal gradients are less pronounced, and the coating time

is reduced because fewer meanders are needed forcom-

pletely coating the substrate.

Up to now, there are only a limited number of publi-

cations concerning the application of LPPS to SOFC [174–

176], but the technology is of extreme interest due to its

advantages compared to VPS. In none of the mentioned

references were the real cells fabricated and, therefore, no

details about cell characteristics could be presented. Those

authors deal with coating parameters, microstructural

investigations of the coated layers and the influence of the

spray parameters and powder characteristics on layer

morphology. Especially electrolyte and electrode layers are

described in [174, 175] and insulation layers for metallic

SOFC components in [176].

Suspension plasma spraying (SPS) and high velocity

oxy-fuel spraying (HVOF)

In order to reduce layer thickness during plasma spraying,

novel techniques such as SPS and HVOF have been applied

for SOFC production. In SPS, not a pure powder but rather

a liquid suspension transporting a powder fraction of small

particle sizes (sub-lm or nm) is introduced into the plasma

flame. Because of the smaller particle sizes, the film

thicknesses obtained are also thinner than with APS and

VPS/LPPS. Ghosh and coworkers [177–179] have been

working with SPS and HVOF for SOFC for approximately

three years. Anode layers (composed of NiO-SDC, sama-

ria-doped ceria) were deposited on a porous metal support

based on Hastelloy X by SPS. Subsequently, a pure SDC

electrolyte layer was deposited the same way. As the

cathode material a mixture of SDC and a samaria-tin-

cobalt-oxide was screen printed on the electrolyte. The

electrochemical testing of such button cells (active area

0.34 cm2) reveals current densities of *150 mA/cm2 at

700 �C and 0.7 V. The functional layer thicknesses were

20–30 lm each (anode, electrolyte). SEM characterisation

still shows residual porosity in the electrolyte, thus leading

to reduced OCV values. The cathode thickness is roughly

30 lm. The results show that some study remains to be

done to increase the power output to typical values

obtained with APS or VPS, but the tendency towards lower

layer thicknesses to reduce the intrinsic ohmic losses is a

step in the right direction. Whether SPS and HVOF have

the ability to replace APS or VPS depends on the results

obtained (leak rates for the electrolyte, OCV values, cur-

rent density, degradation rates) and also on the manufac-

turing costs. The main advantage of APS is that there is no

need for a vacuum chamber, and, thus, the investment costs

are relatively low compared to the other plasma-spray-

ing techniques. Table 4 compares the thermal-spraying

Table 4 Thermal coating techniques and some parameters

Technique Typical

film

thickness

Industrialisation

status according

to SOFC

Atmospheric plasma spraying 50–300 lm Lab scale

Vacuum plasma spraying 30–150 lm Lab scale

Low-pressure plasma spraying 20–100 lm Lab scale

Suspension plasma spraying

and high-velocity oxy fuel spraying

5–50 lm Lab scale
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techniques with respect to their coating thicknesses and

industrialisation status.

Gas phase deposition technologies

The coating technologies of the preceding sections can be

divided into processes where solid material is directly

processed (e.g. screen printing), and those in which con-

stituents of the latter material are in a liquid phase (e.g.

thermal spraying, sol–gel precursors). This section now

focuses on deposition technologies where coatings are

applied from a gas phase.

Physical vapour deposition

Physical vapour deposition (PVD) essentially means the

transport of material from a condensed matter phase via a

gas phase towards a ‘cold’ substrate where the material

condenses. In general, solely the physical state (solid,

liquid, gaseous) is changed, not the material itself. Dif-

ferent methods have been developed to transfer material

into the gas phase: examples are thermal evaporation or

sputtering.

It is interesting to note that W.R. Grove, who is regarded

as the inventor of the fuel cell [180], described the phe-

nomenon that is known today as sputtering, for the first

time in 1852 [181].

Evaporation methods In general, evaporating material

means putting the material into a gas phase by transferring

heat to the material. The simplest way to do this is heating

the material in any kind of furnace. In this case, however,

the furnace must withstand the temperatures that are nec-

essary to obtain a considerable vapour pressure of the

material to be evaporated (often more than 1000 �C).

Therefore, more sophisticated heating methods have been

developed to heat the material (the ‘target’) without heating

the crucible containing the material. Examples are given in

the following.

During arc evaporation, electrical energy is converted

into heat at the sample surface by an electric arc. This

technique implies that a conductive material is to be

evaporated. Laser ablation is a process whereby the elec-

tromagnetic energy of the laser light is used to quickly

evaporate material. At high laser intensity, the material can

even be ionised. The stoichiometry of a layer made by laser

ablation is generally very close to that of the target due to

the fast evaporation. However, this method requires

materials which can absorb the laser light. Electron-beam

evaporation sources use the kinetic energy of electrically

accelerated electrons to transfer material to the gas phases

(see Fig. 11b). Virtually all materials can be electron-beam

evaporated. However, the stoichiometry of the layers of a

multi-phase material may differ from the target composi-

tion due to different partial pressures of the constituents of

the target [182].

Allthe above advanced technologies that they have in

common is that the material is typically evaporated from a

small spot. This spot has to be scanned along a large target,

or the sample has to be moved, or the distance between

target and sample has to be so large as to evenly coat large

samples. The coating procedure is basically a line-of-sight

process, which means that the vapour species are supposed

not to scatter at each other or at other gas atoms, and to

move in a ballistic manner to the sample. Steep edges or

undercuts on the sample surface are, therefore, very diffi-

cult to coat.

Electron beam evaporation has been used to deposit thin

electrolyte films for SOFCs [183, 184]. Figure 9 gives an

example of an electrolyte made by EBPVD and electro-

chemical data of this type of fuel cells. A composite of

yttria-stabilised zirconia (YSZ) sandwiched in between two

layers of gadolinium-substituted ceria (CGO) was depos-

ited on an anode substrate manufactured by a pressing

method (see substrate ‘‘Pressing methods’’ section) and an

anode applied by vacuum slip casting as described in the

‘‘Slip casting’’ section. The deposition temperature during

electron beam evaporation was 800 �C. No additional
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hydrogen (incl. 3 vol% water),

respectively (right); see text

3126 J Mater Sci (2010) 45:3109–3135

123



sintering step was necessary to obtain sufficient gas-tight-

ness. A cathode of La0.58Sr0.40Fe0.8Co0.2O3-d (LSFC) was

applied by SP and sintered at 1040 �C. Details concerning

the measurement of the electrochemical performance can

be found in [185].

Another application of EB-PVD in SOFCs is the depo-

sition of diffusion barrier layers: cathode materials like

LSFC and YSZ as electrolyte material create insulating

layers at temperature of 800 �C and above. Therefore,

compatible, thin, dense, ion-conducting barriers are nec-

essary. CGO is, in general, a suitable material. However, it

has been proved that screen-printed and subsequently sin-

tered CGO layers do not usually attain full density on

anode-supported half-cells with densely sintered YSZ

electrolytes (Fig. 10). With EB-PVD, on the other hand, it

was possible to achieve apparently dense CGO layers.

SOFCs with CGO layers made by EB-PVD exhibit con-

siderably higher performance than those with screen-prin-

ted CGO layers [186], which is attributed to the following

reasons (Fig. 10): (1) the Sr diffusion from the cathode to

the electrolyte (thus forming strontium zirconate) is more

effectively inhibited due to the higher density of the CGO

layer; (2) due to the reduced application temperature, the

detrimental interdiffusion reaction of CGO and YSZ,

which have a similar crystal structure, is minimised; (3)

assuming that the dominant conduction path for oxygen

ions through CGO is not surface conduction, the sponge-

like structure of the screen-printed CGO layer increases the

resistance, and the effective contact between CGO and

cathode and CGO and electrolyte, respectively, seems to be

better for the fuel cell with a PVD CGO layer.

Sputtering During sputtering, ions, which are accelerated

by an electric field, hit the surface of the sputter target and,

thus, eject small species (atoms, ions or clusters of these)

from the target (Fig. 11a). Such an arrangement can be

easily extended to large target sizes as well as large sample

sizes.

The directional distribution of particle flux from the

surface follows a cosine law, similar to the distribution of

evaporation sources. However, with a large sample facing

towards a large target, each point of the target serves as a
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Fig. 10 Comparison of a

screen-printed (left) and a PVD

CGO layer (right) for SOFCs;
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sintered at 1040 �C
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spot source with a cosine distribution of a particle flux, and

each point of the sample surface gathers material from

many spot sources located at different positions. Therefore,

the coating of edges is better for sputtering compared to the

single spot source evaporation processes. Nevertheless, it is

also a line-of-sight process. A disadvantage of sputtering is

the relatively low deposition rate compared to, for exam-

ple, evaporation processes.

Around 1990, the first attempts to introduce sputter

processes for SOFCs were reported, mainly for the fabri-

cation of dense electrolytes [187, 188].

Chemical vapour deposition

During chemical vapour deposition, or CVD, a chemical

reaction takes place in the gas phase or on the surface of

the sample to be coated: The starting materials, often called

‘precursors’, are chemicals that can be more or less easily

transferred into the gas phase, i.e. gaseous materials or

materials with a high vapour pressure. Theses gaseous

precursors diffuse to the sample and then react, thus cre-

ating the desired material (for a general introduction see

[189]). As an example, zirconium chloride (ZrCl4), yttrium

chloride (YCl3) and water (H2O) can be used to make YSZ

(Fig. 12). The reaction proceeds according to the following

equations:

2MeCly þ yH2O! 2MeOy=2 þ 2yHCl

4MeCly þ yO2 þ 2yH2 ! 4MeOy=2 þ 4yHCl

where Me is the cation species (zirconium and/or yttrium),

and y is the valence associated with the cation. The posi-

tion where the reaction takes place can be controlled either

by the sample temperature (higher than the decomposition

temperature of the precursors), by a plasma near the sur-

face to be coated (‘plasma-assisted’ or ‘plasma-enhanced’

CVD: PA-CVD or PE-CVD) or by the flow of gases which

have to react with each other. In Fig. 12, the purpose of the

gas flow is to close the pores in the anode layer,

preferentially on top of the anode. A variant of the CVD

process is also shown in Fig. 12: In this case, the pores are

completely closed by the CVD process, and further growth

of the layer is possible due to the ionic conductivity of

YSZ. Water releases oxygen ions at the TPB gas com-

partment–anode–electrolyte, the ions move to the surface

facing towards the gas flow of the zirconium- and yttrium-

containing precursors and then react (electrochemical

CVD, or EVD).

Metal–organic precursors usually have lower decom-

position temperatures than, for instance, chloride-based

precursors (metal–organic CVD, or MO-CVD).

Another variant of the CVD process is atomic layer

deposition (ALD). Normally, during CVD, the amount of

precursor in the gas phase near the sample determines the

growth rate of the layer. During ALD, however, the reac-

tion is controlled by the absorption of material on top of the

sample surface. In other words, only one monolayer of a

precursor adsorbs onto the surface, the atmosphere with

this precursor is subsequently pumped off, and then the

second precursor necessary for the reaction is put into the

reaction chamber and reacts with the adsorbed precursor.

As a result, a monolayer of material is created [190].

The CVD processes are mainly diffusion controlled and

are, therefore, in contrast to PVD, not line-of-sight pro-

cesses, and can also coat inner surfaces of open pores, for

instance. This is the case especially for ALD processes.

However, one major problem in CVD concerns the

precursor materials. Suitable precursors are difficult to

purchase for certain processes, and they are generally

expensive.

Electrochemical vapour deposition has been used, for

instance, by (Siemens-) Westinghouse for coating of

tubular cathode-supported cells with dense electrolyte

layers as shown in Fig. 12. YSZ films of about 40 lm in

thickness were deposited by the above-mentioned reaction

and in addition by

2MeCly þ yO2� ! 2MeOy=2 þ yCl2 þ 2ye�

yH2Oþ 2ye� ! yO2� þ yH2

The process led to sufficiently gas-tight YSZ layers, but the

cost for the process was regarded as too high [191, 192].

Microstructure

The functional principle of a fuel cell demands a micro-

structure of cathode, anode, and electrolyte. The electro-

lyte’s task is to separate the two gas compartments for fuel

gas and oxidant gas, and hence it has to be gas-tight.

Therefore, the electrolyte layer must be dense. With a

given bulk ion conductivity of the material, the electrolyte

O2-
Electrolyte
 8 YSZ

Porous 
anode

Ar + ZrCl4 (g) + YCl 3 (g)

H2 + H 2O (g)

CVD EVD

Fig. 12 Sketch of the CVD process for the fabrication of yttria-

stabilised zirconia (YSZ)
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layer can be as thin as possible to reduce the electrical

resistance—as long as the gas-tightness is maintained (for

this, it is assumed here that the electrolyte does not act as a

mechanical support).

The electrodes could—in principle—be ultra-thin dense

layers, provided that the electronic and ionic conductivity

and the catalytic activity for the corresponding electro-

chemical reactions are arbitrarily high. However, such

materials are not available yet, and alternative micro-

structures are used in practice. For both the electrolyte and

the electrodes, the microstructure obtained (dense, porous

fine or porous coarse) is a combination of physical and

chemical properties of the materials themselves, the man-

ufacturing technology (thermal, wet chemical, physical,

chemical deposition technique) and the subsequent thermal

treatment (atmosphere, temperature, time, rates). This

interaction between the process technology described in the

preceding sections and materials on the microstructure of

the electrodes are now presented in more detail.

For the electrochemical reaction, three requirements

have to be simultaneously fulfilled: there must be gas

available as well as an electron-conducting phase and an

oxygen ion-conducting phase. (Therefore, this region is

commonly called the three-phase area or three-phase

boundary.) Figure 13 shows this for cathodes. On top of an

electrolyte layer, a cathode made of a material with

perovskite crystal structure consisting of La0.65Sr0.3MnO3

(LSM) is applied, which is a good electron conductor but a

poor ion conductor [193]. It has to be an open-porous

structure, which means that the single pores are intercon-

nected to allow a gas flow from the outer gas compartment

to the cathode–electrolyte interface. The area where gas,

electron-conducting and ion-conducting phases simulta-

neously appear is located immediately adjacent to the

electrolyte surface. Since the cathode material is a poor ion

conductor, a major part of the cathode material does not

contribute to the electrochemical reaction. However, it

should be noted that, in some references, it is stated that

there is also oxygen diffusion in the cathode material

during operation of the fuel cell due to the creation of

oxygen defect sites by the overpotential [194, 195].

One route to overcoming this obstacle is to mix the

cathode and electrolyte material in the vicinity of the

electrolyte layer (Fig. 13, right) [196]. A significant

extension of the three-phase area is obtained, as long as

open porosity and continuous paths of the electron-con-

ducting and ion-conducting phases are guaranteed.

More sophisticated layers of mixed cathode and electro-

lyte material are also found in the literature, where a gradual

change from 100% electrolyte material/0% cathode material

to 0% electrolyte material/100% cathode material was

implemented [197]. Care has to be taken with this arrange-

ment since the partial electrochemical reaction O2 ?

4e- ? 2O2- requires the coincidence of gas and continuous

conducting paths for electrons as well as for ions. If the

amount of, for example, electron-conducting material is

below a corresponding percolation threshold, electrons

cannot be provided to this region, and the partial electro-

chemical reaction may not take place any more [198].

Another approach is to choose an electrode material that

has intrinsic electronic and ionic conductivity, instead of a

cathode comprising a mixture of two phases, one of which

is electron-conducting and the other ion-conducting

(Fig. 14). Thus, the catalytically active area is extended

from ‘reaction lines’ to the entire surface of the cathode

material.

Perovskites are a material class that can have oxygen-

ion conductivity. Their ability to enable the reaction

O2 ? 4e- ? 2O2- and to conduct oxygen ions varies with

composition. Cobalt-based compositions exhibited the

lowest overpotential of cathode–electrolyte half-cells;

however, they suffered from an adverse reaction with the

YSZ electrolyte. Different electrolyte materials are neces-

sary which do not react with this type of perovskite, for

instance doped ceria, or composite electrolytes with a top

layer of ceria. Manganese-based perovskites were found to

be a good compromise between chemical stability in con-

tact with YSZ and electrochemical activity [60].

Both types of cathodes benefit from a large surface area

for proper functioning. It is easy to ensure that this area

increases with decreasing particle size of the cathode

material, and vice versa.

YSZ (O2-)

La0.65Sr0.3MnO3

[LSM (e-)] 

electrolyte

O2

O2- e-

e-

O2-

O2

LSM/YSZ mixed cathode 

YSZ (O2-)

La0.65Sr0.3MnO3

[LSM (e-)] 

electrolyte

O2

O2- e-

e-

O2-

O2

threephase
boundaries

LSM cathode 

three-phase
boundaries

Fig. 13 Sketch of a half-cell

comprising an electrolyte and a

cathode. Left: The cathode is an

electron conductor and porous

to enable gas feeding, the

electrolyte is an ion conductor.

Right: Increase of the area

where the electrochemical

reaction O2 ? 4e- ? 2O2- can

take place (small circles)
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For ceramic cathodes, cathode powder is typically syn-

thesised, if necessary milled to a certain particle size, and

then applied through, for example, printing or painting to

the electrolyte and subsequently sintered. The particle size

is determined by the initial particle size and the sintering

procedure [60]. On the one hand, higher temperatures lead

to coarser particles, which is advantageous for enhanced

contact between the particles and, thus, for high conduc-

tivity, and—in some cases—larger pores for increased gas

throughput. On the other hand, the active surface area is

reduced, thus leading to a lower effective electrochemical

reaction rate. Therefore, the sintering temperature has a

direct influence on cell performance (Fig. 15).

The sintering behaviour of materials is not only deter-

mined by the particle size, but, of course, also by the

material itself. As an example, changes in the composition

of perovskite materials—including cation deficiencies on

certain lattice sites—can lead to different sintering char-

acteristics. This fact has to be taken into account for

assessing the effect of compositional changes in the series

of cathode materials under investigation: The influence of

the pure material properties and the influence of the

microstructure must be distinguished [199–201].

Another fact that has to be taken into account is the

thickness of the electrode layer and, for cathodes with more

than one homogeneous layer, the ratio of the layer thick-

nesses. There may not be sufficient three-phase area pres-

ent if the layers are too thin. Moreover, the in-plane

conductance might be too low for proper current collection,

which, thus, leads to lower performance [202, 203].

The microstructure is not only important for functional

layers, but also for the substrate materials. This is discussed

in the following with the example of anode substrates made

of nickel (Ni) and YSZ.

Gas permeability and electrical conductivity are crucial

for the functioning of an electrode substrate for a fuel cell.

Moreover, the thermal expansion coefficient has to be

adapted to that of the functional layers.

An open-porous Ni network would fulfil the first two

requirements. However, for a matching thermal expansion,

and to inhibit too severe sintering, Ni is mixed with YSZ. A

continuous framework of YSZ can adapt the thermal

expansion to the demands. Roughly, a portion of around

one-third of the total volume is necessary for such an

interconnected framework, another one-third of Ni to

ensure conductivity (above the percolation threshold), and

5 µm

Tsinter=1100°C Tsinter=1150°C Tsinter=1200°C

0.63 W/cm2 0.52 W/cm2 0.39 W/cm2

Electrolyte

Cathode 

Fig. 15 Scanning electron

micrographs of cathodes made

of Pr0.65Sr0.3MnO3-d sintered at

three different temperatures

along with the output power at

800 �C and 0.7 V cell voltage

of 50 mm 9 50 mm cells with

an active cathode area of

40 mm 9 40 mm operated with

1000 mL/min air and hydrogen,

respectively (data taken from

[1]). With increasing sintering

temperature performance

significantly decreased
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one-third of the volume for pores for gas permeation. In

some applications, higher stability is desired. This can be

obtained by a higher volume proportion of YSZ, without

changing the ratio of YSZ to Ni (for good conductivity); in

other words, the geometric density has to be increased, or a

there will be a smaller amount of pores [204]. This may

lead to an undesired gas supply shortage during fuel cell

operation [205]. Therefore, the thickness of the substrate

might be reduced to prevent or to minimise the losses due

to low gas permeation.

Another approach is to change the distribution of the Ni

in the substrate. The actual percolation threshold strongly

depends on the ‘type’ of distribution of the conductive

phase: the percolation threshold for a hexagonal closed

package of round mono-modal particles, for instance, dif-

fers from that of Ni fibres. Therefore, besides processing

substrates on the basis of powder particles, Ni–YSZ sub-

strates have been made by coating the YSZ particle with Ni

precursors where the percolation threshold might be shifted

to significantly lower values [206, 207].

Conclusions and outlook

A great deal of effort has been invested in solid oxide fuel

cells in the past decade. This accounts for the development

of high-power materials (especially cathode materials), for

the processing of SOFC functional layers for the reduction

of materials costs (e.g. for metallic interconnects), and the

understanding of microstructural design in the functional

layers to enhance power output. Nowadays, sufficient

know-how is available to manufacture cells of high power

output and low degradation rates with respect to materials

and processing technology. Various developers from R&D

institutions and also from companies have demonstrated on

a laboratory and commercial scale, respectively, the proof

of their concepts. Some field tests have already been car-

ried out, but much more testing seems to be necessary to

push the SOFCs into a worldwide market. In comparison to

other types of fuel cells, SOFCs have a wide range of

advantages and thus, in addition to polymer electrolyte fuel

cells for portable applications, they could be one of the first

types of fuel cells to enter the market.

In the future, study on SOFCs should focus on (a) real

operational results obtained by field testing, (b) lowering

the manufacturing costs of all components (cells, inter-

connects, stack, balance-of-plant), (c) understanding deg-

radation mechanisms with respect to materials interaction,

fuel contaminations and morphology changes. Especially

for stationary applications, a lifetime of more than

40,000 h is envisaged, and thus the degradation rate should

be as low as possible, e.g. a voltage loss below 0.25%/

1000 h, (d) development of accelerated testing procedures

to gain realistic degradation data for lifetime predictions

from short-term tests, and (e) development of new mate-

rials and concepts for future SOFC applications at lower

temperatures (\600 �C using hydrogen or methanol as

fuel) or in harsh conditions (reoxidation tolerance of the

anode substrate). Therefore, two development lines seem to

be proceeding in parallel: testing of the existing stacks and

systems and developing new materials, processes and

systems for novel application fields for reduced operation

temperature and also for high-temperature electrolysis

(solid oxide electrolysis cell, SOEC).

Based on these development lines, future work will

probably be split into two levels: firstly, on the industrial

level, the reduction of materials and manufacturing costs

and the assembly of stacks and systems for operational

experience combined with the development of accelerated

test protocols. This has to be done by cell and interconnect

developers, by stack integrators as well as by system sup-

pliers. Secondly, on the R&D level at universities and

research institutes, research into the understanding of

degradation mechanisms, lifetime modelling and the

development of novel materials to overcome the degrada-

tion phenomena (if related to materials interactions).

In future, APU applications, e.g. for heavy trucks and

leisure (mobile homes, sailing ships), seem to be one of the

first markets for SOFCs since the existing stacks and sys-

tems fulfil most of the requirements with respect to lifetime

(\10,000 h), power density (*1–1.5 A/cm2 for the cell)

and costs. Applications like household energy supply

(*1 kWel) are on the way and field testing has started, but

such applications need more operational results to ensure

their applicability, especially with respect to daily, weekly

and monthly fluctuations due to energy need and climate.

Long-term applications ([5 years) such as decentralised

power supply ([100 kWel) will probably be the final field

of market entry because of insufficient lifetime (too high

degradation rates for existing stacks and systems) and high

economic burden and risk.
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A (2000) Solid State Ionics 138:79

67. Takeda Y, Kanno R, Noda M, Tomida Y, Yamamoto O (1987)

J Electrochem Soc 134:2656
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(2008) Solid State Ionics 179(27–32):1501

132. Crofer22APU Material Data Sheet No. 4046 (2008) Thys-

senKrupp VDM, Werdohl, Germany, June 2008

133. Venskutonis A, Kunschert G, Mueller E, Hoehle H (2007) ECS

Trans 7:2109

134. Meulenberg WA, Menzler NH, Buchkremer HP, Stöver D
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(2005) Solid State Ionics 176:1341

202. Juhl M, Primdahl S, Manon C, Mogensen M (1996) J Power

Sources 61:173

203. Haanappel VAC, Mertens J, Rutenbeck D, Tropartz C, Herzhof

W, Sebold D, Tietz F (2005) J Power Sources 141:216

204. Radovic M, Lara-Curzio E (2004) Acta Mater 52:5747
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