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(57) Abstract: The present invention relates to a thin and in principle unsupported solid oxide cell, comprising at least a porous

\& anode layer, an electrolyte layer and a porous cathode layer, wherein the anode layer and the cathode layer comprise an electrolyte
& material, at least one metal and a catalyst material, and wherein the overall thickness of the thin reversible cell is about 150 pm or
% less, and to a method for producing same. The present invention also relates to a thin and in principle unsupported solid oxide cell,
&= comprising at least a porous anode layer, an electrolyte layer and a porous cathode layer, wherein the anode layer and the cathode
& layer comprise an electrolyte material and a catalyst material, wherein the electrolyte material is doper zirconia, and wherein the
O Gverall thickness of the thin reversible cell is about 150 wm or less, and to a method for producing same. The present invention further
o provides a thin separation membrane, comprising at least a porous anode layer, a membrane layer comprising a mixed conducting

material and a porous cathode layer, wherein the anode layer and the cathode layer comprise the mixed conducting material and a
a catalyst material, and wherein the overall thickness of the thin separation membrane is about 150 pm or less.
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Thin solid oxide cell

Technical field

The present invention relates to a thin and in principle unsupported solid oxide cell
(SOC) and a method for preparing same. The present invention further relates to a thin
separation membrane which may be used as an oxygen separation membrane, espe-
cially for the production of oxygen or synthesis gas, or may be used as a hydrogen
separation membrane for the production of high purity hydrogen, and a method for pre-

paring same.

Background art

Solid oxide cells (SOC'’s) generally include cells designed for different applications, such
as solid oxide fuel cells (SOFC’s), solid oxide electrolysis cells (SOEC's), or membranes.
Due to their common basic structure, the same cell may, for example, be used in SOFC
applications as well as SOEC applications. Since in SOFC's fuel is fed into the cell and
converted into power, while in SOEC’s power is applied to produce fuel, these cells are

referred to as ‘reversible’.

Solid oxide fuel cells (SOFC's) are well known in the art and come in various designs.
Typical configurations include an electrolyte layer being sandwiched between two elec-
trodes. During operation, usually at temperatures of about 500°C to about 1100°C, one
electrode is in contact with oxygen or air, while the other electrode is in contact with a

fuel gas.

The most common manufacture processes suggested in the prior art comprise the
manufacture of single cells. Generally, a support is provided, on which an anode layer is
formed, followed by the application of an electrolyte layer. The so formed half cell is
dried and afterwards sintered, in some cases in a reducing atmosphere. Finally, a cath-
ode layer is formed thereon so as to obtain a complete cell. Alternatively, one of the
electrode layers or the electrolyte layer may be used as a support layers, having a thick-
ness of about 300 um or more.
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This approach requires a relatively thick support layer to provide mechanical stability of
the obtained cell, thereby increasing the overall thickness of the single cells. Further, to
obtain high voltage and power, many cells are stacked together in series. However, a
large thickness of the individual cells will limit the cell performance and will decrease the
power/volume or power/weight of the cell stack. Furthermore, a large thickness also
translates into use of more material and thus adds to the overall costs of the stack.

US-A-2004/00115503 discloses an electrochemical device assembly, comprising a po-
rous electrically conductive support layer; a prefabricated electrochemical device layer;
and a bonding layer between said support layer and said electrochemical device layer.
The conductive support layer has a thickness of from 50 to 750 um.

US-A-2002/0048699 relates to a SOFC, comprising a ferritic stainless steel support sub-
strate including a porous region and a non-porous region bounding the porous region; a
ferritic stainless steel bi-polar plate located under one surface of the porous region of the
substrate and being sealingly attached to the non-porous region of the substrate about
the porous region thereof; a first electrode layer located over the other surface of the
porous region of the substrate; an electrolyte layer located over the first electrode layer;
and a second electrode layer located over the electrolyte layer. The substrate preferably
has a thickness of from 50 to 250 pm.

US-A-2004/0166380 relates to a method of producing porous electrodes for use in solid
oxide fuel cells. The electrodes are formed from a powder of the electrolyte material, and
tape cast to form a two-layer green tape. One of said layers will be the later electrode
layer, the other layer the electrolyte layer. The obtained green tape is then sintered to
form a porous matrix of the electrolyte material near the surface of the first layer and a
dense layer of the electrolyte material from the second layer. The final electrode is
formed by impregnating the porous portion with electron conducting material.

US patent 5,273,837 relates to thermal-shock-resistant fuel cell designs comprising flat
and corrugated ceramic sheets combined to form channelled structures, the sheets be-
ing provided as thin, flexible ceramics. Said flexible, pre-sintered ceramic sheets are

used as electrolytes or electrolyte substructures and can be produced as free-standing
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sheets of high strength but very slight thickness not exceeding about 45 ym. Combined
with the electrode layers, the thickness of said substructure does not exceed 150 pm.

However, in view of the increasing importance of solid oxide fuel cells as alternative en-
ergy converters, there is a desire for SOFC’s with improved performances as compared
to the cells provided by the prior art so far.

Similar to the above described solid oxide fuel cell designs, separation membranes
comprise a thin membrane layer sandwiched by electrodes.

Such separation membranes may, for example, be used to produce synthesis gas,
which is a mixture of CO and H,. Air and methane are supplied at the cathode and an-
ode, respectively, and synthesis gas is obtained via a partial oxidation of the methane.
Separation membranes may also used for hydrogen separation for the production of
high purity hydrogen. In this case the membrane material must be proton conducting.

Usually, a support layer having a thickness of about 300 pm or more is used to support
the membrane and to provide the required strength. Alternatively, one of the electrode
layers may be used as the support, being of corresponding thickness. For example,
metal electrodes have been proposed as an electrode material since metal is mechani-

cally more robust than a ceramic layer.

However, there is a desire for thin, and in principle unsupported ceramic separation
membranes with improved performances as compared to the membranes provided by
the prior art so far.

WO-A-2006/082057 relates to a method of producing a reversible solid oxide fuel cell,
comprising the steps of 1) providing a metallic support layer; 2) forming a cathode
precursor layer on the metallic support layer, 3) forming an electrolyte layer on the
cathode precursor layer; 4) sintering the obtained multilayer structure; 5) impregnating
the cathode precursor layer so as to form a cathode layer; and 6) forming an anode
layer on top of the electrolyte layer.
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WO0-A-2005/122300 relates to a SOFC cell comprising a metallic support ending in a
substantially pure electron conducting oxide, an active anode layer consisting of doped-
ceria, ScYSZ, Ni-Fe alloy, an electrolyte layer consisting of co-doped zirconia based on an
oxygen ionic conductor, an active cathode layer and a layer of a mixture of LSM and a

ferrite as a transition layer to a cathode current collector of single phase LSM.

US-A-2006/025718 discloses a fuel cell electrode material comprising a cermet which
comprises metal particles consisting of cobalt and nickel and electrolyte particles
consisting of solid oxides, wherein said metal particles comprise 20 to 90 mol% cobalt and

the residue of nickel in terms of CoO and NiO, respectively.

US patent 6,017,647 discloses a composite oxygen electrode/electrolyte structure for a
solid state electrochemical device having a porous composite electrode in contact with a

dense electrolyte membrane.

GB-A-1000576 relates to a gas electrode for fuel cells which comprises a body of porous
sintered electrode material presenting a pair of oppositely disposed surfaces, the electrode
material being electrochemically active, a network of gas channels centrally disposed in
said body between said surfaces, and a plurality of bridges of porous sintered material
integral with and connecting said active surfaces throughout said central gas channels, the
gas channels having a cross-sectional area substantially greater than that of the pores of
the porous sintered material, and being substantially evenly distributed throughout the
electrode between active surfaces.

US-A-5273837 discloses a thermal-shock-resistant fuel cell design comprising flat and
corrugated ceramic sheets combined to form channelled structures, the sheets being
provided as thin, flexible ceramics and being particularly effective when used as
components of compliant electrolyte substructures incorporating the flexible ceramics with

fuel cell electrodes and/or current conductors bonded thereto.

Reference to any prior art in the specification is not, and should not be taken as, an

acknowledgment, or any form of suggestion, that this prior art forms part of the common
general knowledge in Australia or any other jurisdiction or that this prior art could
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reasonably be expected to be ascertained, understood and regarded as relevant by a

person skilled in the art.

As used herein, except where the context requires otherwise, the term "comprise” and

variations of the term, such as "comprising”, "comprises” and “"comprised”, are not

intended to exclude other additives, components, integers or steps.

Summary

In view of the disadvantages of SOFC's and separation membranes of the prior art having
a relatively thick support layer, the present invention seeks to provide a thin, reversible and
in principle unsupported solid oxide cell, particularly a solid oxide fuel cell, and a method
for producing same; and further to provide a thin and in principle unsupported separation
membrane, as well as methods for producing same.

In one aspect of the invention there is provided a thin solid oxide cell (SOFC/SOEC),
comprising at least a porous anode layer, an electrolyte layer and a porous cathode layer,
wherein the anode layer and the cathode layer comprise an electrolyte material, at least
one metal and a catalyst material, and wherein the overall thickness of the thin reversible

cell is about 150 ym or less.

In another aspect of the invention there is provided a thin solid oxide cell, comprising at
least a porous anode layer, an electrolyte layer and a porous cathode layer, wherein the
anode layer and the cathode layer comprise an electrolyte material, and a catalyst
material, wherein the electrolyte material is doped ceria, and wherein the overall thickness

of the thin reversible cell is about 150 um or less.

In a further aspect of the invention there is provided a method for producing the above thin
solid oxide cells, comprising the steps of:

providing a first electrode layer;

applying an electrolyte layer on top of said first electrode layer;

applying a second electrode layer on top of said electrolyte layer;

sintering the obtained structure; and
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impregnating the first and second electrode layer with a catalyst material or

precursor thereof.

In a further aspect of the invention there is provided a thin separation membrane,
comprising at least a porous anode layer, a membrane layer comprising a mixed
conducting material and a porous cathode layer, wherein the anode layer and the cathode
layer comprise the mixed conducting material and a catalyst material, and wherein the

overall thickness of the thin separation membrane is about 150 pm or less.

In a further aspect of the invention there is provided a method for producing the above thin
separation membrane, comprising the steps of:

providing a first electrode layer,

applying a membrane layer on top of said first electrode layer;

applying a second electrode layer on top of said electrolyte layer;

sintering the obtained structure; and

impregnating the first and second electrode layer with a catalyst material or

precursor thereof.

In one aspect of the invention there is provided an unsupported thin solid oxide cell with
an overall thickness of 100 um or less, comprising at least;

a porous anode layer,

an electrolyte layer; and

a porous cathode layer,
wherein the anode layer and the cathode layer comprise an electrolyte material, at least

one metal and a catalyst material.

In another aspect of the invention there is provided an unsupported thin solid oxide cell
with an overall thickness of 100 um or less, comprising at least:

a porous anode layer,

an electrolyte layer; and

a porous cathode layer,

wherein the anode layer and the cathode layer comprise an electrolyte material, and a
catalyst material and wherein the electrolyte material is doped ceria.
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In another aspect of the invention there is provided an unsupported thin separation
membrane with an overall thickness of 100 um or less, comprising at least:

a porous anode layer,

a membrane layer comprising a mixed conducting material; and

a porous cathode layer,
wherein the anode layer and the cathode layer comprise the mixed conducting material

and a catalyst material.

Brief description of the drawings

Figure 1 illustrates a solid oxide cell in accordance with the present invention, comprising

an electrolyte layer 1 and two electrode layers 2 and 3.

Figure 2 illustrates a solid oxide cell in accordance with the present invention, comprising
an electrolyte layer 4 and electrode layers 5 to 8.
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Figure 3 illustrates a solid oxide cell in accordance with the present invention, comprising

two electrolyte layers 9 and 10 and two electrode layers 11 and 12.

Figure 4 illustrates a patterned solid oxide cell in accordance with the present invention,

comprising an electrolyte layer 13 and two electrode layers 14 and 15.

Detailed description of the invention

The present invention is directed to a thin, and in principal unsupported solid oxide cell,
comprising at least a porous anode layer, an electrolyte layer and a porous cathode layer,
wherein the anode layer and the cathode layer comprise an electrolyte material, at least
one metal and a catalyst material, and wherein the overall thickness of the thin reversible

cell is about 150 pm or less.

The present invention is further directed to a thin, and in principal unsupported solid oxide
cell, comprising at least a porous anode layer, an electrolyte layer and a porous cathode

layer, wherein the anode layer and the cathode layer comprise an electrolyte
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material, and a catalyst material, wherein the electrolyte material is doped ceria, and
wherein the overall thickness of the thin reversible cell is about 150 um or less.

The solid oxide cell is preferably a solid oxide fuel cell (SOFC). Also preferred is the
solid oxide cell being a solid oxide electrolysis cell (SOEC). In a further preferred em-
bodiment, the solid oxide cell is ‘reversible’, i.e. may be employed in SOFC applications
as well as SOEC applications. Thus, the same basic cell design allows for a broad spec-
trum of applications.

Furthermore, the SOC’s and membrane of the present invention are in principle ‘unsup-
ported’. No additional support layer is necessary, and the disadvantages outlined above
connected with the additional support layer can be effectively avoided. Moreover, since
advantageously none of the electrode layers functions as a support layer, i.e. has to
have an increased layer thickness in order to function as a support, the overall thickness
of the SOC or membrane is reduced to a great extend. This is in sharp contrast to prior
art designs also omitting an additional support layer, but instead still requiring one of the
electrode layer to have an increased thickness in order to support the cell. For the pre-
sent invention sufficient strength is achieved via the sandwich trilayer (or multi-layer)
comprising electrolyte layer and the backbone structure in the two electrode established

using the same material.

The cells may be combined to form a stack to increase the overall output. Thus, the pre-
sent invention is also directed to such a stack formed from multiple cells connected in

series.

In a preferred embodiment, the electrolyte layer of the SOC has a thickness of about 2
to about 20 um, more preferably of about 6 to about 18 um.

Further, the cathode layer and/or the anode layer preferably have a thickness of about
65 um or less, more preferably of about 45 pm or less, and even more preferably of

about 40 pym or less.
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The overall thickness of the thin solid oxide cell is about 150 um or less, preferably, 120
um or less, and more preferably 100 pm or less. Most preferred is the overall thickness
being less than 100 pm.

Both electrode precursor layers are porous and have the same composition. Catalytic
activity (and in some cases increased electronic conductivity) is achieved by impregnat-
ing the two porous electrode precursor layers with suitable materials. Prior to the im-
pregnation the cell is symmetrical. This ensures that the mechanical forces exerted on
the electrolyte layer during the temperature cycling in use are symmetrical. Furthermore,
since the thermal expansion of the electrode layers is larger than the thermal expansion
of the electrolyte layer sandwiched in between, the electrolyte layer is under compres-
sion during cooling of the cell. Both advantageously results in an improved mechanical

strength of the cell.

As may be seen from Figure 1, the electrode layers may be formed as a single layer 2
and 3. However, as may be seen from Figure 2, the electrode layers may also be formed
as a multilayer structure comprising the same number of layers on each side. As shown
in Figure 2, each electrode comprises two layers 5,7 and 6,8. Each electrode may of

course have more than two layers if desired.

In one embodiment, the anode layer and the cathode layer both comprise an electrolyte
material, at least one metal and a catalyst material. The at least one metal is preferably
selected from the group consisting of Ni, a FeCrMx alloy, and a NiCrMx alloy, wherein
Mx is selected from the group consisting of Ni, Ti, Ce, Mn, Mo, W, Co, La, Y, Zr, Al and
mixtures thereof. More preferably, the at least one metal is a FeCrMx alloy.

Consequently, the finally obtained electrode structure comprises three independent per-
colating phases, namely electrolyte material, metal and porosity.

Furthermore, the electrolyte material is preferably selected from the group consisting of
doped zirconia, doped ceria, gallates and proton conducting electrolytes.

The catalyst particles needed for the electrode function may also be preferably formed in
a chemical reaction between a precursor added by impregnation and elements being ex-

8
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solved from the metal phase or the electrolyte material in the backbone structure during
use or during a specific heating cycle in controlled atmosphere. In a preferred embodi-
ment Mn, Ni or Co is supplied to the catalyst particles from the metal.

The electrode layers advantageously comprise an electrolyte material, at least one metal
and a catalyst material. The electrode layers comprising said electrolyte material thus
provide ionic conductivity and, at the same time, provide good bonding to the electrolyte
layer. The metal on the other hand provides electronic conductivity and increases the
thermal expansion coefficient of the electrode layers. Furthermore, since the metal is
part of the sintered electrode layers, there is no need of percolating the catalyst material

in the final cell.

Moreover, advantageously, the catalyst material may be formed as very fine particles
during the impregnation step since the metal provides percolating electronic conductivity
to the electrode layer. Thus, a disadvantageous coarsening of the catalyst particles can
be efficiently reduced or avoided. Additionally, less amount of catalyst is needed, further

reducing the manufacturing costs.

In another embodiment, the electrolyte material of the thin solid oxide cell specifically
comprises doped ceria. In this case, it is not mandatory for the anode layer and the
cathode layer to comprise at least one metal. Of course, metal may be added if desired,

depending on the application purpose.

The preferred embodiments described above of course also apply to the specific em-
bodiment comprising doped ceria as the electrolyte material, but wherein it is not man-
datory for the anode layer and the cathode layer to comprise at least one metal.

The above described thin solid oxide cell, particularly thin reversible solid oxide fuel cell,
is obtainable by a method comprising the steps of:

providing a first electrode layer;

applying an electrolyte layer on top of said first electrode layer;

applying a second electrode layer on top of said electrolyte layer,

sintering the obtained structure; and
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impregnating the first and second electrode layer with a catalyst material or pre-
cursor thereof.

Preferably, the first and second electrode layer and said electrolyte layer are manufac-
tured independently, for example by tape-casting, and are subsequently laminated, i.e.
by rolling, to form the thin solid oxide fuel cell.

Also preferred is the steps of tape casting the electrode layers and electrolyte layer be-
ing carried out by co-casting of the respective layers directly on top of each other. This
can be done by tape casting including “wet on dry” casting and “wet on wet” casting. It is
further preferred to employ wet on wet tape casting.

This ensures excellent bonding of the two layers on each other. Furthermore, a drying
step may be omitted in wet on wet casting, thus making the process more time and in
return cost efficient. Co-casting advantageously results in a large reduction in produc-

tion costs.

In another preferred embodiment, the electrolyte layer of the thin reversible solid oxide
fuel cell is a multilayer structure comprising at least two layers, as illustrated by layers 9
and 10 in Figure 3. The overall thickness of said multilayer structure is still about 2 to
about 20 um, more preferably of about 6 to about 18 pm, as mentioned above. Thus, the
electrolyte layer may, for example, be formed from two layers each having a thickness of
about 5 ym.

In a further preferred embodiment, the electrode layers may also be multilayer structures
comprising at least two layers each, as illustrated by electrode layers 5,7 and 6,8 in Fig-
ure 2, having the same overall thickness of about 65 pm or less, more preferred of about
40 um or less, respectively. More preferred is a multilayer structure wherein the at least
two layers have a different thermal expansion coefficient (TEC). This may, for instance,

be achieved by a different amount of metal in the respective layers.

Preferably, the TEC of the outer electrode layer 7,8 is smaller than the TEC of the elec-
trode layers 5,6 being in contact with the electrolyte layer 4. Electrolyte layer 4 has the
lowest TEC.

10



10

15

20

25

30

WO 2008/061782 PCT/EP2007/010194

In a more preferred embodiment, the cathode layer and the anode layer comprise two
different layers each, as shown in Figure 2, wherein the respective layers directly in con-
tact with the electrolyte layer have identical thermal expansion coefficient the value of
which is larger than the thermal expansion coefficient of the electrolyte layer, and larger
than the thermal expansion coefficient of the respective second layers of the electrodes.
Furthermore, the thermal expansion coefficients of the respective second layers are also

identical.

If the cathode layer and the anode layer comprise more than two layers each, each fur-
ther layer has a thermal expansion coefficient being smaller than the one of the layer on
the side closer to the electrolyte layer, while maintaining an overall symmetrical cell

structure.

Since the final cell structure is a symmetrical structure, with the electrolyte layer being
sandwiched by the at least two electrode layers as described above, the respective lay-
ers having a smaller TEC than the two layers in contact with the electrolyte layer will be
under compression during cooling. This is due to the outermost layer on each side of the
electrolyte having a smaller thermal expansion coefficient, as compared to the inner lay-
ers. Consequently, the cell advantageously exhibits an improved stability, resulting in a
longer cell life.

In a further preferred embodiment, the manufactured cell structure is profiled prior to
sintering so as to obtain a patterned structure. Patterned structures include a ribbon
structure or egg tray structure, as illustrated by Figure 4. The pattern may advanta-
geously act as gas channels in the cell during later use. Said pattern contributes to the
overall stiffness and handling strength of the cell. The profiling of the cell further in-
creases the power/volume performance of the stack which is highly advantageous in

certain applications.

Further, in this case, the respective interconnects separating the individual cells which
are stacked in series may be flat foils and do not have to have a structure including said
gas channels. This reduces the costs of the interconnector and makes the overall pro-

duction method more cost effective.

11
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In the method the present invention, alternatively a combination of co-casting and lami-
nating the layers may be employed. For example, if the above described multilayer elec-
trode is used, the respective electrode multilayer structures may be co-cast and then
laminated to the electrolyte layer, which is preferred. Of course, other combinations of
laminating and co-casting the respective layers is possible. For example, if a multilayer
electrolyte is used, the electrolyte layers may be co-cast and then laminated to the elec-
trode layers.

After the sintering step of the multilayer structure, the electrode layers are impregnated
with a catalyst or precursor thereof. This can be done by masking the first electrode
layer, impregnating the unmasked second electrode layer, followed by demasking the
first and masking the second, now impregnated electrode layer, then impregnating the
second electrode layer, and finally demasking the first electrode layer.

Advantageously, the catalyst material may be formed as very fine particles during the
impregnation step since the metal provides electronic conductivity. Thus, a disadvanta-
geous coarsening of the catalyst particles, which ctherwise occurs when sintering the
cell, can be efficiently reduced or avoided. Additionally, less amount of catalyst is
needed, further reducing the manufacturing costs of the cell.

Also, less impregnation of a current collection material is needed, also contributing to the
overall performance increase.

Preferably, the catalyst or precursor thereof for the impregnation of the first or second
electrode layer which will function as the cathode layer is selected from the group con-
sisting of manganites, ferrites, cobaltites and nickelates or mixtures thereof. Examples
include lanthanum strontium manganate, lanthanide strontium iron cobalt oxide, (Gds.
Ca,)Fe.,C0,0s, (LasxSr)MnOss), (LN1,SHIMNOs., (Lay.Sry)Fer.,Co,Os.s, (LN1Sry)Fes.
/C0,035,  (Y1<Ca)Fe1yC0,0ss (GdiSrx)Fei4C0,0ss, (GdyxSry)Fer,C0,05, (Gdh.
,Ca,)Fe;,C0,055 (Y,Ca)Fer,Co,0s5, (Y1xCaxFes,Co,03 or mixtures thereof. Ln =
lanthanides.

12
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In the above formulae, x is preferably from about 0 to 1, more preferably from about 0.1
to 0.5, and most preferably from 0.2 to 0.3. Y is preferably from about O to 1, more pref-
erably from about 0.1 to 0.5, and most preferably from 0.2 to 0.3.

Along with the above mentioned catalysts, electrolyte materials such as doped zirconia
or doped ceria may also be impregnated.

It is also preferred that the catalyst or precursor thereof for the impregnation of the first
or second electrode layer which will function as the anode layer is selected from the
group consisting of Ni, Fe,Ni., alloys and a mixture of Ni and doped ceria/zirconia or a
mixture of Cu and Cu and doped zirconia/ceria. Alternatively Ma,Ti.,Mb,Os5, Ma = Ba,
Sr,Ca; Mb =V, Nb, Ta, Mo, W, Th, U; 0<5<50.5; or LnCri;MQOs5, M =T, V, Mn, Nb,
Mo, W, Th, U may be used. X is preferably from about O to 1, more preferably from
about 0.1 to 0.5, and most preferably from 0.2 to 0.3. Y is preferably from about 0 to 1,
more preferably from about 0.1 to 0.5, and most preferably from 0.2 to 0.3.

The sintering step prior to impregnation is preferably carried out at a temperature of from
about 900°C to about 1500°C, preferably from about 1000°C to about 1400°C.

Additions may be added to the layer compositions if needed, such as pore formers, sin-
tering additives, solvents and the like as is well known to the skilled person.

The present invention is also directed to a thin and in principle unsupported separation
membrane, comprising at least a porous anode layer, a membrane layer comprising a
mixed conducting material and a porous cathode layer, wherein the anode layer and the
cathode layer comprise the mixed conducting material and a catalyst material, and
wherein the overall thickness of the thin separation membrane is about 150 pym or less.

The thin separation membrane can be used as an oxygen separation membrane, espe-
cially for the production of oxygen or synthesis gas, in case the membrane is designed
as an oxygen ion conductor. The membrane may, if instead based on a proton conduct-
ing material alteratively be used as a hydrogen separation membrane, especially for
the production of high purity hydrogen for e.g. storage or use in a low-temperature fuel
cell.
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In a preferred embodiment, the anode layer and the cathode layer comprise at least one
metal. The at least one metal is the same as outlined in detail above for the SOC.

In a further preferred embodiment, the mixed conducting material is preferably selected
from the group consisting of doped ceria, gallates and proton conducting electrolytes.
More preferred is the electrolyte being doped ceria. Preferred dopants for the doped
ceria are Sm or Gd.

One advantage of the component comprising doped ceria as the mixed conducting ma-
terial of the membrane layer and electrode layers is that said structure may be used as a
high temperature oxygen separation membrane at temperatures of from about 550 to
about 1000°C due to the increase of the electronic conductivity of the ceria. However,
below about 550°C, ceria exhibits mainly ionic conductivity, and thus said component
can be used as a reversible SOFC at said temperatures instead.

In another preferred embodiment, the membrane layer comprises doped ceria as the
mixed conducting material. In a more preferred embodiment, the anode layer and cath-
ode layer comprise at least one metal when the membrane layer comprises doped ceria.

All preferred embodiments described above for the electrolyte layer, the electrode layers
and the materials thereof also apply to the membrane layer, the electrode layers and the
materials thereof of the separation membrane.

The thin separation membrane is obtainable by a method comprising the steps of:
providing a first electrode layer,
applying a membrane layer (a gastight layer of mixed conducting material) on top
of said first electrode layer;
applying a second electrode layer on top of said membrane layer;
sintering the obtained structure; and
impregnating the first and second electrode layer with a catalyst material or pre-

cursor thereof.
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All preferred embodiments described above for the method for producing the SOFC and
materials thereof also apply to the method for producing the thin separaticn membrane.

In the following, the present invention will be further illustrated with reference to exam-
ples. The invention is, however, not restricted thereto.

Examples

Example 1: Manufacture of a thin solid oxide cell

The first step comprises tape-casting of two layers (layer 1 — electrode precursor layer,
and layer 2 — electrolyte layer). Suspensions for tape-casting are manufactured by
means of ball milling of powders with polyvinyl pyrrolidone (PVP), polyvinyl butyral (PVB)
and EtOH + MEK as additives. After control of particle size, the suspensions are tape-
cast using a double doctor blade set-up and the tapes are subsequently dried.

Layer 1: The suspension comprises SYSZ (scandia and yttria doped stabilized zirconia)
and FeCr powder in a 1:1 volume ratio. The green thickness is about 40 ym. The Sin-
tered porasity of the layer is about 50%.

Layer 2: The suspension is based on SYSZ powder with Al,O; as sintering additive. The
green thickness of the foil is about 15 um. The sintered density of the layer is >96 % of
the theoretical density.

The second step comprises the lamination of the above mentioned foils into a layered
structure comprising an electrolyte layer (1) sandwiched between two electrode precur-
sor layers (2, 3), as shown in Fig. 1. The lamination is performed by the use of heated
rolls in a double roll set-up and takes place in one pass.

In the third step, the laminated tapes are cut into square pieces. This is done by knife
punching resulting in sintered areas in the range of 12x12 to 30x30 cm?.

The fourth step comprises sintering. The laminate is heated at with a temperature in-
crease of about 50°C/h to about 500°C under flowing air. After 2 hours of soaking, the
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furnace is evacuated and H, introduced. After 3 hours soaking time, the furnace is
heated to about 1200°C with a temperature increase of 100°C/h and left for 5 hours be-
fore cooling to room temperature.

The fifth step is the impregnation of the cathode. The sintered cell is closed on one side.
A nitrate solution of La, Sr, Co and Fe is vacuum infiltrated into the porous structure. The
infiltration is performed six times with an intermediate heating step for decomposition of
the nitrates. The resulting composition of the impregnated perovskite cathode is:
(Lao6Sro 4)(Coo2F€0.6)O32.

In the sixth step the anode is impregnated. The cathode impregnated side is closed. A
nitrate solution of Ni, Ce and Gd is vacuum infiltrated into the porous structure. The infil-
tration is performed five times with an intermediate heating schedule between each infil-
tration for decomposition of the impregnated nitrates. The resulting composition of the
impregnated anode part is 40 vol% Ni and 60 vol% (CegsGdo.1)O.-5 (after reduction of
NiO).

The so formed cell has a thickness of about 90 um and is ready to be built into a stack of
cells. No heat treatment prior to stacking is required.

Example 2: Manufacture of a thin solid oxide cell

The cell is produced as outlined above for Example 1, with the exception that in step five
the cathode is impregnated. The sintered cell is closed on one side. A colloidal suspen-
sion of (L80.65r0.4)(C002F€08)O35 and (CeoeSmo1)O2.5 is vacuum infiltrated into the po-

rous structure. The infiltration is performed six times with an intermediate heating step.

The obtained cell has a thickness of about 95 um and is ready to be built into a stack of
cells. No heat treatment prior to stacking is required.

Example 3: Manufacture of a thin solid oxide cell

The manufacturing is carried out as described in Example 1 for steps one to four.
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The fifth step is the impregnation of the cathode. The sintered cell is closed on one side
by a polymeric seal. A colloidal suspension of (Lao7sSro2s)MnOss is vacuum infiltrated
into the porous structure. The infiltration is performed six times with an intermediate dry-
ing between each infiltration.

The cell is completed as described in Example 1. The obtained cell has a thickness of
about 100 pm and is ready to be built into a stack of cells. No heat treatment prior to
stacking is required.

Example 4: Manufacture of a thin solid oxide cell

The first step comprises tape-casting of two layers (layer 1 - electrode precursor layer,
and layer 2 — electrolyte layer). Suspensions for tape-casting are manufactured by
means of ball milling of powders with polyvinyl pyrrolidone (PVP), polyvinyl butyral (PVB)
and EtOH + MEK as additives. After control of particle size, the suspensions are tape-
cast using a double doctor blade set-up and the tapes are subsequently dried.

Layer 1: The suspension is based on (CepsGdo.1)O2s With FeCr metal powder using
charcoal as a pore-former. The green thickness is about 40 ym. The sintered porosity of

the layer is about 50%.

Layer 2: The suspension is based on (CeosGdo.1)O25 powder. The green thickness of
the foil is about 12 pm. The sintered density of the layer is >96 % of the thecretical den-

sity.

The second step comprises the lamination of the above mentioned foils into a layered
structure comprising an electrolyte layer (1) sandwiched between two electrode precur-
sor layers (2, 3), as shown in Fig. 1. The lamination is performed by the use of heated
rolls in a double roll set-up and takes place in one pass.

In the third step, the laminated tapes are cut into square pieces. This is done by knife
punching resulting in sintered areas in the range of 12x12 to 30x30 cm’.

The fourth step comprises sintering. The laminate is heated at a temperature increase of
about 50 °C/h to about 500 °C under flowing air. After 2 hours of soaking, the furnace is
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evacuated and H; introduced. After 3 hours soaking time, the furnace is heated to about
1200°C with a temperature increase of 100°C/h and left for 5 hours before cooling to
room temperature.

The fifth step is the impregnation of the cathode. The sintered cell is closed on one side.
A nitrate solution of La, Sr, Co and Fe is vacuum infiltrated into the porous structure. The
infiltration is performed six times with an intermediate heating step for decomposition of
the nitrates. The resulting composition of the impregnated perovskite cathode is:
(Lao.6Sr0,4)(C0o.2F€0.8)O3.

In the sixth step the anode is impregnated. The cathode impregnated side is closed. A
nitrate solution of Ni, Ce and Gd is vacuum infiltrated into the porous structure. The infil-
tration is performed five times with an intermediate heating schedule between each infil-
tration for decomposition of the impregnated nitrates. The resulting compgsition of the
impregnated anode part is 40 vol% Ni and 80 vol% (Cep9Gdo1)O2s (after reduction of
NiO).

The so formed cell is about 100 um thick and ready to be build into a stack of cells. No
heat treatment prior to stacking is required.

Example 5: Manufacture of a thin solid oxide cell having a very thin electrolyte layer

The first step comprises tape-casting of two layers (layer 1 — electrode precursor layer,
and layer 2 — electrolyte layer). Suspensions for tape-casting are manufactured by
means of ball milling of powders with polyviny! pyrrolidone (PVP), polyvinyl butyral (PVB)
and EtOH + MEK as additives. After control of particle size, the suspensions are tape-
cast using a double doctor blade set-up and the tapes are subsequently dried.

Layer 1: The suspension comprises SYSZ and FeCr powder in a 1:1 volume ratio. The
green thickness is about 40 ym. The sintered porosity of the layer is about 50%.

Layer 2: The suspension is based on Zr0785C02Y00202.5 powder. The green thickness of
the foil is about 5 um. The sintered density of the layer is >96 % of the theoretical den-
Sity.
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The cell is completed as described in Example 1. The so formed cell is about 80 ym
thick and ready to be build into a stack of cells. No heat treatment prior to stacking is
required.

Example 6: Manufacture of a thin solid oxide cell having multi layer electrodes

The first step comprises tape-casting of three layers; two metal containing electrode
precursor layers (layer 1 and 2) and one electrolyte layer (layer 3). Suspensions for
tape-casting are manufactured by means of ball milling of powders with polyvinyl pyrroli-
done (PVP), polyvinyl butyral (PVB) and EtOH + MEK as additives. After control of parti-
cle size, the suspensions are tape-cast using a double doctor blade set-up and the tapes
are subsequently dried. The relative thermal expansion coefficients (TEC) of the layers
are TEC)ayer3<TECiayer1 <TECieyerz.

Layer 1: The suspension comprises SYSZ and FeCr powder in a 1:1 volume ratio. 20
vol% graphite is used as pore former. The green thickness is about 30 um. The sintered
porosity of the layer is about 50%.

Layer 2: The suspension is based on SYSZ and FeCr powder in a 1:1.1 volume ratio.
15% graphite is used as a pore-former. The green thickness of the foil is about 25 pm.
The sintered porosity of the layer is about 50%.

Layer 3: The suspension is based on SYSZ powder. The green thickness of the foil is
about 10 ym. The sintered density of the layer is >96 % of the theoretical density.

The second step comprises the lamination of the above mentioned foils into a layered
structure comprising an electrolyte layer (sandwiched between two electrode precursor
layers on each side in the order Layer 1 —Layer 2 —Layer 3 —Layer2 —Layer 1. This
layer structure corresponds to layers 4 to 8 as shown in Fig. 2. The lamination is per-
formed by the use of heated rolls in a double roll set-up and takes place in one pass.

In the third step, the laminated tapes are cut into square pieces. This is done by knife
punching of samples with an area of about 600 cm?.
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The cell is completed as described in Example 1. The obtained cell is about 120 ym
thick and ready to be build into a stack of cells. No heat treatment prior to stacking is
required.

Example 7: Manufacture of a thin solid oxide cell having a multilayer electrolyte

The first step comprises tape-casting of two layers (layer 1 — electrode precursor layer,
and layer 2 - electrolyte layer). Suspensions for tape-casting are manufactured by
means of ball milling of powders with polyvinyl pyrrolidone (PVP), polyvinyl butyral (PVB)
and EtOH + MEK as additives. After control of particle size, the suspensions are tape-
cast using a double doctor blade set-up and the tapes are subsequently dried.

Layer 1: The suspension comprises SYSZ and FeCr powder in a 1:1 volume ratio. The
green thickness is about 40 pm. The sintered porosity of the layer is about 50%.

Layer 2: The suspension is based on SYSZ powder. The green thickness of the foil is
about 3 um (sintered thickness is about 2 um). The sintered density of the layer is >96 %
of the theoretical density.

The second step comprises the lamination of the above mentioned foils into a layered
structure comprising two electrolyte layers (9, 10) sandwiched between two electrode
precursor layers (11, 12), as shown in Fig. 3. The lamination is performed by the use of
heated rolls in a double roll set-up and takes place in one pass.

In the third step, the laminated tapes are cut into square pieces. This is done by knife
punching resulting in sintered areas in the range of 12x12 to 30x30 cm’.

The fourth step comprises sintering. The laminate is heated at an increase of about
50°C/h to about 500°C under flowing air. After 2 hours of soaking, the furnace is evacu-
ated and H, introduced. After 3 hours soaking time, the furnace is heated to about
1200°C with a temperature increase of 100°C/h and left for 5 hours before cooling to

room temperature.
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The fifth step is the impregnation of the cathode. The sintered cell is closed on one side
by a rubber seal. A nitrate solution of Gd, Sr, Co and Fe is vacuum infiltrated into the
porous structure. The infiltration is performed six times with an intermediate heating step
for decomposition of the nitrates. The resulting composition of the impregnated
perovskite cathode is: (Gdo ¢Sro,4)(C0o.2F€0.8)O3.5.

In the sixth step the anode is impregnated. The cathode impregnated side is closed by a
rubber seal. A nitrate solution of Cu, Ni, Ce and Gd is vacuum infiltrated into the porous
structure. The infiltration is performed six times with an intermediate heating schedule
between each infiltration for decomposition of the impregnated nitrates. The resulting
composition of the impregnated anode part is 4 vol% Cu, 38 vol% Ni and 58 vol%
(Ceo9Gdo.1)0,-s5 (after reduction of NiO).

The obtained cell is about 100 pum thick and ready to be build into a stack of cells. No
heat treatment prior to stacking is required.

Example 8: Manufacture of a thin solid oxide cell with a patterned profiled structure
Steps one and two are carried out as described in Example 1.

In the third step, the laminated tapes are cut into pieces. This is done by knife punching
resulting in sintered areas in the range up to 40x40 cm’.

In the fourth step the laminated structures are given an egg tray pattern profiled struc-
ture by pressing, electrolyte layer (13) and two electrode precursor layers (14,15), as
shown in Fig. 4.

The fifth step comprises sintering. The laminate is heated at an increase of about 50°C/h
to about 500°C under flowing air. After 2 hours of soaking, the furnace is evacuated and
H, introduced. After 3 hours soaking time, the furnace is heated to about 1200°C with a
temperature increase of 100°C/h and left for 5 hours before cooling to room tempera-

ture.
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The sixth step is the impregnation of the cathode. The sintered cell is closed on one side
by a rubber seal. A nitrate solution of Gd, Sr, Co and Fe is vacuum infiltrated into the
porous structure. The infiltration is performed six times with an intermediate heating step
for decomposition of the nitrates. The resulting composition of the impregnated
perovskite cathode is: (GdeSro 4)(C0o2F€0.5)O3.5.

In the seventh step the anode is impregnated. The cathode impregnated side is closed
by a rubber seal. A nitrate solution of Ni, Ce and Gd is vacuum infiltrated into the porous
structure. The infiltration is performed seven times with an intermediate heating sched-
ule between each infiltration for decomposition of the impregnated nitrates. The resulting
composition of the impregnated anode part is 50 vol% Ni and 50 vol% (Ceo.sGdo1)02
(after reduction of NiO).

The obtained cell is about 95 pm thick and ready to be build into a stack of cells. No heat

treatment prior to stacking is required.

Example 9: Manufacture of a ceria —low T SOFC, high T oxygen separation membrane

The first step comprises tape-casting of two layers (layer 1 — electrode precursor layer,
and layer 2 — electrolyte layer). Suspensions for tape-casting are manufactured by
means of ball milling of powders with polyviny! pyrrolidone (PVP), polyvinyl butyral (PVB)
and EtOH + MEK as additives. After control of particle size, the suspensions are tape-
cast using a double doctor blade set-up and the tapes are subsequently dried.

Layer 1: The suspension comprises pre-calcined (Ceg9Gdo1)O25 and 10 vol% charcoal
as a pore-former. The green thickness is about 40 um. The sintered porosity of the layer
is about 50%.

Layer 2: The suspension is based on (CeosGdo1)02.5 powder. The green thickness of
the foil is about 12 pm. The sintered density of the layer is >96 % of the theoretical den-

sity.

Step two to four are carried out as described in Example 1.
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The fifth step is the impregnation of the cathode. The sintered cell is closed on one side
by a rubber seal. A nitrate solution of La, Sr, Co and Fe is vacuum infiltrated into the
porous structure. The infiltration is performed six times with an intermediate heating step
for decomposition of the nitrates. The resulting composition of the impregnated
perovskite cathode is: (Lo 6Sro.4){C002F€05)O15.

In the sixth step the anode is impregnated. The cathode impregnated side is closed by a
rubber seal. A colloidal suspension of NiO and (Sroslap2)(Nbo.1Tio.s)Os.s is vacuum infil-
trated into the porous structure. The infiltration is performed five times with an intermedi-
ate drying between each infiltration. The volume ratio of NiO:SLNT is 1:10.

The obtained membrane is about 100 um thick and ready to be build into a stack of
cells. No heat treatment prior to stacking is required.

Example 10: Manufacture of a ceria — low T SOFC, high T oxygen separation mem-

brane

The membrane was obtained as described in Example 9, with the exception that a mix-
ture of (CepGdo.1)025 and FeCr powder in a 1:1 volume is used in layer 1.

Example 11 Manufacture of a ceria — low T SOFC, high T oxygen separation membrane

The first step comprises co-casting of a three layered structure (layer 1 and 3 - elec-
trode precursor layer, and layer 2 — electrolyte layer) with intermediate drying after tape-
casting of each layer. Suspensions for tape-casting are manufactured by means of ball
milling of powders with polyvinyl pyrralidone (PVP), polyvinyl butyral (PVB) and EtOH +
MEK as additives. After control of particle size, the suspensions are tape-cast using a
double doctor blade set-up as described below and the cast is subsequently dried.

Suspension 1, Layer 1 and 3. The suspension comprises pre-calcined (CeosGdo.1)025

and 10 vol% charcoal as a pore-former. The green thickness is about 40 um. The sin-
tered porosity of the layer is about 50%.
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Suspension 2, Layer 2: The suspension is based on (Ceg ¢Gdo 1)O25 With Co304 as sin-
tering additive The green thickness of the foil is about 12 um. The sintered density of the
layer is >96 % of the theoretical density.

Layer 1 is tape-cast onto a polymeric foil. After drying, Layer 2 is tape-cast directly onto
Layer 1, and after a subsequent drying Layer 3 (Suspension 1) is tape-cast directly onto
the two layered structure comprising Layer 1 of Layer 2.

In the second step, the co-cast tapes are cut into square pieces. This is done by knife
punching resulting in sintered areas in the range of 200-600 cm’.

The third step comprises sintering. The laminate is heated at an increase of about
50°C/h to about 500°C under flowing air. After 2 hours of soaking, the furnace is to about
1150°C with a temperature increase of 100°C/h and left for 5 hours before cooling to

room temperature.

The fifth step is the impregnation of the cathode. The sintered cell is closed on one side.
A nitrate solution of La, Sr and Co is vacuum infiltrated into the porous structure. The
infiltration is performed six times with an intermediate heating step for decomposition of
the nitrates. The resulting composition of the impregnated perovskite cathode is:
(LageSro,4)C0045.

In the sixth step the anode is impregnated. The cathode impregnated side is closed. A
nitrate solution of Ni, Ce and Gd is vacuum infiltrated into the porous structure. The infil-
tration is performed five times with an intermediate heating schedule between each infil-
tration for decomposition of the impregnated nitrates. The resulting composition of the
impregnated anode part is 50 vol% Ni and 50 vol% (CegsGdo1)O,5 (after reduction of
NiO).

The obtained membrane is about 100 pm thick and ready to be build into a stack of
cells. No heat treatment prior to stacking is required.

Example 12 Manufacture of a (ceria — low T SOFC, high T oxygen separation mem-
brane
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The first step comprises co-casting of a three layered structure (layer 1 and 3 - elec-
trode precursor layer, and layer 2 - electrolyte layer) without intermediate drying. Sus-
pensions for tape-casting are manufactured by means of ball milling of powders with
polyviny! pyrrolidone (PVP), polyvinyl butyral (PVB) and EtOH + MEK as additives. After
control of particle size, the suspensions are tape-cast using a double doctor blade set-up

as described below and the cast is subsequently dried.

Suspension 1, Layer 1 and 3: The suspension comprises pre-calcined (CepgGdo 1)02.5
and 10 vol% charcoal as a pore-former. The green thickness is about 40 ym. The sin-

tered porosity of the layer is about 50% with.

Suspension 2, Layer 2: The suspension is based on (CeoGdo1)O25. The green thick-
ness of the foil is about 12 um. The sintered density of the layer is >96 % of the theoreti-
cal density.

Three doctor blade set-ups are place in series on a polymeric film and the three layers
are tape-cast directly onto one another. Layer 1 (Suspension 1) — Layer 2 (Suspension
2) and Layer 3 (Suspension 1).

In the second step, the co-cast tapes are cut into square pieces. This is done by knife
punching resulting in sintered areas in the range of 200-600 cm”.

The third step comprises sintering. The laminate is heated at an increase of about
50°C/h to about 500°C under flowing air. After 2 hours of soaking, the furnace is heated
to about 1150°C with a temperature increase of 100°C/h and left for 5 hours before cool-

ing to room temperature.

The fifth step is the impregnation of the cathode. The sintered cell is closed on one side.
A nitrate solution of La, Sr and Co is vacuum infiltrated into the porous structure. The
infiltration is performed six times with an intermediate heating step for decompoasition of
the nitrates. The resulting composition of the impregnated perovskite cathode is:
(LapeSro.4)Co0s5.
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In the sixth step the anode is impregnated. The cathode impregnated side is closed. A
nitrate solution of Ni, Ce and Gd is vacuum infiltrated into the porous structure. The infil-
tration is performed five times with an intermediate heating schedule between each infil-
tration for decomposition of the impregnated nitrates. The resulting composition of the
impregnated anode part is 50 vol% Ni and 50 vol% (CeqsGds.1)02.5 (after reduction of
NiC).

The obtained membrane is about 100 um thick and ready to be build into a stack of

cells. No heat treatment prior to stacking is required.
Example 13 Manufacture of a thin solid oxide cell

The first step comprises tape-casting of two layers (layer 1 — electrode precursor layer,
and layer 2 - electrolyte layer). Suspensions for tape-casting are manufactured by
means of ball milling of powders with polyvinyl pyrrolidone (PVP), polyvinyl butyral (FVB)
and EtOH + MEK as additives. After control of particle size, the suspensions are tape-
cast using a double doctor blade set-up and the tapes are subsequently dried.

Layer 1: The suspension comprises pre-calcined (LSGM1520= Laq.s5Sr0.15Ga08MJo.20s
or LSGM2015) and 20 vol% graphite as a pore-former. The green thickness is about 40
um. The sintered porosity of the layer is about 50%.

Layer 2: The suspension is based on (LaoasSro.15Ga0sMgo.0s). powder using charcoal
as a pore-former. The green thickness of the foil is about 12 um. The sintered density of
the layer is >96 % of the theoretical density.

The second step comprises the lamination of the above mentioned foils into a layered
structure comprising an electrolyte layer (1) sandwiched between two electrode precur-
sor (2, 3) layers, as shown in Fig. 1. The lamination is performed by the use of heated

rolls in a double roll set-up and takes place in one pass.

In the third step, the laminated tapes are cut into square pieces. This is done by knife
punching resulting in sintered areas in the range of 12x12 to 30x30 cm?,
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The fourth step comprises sintering. The laminate is heated at an increase of about
50°C/h to about 500°C under flowing air. After 2 hours of soaking, the furnace is to about
(1400°C) with a temperature increase of 100°C/h and left for 4 hours before cooling to
room temperature.

The fifth step is the impregnation of the cathode. The sintered cell is closed on one side
by a rubber seal. A nitrate solution of La, Sr, Fe, Co is vacuum infiltrated into the porous
structure. The infiltration is performed six times with an intermediate heating step for
decomposition of the nitrates. The resulting composition of the impregnated cathode is:
(L2065r0.4)(C00.2F€0.6)O3.

In the sixth step the anode is impregnated. The cathode impregnated side is closed by a
rubber seal. A nitrate solution of La, Sr, Mn and Cr is vacuum infiltrated into the porous
structure. The infiltration is performed five times with an intermediate heating schedule
between each infiltration for decomposition of the impregnated nitrates. The resulting

composition of the impregnated anode part Lag 755810.25Cr0sMNo 5035

The obtained cell is about 100 um thick and ready to be build into a stack of cells s. No
heat treatment prior to stacking is required.

Example 14: Manufacture of a thin solid oxide cell (Proton conductor)

The first step comprises tape-casting of two layers (layer 1 — electrode precursor layer,
and layer 2 — electrolyte layer). Suspensions for tape-casting are manufactured by
means of ball milling of powders with polyviny! pyrrolidone (PVP), polyvinyl butyral (PVB)
and EtOH + MEK as additives. After control of particle size, the suspensions are tape-
cast using a double doctor blade set-up and the tapes are subsequently dried.

Layer 1: The suspension comprises pre-caicined SrCeq.s5Ybo.0s03 - 5 and 20 vol% graph-

ite as a pore-former. The green thickness is about 40 um. The sintered porosity of the
layer is about 50%.
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Layer 2: The suspension is based on SrCeoesYbo0sOs -5 powder The green thickness of
the foil is about 15 um. The sintered density of the layer is >96 % of the theoretical den-
sity.

The second step comprises the lamination of the above mentioned foils into a layered
structure comprising an electrolyte layer (1) sandwiched between two electrode precur-
sor layers (2, 3), as shown in FIG 1. The lamination is performed by the use of heated
rolls in a double roll set-up and takes place in one pass.

In the third step, the laminated tapes are cut into square pieces. This is done by knife
punching resulting in sintered areas in the range of 12x12 to 30x30 cm?.

The fourth step comprises sintering. The laminate is heated at an increase of about
50°C/h to about 500°C under flowing air. After 2 hours of soaking, the furnace is to about
(1600°C) with a temperature increase of 100°C/h and left for 4 hours before cooling to

room temperature.

The fifth step is the impregnation of the cathode. The sintered cell is closed on one side
by a rubber seal. A colloidal suspension of Pd or Ptis vacuum infiltrated into the porous
structure. The infiltration is performed six times with an intermediate heating step

In the sixth step the anode is impregnated. The cathode impregnated side is closed by a
rubber seal. A colloidal suspension of Pd or Pt is vacuum infiltrated into the porous

structure. The infiltration is performed six times with an intermediate heating step.

The obtained cell is about 100 um thick and ready to be build into a stack of cells. No

heat treatment prior to stacking is required.
Example 15: Manufacture of a thin proton membrane cell (Proton membrane)
The first step comprises tape-casting of two layers (layer 1 — electrode precursor layer,

and layer 2 — electrolyte layer). Suspensions for tape-casting are manufactured by
means of ball milling of powders with polyvinyl pyrrolidone (PVP), polyvinyl butyral (PVB)
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and EtOH + MEK as additives. After control of particle size, the suspensions are tape-
cast using a double doctor blade set-up and the tapes are subsequently dried.

Layer 1: The suspension comprises Sr-zirconate and Fe,Cr powder in a 1:1 volume ra-
tio. The green thickness is about 40 ym. The sintered porosity of the layer is about 50%
with a pore size in the range of 1-2 ym.

Layer 2: The suspension is based on Sr-zirconate powder. The green thickness of the
foil is about 15 ym. The sintered density of the layer is >86 % of the theoretical density.

The second step comprises the lamination of the above mentioned foils into a layered
structure comprising an electrolyte layer (1) sandwiched between two electrode precur-
sor layers (2, 3), as shown in Fig. 1. The lamination is performed by the use of heated
rolis in a double roll set-up and takes place in one pass.

In the third step, the laminated tapes are cut into square pieces. This is done by knife
punching resulting in sintered areas in the range of 200-600 cm?.

The fourth step comprises sintering. The laminate is heated at an increase of about
50°C/h to about 500°C under flowing air. After 2 hours of soaking, the furnace is evacu-
ated and H, introduced. After 3 hours soaking time, the furnace is heated to about
1300°C with a temperature increase of 100°C/h and left for 5 hours before cooling to
room temperature.

The fifth step is the impregnation of the electrodes. A colloidal suspension of Pd or Pd-
Ag alloy is vacuum infiltrated into the porous structures. The infiltration is performed five

times with an intermediate heating schedule between each infiltration.

The so formed membrane is about 90 pm thick and ready to be built into a stack of cells.

No heat treatment prior to stacking is required.

The present invention provides a thin, preferably reversible and in principle unsupported
solid oxide cell, particularly solid oxide fuel cell, which is very thin, i.e. has an overall
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thickness of about 150 pm or less. Due to the very thin cell, less material is needed for a
given rated power, reducing the manufacturing costs of the cell.

Due to the symmetrical structure and compression of the electrolyte layer and possibly
the outer layer in case of a multilayer structure, improved mechanical stability of the cell

can be achieved.

The electrode layers advantageously comprise an electrolyte material, in one embodi-
ment at least one metal and a catalyst material. Since metal is in this case part of the
sintered electrode layers, electronic conductivity is provided without the need of perco-

lating the catalyst material.

Further, in this case the electronic conductivity of the electrode layers is higher as com-
pared to electrode layers which do not contain metal and are only impregnated after the
sintering, leading to an overall improved performance of the cell.

Moreover, the catalyst material may be formed as very fine particles during the impreg-
nation step since the metal provides electronic conductivity. Thus, a disadvantageous
coarsening of the catalyst particles during sintering of the cell can be efficiently reduced
or avoided. Additionally, less catalyst is needed, further reducing the manufacturing
costs.

Furthermore, less impregnation of a current collection material is needed, also contribut-

ing to the performance increase.

Finally, redox-stability of the anode may be obtained as the nickel particles not neces-

sarily constitute a percolating network.

In another embodiment, the electrode layer comprises doped ceria, and the electrode
layers advantageously comprise an electrolyte material and a catalyst material. In this
embodiment, it is not necessary for the electrode layers to comprise at least one metal.
Due to the symmetrical structure and compression of the electrolyte layer and possibly
the outer layer in case of a multilayer structure, improved mechanical stability of the cell

can also be achieved.
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The above described advantages of course also apply to the thin separation membrane
of the present invention.
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The claims defining the invention are as follows:

1. An unsupported thin salid oxide cell with an overall thickness of 100 pm or less,

comprising at least:

a porous anode layer,

an electrolyte layer; and

a porous cathode layer;
wherein the anode layer and the cathode layer comprise an electrolyte material, at least
one metal and a catalyst material.

2. The unsupported thin solid oxide cell of claim 1, wherein the electrolyte layer has

a thickness of 2 to 20 um,

3. The unsupported thin solid oxide cell of claim 1 or 2, wherein the cathode layer

and/or anode layer have a thickness of 65 ym or less.

4, The unsupported thin solid oxide cell of any one of claims 1 to 3, wherein the at
least one metal is selected from the group consisting of Ni, a FeCrMx alloy, and a
NiCrMx alloy, wherein Mx is selected from the group consisting of Ni, Ti, Ce, Mn, Mo,
W, Co, La, Y, Zr, Al, and mixtures thereof.

5. The unsupported thin solid oxide cell of any one of claims 1 to 3, wherein the
electrolyte material is selected from the group consisting of doped zirconia, doped ceria,

gallates and proton conducting electrolytes.

6. An unsupported thin solid oxide cell with an overall thickness of 100 um or less,
comprising at least:

a porous anode layer,

an electrolyte layer; and

a porous cathode layer;
wherein the anode layer and the cathode layer comprise an electrolyte material, and a

catalyst material and wherein the electrolyte material is doped ceria.

7. The unsupported thin solid oxide cell of any one of claims 1 to 6, wherein the

electrolyte layer is a multi-layer structure comprising at least two layers.
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8. The unsupported thin solid oxide cell of any one of claims 1 to 7, wherein the
anode layer and/or the cathode layer are multilayer structures comprising at least two

layers each.

9. The unsupported thin solid oxide cell of claim 8, wherein the at least two layers of
the cathode and the anode have a different thermal expansion coefficient, and wherein
the respective layers directly in contact with the electrolyte layer have an identical
thermal expansion coefficient prior to impregnation which is larger than the thermal
expansion coefficient of the electrolyte layer, and a thermal expansion coefficient being
farger than the thermal expansion coefficient of the respective second layers of the
electrodes.

10. A method for producing the unsupported thin solid oxide cell of claim 1,
comprising the steps of:

providing a first electrode layer comprising an electrolyte material and at least
one metal

applying an electrolyte layer on top of said first electrode layer;

applying a second electrode layer comprising an electrolyte material and at least
one metal on top of said electrolyte layer;

sintering the obtained structure; and

impregnating the first and second electrode layer with a catalyst material or

precursor thereof.

11. A method for producing the unsupported thin solid oxide cell of claim 6,
comprising the steps of:

providing a first electrode layer comprising doped ceria;

applying an electrolyte layer on top of said first electrode layer;

applying a second electrode layer comprising doped ceria on top of said
electrolyte layer;

sintering the obtained structure; and

impregnating the first and second electrode layer with a catalyst material or
precursor thereof.
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12.  The method of claim 10 or 11, wherein said first and second electrode layer and
said electrolyte layer are manufactured independently by tape-casting, and wherein the
layers are subsequently laminated by rolling to form the solid oxide fuel cell.

13. The method of any one of claims 10 to 12, wherein the step of applying the
electrolyte layer on top of said electrode layer, and said step of applying said second

electrode layer on top of said electrolyte layer is done by "wet on dry” tape casting.

14. The method of any one of claims 10 or 12 , wherein the step of applying the
electrolyte layer on top of said electrode layer, and said step of applying said second
electrode layer on top of said electrolyte layer is done by "wet on wet" tape casting.

15.  The method of any one of claims 10 to 14, further comprising the step of the cell
structure being profiled prior to sintering so as to obtain a patterned structure.

16. The method of any one of claims 10 to 15, wherein the catalyst or precursor
thereof for the impregnation of the first or second electrode layer which will function as
the cathode layer is selected from the group consisting of manganites, ferrites,

cobaltites and nickelates or mixtures thereof.

17. The method of any one of claims 10 to 16, wherein the catalyst or precursor
thereof for the impregnation of the first or second electrode layer which will function as
the anode layer is selected from the group consisting of Ni or NisFe1, and a mixture of
Ni (or NisFeix) and doped ceria/zirconia or a mixture of Cu and Cu and doped
zirconia/ceria, and Ma;Tiy,Mb,0O3.5, Ma = Ba, Sr, Ca; Mb =V, Nb, Ta, Mo, W, Th, U: 0 <
s £0.5; or LnCry;M;O03.5, M =T, V, Mn, Nb, Mo, W, Th, U.

18.  An unsupported thin separation membrane with an overall thickness of 100 um or
less, comprising at least:

a porous anode layer,

a membrane layer comprising a mixed conducting material; and

a porous cathode layer;
wherein the anode layer and the cathode layer comprise the mixed conducting material

and a catalyst material.
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19.  The unsupported thin separation membrane of claim 18, wherein the membrane

layer comprises doped ceria as the mixed conducting material.

20. The unsupported thin separation membrane of claim 18 or 19, wherein the anode
layer and the cathode layer further comprise at least one metal.

21. A method for producing the unsupported thin separation membrane of any of
claims 18 to 20, comprising the steps of;

providing a first electrode layer comprising a mixed conducting material;

applying a membrane layer comprising a mixed conducting material on top of
said first electrode layer;

applying a second electrode layer comprising a mixed conductive material on top
of said membrane layer;

sintering the obtained structure; and

impregnating the first and second electrode layer with a catalyst material or

precursor thereof,

22.  An unsupported thin solid oxide cell according to claim 1 substantially as herein
described with reference to the examples and accompanying drawings.
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