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An All Ceramics Solid Oxide Cell

Technical Field

The present invention relates to an all ceramics solid oxide cell (SOC) and a method

for preparing same.

Background art

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

cells are often referred to as ‘reversible’ SOCs.

Solid oxide cells may have various designs. Typical configurations include an
electrolyte layer being sandwiched between two electrodes. During operation of the
cell, 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 electrode
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 second electrode layer is formed thereon so as to obtain a complete cel.
Alternatively, one of the electrode layers or the electrolyte layer may be used as a
support layer, having a thickness of about 300 um or more.

This approach usually requires a relatively thick support layer to provide mechanical
stability of the obtained cell, thereby increasing the overall thickness of the single
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cells. It has been suggested to form the support from metals or metal alloys, which
are less brittle than ceramic materials and therefore superior in mechanical stability.
However, disadvantageously it.has been found that due to the metallic materials
used, poisoning of the catalyst in the adjacent electrode layer due to migration from
the support, especially if chromium is used in the support, may occur. Furthermore,
metal supports are not suitable for SOCs intended for high temperature applications

in the range up to about 1000°C.

If alternatively one of the electrodes is also used as the support layer, on the one
hand the overall thickness of said layer determines the mechanical stability of the
cell, i.e. the layer must be sufficiently thick; on the other hand the layer thickness
influences the gas diffusion through the electrode layer and should therefore be
sufficiently thin. Furthermore, in order to produce cells as cost effective as possible,

the amount of materials used for-each layer should be kept to a minimum.

US-A-2004/0166380 (Gorte et al) relates to porous electrodes for use in SOFCs,
wherein the electrodes are comprised primarily of a ceramic material and an
electrochemically conductive material. The electrodes are prepared by impregnating
a porous ceramic material with precursors of the electrochemically conducting
material. The focus is especially on providing a cathode comprising a porous
ceramic matrix and an electrochemically conducting material dispersed at least
partially within the porous ceramic matrix, wherein the porous ceramic matrix

includes a plurality of pores having a pore size of at least about 0.5 um.

US-A-2004/0018409 (Hui et al) discloses a SOFC comprising a dense electrolyte
disposed between a porous anode and a porous cathode. The electrolyte may
preferably be yttria stabilized zirconia. The anode may be formed from yttrium-doped
strontium titanate, yttrium-doped strontium titanate and nickel, doped ceria,
lanthanum-doped ceria and nickel or yttria stabilized zirconia and nickel. The
cathode may be formed from strontium-doped lanthanum manganite or doped
lanthanum ferrite. The SOFC may further comprise ‘interlayers’ disposed between
the electrodes and the electrolyte. Said layers are dense layers which function as a
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barrier layer. The interlayers further do not comprise any catalyst material, and since
the layers are dense layers, they cannot function as electrodes.

WOQO-A-2006/082057 (Larsen) relates to a SOFC comprising an electrolyte layer
sandwiched in between two electrode layers, and further a metallic support for

mechanical stability of the cell.

US-A-2004/0101729 (Kearl) relates to a SOFC with a thin film electrolyte In
combination with both, a thick film anode/fuel electrode and a thick film cathode/air
electrode. The cathode preferably comprises a material, such as silver, or a material
having a perovskite structure, such as lanthanum strontium manganite, lanthanum
strontium ferrite, lanthanum strontium cobaltite, LaFeO;/LaCo0O;, YMnO;, CaMnOs,
YfeO,;, and mixtures thereof. The cell may further comprise Interfacial layers
between the electrodes and the electrolyte layer. Said interfacial layers do not
comprise any catalyst material, and since the layers are dense layers, they cannot

function as electrodes.

WO-A-98/49738 (Wallin et al) 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, said electrode comprising:
(@) a porous structure having interpenetrating networks of an ionically-
conductive material and an electronically-conductive material; and
(b) an electrocatalyst different from the electronically-conductive material,

dispersed within the pores of the porous structure.

WO-A-2007/011894 (Hertz et al) discloses a thin-film composite material with
nanometer-scale grains, comprising a thin-film layer that includes:

a) an electronic conductor; and

b) anionic conductor.

US-A-2003/0082436 (Hong et al) relates to an electrode for a SOFC, sensor or solid

state device, comprising an electrode coated with an oxygen ion conducting ceramic
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ceria film. The electrolyte may be a YSZ electrolyte sandwiched by Pt-LSM

electrodes.

US-A-5,543,239 (Virkar et al) discloses an improved electrode/electrolyte structure
having an enhanced three-faced boundary length for use as a fuel cell, a catalyst or

a sensor, wherein said structure comprises:

a) a substrate layer consisting of the dense electrolyte material;

D) a porous surface layer of said dense electrolyte material over the
dense electrolyte substrate layer;

c)an electrocatalyst material on and within the porous surface layer of
electrolyte, wherein the electrocatalyst material is continuous on the
surface of the porous electrolyte, creating enhanced three-faced
boundaries with gas present; and

d) said structure is integrally connected or attached to a porous anode.

US-A-2006/0093884 (Seabaugh et al) relates to a ceramic laminate structure
including partially stabilized zirconia electrode layers, sandwiching a fully stabilized

zirconia electrolyte layer.

US-A-2008/0038611 (Sprenkle et al) discloses an electrode supported electrolyte
membrane for an electrochemical cell comprising:

- a substantially continuous layer of a ceramic ion conducting electrolyte supported
on a conductive electrode substrate, wherein the substrate includes an active

electrode layer and a bulk electrode layer;
- a backing structure on a face of the bulk electrode layer opposite the electrolyte

layer with a thermal expansion coefficient approximately equal to the thermal

expansion coefficient of the electrolyte layer.

EP-A-1482584 (Komada et al) teaches an electrode for a solid oxide cell wherein:
- the electrode comprises a skeleton constituted of a porous sintered compact

having a three dimensional network structure, the porous sintered compact
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being made of an oxide ion conducting material and/or a mixed oxide ion
conducting material;

- grains made of an electron conducting material and/or a mixed oxide ion
conducting material are adhered onto the surface of said skeleton; and

- said grains are baked inside the voids of said porous sintered compact under
the conditions such that the grains are filled inside the voids.

In view of the disadvantages of the SOC compositions of the prior art, there is still a
desire for improved SOCs which are durable, have good mechanical stability, do not
suffer from the above described drawbacks of the SOCs of the prior art, may be
used in a wide temperature range up to 1000°C or above, and which have an overall

excellent life time.

Obiject of the present invention

it was therefore the objective problem underlying the present invention to provide an
SOC have an enhanced electrode performance and excellent lifetime without
sacrificing mechanical stability of the cell, and to provide a method of producing

sdme.

Summary

The above problem is solved by an all ceramics solid oxide cell, comprising an
anode layer, a cathode layer, and an electrolyte layer sandwiched between the
anode layer and the cathode layer,

wherein the electrolyte layer comprises doped zirconia and has a thickness of
from 40 to 300 um,

wherein the anode layer and the cathode layer both comprise doped ceria or
both comprise doped zirconia; and

wherein the multilayer structure formed of the anode layer, the electrolyte

layer and the cathode layer is a symmetrical structure.
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The above problem is further solved by a method of producing the above all
ceramics solid oxide cell, comprising the steps of:

- providing a first electrode precursor layer;

- forming an electrolyte layer on top of the first electrode precursor layer;

- forming a second electrode precursor layer on top of the electrolyte layer,

and
- sintering the obtained multilayer structure.

Preferred embodiments are set forth in the subclaims and the following detailed

description of the invention.

Brief description of the drawings

Figure 1 illustrates a SOC in accordance with the present invention, comprising an

electrolyte layer 1 sandwiched by two electrode layers 2, 3.

Figure 2 illustrates a SOC in accordance with the present invention, comprising an

electrolyte layer 4 sandwiched by electrode layers 5 to 8.

Figure 3 illustrates another embodiment of an SOC in accordance with the present
invention, comprising two electrolyte layers 9, 10 and two electrode layers 11 and
12.

Figure 4 illustrates an SOC in accordance with the present invention, having a
corrugated pattern, comprising an electrolyte layer 13 sandwiched by two electrode

layers 14, 15.

Detailed description of the invention

- SOC of the invention

The invention provides an all ceramics solid oxide cell, comprising an anode layer, a

cathode layer, and an electrolyte layer sandwiched between the anode layer and the
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cathode layer,
wherein the electrolyte layer comprises doped zirconia and has a thickness of

from 40 to 300 pm;

wherein the anode layer and the cathode layer both comprise doped ceria or
both comprise doped zirconia; and

wherein the multilayer structure formed of the anode layer, the electrolyte

layer and the cathode layer is a symmetrical structure.

The solid oxide cell of the present invention includes solid oxide fuel cells as well as
solid oxide electrolysis cells. By “all ceramics” in the sense of the present invention it
Is referred to a SOC which does not comprise a metallic layer or a layer comprising
in part metal components other than catalyst material. Thus, the cell of the present
invention does not comprise any metallic support or any layers which are at ieast
partly or completely formed from metals or metal alloys. Advantageously, poisoning
of the electrode layers and the catalyst therein due to migration of species from
metals is effectively avoided. Furthermore, the cell is suitable to be used under
operation conditions such as temperatures up to about 1000°C or above if desired.
In particular, the “all ceramics” solid oxide cell does not comprise any metal other
than catalyst material being introduced by impregnation of the electrode precursor
layers after sintering. Instead, the “all ceramics” solid oxide cell only comprises non-

metallic components except for catalyst material.

The SOC of the present invention specifically comprises a doped zirconia electrolyte
layer which is sandwiched between two porous doped ceria electrode layers or
between two porous doped zirconia electrode layers. Due to this configuration,
doped zirconia as the electrolyte layer is solely an ionic conductor, whereas doped
ceria in the layer forming the cathode provides a better ionic conductivity and less
reactivity with the cathode materials than doped zirconia. As for the anode, doped
ceria becomes a mixed conductor, 1.e. conductor of both, electrons and ions, and
thereby enhances the anode performance as compared to an anode based on
doped zirconia. Thereby, an enhanced electrode performance is provided.
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In the cell of the present invention, the multilayer structure formed of the anode layer,
the electrolyte layer and the cathode layer is a symmetrical structure. "Symmetrical”
in the sense of the present invention refers to the anode and cathode (precursor)
layers being porous and both layers being identical in the ceria composition, and In
the thickness of each electrode (precursor) layer, thus sandwiching the electrolyte
layer so as to form a symmetrical structure. This ensures that the mechanical forces
exerted on the electrolyte layer during the temperature cycling in use from both sides
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 compression during cooling of the cell. Both
advantageously result in an improved mechanical strength of the cell. If electrodes
comprising doped zirconia are used, the thermal expansion coefficient (TEC) of the
layers is preferably adjusted by the concentration of the dopant or by empioying a
suitable dopant to ensure that the TEC of the electrodes is higher than the TEC of

the electrolyte layer.

Of course, the final cathode and anode layer differentiate in the catalyst used, which
however has no influence on the symmetrical character of the cell, as is immediately
evident to a person skilled in the art. More specifically, the presence of a different
catalyst does not have any influence on the layer thickness, porosity or ceria

composition of each layer.

When referring to the “electrode precursor layers” in the sense of the present
invention, it is referred to the electrode layers during the manufacture of the cell after
sintering but prior to the impregnation with a catalyst material, as will be described
below in connection with the method of the present invention. Prior to the
impregnation with catalyst material, which is a preferred embodiment, the electrode
layers are identical in the ceria or zirconia composition, and in the thickness, as
described above. They are formed into the final electrode layers, i.e. the cathode
layer and the anode layer, by selecting the respective catalyst materials and
impregnating the layers therewith, which define the function of the electrode layer.
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Thus, “Symmetrical” in the sense of the present invention refers to the cell
comprising an anode layer and catho,d’e layer which are identical in the ceria or
zirconia composition, and in theé thickness, and only differ in terms of the catalyst.

As may be seen from Figure 1, the electrode layers may be formed as single layers
2 and 3. However, as may be seen from Figure 2, the electrode layers, i.e. the anode
layer and the cathode layer, may also be formed as a multilayer structure comprising
the same number of Iayefs 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 without compromising the symmetry of the muitilayer structure

as described above.

- Electrolyte layer

The thickness of the electrolyte layer comprising doped zirconia Is from 40 to 300
um, preferably from 50 to 280 um in the dry state. It is more preferred that the
thickness is up to 200, even more preferred up to 250 um, and even more preferably
up to 150 um. The thickness depends on the intended operational temperature and
the requirements of ionic conductivity and mechanical strength of the later
application of the cell. Contrary to SOCs of the prior art, wherein the electrolyte
layers should be as thin as possible, the electrolyte layer of the SOC of the present
invention may be comparatively thick, i1.e. up to 300 um, thus allowing for thinner

electrode layers without compromising the mechanical stability.

In another preferred embodiment, the electrolyte layer of the thin reversible solid
oxide fuel cell iIs 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 in

the above range.

- Electrode layers

The thickness of the electrode layers, i.e. the anode layer and the cathode layer,
comprising doped ceria is preferably 150 um or less in the dry state, more preferably
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100 pym or less, and even more preferably 50 um or less. As the electrolyte layer In
some cases provides the mechanical stability, the electrode layers may be relatively
thin. Furthermore, the electrode layers are preferably at least 1 pm thick, more
preferably 10 ym, and most preferably 20 um. As the cell has a symmetrical
character, the thickness of the anode layer and the cathode layer is of course

identical, as defined above.

The electrode precursor layers prior to impregnation with a catalyst preferably have a
porosity of from 20 to 80%, more preferably from 30 to 70%, and even more

preferably from 40 to 60% as determined by mercury porosimetry.

In a more preferred embodiment, the electrode precursor layers comprise two
different layers each, as shown in Figure 2. The electrode precursor layers may

comprise more than two layers each, while maintaining an overall symmetrical cell

structure.

Since the final cell structure is a symmetrical structure, with the electrolyte layer
being sandwiched by the electrode layers as described above, the electrolyte layer
having a smaller TEC than the electrode layers in contact with the electrolyte layer
will be under compression during cooling. Consequently, the cell 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 be used to
provide gas channels in the cell during later use if desired. If present, said pattern

contributes to the overall stiffness and handling strength of the cell. The profiling of
the cell further increases the power/volume performance of the stack which is highly

advantageous in certain applications. How to profile a cell structure is well known to

a person skilled in the art.

When a catalyst is present in the electrode layers, preferably the catalyst or
precursor thereof for the impregnation of the electrode precursor layer which will

10
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function as the cathode layer is selected from the group consisting of manganites,

ferrites, cobaitites and nickelates or mixtures thereof. (La;..Srk)sMnOss and (A,

B )SFe1_yCoy03-5where A = La, Gd, Y, Sm, Ln or mixtures thereof, and B = Ba, Sr,

X X

Ca, or mixtures thereof, and Ln = lanthanides. Examples include lanthanum
strontium manganate, lanthanide strontium iron cobalt oxide, (La1.,Srx)MnQOs.5, (LN
SrIMnO5.5,  (Lai,Sr)Fe .,C0y0s5, (LN1xSr)Fe ,Co,035, (Y1.xCax)Feq.yCoy0s.s,
(Gd1Sr)Feq.,C0,0s.5, (Gdi.xCay)Fe;.,Co0,03.5, or mixtures thereof. In the formula, X
is from about 0 to 1, more preferably from about 0.1 to 0.5, and most preferably from
0.2to 0.4. Y is from about O to 1, more preferably from about 0.1 to 0.5, and most
preferably from 0.2 to 0.3. S is preferably from 0.7 to 1.

Furthermore, electrolyte materials such as doped zirconia or doped ceria may be
impregnated into the electrode precursor layer designated as the cathode if desired,

alone or in combination with any of the materials mentioned above.

When a catalyst is present in the electrode layers, it is also preferred that the catalyst
or precursor thereof for the impregnation of the electrode precursor layer which will

function as the anode layer is selected from the group consisting of Ni, Fe,Niy, alloys

and a mixture of Ni and doped ceria/zirconia or a mixture of Cu and Cu and doped
zirconia/ceria. Alternatively MagTi;.xMb,O3.5, Ma = Ba, Sr, Ca; Mb = V, Nb, Ta, Mo,
W, Th, U; 0 £s £0.5; or LnCri,M,O3.5, M =T, V, Mn, Nb, Mo, W, Th, U may be
used. In the formula, x is from about 0 to 1, more preferably from about 0.1 to 0.5,

and most preferably from 0.2 to 0.3.

Moreover, electrocatalytic active electrolyte materials such as doped ceria may be
impregnated into the anode if desired, alone or in combination with any of the

materials mentioned above.
- Optional barrier layer

In another preferred embodiment, the electrode precursor layer designated as the
cathode is impregnated with barrier material. By providing a barrier matenal that is

11
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deposited on the surfaces in the electrode precursor layer and electrolyte layer by
impregnation through the cathode precursor layer, interface reactions between
cathode materials and the electrolyte material at elevated temperatures, for example
during the operation of the cell, is effectively prevented. This eliminates undesired
reactions between cathode and electrolyte materials, particularly between La and/or
Sr oxides in the cathode layer, and ZrO, in the electrode precursor layer and
electrolyte layer, which otherwise would result in the formation of electrically

insulating interface layers in the cell and thereby reduce its electrochemical activity.

Preferably, the barrier material comprises ceria, more preferably doped ceria such as
(Ce0.9Gdo.1)025 (i.e. CGO10) or (CepeSmo 1)0..5 (i.e. CSO10).

The precursor solution or suspension of the barrier material is preferably a nitrate
solution of doped ceria, for instance a nitrate solution of Gd doped ceria

((CepGdy 1)01.5), or a colloidal suspension of doped ceria particles having average
diameter of 2 to 100 nm, preferably 30 to 100 nm, more preferably 30 to 80 nm.

- Method of the invention

The present invention further provides a method of producing the above described
all ceramics solid oxide cell, comprising the steps of:

- providing a first electrode precursor layer;

- forming an electrolyte layer on top of the first electrode precursor layer;

- forming a second electrode precursor layer on top of the electrolyte layer;

and
- sintering the obtained multilayer structure.

The cell may be manufactured using standard ceramic processing techniques as
well as advanced colloidal and chemical processing as proposed as known to a
person skilled in the art. Preferably, the sintering temperature is in the range of 1000
to 1300°C.

12
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Preferably, the method further comprises the step of impregnation of the electrode

precursor layers with the above mentioned electrochemically active materials.

- Optional barrier layer

In another preferred embodiment, the cathode precursor layer is impregnated with a
barrier material prior to impregnation with a catalyst material. As indicated above, by
providing a barrier material that is deposited on the surfaces in the electrode
precursor layer and electrolyte layer by impregnation through the cathode precursor
layer, interface reactions between air electrode (cathode) materials and the
electrolyte material are prevented. This advantageously eliminates undesired
reactions between cathode and electrolyte materials, particularly between La and/or
Sr oxides in the cathode and ZrO, in the electrolyte, which tend to react and form
electrically insulating interface layers in the cell and thereby reduce its

electrochemical activity.

Preferably, the barrier material comprises ceria, more preferably doped ceria such as
(Cep.9Gdp 1)0,5 (i.e. CGO10) or (CepeSmg.1)O25 (.. CSO10).

Even more preferred is the step of impregnating a precursor solution or suspension
of a barrier material at least into the cathode precursor layer and subsequently
conducting a heat treatment. Afterwards, the electrodes are impregnated with the

catalyst or catalyst precursor as mentioned above.

- Advantages

The all ceramics solid oxide cell of the present invention comprises a combination of

a zirconia based electrolyte and ceria or zirconia based electrode (precursor) layers

which results in:

e Enhanced electrode performance due to the substitution of zirconia In

electrodes with ceria;

13
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¢ The cell being suitable for use in a wide temperature range of applications, I.e.
from 500 -1100°C;
e Durable all ceramics cells without the requirement of an additional support
layer, especially a metal support layer;
5 e« The cell manufacturing process only requires one sintering step, making the
production more cost effective;
e The electrodes are impregnated after sintering of the cell, thus ensuring fine
microstructures and in return a high performance;
e The zirconia based electrolyte is under compressional forces from both sides
10 due to the higher thermal expansion coefficient of ceria compared to zirconia,
or due to the higher thermal expansion coefficient of the doped zirconia
electrode layers compared to the zirconia electrolyte layer, and will
consequently increase the mechanical strength of the cell;
¢ The cells have an improved lifetime.

15
The present invention will now be described by the following examples. The
invention is however intended to be not limited thereto.
Examples
20
Example 1:

- Manufacture of a SOC

25 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 + methylethyl ketone (MEK) as additives. After

~ ¢ontrol of particle size, the suspensions are tape-cast using a double doctor blade set-up

30  and the tapes are subsequently dried.
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Layer 1: The suspension comprises Ceq9Gdo 102 (CGO10) powder mixed with 10
vol% of graphite pore former. The green thickness is about 40 um. The sintered

porosity of the layer is about 50% with an average pore size around 2-3 pm.

Layer 2: The suspension is based on Zro785¢C02Y0.02025 powder. The sintered
thickness of the electrolyte is about 25 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 precursor layers (2, 3), as shown in Figure 1. The lamination Is performed
by the use of heated rolls in a double roll set-up and takes place in one pass. The

obtained structure is symmetrical, as indicated in Figure 1.

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 with an increase of the
temperature of about 50°C/h to about 500°C in a flowing air atmosphere. After 2
hours of soaking, the furnace is heated to about 1200°C with an increase of the
temperature 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 masked on one
side. A nitrate solution of La, Sr, Co and Fe is vacuum Iinfiltrated 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: (Lap eSrg 4)o.97(C00.2F€0.5)O3.s.

In the sixth step the anode is impregnated. The impregnated cathode side is masked
prior to impregnation of the anode. A nitrate solution of Ni, Ce and Gd 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
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impregnated nitrates. The resulting composition of the impregnated anode part is 40
vol% Ni and 60 vol% (Ce.sGdo 1)O2.5 (after reduction of NiO).

The so formed cell has a thickness of about 100 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 SOC

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 masked on one side. A colloidal
suspension of (LageSro.4)0.97(C00.2F€08)03.5 and (Cep9Gdp 1)02.5 (CGO10) is vacuum
infiltrated into the porous structure. The infiltration is performed five times with an

Intermediate heating step.

The obtained cell has a thickness of about 100 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 SOC

The manufacturing is carried out as described in Example 1 for steps one to four.

The fifth step is the impregnation of the cathode. The sintered cell is masked on one

side by a polymeric seal. A colloidal suspension of (Lag75Sr0.25)Mn40503.5 and
(CGO10) is vacuum infiltrated into the porous structure. The infiltration is performed

four times with an intermediate drying between each infiltration.
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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 SOC

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 (Ce¢Gdo 1)O2.5 powder using charcoal as a
pore-former. The green thickness is about 40 um. The sintered porosity of the layer

is about 50% with an average pore size in the range of 1-2 um.

Layer 2: The suspension is based on Zrp785C2Y00202.5 powder. 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 precursor 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 with an increase of the
temperature of about 50°C/h to about 500°C in a flowing air atmosphere. After 2
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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 cooling to room temperature.

The fifth step is the impregnation of a cathode barrier layer. After sintering a nitrate
solution of gadolinium doped ceria (Gdy 1Ceo9)O2.5 (barrier material) is impregnated
into the cathode precursor layer two times. After impregnation the sample 1s heat
treated for 1 hour at 400°C.

The sixth step is the impregnation of the cathode. The sintered cell is masked on one
side. A nitrate solution of La, Sr and Co is vacuum Iinfiltrated 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 Iimpregnated

perovskite cathode is: (LageSro.4)0.97C003.5.

In the seventh step the anode is impregnated. The cathode impregnated side is
masked. A nitrate solution of Ni, Ce and Gd is vacuum Iinfiltrated 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 is 40 vol% Ni and 60 vol%

(Cep sGdop.1)O25 (after reduction of NiO).

The so formed cell is about 100 um thick and ready to be buiit into a stack of cells.

No heat treatment prior to stacking Is required.
Example 5:

- Manufacture of a SOC

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,
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the suspensions are tape-cast using a double doctor blade set-up and the tapes are

subsequently dried.

Layer 1: The suspension comprises (Ceps5Gdy 15)02.5 (CGO15) powder mixed with
10 vol% PMMA filler. The sintered thickness is about 25 pm. The sintered porosity of
the layer is about 60% with an average pore size in the range of 1-3 ym.

Layer 2: The suspension is based on Zrg785C02Y00202.5 powder. The sintered
thickness of the electrolyte is about 150 um. The sintered density of the layer is >96

% of the theoretical density.

The cell is completed as described in Example 3. The so formed cell is about 200
um thick and ready to be built into a stack of cells. No heat treatment prior to

stacking is required.
Example 6:
- Manufacture of a SOC having multi layer electrodes

The first step comprises.tape-casting of three layers; two ceria 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 polyvinyi
pyrrolidone (PVP), polyvinyl butyral (PVB) and EtOH + MEK as additives. After
contro! of particle 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 TECayers<TEC)ayer1<TECiayer2-

Layer 1. The suspension comprises (Ceps(Gdp 1)02.5. 15 vol% graphite Is used as
pore former. The sintered thickness is about 30 um. The sintered porosity of the

layer is about 50% with a pore size in the range of 2-5 um.
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Layer 2: The suspension is based on (Cey9Gds 1)O2.5. 10 vol % graphite is used as a
pore-former. The sintered thickness of the foil is about 25 ym. The sintered porosity

of the layer is about 50% with a pore size in the range of 1-3 uym.

Layer 3. The suspension is based on Zrp78S¢C02Y00202.5 powder. The sintered
thickness of the foil is about 50 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 (sandwiched between two electrode
precursor layers on each side in the order Layer 1 — Layer 2 — Layer 3 — Layer 2 —
Layer 1. This layer structure corresponds to layers 4 to 8 as shown in Fig. 2. 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 of samples with an area of about 600 cm®.

The cell is completed as described in Example 1. The obtained cell is about 160 um
thick and ready to be built into a stack of cells. No heat treatment prior to stacking is

required.
Example 7:
Manufacture of a thin SOC having multi layer electrolyte

The first step comprises tape-casting of three layers; one ceria containing electrode
precursor layer (layer 1) and two electrolyte layers (layers 2 and 3). 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. The relative thermal expansion

coefficients (TEC) of the layers are TECayer3s<TECiayeri<TECiayer2.
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Layer 1: Electrode precursor layer. The suspension is based on (Cep9Gdg.1)O25. 10
vol% graphite is used as a pore-former. The sintered thickness of the foil is about 50
um. The sintered porosity of the layer is about 50% with a pore size in the range of

1-3 um.

Layer 2: Electrolyte layer. The suspension is based on (Ce¢Gdp 1)O2.5. The sintered
thickness of the foil is about 10 um. The sintered porosity of the layer is about 96%.

Layer 3: The suspension is based on Zrp785C02Y0.0202.5 powder. The sintered
thickness of the foil is about 5 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 (sandwiched between electrode
precursor layers on each side in the order Layer 1 — Layer 2 — Layer 3 — Layer 2 —
Layer 1. The lamination is performed by warm pressing at 120°C.

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?.

The fourth step comprises sintering. The laminate is heated at an increase of the
temperature of about 50°C/h to about 500°C in a flowing air atmosphere. After 2
hours of soaking, 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 on the side with the electrolyte layer
(layer 3). The sintered cell is masked on one side. A nitrate solution of La, Sr, Co
and Fe is 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: (La.s5r0.4)0.97(C00.2F€0.8)O3-5.
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In the sixth step the anode is impregnated. The cathode impregnated side Is
masked. A nitrate solution of Ni, Ce and Gd is 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 is 40 vol% Ni and 60 vol%
(Ceo.9Gdo.1)02.5 (after reduction of NiO).

The so formed cell has a thickness of about 125 um thick and ready to be built into a
stack of cells. No heat treatment prior to stacking is required.

Example 8: Manufacture of a SOC 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 Cey sGdo 1O,. The sintered thickness is about 30
um. The sintered porosity of the layer is about 30% with a pore size in the range of

1-2 um.

Layer 2: The suspension is based on Zry735¢Co2Y002025 powder. The sintered
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 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.
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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 in a flowing air atmosphere. After 2 hours of
soaking, 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 a cathode barrier layer. After sintering a nitrate
solution of gadolinium doped ceria (Gdy 1Cep9)O25 (barrier material) is impregnated
into the cathode precursor layer two times. After impregnation the sample is heat
treated for 1 hour at 400°C.

The sixth step is the impregnation of the cathode. The sintered cell is masked on one
side by a rubber seal. A nitrate solution of La, Sr, Co and Fe is infiltrated into the
porous structure. The infiltration is performed five times with an intermediate heating
step for decomposition of the nitrates. The resulting composition of the impregnated

perovskite cathode is: (LageSro 4)o0 97(C002F€0.8)O3.5.

In the seventh step the anode is impregnated. The cathode impregnated side iIs
masked by a rubber seal. A nitrate solution of Cu, Ni, Ce and Gd is 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% (Cep ¢Gdg 1)02.5 (after reduction of NIO).

The obtained cell is about 90 um thick and ready to be built into a stack of cells. No

heat treatment prior to stacking is required.

Example 9:

- Manufacture of a SOC with a patterned profiled structure
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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
structure 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 a temperature increase
of about 50°C/h to about 500°C in a flowing air atmosphere. After 2 hours of soaking,
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 sixth step is the impregnation of the cathode. The sintered cell is masked on one
side by a rubber seal. A nitrate solution of La, Sr, Co and Fe is 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: (LapeSro4)o0.97(C00.2F€0.5)03.5.

In the seventh step the anode is impregnated. The cathode impregnated side iIs
masked by a rubber seal. A nitrate solution of Ni, Ce and Gd is infiltrated into the
porous structure. The infiltration is performed seven times with an intermediate
heating schedule between each infiltration for decomposition of the impregnated
nitrates. The resulting composition of the impregnated anode part is 50 vol% Ni and
50 vol% (Cep ¢Gdy 1)O2.5 (after reduction of NiO).

The obtained cell is ready to be built into a stack of cells. No heat treatment prior to

stacking is required.
Example 10:

- Manufacture of a SOC
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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 pre-calcined (Cep9Gdo1)O25 and 10 vol%
charcoal as a pore-former. The sintered thickness is about 20 ym. The sintered
porosity of the layer is about 50% with a pore size in the range of about 2 pm.

Layer 2: The suspension is based on YSZ powder. The sintered thickness of the foll
is about 75 ym. The sintered density of the layer is >96 % of the theoretical density.

Step two to four are carried out as described in Example 1.

The fifth step is the impregnation of the cathode. The sintered cell is masked on one
side by a rubber seal. A colloidal suspension of (Lag75Sro25)Mnq05035 and
(CepoGdp 1)025 (CGO10) (2:1 volume ratio) is vacuum infiltrated into the porous

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

In the sixth step the anode is impregnated. The cathode impregnated side is masked
by a rubber seal. A colloidal suspension of NIiO and Cep¢Gds 1O, Is vacuum
infiltrated into the porous structure. The infiltration is performed five times with an
intermediate drying between each infiltration. The volume ratio of NiO:CGO is 1:2.

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

cells. No heat treatment prior to stacking is required.

Example 11

- Manufacture of a SOC
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The first step comprises co-casting of a three-layered structure (layer 1 and 3 —
electrode 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 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
(Cep9Gdp 1)025 and 10 vol% charcoal as a pore-former. The sintered thickness is
about 40 um. The sintered porosity of the layer is about 50% with a pore size in the

range of about 2 um.

Suspension 2, Layer 2: The suspension is based on doped zirconia. The sintered
thickness of the foil is about 100 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 og 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 200-500 cm-.

The third step comprises sintering. The laminate is heated at a temperature increase
of about 50°C/h to about 500°C in a flowing air atmosphere. 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 cooling to room temperature.

The fifth step is the impregnation of the cathode. The sintered cell is masked on one

side by a rubber seal. A colloidal suspension of (Lag75Sro25)Mn10503.5 and
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(Ceo.9Gdo 1)02.5 (CGO10) (2:1 volume ratio) is vacuum infiltrated into the porous

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

In the sixth step the anode is impregnated. The cathode impregnated side Is
masked. A nitrate solution of Ni, Ce and Gd 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 is 50 vol% Ni and 50 vol%
(Cep sGdg 1)045 (after reduction of NiO).

The obtained membrane is about 180 um thick and ready to be built into a stack of

cells. No heat treatment prior to stacking is required.
Example 12
- Manufacture of a SOC

The first step comprises co-casting of a three-layered structure (layer 1 and 3 —
electrode precursor layer, and layer 2 — electrolyte layer) without intermediate drying.
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 as described below and the cast is subsequently dried.

Suspension 1, Layer 1 and 3: The suspension comprises pre-calcined
(CepgGdp 1)0,5 and 10 vol% charcoal as a pore-former. The sintered thickness Is
about 50 ym. The sintered porosity of the layer is about 50% with a pore size In the

range of about 2 um.

Suspension 2, Layer 2. The suspension is based on doped zirconia. The sintered
thickness of the foil is about 200 um. The sintered density of the layer is >96 % of

the theoretical density.
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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 200-500 cm’.

The third step comprises sintering. The laminate is heated at a temperature increase
of about 50°C/h to about 500°C in a flowing air atmosphere. 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 cooling to room temperature.

The fifth step is the impregnation of the cathode. The sintered cell is masked on one
side by a rubber seal. A colloidal suspension of (Lag75Sro25)Mn40503.5 and
(CepoGdy 1)0,5 (CGO10) (2:1 volume ratio) is vacuum infiltrated into the porous
structure. The infiltration is performed four times with an intermediate heating step.

In the sixth step the anode is impregnated. The cathode impregnated side IS
masked. A nitrate solution of Ni, Ce and Gd 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 is 50 vol% Ni and 50 vol%
(Cen.0Gdo 1)0s.5 (after reduction of NiO).

The obtained membrane is about 300 um thick and ready to be built into a stack of

cells. No heat treatment prior to stacking iIs required.
Example 13:
- Manufacture of a SOC

The first step comprises tape-casting of two layers (layer 1 — electrode precursor
layer, and layer 2 - electrolyte layer). Suspensions for tape-casting are
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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 ZrossYo.12025 powder mixed with 10 vol% of
graphite pore former. The green thickness is about 40 um. The sintered porosity of

the layer is about 50% with an average pore size around 2-3 ym.

Layer 2. The suspension is based on Zry785C02Y0.0202.5 powder. The sintered
thickness of the electrolyte is about 25 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 (1) sandwiched between two
electrode precursor layers (2, 3), as shown in Figure 1. The lamination is performed
by the use of heated rolls in a double roll set-up and takes place in one pass. The

obtained structure is symmetrical, as indicated in Figure 1.

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 i1s the sintering of the laminate. The laminate Is heated with an
increase of the temperature of about 50°C/h to about 500°C in a flowing air
atmosphere. After 2 hours of soaking, the furnace is heated to about 1200°C with an
increase of the temperature of 100°C/h, and left for 5 hours before cooling to room

temperature.

In the fifth step the cathode is impregnated. The sintered cell is masked on one side.
A nitrate solution of La, Sr, Co and Fe is vacuum infiltrated into the porous structure.
The Infiltration I1s performed six times with an intermediate heating step for
decomposition of the nitrates. The resulting composition of the impregnated

perovskite cathode Is: (Lao_ssl'oi4)o,97(COo,zFeo,a)Oa-a.

29



10

15

20

25

30

CA 02718954 2010-09-16

WO 2009/115319 PCT/EP2009/002010

In the sixth step the anode is impregnated. The impregnated cathode side is masked
prior to impregnation of the anode. A nitrate solution of Ni, Ce and Gd 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 is 40
vol% Ni and 60 vol% (Ceq.sGdg 1)O,.5 (after reduction of NiO).

The so formed cell has a thickness of about 100 um and is ready to be built into a

stack of cells. No heat treatment prior to stacking is required.

Example 14:

- Manufacture of a SOC

The cell is produced as outlined above for Example 13, with the exception that In
step five the cathode is impregnated. The sintered cell is masked on one side. A
colloidal suspension of (LageSr.4)0.97(C00.2F€0.58)03.5 and (Cep9Gdp 1)O02.5 (CGO10) is
vacuum infiltrated into the porous structure. The infiltration is performed five times

with an intermediate heating step.

The obtained cell has a thickness of about 100 um and is ready to be built into a

stack of cells. No heat treatment prior to stacking is required.

Example 15:

- Manufacture of a SOC

The manufacturing is carried out as described in Example 13 for steps one to four.

The fifth step is the impregnation of the cathode. The sintered cell is masked on one

side by a polymeric seal. A colloidal suspension of (Lag75Srg25)Mn1.0s035 and
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(CGO10) is vacuum infiltrated into the porous structure. The infiltration is performed

four times with an intermediate drying between each infiltration.

The cell is completed as described in Example 13. The obtained cell has a thickness
of about 100 ym and is ready to be built into a stack of cells. No heat treatment prior

to stacking is required.
Example 16:

- Manufacture of a SOC

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 Zry785C02Y0.0202.5 powder using charcoal as a
pore-former. The green thickness is about 40 um. The sintered porosity of the layer
Is about 50% with an av erage pore size in the range of 1-2 um.

Layer 2: The suspension is based on Zrp789C02Y0.0202.5 powder. 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 precursor 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?.
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The fourth step the laminate is sintered. The laminate is heated with an increase of

the temperature of about 50°C/h to about 500°C in a flowing air atmosphere. After 2
hours of soaking, 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 a cathode barrier layer. After sintering a nitrate
solution of gadolinium doped ceria (Gdo 1Cep9)O..5 (barrier material) is impregnated
into the cathode precursor layer two times. After impregnation the sample is heat
treated for 1 hour at 400°C.

The sixth step is the impregnation of the cathode. The sintered cell is masked 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: (Lag6Sro.4)0.97C003.5.

In the seventh step the anode is impregnated. The cathode impregnated side is
masked. A nitrate solution of Ni, Ce and Gd is vacuum infiltrated into the porous

structure. The infiitration 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 is 40 vol% Ni and 60 vol%
(Cep sGdg 1)0,.5 (after reduction of NiO).

The so formed cell is about 100 um thick and ready to be built into a stack of cells.

No heat treatment prior to stacking is required.

Example 17:

- Manufacture of a SOC

The first step comprises tape-casting of two layers (layer 1 — electrode precursor

layer, and layer 2 - electrolyte layer). Suspensions for tape-casting are
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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 ZrossYo.1602.5 powder mixed with 10 vol%
PMMA filler. The sintered thickness is about 25 pm. The sintered porosity of the
layer is about 60% with an average pore size in the range of 1-3 ym.

Layer 2: The suspension is based on ZrosoYo0.20.5 powder. The sintered thickness of
the electrolyte is about 150 um. The sintered density of the layer is >96 % of the
theoretical density.

The cell is completed as described in Example 15. The so formed cell is about 200
um thick and ready to be built into a stack of cells. No heat treatment prior to

stacking Is required.
Example 18:
- Manufacture of a SOC having multi layer electrodes

The first step comprises tape-casting of three layers;, two zirconia 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 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. The relative thermal
expansion coefficients (TEC) of the layers are TEC ayer3<TECjayeri<TECiayer2.

Layer 1: The suspension comprises Zrys2Y0.1802.5. 15 vol% graphite is used as pore

former. The sintered thickness is about 30 um. The sintered porosity of the layer is
about 50% with a pore size in the range of 2-5 um.
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Layer 2: The suspension is based on Zrps4Y0.16025.10 vol % graphite is used as a
pore-former. The sintered thickness of the foil is about 25 ym. The sintered porosity

of the layer is about 50% with a pore size in the range of 1-3 ym.

Layer 3: The suspension is based on Zrgs0Y0.2002.5 powder. The sintered thickness
of the foil is about 50 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 (sandwiched between two electrode
precursor layers on each side in the order Layer 1 — Layer 2 — Layer 3 — Layer 2 -
Layer 1. This layer structure corresponds to layers 4 to 8 as shown in Fig. 2. 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 of samples with an area of about 600 cm?.

The cell is completed as described in Example 13. The obtained cell is about 160 um

thick and ready to be built into a stack of cells. No heat treatment prior to stacking Is

required.
Example 19:
Manufacture of a thin SOC having multi layer electrolyte

The first step comprises tape-casting of three layers; one zirconia containing
electrode precursor layer (layer 1) and two electrolyte layers (layers 2 and 3).
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. The relative thermal

expansion coefficients (TEC) of the layers are TEC ayer3<TECiayer1i<TECiayer2.

34



10

15

20

25

30

CA 02718954 2010-09-16

WO 2009/115319 PCT/EP2009/002010

Layer 1: Electrode precursor layer. The suspension is based on Zrs2Y0.1802.5. 10 vol
% graphite is used as a pore-former. The sintered thickness of the foil is about 50
um. The sintered porosity of the layer is about 50% with a pore size in the range of

1-3 um.

Layer 2: Electrolyte layer. The suspension is based on Zrgg:Y0.16025. The sintered
thickness of the foil is about 10 um. The sintered porosity of the layer is about 96%.

Layer 3: Electrolyte layer. The suspension is based on ZrogoY02002.5 powder. The
sintered thickness of the foil is about 5 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 (sandwiched between electrode
precursor layers on each side in the order Layer 1 — Layer 2 — Layer 3 — Layer 2 —
Layer 1. The lamination is performed by warm pressing at 120°C.

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”.

The fourth step comprises sintering. The laminate is heated at an increase of the
temperature of about 50°C/h to about 500°C in a flowing air atmosphere. After 2
hours of soaking, 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 on the side with the electrolyte layer
(layer 3). The sintered cell is masked on one side. A nitrate solution of La, Sr, Co
and Fe is 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: (LaosSro 4)0.97(C00.2F€0.8)O1.s.
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In the sixth step the anode is impregnated. The cathode impregnated side Is
masked. A nitrate solution of Ni, Ce and Gd is 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 is 40 vol% Ni and 60 vol% (Ceg.¢Gdo.1)0o.

5 (after reduction of NIO).

The so formed cell has a thickness of about 125 um thick and ready to be built into a

stack of cells. No heat treatment prior to stacking is required.

Example 20: Manufacture of a SOC 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 Zro76SCo2Y0.0302.5. The sintered thickness is
about 30 um. The sintered porosity of the layer is about 30% with a pore size in the

range of 1-2 um.

Layer 2: The suspension is based on Zr;785C02Y00202:5 powder. The sintered
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 Iinto 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.
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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 i1s heated at a temperature
increase of about 50°C/h to about 500°C in a flowing air atmosphere. After 2 hours of
soaking, 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 a cathode barrier layer. After sintering a nitrate
solution of gadolinium doped ceria (Gd, 1Ce)02.5 (barrier material) is impregnated
into the cathode precursor layer two times. After impregnation the sample Is heat
treated for 1 hour at 400°C.

The sixth step is the impregnation of the cathode. The sintered cell is masked on one
side by a rubber seal. A nitrate solution of La, Sr, Co and Fe is infiltrated into the
porous structure. The infiltration is performed five times with an intermediate heating
step for decomposition of the nitrates. The resulting composition of the impregnated

perovskite cathode is: (LageSro4)o.97(C00.2F€0.8)O3.5.

In the seventh step the anode is impregnated. The cathode impregnated side Is
masked by a rubber seal. A nitrate solution of Cu, Ni, Ce and Gd is 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% Zry.78S¢02Y0.0202.5 (after reduction of NiO).

The obtained cell is about 90 um thick and ready to be built into a stack of cells. No

heat treatment prior to stacking is required.

Example 21:

- Manufacture of a SOC with a patterned profiled structure
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Steps one and two are carried out as described in Example 13.

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
structure 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 a temperature increase
of about 50°C/h to about 500°C in a flowing air atmosphere. After 2 hours of soaking,
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 sixth step is the impregnation of the cathode. The sintered cell is masked on one
side by a rubber seal. A nitrate solution of La, Sr, Co and Fe is 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)o.97(C002F€0.3)O3.5.

In the seventh step the anode is impregnated. The cathode impregnated side is
masked by a rubber seal. A nitrate solution of Ni, Ce and Gd is infiltrated into the
porous structure. The infiltration is performed seven times with an intermediate
heating schedule between each infiltration for decomposition of the impregnated
nitrates. The resulting composition of the impregnated anode part is 50 vol% Ni and
50 vol% Zrp 786S¢C.2Y0.0202.5 (after reduction of NiO).

The obtained cell is ready to be built into a stack of cells. No heat treatment prior to

stacking is required.
Example 22:

- Manufacture of a SOC
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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 pre-calcined YSZ and 10 vol% charcoal as a
pore-former. The sintered thickness is about 20 uym. The sintered porosity of the

layer is about 50% with a pore size in the range of about 2 um.

Layer 2: The suspension is based on YSZ powder. The sintered thickness of the foll
is about 75 um. The sintered density of the layer is >96 % of the theoretical density.

Step two to four are carried out as described in Example 13.

The fifth step is the impregnation of the cathode. The sintered cell is masked on one
side by a rubber seal. A colloidal suspension of (Lag759rp25)MnN405035 and
Zro76SC02Y0.0202.5 (2:1 volume ratio) is vacuum infiltrated into the porous structure.

The infiltration is performed four times with an intermediate heating step.

In the sixth step the anode is impregnated. The cathode impregnated side is masked
by a rubber seal. A colloidal suspension of NIO and Cey9Gdy 1O, IS vacuum
infiltrated into the porous structure. The infiltration is performed five times with an
intermediate drying between each infiltration. The volume ratio of NIO:.CGO is 1:2.

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

cells. No heat treatment prior to stacking is required.
Example 23

- Manufacture of a SOC
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The first step comprises co-casting of a three-layered structure (layer 1 and 3 —
electrode 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 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, Layers 1 and 3. The suspension comprises pre-calcined
Zr078S¢C02Y00202.5 and 10 vol% charcoal as a pore-former. The sintered thickness Is
about 40 um. The sintered porosity of the layer is about 50% with a pore size In the

range of about 2 um.

Suspension 2, Layer 2: The suspension is based on doped zirconia. The sintered
thickness of the foil is about 100 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 og 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 200-500 cm?.

The third step comprises sintering. The laminate is heated at a temperature increase
of about 50°C/h to about 500°C in a flowing air atmosphere. 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 cooling to room temperature.

The fifth step is the impregnation of the cathode. The sintered cell is masked on one

side by a rubber seal. A colloidal suspension of (Lag759r25)Mn105035 and
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Zro78SC02Y0.02025 (3:1 volume ratio) is vacuum infiltrated into the porous structure.

The infiltration is performed four times with an intermediate heating step.

In the sixth step the anode is impregnated. The cathode impregnated side is
masked. A nitrate solution of Ni, Zr and Y 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 is 50 vol% Ni and 50 vol%

71084 Y0 16025 (after reduction of NiQO).

The obtained membrane is about 180 ym thick and ready to be built into a stack of

cells. No heat treatment prior to stacking is required.

Example 24

- Manufacture of a SOC

The first step comprises co-casting of a three-layered structure (layer 1 and 3 -
electrode precursor layer, and layer 2 — electrolyte layer) without intermediate drying.
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 as described below and the cast is subsequently dried.

Suspension 1, Layers 1 and 3: The suspension comprises pre-calcined Zro s0Y0.2002.5
and 10 vol% charcoal as a pore-former. The sintered thickness is about 50 um. The

sintered porosity of the layer is about 50% with a pore size in the range of about 2

um.

Suspension 2, Layer 2. The suspension is based on ZrgosoY0.2002.5. The sintered
thickness of the foil is about 200 um. The sintered density of the layer is >96 % of

the theoretical density.
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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 200-500 cm?.

The third step comprises sintering. The laminate is heated at a temperature increase
of about 50°C/h to about 500°C in a flowing air atmosphere. 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 cooling to room temperature.

The fifth step is the impregnation of the cathode. The sintered cell is masked on one
side by a rubber seal. A colloidal suspension of (Lag755r025)Mn405035 and
Zr080Y02002.5 (2:1 volume ratio) is vacuum infiltrated into the porous structure. The

infiltration is performed four times with an intermediate heating step.

In the sixth step the anode is impregnated. The cathode impregnated side Is
masked. A colloidal suspension of NiO and Zrgs0Y0.20025 IS vacuum infiltrated into
the porous structure. The infiltration is performed four times with an intermediate

drying between each infiltration. The resulting composition of the impregnated anode
part is 50 vol% Ni and 50 vol% ZrosoY02002.5 (after reduction of NiO).

The obtained membrane is about 300 um thick and ready to be built into a stack of
cells. No heat treatment prior to stacking Is required.
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CLAIMS:

1. An all ceramics solid oxide cell, comprising an anode layer comprising catalyst

material, a cathode layer comprising catalyst material, and an electrolyte layer sandwiched
between the anode layer and the cathode layer,

wherein the electrolyte layer comprises doped zirconia and has a thickness of from 40
to 300 um;

wherein the anode layer and the cathode layer both comprise doped ceria or both
comprise doped zirconia;

wherein the anode layer or cathode layer, or both, is impregnated with a barrier
material comprising doped ceria; and

wherein a multilayer structure formed of the anode layer, the electrolyte layer and
the cathode layer is a structure wherein the anode layer and the cathode layer are
porous and identical in the doped ceria composition or doped zirconia composition prior
to the impregnation with said barrier material comprising doped ceria, thereby forming a

symmetrical structure.

2. The all ceramics solid oxide cell of claim 1, wherein the thickness of anode layer and

cathode layer is 150 um or less.

3. The all ceramics solid oxide cell of claim 1 or 2, wherein the electrolyte layer

comprises more than one layer.

4. The all ceramics solid oxide cell of any one of claims 1 to 3, wherein the anode layer
and the cathode layer each comprise more than one layer.

D. The all ceramics solid oxide cell of any one of claims 1 to 4, wherein the anode layer
and cathode layer have a porosity of from 20 to 80%.

0. A method of producing the all ceramics solid oxide cell of any one of claims 1 to 5,
comprising the steps of:

providing a first electrode precursor layer,

forming an electrolyte layer on top of the first electrode precursor layer,

forming a second electrode precursor layer on top of the electrolyte layer, and
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sintering the obtained multilayer structure,
wherein the method further comprises the step of impregnating the electrode

precursor layer which will form the cathode layer and/or the anode with a barrier material
comprising doped ceria.

7. The method of claim 6, wherein the sintering temperature is from 1000 to 1300°C.

8. The method of claim 7, wherein the barrier material is selected from the group
ConSiSting of (Ceo.ngoj)Oz.ﬁ and (Ceo,gsmoj)o‘?.ﬁ.

9. The method of any one of claims 6 to 8, further comprising the step of impregnation of
the first electrode precursor layer and second electrode precursor layer with a catalyst or
catalyst precursor material so as to form the cathode layer and the anode layer.

10. The method of claim 8, wherein the catalyst or catalyst precursor for the electrode
precursor layer which will form the cathode layer is a manganite, a ferrite, a cobaltite, a

nickelate, doped ceria, doped zirconia, or a mixture thereof.

11. The method of claim 10, wherein the catalyst or catalyst precursor for the electrode

precursor layer which will form the anode layer Is:

~ NI

- an Fe,Niy alloy, wherein x is between 0 to 1;

- a mixture of Ni and doped ceria or doped zirconia;

- a mixture of Cu and doped zirconia or doped ceria; or

- Ma.Ti;.,Mb,O,.5, wherein Ma = Ba, Sror Ca; Mb =V, Nb, Ta, Mo, W, ThorU, ;0 <
s < 0.5; or LnCri,MO3.5, M =V, Mn, Nb, Mo, W, Th or U, wherein x is between
to 1.
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