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Description

[0001] The present invention provides a cheap and robust membrane structure comprising a layer being formed from
a material having a crystallinity in the nano-range, and a cost effective architecture and method for producing same.
The membrane is especially suitable as a gas separation membrane.

Background

[0002] Generally, separation membranes are made from various inorganic or organic materials, including ceramics,
metals and polymers. For example, ceramic materials possessing oxide ion conductivity are suitable to cause selective
permeation of oxygen at high temperatures, such as temperatures of about 500°C or more. Membranes comprising at
least a layer of said ceramic materials are therefore suitable to separate oxygen from oxygen containing gas mixtures.
[0003] More specifically, it has been suggested to apply electrodes to both sides of a ceramic membrane structure
being based on electrolytic material and to connect said electrodes externally. On one side of the membrane, the oxygen
partial pressure is during use lower than on the other side of the membrane. In said configuration, oxygen molecules at
the side with the higher oxygen partial pressure accept electrons, split and become oxygen ions, which diffuse through
the membrane to the opposite electrode, where they discharge, and leave the membrane, either as oxygen molecules
or, in the case of a combustible gas being present, as part of a combustion product. The electrons are transferred back
via the external circuit to the first electrode. As a result, oxygen is continuously separated from the gas at the side of the
membrane which has the higher oxygen partial pressure.

[0004] The above described membranes are also suitable for partial oxidation processes, for instance oxidation of
methane gas in order to produce syngas, i.e. a mixture of CO and H,. Syngas is an important intermediate product in
the production of methanol, ammonia, or synthetic diesel.

[0005] Some oxygen ion conductors also exhibit electron conductivity, referred to as electron - oxide ion mixed con-
ductors, or just mixed conductors. If the electronic conductivity is not sufficiently high, dual conducting mixtures may be
prepared by mixing an ion-conducting material with an electronically conducting material to form a composite, multi-
component, non-single phase material.

[0006] Additionally, membranes can be used to separate hydrogen. In this case, the membrane material must be a
proton conductor. Hydrogen can serve as a clean fuel for powering many devices ranging from large turbine engines in
integrated gasification combined cycle electric power plants, to small fuel cells. Hydrogen can also power automobiles,
and large quantities are used in petroleum refining.

[0007] In case of syngas production, the above described ceramic membranes are exposed to extreme conditions.
The opposite sides of the membrane are simultaneously exposed to a highly oxidizing and a highly reducing atmosphere,
respectively, at high temperatures. Also the thermal and chemical expansion of the membrane at high temperatures
(and low pO,) might result in stress in the membrane and in the other parts of the apparatus containing said membrane.
The membranes therefore need chemical stability with respect to decomposition and should further exhibit low expansion
on reduction.

[0008] Oxygen separation membranes may also be operated at high pO, where the driving force for the flux of oxygen
is created by having a high absolute pressure difference over the membrane. In this case, the chemically environment
is more benign, but the mechanical loads introduced by the pressure differences are severe and a structurally robust
membrane design is necessary.

[0009] The following Table lists some of the proposed materials for oxygen separation together with some of their
properties.

Table 1: Oxide ion conductivity and pg, stability limits of membrane candidate materials
op (8/m) (1073 K)  op (S/m) (1273 K)  estimated de-composition pg, (atm)

Lag 6Sro.4Fe03 5 1[1] 20 [1] 1017 (1273 K)

10-14 (1473 K)

Lag 6Sro.4C0g 2F€0 803.5 4 [3] 20 [3] 107 (1273K)

Lag 6Srp.4C003 5 6 [4] 40 [4] 107 (1273 K)

Bag 5Sr0.5F€03 5 >4[9] >8[9] 10-17 (1273 K)

Bag 5Sr0.5C00 8F€0.203.5 > 27 [9] > 47 [5] 107 (1273 K)
Ce.9Gdp.101.95.5 6 [6] 16 [6] ~
CegGdp2019.5 6 [6], 20 [7] 16 [6], 25 [7] ~
Y0.16Zr0.8401.02 10 ~
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References in Table 1:
[0010]

[1] M. Sggaard, P. V. Hendriksen, M. Mogensen, "Oxygen nonstoichiometry and transport properties of strontium
substituted lanthanum ferrite", J. Solid State Chem 180 (2007) 1489-1503.

[2] T. Nakamura, G. Petzow, L. J. Gauckler, "Stability of the perovskite phase LaBO5 (B =V, Cr, Mn, Fe, Co, Ni) in
a reducing atmosphere i. experimental results", Materials Research Bulletin 14 (1979) 649-659.

[3] B. Dalslet, M. Sggaard, P. V. Hendriksen, "Determination of oxygen transport properties from flux and driving
force measurements using an oxygen pump and an electrolyte probe", J. Electrochem. Soc., to be published.

[4]1 M. Sggaard, P. V. Hendriksen, M. Mogensen, F. W. Poulsen, E. Skou, "Oxygen nonstoichiometry and transport
properties of strontium substituted lanthanum cobaltite",Solid State lonics 177 (2006) 3285-3296.

[5] Z. Chen, R. Ran,W. Zhou, Z. Shao, S. Liu, "Assessment of Bag 5Sry 5C04.,FeyO3 5 (y=0.0-1.0) for prospective
application as cathode for it-SOFCs or oxygen permeating membrane", Electrochimica Acta 52 (2007) 7343-7351.
[6] S. Wang, H. Inaba, H. Tagawa, M. Dokiya, T. Hashimoto, "Nonstoichiometry of Ceq Gdg 104 o5.,", Solid State
lonics 107 (1998) 73-79.

[71 N. Sammes, Z. Cai, "lonic conductivity of ceria/yttria stabilized zirconia electrolytematerials”, Solid State lonics
100 (1997) 39-44.

[0011] Especially flourite and perovskite structured metal oxide materials offer a number of candidates for good oxygen
separation membranes. Table 1 lists the oxygenion conductivity, o of these materials as well as the pO, of decomposition
at various temperatures (the pO, of decomposition is estimated as the pO, of decomposition of LaCoO3 for the Co
containing perovskites, and the p0, of decomposition of LaFeO, for the Fe containing perovskites). The other listed
materials in Table 1 are stable in the pO, range required for operating a syngas membrane.

[0012] Asis evident from the Table, the Co-containing perovskites exhibit a high ionic conductivity. However, they do
not possess sufficient thermodynamic stability for operating at low pO,, as is required for instance for production of
synthesis gas in a membrane reactor.

[0013] On the other hand, of the materials possessing sufficient thermodynamic stability as required for syngas pro-
duction, doped ceria possesses the highest ionic conductivity as compared to the above perovskite candidates.
[0014] The performance of a mixed conducting membrane will in general be limited by either the electronic or the ionic
conductivity, whichever is lower. For the perovskite materials, the ionic conductivity is generally the limiting factor,
whereas the electronic conductivity is the limiting factor for the fluorite materials. At high pO, the performance of
Ce oGdjy 104 g5.5 and Ceq gGdg 504 g_5 Will be limited by their electronic conductivity. It has been suggested to enhance
the electronic conductivity by using Pr substitution rather than Gd substitution. However, in order to improve the per-
formance of the membrane, for example for the syngas production, new materials are desired exhibiting a better balance
of ionic and electronic conductivity to overcome the current limits as provided by the prior art.

[0015] US 6,139,810 discloses a reactor comprising reaction tubes which comprise an oxygen selective ion transport
membrane with an anode side, wherein said membrane is formed from a mixed conductor metal oxide, a heat transfer
means formed from metal, and a reforming catalyst disposed about said anode side of said oxygen selective ion transport
membrane.

[0016] WO-A1-01/09968 relates to mechanically strong, highly electronically conductive porous substrates for solid-
state electrochemical devices. A gas separation device is disclosed comprising a first electrode comprising a metal and
a second electrode comprising a ceramic material.

[0017] US patent 6,033,632 relates to solid state gas-impermeable, ceramic membranes useful for promotion of oxi-
dation-reduction reactions as well as for oxygen gas separation. The membranes are fabricated from a single-component
material which exhibits both, electron conductivity and oxygen-ion conductivity. Said material has a brownmillerite struc-
ture with the general formula A,B,05.

[0018] EP-A-0766 330 discloses a solid multi-component membrane which comprises intimate, gas-impervious, multi-
phase mixtures of an electronically-conductive phase and/or gas-impervious "single phase" mixed metal oxides having
a perowskite structure and having both electron-conductive and oxygen ion-conductive properties.

[0019] US patent 6,165,53 discloses a method of fabricating a dense ceramic membrane comprising:

- providing a colloidal suspension of a ceramic powder;

- providing a polymeric precursor comprising a polymer containing metal cations;

- mixing the polymeric precursor together with the colloidal suspension;

- applying the mixture to a membrane support to form a composite structure; and

- heating the composite structure to form a dense membrane on the membrane support.
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[0020] US-A-2005/0142053 relates to a composite-type mixed oxygen ion and electronic conductor, characterized in
that its oxygen ion conductive phase consists of gadolinium-doped cerium oxide, and its electronic conductive phase
consists of a spinel-type ferrite.

[0021] US patent 6,541,159 discloses an oxygen separating membrane, comprising a backbone having a first surface
and a second surface and an array of interconnected pores extending therebetween; a hydroxide ion conductor extending
through said pores from said first surface to said second surface; and an electrical conductor extending through said
pores from said first surface to said second surface, said electrical conductor being discrete from said ion conductor.
[0022] However, the membrane structures suggested in the prior art are insufficient in chemical and mechanical
stability and reliability and/or do not provide the required high performance, and are further expensive in production,
thus preventing mass production. The suggested membranes do not result in membranes having a good balance of
ionic and electronic conductivity, limiting the membrane efficiency due to the inherent limit of either the electrical or ionic
conductivity of the employed materials. On the other hand, the suggested materials showing a promising balance are
chemically unstable structures or otherwise not suitable for membrane mass production, as the membranes have a very
short life time or they are expensive to manufacture.

[0023] US-A-6165553 relates to a method of fabricating a ceramic membrane comprising:

- providing a colloidal suspension of a ceramic powder,

- providing a polymeric precursor comprising a polymer containing metal cations,

- mixing the polymeric precursor together with the colloidal suspension,

- applying the mixture to a membrane support to form a composite structure, and

- heating the composite structure to form a dense membrane on the membrane support.

[0024] US 2005/142053 discloses a composite-type mixed oxygen ion and electronic conductor, characterized in that
the oxygen ion-conductive phase consist of a spinel-type ferrite.

[0025] In view of the difficulties connected with the membranes of the prior art as outlined above, it was the object of
the present invention to provide a cheap, mechanically robust membrane having excellent ion and electron conductivity,
and a cost effective method for producing same.

[0026] This objectis achieved by the present invention providing a high performance membrane having an architecture
with a thin membrane layer on a support structure and the membrane layer being nanocrystalline. The membrane exhibits
robustness and is manufactured with a low price of the final device.

[0027] More specifically, the above object is achieved by a membrane, comprising in this order a porous support layer,
an optional catalyst layer, a gas tight electronically and ionically conducting membrane layer which is an oxygen ion
conductor or proton conductor, and a catalyst layer, characterized in that the electronically and ionically conducting
membrane layer is formed from a material having a crystallite structure with a crystal size of 1 to 100 nm.

[0028] The above object is further achieved by a method of producing the above membrane, comprising the steps of:

providing a porous support layer;

optionally applying a catalyst layer or a catalyst precursor layer on the support layer;

applying an electronically and ionically conducting layer on the support layer or optional catalyst layer which is an
oxygen ion conductor or proton conductor, wherein the electronically and ionically-conducting membrane layer is
formed from a material having a crystallite structure with a crystal size of 1 to 100 nm;

applying a catalyst layer on the electronically and ionically conducting layer; and sintering the multilayer structure.

[0029] Preferred embodiments are set forth in the subclaims and the detailed description of the invention below.

Brief description of the Figures

[0030]

Figure 1 illustrates a membrane structure in accordance with the present invention.

Figure 2illustrates another membrane structure in accordance with the presentinvention, comprising catalyst support
layers.

Figure 3 illustrates another membrane structure in accordance with the present invention, comprising a combined
support and catalyst layer.

Figure 4 illustrates another membrane structure in accordance with the present invention, the membrane having a
tubular design.
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Description of the invention

[0031] The presentinvention provides a membrane, comprising in this order a porous support layer, an optional catalyst
layer, a gas tight electronically and ionically conducting membrane layer which is an oxygen ion conductor or proton
conductor and a catalyst layer, characterized in that the electronically and ionically conducting membrane layer is formed
from a material having a crystallite structure with a crystal size of 1 to 100 nm.

[0032] Advantageously, the membrane of the present invention can be manufactured from cheap materials as the
production process allows a vast variety of suitable compounds without limitation to some expensive materials at the
same time. The present invention further comprises a support layer providing excellent mechanical stability while the
membrane structure has a gas tight electronically and ionically conducting layer exhibiting a good balance of ion and
electron conductivity.

[0033] In Figure 1, the principle structure of the membrane of the present invention is illustrated. The gas tight elec-
tronically and ionically conducting layer 11 is sandwiched between the support layer 12 and the catalyst layer 13. The
membrane of Figure 1 is shown as a symmetrical flat plate design. In Figure 4, a tubular design as an alternative is
illustrated, with the gas tight electronically and ionically conducting layer 44 being sandwiched between the catalyst layer
45 and the support layer 46. The membrane may of course have other designs than a flat plate or tubular design,
depending on the desired application. Additional layers may also be present, such as (a) bonding layer(s) 23, 24, or
catalyst "layers" either on the surface of the support structure (lower surface of 35) (b) in the support or (c) as a separate
layer between the support layer and the gas tight layer (23).

[0034] Preferably, the support layer comprises a metal. More preferred is the support layer being a metallic support
layer. Metallic support layers can be obtained from cheap starting materials which, at the same time, provide excellent
mechanical stability as compared to brittle ceramic supports. The metallic support layer also has a good electronic
conductivity and can serve as a catalystlayer. Consequently, the process can be simplified which results in the membrane
being more cost effective.

[0035] The metal support further allows relaxation of stresses building up in the structure due to changes in specific
volume of the membrane material under use, making the membrane structure mechanically more robust.

[0036] The metal support layer is a porous metal layer. The porosity is preferably in the range of 20 to 70%, more
preferably from 30 to 60%, and most preferably from 35 to 55%. The pore size is preferably in the range of 0.5 to 10
pm, more preferably from 1 to 6 um and most preferred from 2 to 5 um.

[0037] The material for the metal support layer is preferably selected from the group of stainless steel, Fe1_x_yCrXMay
alloys, wherein Ma is Ni, Ti, Ce, Mn, Mo, W, Co, La, Y, or Al, and or NiO + metal oxides such as TiO, or Cr,03. In the
formula, x is from 0 to 1, preferably from 0.1 to 0.9, and more preferably from 0.2 t0 0.8. Y is from O to 1, preferably from
0.1t0 0.9, and more preferably from 0.2 to 0.8. Furthermore, X +Y <1. Most preferred is the metal support being stainless
steel or an Fe-Cr alloy containing up to 5 % Al (by weight).

[0038] Also preferred is the metal support layer being a presintered support layer. Such support layers are either
commercially available products, or can be manufactured separately prior to assembly of the membrane structure. The
degree of pre-sintering can be tailored to allow further shrinkage during sintering of the device, or to allow no further
shrinking during the sintering of the membrane, as desired.

[0039] Further preferred is the support layer being a thin support layer. The thickness of the support layer is generally
in the range of from 100 to 2000 pm, with 200 to 1000 wm being more preferred.

[0040] The electronically and ionically conducting layer is an oxygen ion conductor or proton conductor, depending
on the desired application. Suitable materials having oxygen ion conducting properties include doped ceria (Ce,M, O, s,
where M = Ca, Sm, Gd, Sc, Ga, Y and/or any Ln (lanthanide) element, or combinations thereof), wherein x is from 0 to
1, preferably from 0.1 to 0.9, and more preferably from 0.2 to 0.8; and doped zirconia Zr_,M,O,_s, where M = Sc, Y, Ce,
Ga or combinations thereof, and wherein x is from 0 to 1, preferably from 0.1 to 0.9, and more preferably from 0.2 to
0.8. Most preferred is doped ceria.

[0041] Suitable materials having proton conducting properties include perovskites with the general formula ABOs,
where A = Ca, Sr, Ba; B = Ce, Zr, Ti, Sn. Other suitable materials are e.g. Ba,YSnOg 5, Sry(ScNb)Og, LnZr,0,, LaPO,
and Ba;B’B"Og (B’=Ca,Sr; B"=Nb, Ta).

[0042] The gas tight electronically and ionically conducting layer is furthermore formed from a material having a
crystallite structure with a crystal size of 1 to 100 nm, preferably having a crystallite structure with a crystal size of 3 to
80 nm, even more preferably having a crystallite structure with a crystal size of 5 to 50 nm. The nanocrystallinity in the
layer leads to enhanced electronic conductivity (and in some cases also ionic conductivity).

[0043] Ifthe enhanced transport properties obtained via the nanocrystallinity in the film are not sufficient for the specific
intended use, the material can be mixed with small amounts, preferably less than 20 %, of an electronically conducting
material. Preferred are metals. In view of improved adhesion of the layers so as to provide better stability of the membrane
structure, it is more preferred to mix one of the above listed ionically conductive materials with the metal employed as
the metallic support. Most preferred is a mixture of doped ceria and an iron based alloy. Mixing electronically conductive
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and ionically conductive materials furthermore advantageously results in increasing the effective electron conductivity
either by affecting the grain boundaries of the layer through a direct action as "charge carriers", or by facilitating the
reduction of ceria in the membrane.

[0044] The membrane in the above structure may, depending on the magnitude of the electronic conductivity, exhibit
an electromotive force different from zero during operation in an oxygen potential gradient. This feature can for example
be used as a control measure during reactor operation. If the reactor is equipped with an external electrical circuit, it is
possible to precisely increase or decrease the flux through the membrane by measuring the electromotive force and
adjusting by an external potentiostat to provide the desired flux through the membrane.

[0045] In another preferred embodiment, the catalyst layers comprise catalyst material.

[0046] In case the catalyst layer is intended to form the later oxygen reduction catalyst, preferred materials for forming
said catalyst layer comprise one or more materials selected from the group of (Ma1_XMbX)(Mc1_dey)O3_5, doped ceria
or doped zirconia, or mixtures thereof. Ma = lanthanides (Ln) or Y, preferably La. Mb = earth alkali elements, preferably
Sr. Mc and Md are one or more elements chosen from the group of transition metals, preferably one or more of the type
Mn, Fe, Co. In the formula, x is from 0 to 1, preferably from 0.1 to 0.9, and more preferably from 0.2 to 0.8. Y is from O
to 1, preferably from 0.2 to 0.8, and more preferably from 0.4 to 0.6.

[0047] In case the catalyst layer is intended to form the later oxidation catalyst layer, more preferred materials for
forming said catalyst layer comprise a material selected from the group of Ni, Ni-Fe alloy, Ru, Pt, doped ceria, or doped
zirconia, or mixtures thereof. The dopants are the same as mentioned earlier. Alternatively MaTi;_,Mb,O5 5, Ma = Ba,
Sr, Ca; Mb =V, Nb, Ta, Mo, W, Th, U; 0.90 < s < 1.05; or LnCr;_,M,055, M =Ti, V, Mn, Nb, Mo, W, Th, U may be used
as oxidation catalyst materials. In the formula, x is from 0 to 1, preferably from 0.1 to 0.9, and more preferably from 0.2
to 0.8. Y is from O to 1, preferably from 0.1 to 0.9, and more preferably from 0.2 to 0.8.

[0048] Further preferred is the support comprising catalyst material. Suitable catalyst materials correspond to the ones
above mentioned in connection with the catalyst layer.

[0049] For the specific case of an oxygen separation membrane operating at relatively high pO, on both surfaces,
preferred materials for the oxidation catalyst are the same as listed in the previous paragraph as preferred for the
reduction catalyst.

[0050] The oxidation catalyst material in the sense of the present invention may preferably be a material for oxidizing
oxide ions to oxygen, carbon to carbon monoxide and/or carbon dioxide, or, alternatively, a mixture of methane and
water to a mixture of carbon monoxide (and/or carbon dioxide), and hydrogen (syngas).

[0051] The reduction catalyst material in the sense of the present invention is a material reducing oxygen to oxide ions.
[0052] In another preferred embodiment, the catalyst material or catalyst precursor material may be applied on the
surface of the support layer, for example by spray painting the catalyst material thereon. Depending on the application,
the catalytic activity may be sufficient even if the catalyst material is only provided on the surface of the support layer.

[0053] In a further preferred embodiment, an additional bonding layer may be located between the gas tight electron-
ically and ionically conducting layer and one or each of the adjacent layers. The bonding layers comprise ionically
conductive and electronically conductive material, preferably the materials used for the respective layers adjacent to the
bonding layers, so as to provide an improved adhesion of the layers. As the TEC of the bonding layers lie between those
of the two adjacent layers, the mechanical strength of the whole structure is improved while providing better adhesion
of the respective layers. If a bonding layer is present, said bonding layer will function as the catalyst layer as it is located
next to the electronically and ionically conducting layer. The bonding layer thus comprises catalytic material.

[0054] Generally, the optional catalyst layer will be applied if the performance of the cell requires a layer comprising
catalyst material close to the membrane layer. Applying the optional layer ensures the close contact between the optional
catalyst layer and the membrane layer. As outlined above, depending on the desired application, the catalytic activity
may be sufficient even if the catalyst material is only provided on the surface of the support layer. The optional catalyst
layer is thus not generally needed.

[0055] The membrane structure can generally have any desired shape. However, flat and tubular designs are preferred
for easier application of the respective layers on each other.

[0056] The present invention further provides a method of producing the above membrane, comprising the steps of:

- providing a porous support layer;

- optionally providing a catalyst layer or a catalyst precursor layer on the support layer;

- applying an electronically and ionically conducting layer on the support layer or optional catalyst layer which is an
oxygen ion conductor or proton conductor, wherein the electronically and ionically-conducting membrane layerc is
formed from a material having a crystallite structure with a crystal size of 1 to 100 nm;

- applying a catalyst layer on the electronically and ionically conducting layer; and

- sintering the multilayer structure.

[0057] A two step sintering may be needed, with a sintering step after application of the ionically and electronic
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conducting layer and another sintering step after application of the catalyst layer(s).

[0058] After the sintering step, the electronically and ionically conducting layer will be a gas tight layer.

[0059] Since cheap materials can be employed, and since the method is simple and does not require much labour, a
cost effective production of the membrane structure can be ensured, enabling mass production of an inexpensive high
performance component for industrial processes.

[0060] Preferably, the method further comprises the step of applying a catalyst or catalyst precursor to the catalyst
layers. Depending on the catalyst material, the additional catalyst provides a better performance. Said catalyst may be
impregnated as a catalyst or catalyst precursor during the manufacture, or introduced into the structure prior to sintering
if impregnation is not employed. In case a catalyst precursor is used, said precursor is converted into the final catalyst
after a heat treatment. Preferred for impregnation are solutions of the respective catalyst nitrate salts, and suspensions.
[0061] The layers may be, for example, formed by tape casting. If a tubular design is desired, extrusion processes
may be employed, as is known to a person skilled in the art. The additional layers may be separately tape cast, followed
by lamination of the layers. Alternatively, screen printing, spray painting or dip coating methods may be used for the
formation of the respective layers.

[0062] The membrane structure is preferably manufactured by applying the gas tight electronically and ionically con-
ducting layer on the support layer being either a pre-sintered support layer or a layer in green state to be co-sintered
with the membrane. The catalyst layer and the electronically and ionically conducting layer may be applied by any
technique known in the art. Preferably, lamination of separately produced layers or extrusion for the case of co-sintering
andforthe case of a pre-sintered support chemical vapor deposition (CVD), pulsed laser deposition (PLD), spray pyrolysis
or vacuum plasma spraying is used.

[0063] The sintering of the obtained multilayer structure is preferably performed under reducing conditions. The tem-
peratures are preferably in the range of 700°C to 1400°C, more preferably from 800°C to 1350°C. Prior to the sintering
at said temperatures, any organic material is removed, for example burned or decomposed, at temperatures in the range
of from 300°C to 700°C. Said removal is usually carried out under oxidizing conditions.

[0064] The catalyst layer between the support and the gas tight layer, and, if desired, the support layer, is preferably
impregnated, more preferably vacuum impregnated with a solution or suspension of the catalyst or catalyst precursor.
If the electrode layer or support layer is a porous layer, alternatively electrophoretic deposition (EPD) may be employed
to apply the catalyst or catalyst precursor.

[0065] The catalyst layer on the non-support side of the gas tight layer (13, 26, 36) is prepared by any conventional
ceramic processing technique like screen printing, air spraying or dip coating.

[0066] In another preferred embodiment, the method of the present invention is caried out without employing any
polymeric precursor at all. The use a polymeric precursor is for example disclosed in US-A-5,494,700, wherein metal
ions together a polymeric precursor, which may for example be a polymerizable organic solvent, are used to form films
on a support, followed by drying and calcining. However, in the method of the present invention, preferably the application
of the optional catalyst layer or catalyst precursor layer on the support layer; the application of the electronically and
ionically conducting layer on the support layer or optional catalyst layer; and the application of the catalyst layer on the
electronically and ionically conducting layer are all caried out without using a polymeric precursor.

[0067] All preferred embodiments and materials described above for the membrane of course also ally to the method
of the present invention.

[0068] The membrane of the present invention is especially suitable for oxygen separation and for supplying oxygen
to a partial oxidation process of a hydrocarbon fuel to syngas in a membrane reactor.

[0069] The present invention will now be described in more detail with reference to the following examples. The
invention is however not intended to be limited thereto.

Examples

Example 1

[0070] Different membranes for syngas production were manufactured by a conventional ceramic processing route,
as described in detail in WO 2005/122300.

[0071] The first step was the manufacture of several separate tapes to be laminated to form the membrane structure.
The support tapes were manufactured from suspensions comprising of FSS Fe, 20 %Cr for tape-casting 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 were tape-cast using a double doctor blade system and the tapes were subse-
quently dried. The thickness of the support tapes was adjusted to be between 200 and 2000 pm.

[0072] The second step was the provision of a catalyst precursor layer for later impregnation with a suitable catalyst.
The impregnation layer was made from mixtures of CG10 (doped ceria) and FSS prepared by tape casting and laminated
with one of the above support tapes by rolling. The impregnation layer tapes were tailored such that the pore size in the
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upper layer was less or about 1 wum. The total layer thickness was ~30 wm and the porosity was about 30 %.

[0073] The third step was the lamination with a membrane tape based on nanosized CG10 having an average particle
size of 45 nm. The tape thickness was about 20 wm to achieve a sintered thickness of around 10 um.

[0074] The sintering shrinkages of the various supports were tailored by control of solid loading, particle size distribu-
tions and addition of poreformers such that they result in a dense membrane layer after sintering.

[0075] Components were cut out of the laminate in a desired size.

[0076] The next step was sintering of the structures at 1200°C in a hydrogen/argon gas mixture.

[0077] After sintering and cooling, a steam reforming/cracking catalyst was impregnated into the porous layers by
vacuum infiltration with Ni or Ru-nitrate solutions.

[0078] After cleaning, an oxygen reduction catalyst, Lag ¢Sry 3Bag 1Coq gFeg 203, was applied on the exposed surface
of the membrane. The catalyst layer was applied by screen printing. The ink for printing was prepared by ball milling
suitable powder suspensions with binders and dispersing agents in terpineol.

[0079] Finally, the component was sintered at 980°C to obtain the finished membrane structures ready to be build into
a reactor.

Example 2

[0080] A membrane structure was obtained as described in Example 1 with the difference that the oxygen reduction
catalyst layer and the membrane layer were applied by spraying.
[0081] The membrane structures were finalized as described in Example 1 and was ready to be build in a reactor.

Example 3

[0082] A porous metal component manufactured by a conventional sinter-metal route of desired size was used as a
pre-sintered support layer. The support was formed from Fe20Cr1Al.

[0083] Afterwards, a catalyst layer of CG10/Lag gSry 4Crg sMng 503 was applied by screen printing a suspension (ter-
pineol based) containing CG10 and 10 % of starch as a pore former. The layer thickness was about 15 um.

[0084] A secondlayerof CG10 was printed on top of the first CG10 layer, whereby a nanosized powder with an average
particle size of about 5 to 20 nm containing 1 wt% CoO was used. The cobalt oxide was added as described by Eva
Sierra ETH, diss. 15971. The ceria powder was ultrasonically dispersed in ethanol, followed by addition of cobalt nitrate
hexahydrate dissolved in ethanol. After ultrasonic treatment, the solvent was evaporated and the powder dried and
calcined at 400°C.

[0085] After application of the second layer, the trilayer structure was fired at 950°C for 24 hours in air to achieve full
density of the membrane layer.

[0086] Subsequently an oxygen reduction catalyst was applied on the side of the CG10 membrane layer as described
in Example 1.

Example 4

[0087] The first step was the manufacture of a support layer from a Fe80Cr20 suspension for tape-casting 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 suspension was tape-cast using a double doctor blade system and the tape was subsequently
dried. The thickness of the support tape was 300 pm.

[0088] The second step was the provision of an impregnation layer for later impregnation with a suitable catalyst. The
impregnation layer was made from CGO and Fe8020Cr and a pore former prepared by tape casting and laminated with
one of the above support tapes by rolling. The impregnation layer tape was tailored such that the porosity was around
30% in the final layer, and the average pore size was around 2 pm.

[0089] In the third step, the two tapes were laminated by rolling.

[0090] In the fourth step, the bilayer structure was sintered at about 1200°C for four hours in a hydrogen/argon atmos-
phere.

[0091] As afifth step after sintering and cooling, a steam reforming/cracking catalyst was impregnated into the porous
layers by vacuum infiltration with Ni or Ru-nitrate solutions. The infiltrations are repeated 2-5 times with intermediate
heat treatments.

[0092] In the sixth step, the surface of the bilayer structure was treated for application of the subsequent gas-tight
layer. The pore size was brought down to less than 0.5 um. This was achieved by the method described by Pan
"Processing of YSZ thin films on dense and porous substrates", Y. Pan a, J.H. Zhu a,*, M.Z. Hu b, E.A. Payzant, Surface
& Coatings Technology 200 (2005) 1242 - 1247, or, alternatively, as described in US patent 5494700. The component
was impregnated with a colloidal suspension of CG10 and a polermeric CG10-precursors and heated to 300°C. The
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process was repeated up to 10 times to achieve the desired thickness (2-5 micrometer). Subsequently, the structure is
fired at about 850°C for 4 hours.

[0093] In the seventh step, a gas tight layer was applied by air blast spray pyrolysis, as described in J. Rupp Acta,
Materialia 54 (2006) 1721.

[0094] In the 8. step, the structure was sintered for 3 hours at 800 C.

[0095] In the 9. step, an oxygen reduction catalyst layer was applied on top of the gas tight layer by screen printing
as described in Example 1. The finally obtained membrane structure was ready to be used in the desired application.

Example 5

[0096] A membrane structure was obtained as described in Example 3. However, step 6 was omitted and the gas
tight layer was prepared by PLD instead of SP. The finally obtained membrane structure was ready to be used in the
desired application.

Example 6

[0097] Membrane structures were obtained as described in Example 1 but with either 5 vol % Mn;0,4, Fe30, or Co30,4
added to the ceria. The finally obtained membrane structure was ready to be used in the desired application.

Example 7

[0098] A membrane structure was obtained as described in Example 3 but based on Ce gPr 5,0, instead of CGO.
Also the catalyst in the layer between support and the gas tight layer was put in place by impregnation with a La/Sr/Mn-
glycine nitrate solution as a catalyst precursor. The impregnation was repeated several times, followed by heating to
500°C.

[0099] The finally obtained membrane structure was ready to be used in the desired application.

Example 8

[0100] A membrane structure was obtained as described in Example 3 but based on CG20 instead of CG10. The
finally obtained membrane structure was ready to be used in the desired application.

[0101] The presentinvention provides a mechanically robustand cheap membrane structure, enabling mass production
of an inexpensive high performance component for industrial processes.

Claims

1. Membrane, comprising in this order a porous support layer, an optional catalyst layer, a gas tight electronically and
ionically conducting membrane layer which is an oxygen ion conductor or proton conductor, and a catalyst layer,
characterized in that the electronically and ionically conducting membrane layer is formed from a material having
a crystallite structure with a crystal size of 1 to 100 nm.

2. The membrane of claim 1, wherein the support layer is a metallic support layer.

3. The membrane of claim 1, wherein the electronically and ionically conducting layer comprises doped ceria.

4. The membrane of any one of claims 1 to 3, wherein the catalyst layer(s) comprise(s) a catalyst material.

5. The membrane of any one of claims 1 to 4, wherein said support layer comprises a catalyst material.

6. The membrane of claim 4 or 5, wherein the catalyst material for the catalyst layer and/or the support layer is selected
from the group of (Ma,_,Mb,)(Mc4.,Md,)O3_s, doped ceria or doped zirconia, or mixtures thereof; Ma = lanthanides
or Y; Mb = earth alkali elements; Mc and Md are one or more elements chosen from the group of transition metals;
x is from 0 to 1; and y is from 0 to 1.

7. Themembrane of claim 4 or 5, wherein the catalyst material for the catalyst layer and/or the support layer is selected

from the group of Ni, Ni-Fe alloy, Ru, Pt, doped ceria, doped zirconia, MagTi4_,Mb,0O5 5, Ma = Ba, Sr, Ca; Mb =V,
Nb, Ta, Mo, W, Th, U; 0.90 < s < 1.05; xis from 0 to 1; LnCry_,M,05_5, M =Ti, V, Mn, Nb, Mo, W, Th, U; or mixtures
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thereof; and x is from 0 to 1.

8. Themembrane of any one of claims 1to 7, further comprising a bonding layer between the electronically and ionically
conducting layer and/or the catalyst layer.

9. The membrane of any one of claims 1 to 8, wherein the gas tight electronically and ionically conducting layer is
formed from a material having a crystallite structure with a crystal size of 1 to 50 nm.

10. A method of producing the membrane of claim 1, comprising the steps of:

providing a porous support layer;

optionally applying a catalyst layer or a catalyst precursor layer on the support layer;

applying an electronically and ionically conducting layer on the support layer or optional catalyst layer which is
an oxygen ion conductor or proton conductor, wherein the electronically and ionically-conducting membrane
layer is formed from a material having a crystallite structure with a crystal size of 1 to 100 nm;

applying a catalyst layer on the electronically and ionically conducting layer; and

sintering the multilayer structure.

11. The method of claim 10, further comprising the step of applying a catalyst precursor material to the catalyst precursor
layer.

12. The method of claim 10 or 11, wherein the support layer is a metallic support layer.

13. The method of any of claims 10 to 12, wherein the support layer is a pre-sintered support layer.

14. Use of the membrane of any one of claims 1 to 9 for oxygen separation.

15. Use of the membrane of any one of claims 1 to 9 for supplying oxygen to a partial oxidation process of a hydrocarbon
fuel to syngas in a membrane reactor.

Patentanspriiche

1. Membran, umfassend in dieser Reihenfolge eine pordse Tragerschicht, eine optionale Katalysatorschicht, eine
gasdichte elektronisch und ionisch leitende Membranschicht, welche ein Sauerstoffionenleiter oder Protonenleiter
ist, und eine Katalysatorschicht, dadurch gekennzeichnet, dass die elektronisch und ionisch leitende Membran-
schicht aus einem Material mit einer Kristallitstruktur mit einer KristallgroRe von 1 bis 100 nm gebildet ist.

2. Membran nach Anspruch 1, wobei die Tragerschicht eine metallische Tragerschicht ist.

3. Membran nach Anspruch 1, wobei die elektronisch und ionisch leitende Schicht dotiertes Cerdioxid umfasst.

4. Membran nach einem der Anspriiche 1 bis 3, wobei die Katalysatorschicht(en) ein Katalysatormaterial umfasst
(umfassen).

5. Membran nach einem der Anspriiche 1 bis 4, wobei die Tragerschicht ein Katalysatormaterial umfasst.

6. Membran nach Anspruch 4 oder 5, wobei das Katalysatormaterial fir die Katalysatorschicht und/oder die Trager-
schicht ausgewahlt ist aus der Gruppe von (May_,Mb,)(Mc4,Md, )O3 5, dotiertem Cerdioxid oder dotiertem Zirconi-
umdioxid oder Mischungen davon; Ma = Lanthanoiden oder Y; Mb = Erdalkalielemente, Mc und Md sind ein oder
mehrere Elemente ausgewahlt aus der Gruppe von Ubergangsmetallen; x ist 0 bis 1; und y ist 0 bis 1.

7. Membran nach Anspruch 4 oder 5, wobei das Katalysatormaterial fir die Katalysatorschicht und/oder die Trager-
schicht ausgewabhlt ist aus der Gruppe von Ni, Ni-Fe-Legierung, Ru, Pt, dotiertem Cerdioxid, dotiertem Zirconium-
dioxid, MagTiy_,Mb,05 5, Ma =Ba, Sr, Ca; Mb =V, Nb, Ta, Mo, W, Th, U; 0,90 < s < 1,05; xist 0 bis 1, LnCr;_,M, O3,
M =Ti, V, Mn, Nb, Mo, W, Th, U; oder Mischungen davon; und x ist 0 bis 1.

8. Membran nach einem der Anspriiche 1 bis 7, auBerdem umfassend eine Bindungsschicht zwischen der elektronisch
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und ionisch leitenden Schicht und/oder der Katalysatorschicht.

Membran nach einem der Anspriiche 1 bis 8, wobei die gasdichte elektronisch und ionisch leitende Schicht aus
einem Material mit einer Kristallitstruktur mit einer Kristallgrée von 1 bis 50 nm gebildet ist.

Verfahren zum Herstellen der Membran nach Anspruch 1, umfassend die Schritte:

Bereitstellen einer porésen Tragerschicht;

optional Aufbringen einer Katalysatorschicht oder einer Katalysatorvorstufenschicht auf die Tragerschicht;
Aufbringen einer elektronisch und ionisch leitenden Schicht auf die Tragerschicht oder optionale Katalysator-
schicht, welche ein Sauerstoffionenleiter oder Protonenleiter ist, wobei die elektronisch und ionisch leitende
Membranschicht aus einem Material mit einer Kristallitstruktur mit einer KristallgrofRe von 1 bis 100 nm gebildet
ist;

Aufbringen einer Katalysatorschicht auf die elektronisch und ionisch leitende Schicht; und Sintern der Mehr-
schichtenstruktur.

Verfahren nach Anspruch 10, auBerdem umfassend den Schritt des Aufbringens eines Katalysatorvorstufenmate-
rials auf die Katalysatorvorstufenschicht.

Verfahren nach Anspruch 10 oder 11, wobei die Tragerschicht eine metallische Tragerschicht ist.
Verfahren nach einem der Anspriiche 10 bis 12, wobei die Tragerschicht eine vorgesinterte Tragerschicht ist.
Verwendung der Membran nach einem der Anspriiche 1 bis 9 zur Sauerstoffabtrennung.

Verwendung der Membran nach einem der Anspriiche 1 bis 9 zum Zufiihren von Sauerstoff zu einem partiellen
Oxidationsprozess eines Kohlenwasserstoffbrennstoffs zu Synthesegas in einem Membranreaktor.

Revendications

Membrane, comprenant dans cet ordre une couche de support poreuse, une couche de catalyseur optionnelle, une
couche de membrane électroniquement et ioniquement conductrice étanche au gaz, qui est un conducteur d’ions
oxygene ou un conducteur de protons, caractérisée en ce que la couche de membrane électroniquement et
ioniquement conductrice est formée a partir d’'un matériau ayant une structure cristalline avec une taille de cristal
de 1a 100 nm.

Membrane selon la revendication 1, dans laquelle la couche de support est une couche de support métallique.

Membrane selon larevendication 1, dans laquelle la couche électroniquement et ioniquement conductrice comprend
un oxyde de cérium dopé.

Membrane selon I'une quelconque des revendications 1 a 3, dans laquelle la(les) couche(s) de catalyseur com-
prend(nnent) un matériau de catalyseur.

Membrane selon 'une quelconque des revendications 1 a 4, dans laquelle ladite couche de support comprend un
matériau de catalyseur.

Membrane selon les revendications 4 ou 5, dans laquelle le matériau de catalyseur pour la couche de catalyseur
et/ou la couche de support est sélectionné parmi le groupe constitué par un (Ma;,Mb,) (Mc,,Md,)O3_5, un oxyde
de cérium dopé ou un oxyde de zirconium dopé, ou des mélanges de ceux-ci ; Ma =lanthanidesou Y ; Mb = éléments
d’alkali terreux ; Mc et Md sont un ou plusieurs éléments choisis parmi le groupe constitué par des métaux de
transition ; xvadeOa1et;yvadeOa .

Membrane selon les revendications 4 ou 5, dans laquelle le matériau de catalyseur pour la couche de catalyseur
et/ou la couche de support est sélectionné parmi le groupe constitué par un Ni, un alliage de Ni-Fe, un Ru, un Pt,
un oxyde de cérium dopé, un oxyde de zirconium dopé, un LnCry_,M,0O55, M = Ti, V, Mn, Nb, Mo, W, Th, U ; ou
des mélanges de ceux-ciet ; xvade 0 a 1.

1"
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Membrane selon 'une quelconque des revendications 1 a 7, comprenant, en outre, une couche de liaison entre la
couche électroniquement et ioniquement conductrice et/ou la couche de catalyseur.

Membrane selon 'une quelconque des revendications 1 a4, dans laquelle la couche électroniquement etioniquement
conductrice étanche au gaz est formée a partir d’'un matériau ayant une structure cristalline avec une taille de cristal
de 1a 50 nm.

Procédé de production d’'une membrane selon la revendication 1, comprenant les étapes consistant a :

- prévoir une couche de support poreuse ;

- appliquer optionnellement une couche de catalyseur ou une couche de précurseur de catalyseur sur la couche
de support ;

- appliquer une couche électroniquement et ioniquement conductrice sur la couche de support ou la couche de
catalyseur optionnelle, qui est un conducteur d’ions oxygéne ou un conducteur de protons, pour lequel la couche
de membrane électroniquement etioniquement conductrice estformée a partir d'un matériau ayant une structure
cristalline avec une taille de cristalde 1 a 100 nm ;

- appliquer une couche de catalyseur sur la couche électroniquement et ioniquement conductrice ; et

- fritter la structure multicouche.

Procédé selonlarevendication 10, comprenant, en outre, I'étape d’application d’'un matériau précurseur de catalyseur
a la couche de précurseur de catalyseur.

Procédé selon 'une quelconque des revendications 10 ou 11, pour lequel la couche de support est une couche de
support métallique.

Procédé selon 'une quelconque des revendications 10 ou 12, pour lequel la couche de support est une couche de
support pré-frittée.

Utilisation d’'une membrane selon I'une quelconque des revendications 1 a 9 pour une séparation d’'un oxygene.
Utilisation d’'une membrane selon I'une quelconque des revendications 1 a 9 pour délivrer de 'oxygéne a un pro-

cessus d’oxydation partielle d’un carburant hydrocarboné afin de réaliser une synthése de gaz dans un réacteur a
membrane.

12
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Figures 1to 4
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