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ABSTRACT

A cermet anode structure obtainable by a process comprising 
the steps of: (a) providing a slurry by dispersing a powder

5 of an electronically conductive phase and by adding a
binder to the dispersion, in which said electronically con­
ductive phase comprises a FeCrMx alloy, wherein Mx is se­
lected from the group consisting of Ni, Ti, Nb, Ce, Mn, Mo, 
W, Co, La, Y, Al, and mixtures thereof,(b) forming a metal-

10 lie support of said slurry of the electronically conductive 
phase,(c) providing a precursor solution of ceria, said so­
lution containing a solvent and a surfactant, (d) impregnat­
ing the structure of step (b) with the precursor solution 
of step (c), (e) subjecting the resulting structure of step

15 (d) to calcination, and (f) conducting steps (d)-(e) at
least once.
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AUSTRALIA 
Patents Act 1990

P001 
Section 29

Regulation 3.2(2)

COMPLETE SPECIFICATION 
STANDARD PATENT

Application Number: 

Lodged:

Invention Title: Ceria and stainless steel based electrodes

The following statement is a full description of this invention, including the best method of 
performing it known to us:

P111ABAU/1207
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FIELD OF THE INVENTION

The present invention relates to solid oxide fuel cells 
(SOFC) comprising metal supported composite anodes. Par-

5 ticularly the invention relates to cermet anode structures 
containing an electronic conductive phase of iron-chrome 
alloy, e.g. stainless steel, and a ceria based oxide phase 
finely dispersed within said electronic conductive phase. 
More particularly, the invention relates to stainless steel

10 composite anodes containing a gadolinium-doped ceria phase 
(CGO) of nano-sized ceria crystallites dispersed therein.

BACKGROUND OF THE INVENTION
15

In order to be useful in fuel cells such as Solid Oxide 
Fuel Cells (SOFCs), anodes (fuel electrodes) must possess a 
high performance in terms of high electrochemical activity 
and high redox stability. Current state of the art Ni-YSZ

20 anodes provide a reasonable electrochemical activity at 
high operating temperatures, often above 800°C, but are 
normally not redox stable. Volume changes in Ni-YSZ anodes 
due to reduction and oxidation of Ni results in inexpedient 
mechanical stresses in the anode material which impair the

25 performance of the fuel cell.

In "Ni/YSZ and Ni-CeO2/YSZ anodes prepared by impregnation 
of a solid oxide fuel cell", Journal of Power Sources, Qiao 
et al. disclose the preparation of Ni-CeOa/YSZ anodes by

30 tape casting and vacuum impregnation. The addition of CeO2 
is said to enhance cell performance.
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US Patent patent No. 5,350,641 Mogensen et al. discloses 
the use of CeC>2-based ceramics as the anode in a fuel cell.

US Patent patent No. 6,752,979 Talbot et al. discloses the 
5 preparation of nano-sized ceria particles with templating

surfactants. The removal of the surfactant and attendant 
formation of nano-sized particles having grain sizes of 2­
10 nm is effected by calcination at e.g. 300°C.

10 In "Mesoporous thin films of high-surface-area crystalline 
cerium dioxide", Microporous and Mesoporous Materials 54 
(2002), 97-103, Lunderg et al. disclose the formation of 
nano-sized ceria particles by the removal of templating 
surfactant during calcination at about 400°C.

15
According to conventional preparation methods, metal sup­
ported cells have been manufactured by co-sintering of a 
metal support tape in contact with a Ni-containing anode 
tape. This has resulted in extensive alloying/mixing of Ni,

20 Cr, and Fe in the anode layer directly dependent on the
sintering temperature. Co-firing a Ni-based anode at high 
temperature in reducing atmosphere also leads to coarsening 
of the Ni particles to unacceptably large particle size. 
This can result in poor performance of the catalyst and

25 changes in the thermal expansion coefficient, mechanical 
properties or oxidation resistance of the metal support. 
Additionally, this type of anode layer partially oxidises 
under operating conditions and leads subsequently to expan­
sion of the anode layer and eventually electrolyte rupture.

30
WO-A-2005/122300 describes metal supported anode structures 
manufactured from powder suspensions containing FeCr alloy,
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2 a layer for anode impregnation comprising ScYSZ and FeCr 
alloy, an electrolyte layer. The thus obtained half-cells are 
sintered and a solution of Ni, Ce, Gd nitrates is impregnated 
into the anode layer by vacuum infiltration thus resulting in an

5 anode containing 40 vol% Ni. A cathode layer is subsequently 
deposited on the electrolyte surface.

WO-A-2006/116153 discloses a method of forming a continuous 
network of fine particles on the pore walls of a porous structure

10 in a single step by removing the solvent of a solution containing 
a metal salt, surfactant and solvent prior to infiltration. The 
removal of the solvent is conducted by heating.

SUMMARY OF THE INVENTION
15

A metal supported fuel cell with a more stable structure has been 
produced. The cell design is based upon the creation of an active 
anode structure by impregnation of the metal support directly 
with nano-structured doped-ceria and with the resulting anode

20 containing below 10 wt% Ni.

We have found that apart from preventing the undesired expansion 
of the anode and thereby poor stability, unexpectedly high 
performance, i.e. high electrochemical activity at a wide range

25 of temperatures is obtained with a novel cermet electrode 
obtained by a process in which nano-sized ceria particles are 
provided in an electronically conductive phase of a FeCrMx alloy 
as set out below.
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2 Hence, according to the invention we provide a cermet anode 
structure obtained by a process comprising the steps of:
(a) providing a slurry by dispersing a powder of an 
electronically conductive phase and by adding a binder to the 
dispersion, in which said electronically conductive phase 
comprises a FeCrMx alloy, wherein Mx is selected from the
group consisting of Ni, Ti, Nb, Ce, Mn, Mo, W, Co, La, Y,
Al and mixtures thereof,
(b) forming a metallic support layer of said slurry of the
electronically conductive phase,
(c) providing a precursor solution of ceria, said solution
containing a solvent and a surfactant,
(d) impregnating the structure of step with the precursor
solution of step (c)
(e) subjecting the resulting structure of step (d) to calcination, 
and
(f) conducting steps (d)-(e) at least once,
the process further comprising combining the precursor solution 
of ceria with a nickel precursor solution and 
wherein the total amount of nickel in the resulting anode 
is 10 wt% or below.

The forming of a metallic support layer in step may be
conducted by for instance tape-casting the slurry of the
electronically conductive phase and then sintering.

In a preferred embodiment, an electrolyte, i.e. an oxygen 
ion conducting phase, such as yttrium stabilized zirconia 
(YSZ) or scandium-yttrium stabilized zirconia (ScYSZ) is also 
provided on the anode structure by forming said electrolyte 
on the metallic support layer containing the electronically 
conductive component. The invention encompasses
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2 therefore also a cermet anode structure further comprising 
an electrolyte obtained by a process comprising the steps 
of :
(a) providing a slurry by dispersing a powder of an electronically 
conductive phase and by adding a binder to the dispersion, in 
which said electronically conductive phase comprises a FeCrMx 
alloy, wherein Mx is selected from the group consisting of Ni, 
Ti, Nb, Ce, Mn, Mo, W, Co, La, Y, Al and mixtures thereof,
(b) forming a metallic support layer of said slurry of the
electronically conductive phase,
(c) forming an electrolyte on the structure of step (b) and 
sintering the obtained structure,
(d) providing a precursor solution of ceria, said solution
containing a solvent and a surfactant,
(e) impregnating the resulting sintered structure of step
(c)with the precursor solution of step (d)
(f) subjecting the structure of step (e) to calcination,
and
(g) conducting steps (e)—(f) at least once,
the process further comprising combining the precursor solution 
of ceria with a nickel precursor solution and 
wherein the total amount of nickel in the resulting anode 
is 10 wt% or below.

The provision of the electrolyte is one extra step towards 
a full electrochemical device such as a solid oxide fuel cell 
(SOFC) and solid oxide electrolysis cell (SOEC); what is missing 
is simply another electrode such as a cathode in a SOFC on the 
other side of the electrolyte.
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In a preferred embodiment, the electronically conductive 
phase in step (a) of any of the above embodiments also con­
tains initially an additional oxygen ion conducting phase, 
e.g. yttrium stabilized zirconia (YSZ) (that is, an oxygen

5 ion conductive phase in combination with an electronically 
conductive phase), or mixed oxygen ion and electronically 
conducting phase, e.g. Gd-doped ceria (CGO (Cei-xGdxO2-6) ) 
(that is, a mixed oxygen ion and electronically conductive 
phase in combination with an electronically conductive

10 phase). Thus, the metal support may be provided with about 
20 vol% YSZ (20 vol% 50/50 lpm/7pm YSZ) thereby forming a 
composite with the whole metallic support e.g. a composite 
formed by mixing powders of the FeCrMx alloy and oxygen ion 
conducting phase. It would be understood that while YSZ

15 only conducts oxygen ions, CGO is a mixed conductor, i.e.
conducting both oxygen ions and electrons, in reducing at­
mospheres, such as those prevailing in the anode compart­
ments of SOFCs. The electronically conductive phase may 
also contain initially other additives, in particular pore

20 formers, such as carbonaceous materials that can be removed 
upon heat treatment.

In the embodiment with the electrolyte formed on the metal­
lic support layer, this metallic support is preferably

25 formed by tape-casting the slurry of the electronically
conductive phase. One or more sintering steps may also be 
conducted in order to form the sintered metallic support.
In one particular embodiment the electrolyte is applied on 
a metallic support and then co-sintered, wherein the elec-

30 tronically conductive phase serves as current collector.
The thus resulting metallic support is sintered to provide 
a supported structure where the electrolyte, for instance
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TZ8Y (Tosoh) or ScYSZ forms a thin layer of about 10 pm, 
while the thickness of the metallic support comprising only 
the electronically conductive current collector phase may 
advantageously be in the range 100-300 pm.

5
As used herein the term "cermet" means ceramic-metal com­
posite, i.e. a combination of ceramic and metal.

As used herein the term "powder" defines a collection of
10 particles with a mean particle diameter in the range 0.2- 

100 pm, preferably 0.1-10 pm, such as about 0.2, 0.5, 1.0
or 5 pm.

In this specification the terms "phase" and "component" are
15 used interchangeably, thus an electronically conductive 

phase has the same meaning as electronically conductive 
component. It is also apparent that the terms "electrolyte" 
and "oxygen ion conductive phase" are used interchangeably 
throughout the specification. Further the terms "mixed oxy-

20 gen ion and electronically conductive phase" and "mixed
conductive phase" have the same meaning and are used inter­
changeably.

As used herein the term "metallic support layer" serves to
25 define the electronically conductive phase of FeCrMx alloy, 

optionally mixed initially with an oxygen ion conductive 
phase or a mixed oxygen ion and electronically conductive 
phase, which results from sintering, tape-casting or tape­
casting and sintering of the slurry containing the elec-

30 tronically conductive phase. The metallic support may fur­
ther be provided with an electrolyte layer and/or impregna­
tion layer applied thereon, as set out below.



20
08

20
76

45
 

29
 A

ug
 2

00
8 ·

8

The term "resulting anode" includes the metallic support 
and the optional impregnation layer, as these are part of 
the anode side of a final cell, but it does not include the 
electrolyte.

5
Hence, in yet another embodiment, an impregnation layer 
comprising a metal, cermet, ceramic or a ceramic composite 
is provided after forming said metallic support layer, be­
fore applying the electrolyte and before impregnation with

10 the precursor solution of ceria. Accordingly, the metallic 
support is processed as a graded structure. Said impregna­
tion layer is preferably a metal, a cermet, a ceramic or a 
ceramic composite consisting of an electronically conduc­
tive phase, or an oxygen ion conducting phase, e.g. YSZ, or

15 a mixed conducting phase, e.g. CGO (Cei-xGdxO2-6) < or mixed
conducting phase in combination with an electronically con­
ductive phase, e.g. CGO/FeCrMx, or an oxygen ion conducting 
phase in combination with an electronically conductive 
phase, e.g. YSZ/FeCrMx.

20
First, the electronically conductive phase, which initially 
can contain an additional oxygen ion conducting phase or 
mixed conductive phase as said above is formed as a metal­
lic support layer by for instance tape-casting. Then the

25 impregnation layer is provided by applying on the metallic 
support a metal, a cermet, a ceramic or a ceramic composite 
consisting of an electronically conductive phase or an oxy­
gen ion conducting phase, e.g. YSZ, or a mixed conducting 
phase, e.g. CGO (Ce1_xGdxO2-6) , or mixed conducting phase in

30 combination with an electronically conductive phase, or an 
oxygen ion conducting phase in combination with an elec­
tronically conductive phase. Here, the electronically con-
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ductive phase is selected from the group consisting of 
FeCrMx alloy, niobium-doped strontium titanate, vanadium- 
doped strontium titanate, tantalum-doped strontium titatane 
and mixtures thereof. Preferably the impregnation layer

5 contains about 50 vol% CGO (Cei-xGdxO2-5) and 50 vol% elec­
tronically conductive component, but other fractions like 
20 % CGO and 80 % can also be used. The metal, cermet, ce­
ramic, or ceramic composite forms an impregnation layer 10- 
50 pm thick, often about 20 pm thick which is useful for

10 both the embodiment without the electrolyte formed on the 
metallic support according to claim 1 and the embodiment 
with the electrolyte formed thereon according to claim 2 
particularly for the latter as described below. In the for­
mer the impregnation layer is applied after forming the me-

15 tallic support but before impregnating the structure with 
ceria.

Accordingly, for either embodiment with or without the 
electrolyte formed on the metallic support layer, step (b)

20 may further comprise providing an impregnation layer
wherein said impregnation layer consists of an electroni­
cally conductive phase, or an oxygen ion conducting phase, 
e.g. YSZ, or a mixed conducting phase, e.g. CGO (Cei-xGdxO2- 
δ), or mixed conducting phase in combination with an elec-

25 tronically conductive phase, or an oxygen ion conducting 
phase in combination with an electronically conductive 
phase, in which the electronically conductive phase is se­
lected from the group consisting of FeCrMx alloy, niobium- 
doped strontium titanate, vanadium-doped strontium titan-

30 ate, tantalum-doped strontium titatane, and mixtures 
thereof.
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The provision of the impregnation layer enables a better 
attachment of the metallic support to the electrolyte, 
higher ionic conductivity close to the electrolyte and fa­
cilitates the subsequent impregnation with the ceria solu-

5 tion by having improved porosity close to the electrolyte 
and thereby forming a composite with the whole metal sup­
port .

According to the invention the ceria solution is impreg- 
10 nated into the metallic support and a calcination is con­

ducted in order to in-situ form nano-sized ceria parti- 
cles/crystallites that cover the surfaces of said metallic 
support and the optional impregnation layer. The nano-sized 
ceria particles become finely dispersed within the metallic

15 support of the FeCrMx alloy (e.g. stainless steel), thereby 
completely covering the FeCrMx alloy particles and option­
ally the other surfaces of the metallic support, such as 
the surfaces of the oxygen ion conducting phase, e.g. YSZ, 
initially present together with the electronically conduc-

20 tive phase as well as the surfaces of the impregnation 
layer as described above.

By the term "in-situ" is meant during operation or as the 
process of preparation of the anode structure is being con-

25 ducted.

By the term "nano-sized ceria particles or crystallites" is 
meant particles having grain size (average particle diame­
ter) of 1 - 100 nm, preferably 1 to 50 nm, for instance 5

30 to 40 nm, such as 5 to 20 nm.
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The impregnation is preferably conducted under vacuum to 
ensure the penetration of the ceria precursor solution con­
taining a surfactant into the porosities of the metallic 
support and into the optional impregnation layer.

5
The nano-sized ceria particles are formed by removal of a 
templating surfactant. The particles form a nano-sized sur­
face structure which combined with the high electrical con­
ductivity of the electronically conductive phase, results

10 in a surprisingly high electrochemical activity (low po­
larization resistance) at a wide range of temperatures.

The provision of an electronically conductive phase in the 
form of a FeCrMx alloy, e.g. stainless steel, results in

15 the formation of a metallic support layer with a porous
volume of below 70 vol%, often in the range 10-60 vol%, and 
an average pore size of 1-50 pm, preferably 2-10 pm. The 
porous metallic support layer enables the transport of 
gases. The FeCrMx alloy may also comprise from about 0 to

20 about 50 vol% metal oxides, wherein the metal oxide is se­
lected from the group of doped zirconia, doped ceria, 
Mg/Ca/SrO, CoOx, MnOx, B2O3, CuOx, ZnO2, V0x, Cr2O3, FeO,
MoOx, W03, Ga2O3, A12O3, TiO2, Nb2O5 and mixtures thereof. The 
addition of one or more of said oxides contributes to the

25 adjustment of the TEC (thermal expansion coefficient) of 
the formed metallic support layer with the other layers 
formed in the anode structure so as to reduce the TEC dif­
ference thereof. Also, said oxides may be used to control 
the sinterability and grain growth of the layer. In the

30 case of for example Mg/Ca/SrO or CoOx the TEC will in­
crease, whereas in case of, for example, Cr2O3, A12O3, TiO2, 
zirconia and possibly ceria the TEC will be reduced. Thus,
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the addition of the respective oxide can be used to control 
the TEC difference as desired.

In a further preferred embodiment, the FeCrMx porous sup- 
5 port layer comprises an oxide layer on all internal and ex­

ternal surfaces. Said oxide layer may be formed by oxida­
tion of the FeCrMx alloy itself in a suitable atmosphere. 
Alternatively, the oxide layer may be coated on the alloy. 
The oxide layer advantageously inhibits the corrosion of

10 the metal. Suitable oxide layers comprise, for example,
Cr2O3, CeO2, LaCrO3, SrTiO3 and mixtures thereof. The oxide 
layer may preferably furthermore be suitably doped, e.g. by 
alkaline earth oxides or other dopants such as Nb2O5 in 
SrTiO3 or Gd2O3 in CeO2.

15
The thickness of the metallic support layer comprising only 
the electronically conductive phase is preferably in the 
range of about 50 to about 2000 pm, more preferably about 
100 to 1000 pm, such as 100 to 300 pm.

20
In one embodiment of the invention the surfactant is se­
lected from the group consisting of anionic surfactants, 
non-ionic surfactants, cationic surfactants and zwitteri- 
onic surfactants. Preferably the surfactant is a non-ionic

25 surfactant such as a surfactant under the mark Pluronic 
P123 (BASF) .

In a further embodiment the precursor solution of ceria 
contains gadolinium (Gd). The gadolinium serves as dopant

30 and results, after impregnation and calcination, in the
formation of nano-sized CGO (Cei-xGdxO2-5) particles covering 
the FeCrMx alloy and other surfaces initially present in
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the metallic support. Other suitable dopants include Sm, Y 
and Ca and mixtures thereof. Accordingly, the precursor so­
lution of ceria may contain a dopant selected from the 
group consisting of Gd, Sm, Y, Ca and mixtures thereof.

5
Cerium oxide doped with divalent or trivalent cations has 
been shown in the literature, e.g. Mogensen et. al. Solid 
State Ionics, 129 (2000) 63-94, to have sufficiently high 
ionic conductivity to make it attractive for SOFC applica-

10 tions. Many dopants such as alkaline, rare-earth oxides and 
Y2O3 have high solubility in the Ce sub-lattice. Replacing 
Ce4+ with +3 or +2 cations results in the creation of anion 
vacancy sites to compensate charges in the lattice. To in­
crease conductivity, the selection of dopants may be impor-

15 tant. The highest ionic conductivities are obtained in lat­
tices without strain, i.e. where the ionic radius of the 
dopant is as close as possible to the "matching" radius, 
see e.g. Mogensen et. al. Solid State Ionics, 174 (2004) 
279-286). We have found that Gd, Sm, Y and to some extent

20 Ca are suitable dopants for ceria (CeO2) . The amount of
dopant (Gd, Sm, Y, Ca) in the precursor solution of ceria 
is in the range of 5 to 50 wt%, preferably 10 to 40 wt%, 
depending on solubility and dopant.

25 By conducting the impregnation and calcination steps at
least once, preferably up to five times, it is ensured that 
an increased amount of ceria penetrates and covers the 
FeCrMx alloy particles and other surfaces in the metallic 
support as well as the optional impregnation layer.

30
In order to keep the ceria crystallite particles below 
about 20 nm and to prevent oxide scale formation (corro-
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sion) on the FeCrMx alloy, the calcination step is prefera­
bly conducted at temperatures of 650°C or below, more pref­
erably at 350°C or below, such as 250°C. To ensure calcina­
tion the temperature is kept for hold times of 0.5 hr or

5 more, preferably more than 1 hr, such as 3 hr or 5 hr or 10 
hr. The calcination may be conducted in an oxygen environ­
ment, preferably in air (about 20% v/v oxygen), but other 
atmospheres are also suitable, for instance in a H2/N2 at­
mosphere, containing for instance 9% v/v H2 with N2 as bal-

10 ance). Lower grain size (crystallite size) of the in-situ 
formed ceria particles and thereby higher BET surface area 
is achieved with lower calcination temperatures, relatively 
short hold times and oxygen containing atmospheres. Hence, 
in a preferred embodiment the calcination step is conducted

15 at 350°C for 4 hr in air, whereby ceria particles of about 
5 nm are formed. The smaller the ceria particles the finer 
becomes their dispersion in the metallic support and the 
optional impregnation layer of the anode. In addition, 
lower calcination temperatures, for instance at about 250°C

20 or lower, such as 200°C, can speed up the calcination pro­
cedure and thereby facilitate faster impregnation cycles 
meaning that multiple impregnations are possible within a 
smaller time scale. The time spent in the overall prepara­
tion process may then be reduced significantly.

25

The anode structure of the invention is superior to conven­
tional metal-supported SOFCs having Ni-YSZ as the active 
anode structure. It has been surprisingly found that small 
amounts of metal catalysts in the range of a few wt%, spe-

30 cifically less than about 10 wt% of the anode weight in the 
metallic support may be used and results in further im­
provement of anode performance. Particularly, the provision
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of small amounts of nickel improves performance in terms of 
a higher electrochemical activity at temperatures between 
500°C and 850°C. It is believed that the ceria phase is 
still the main electro-catalytically active component, but

5 Ni improves the catalytic performance to some extent by the 
removal and/or distribution of electrons to and from the 
ceria particles and the electronically conductive phase.
The nickel precursor solution is preferably an aqueous so­
lution of nickel for instance Ni (NO3) · 6H2O.

10
The amount of nickel in the Ni-CGO solution may be about 10 
wt%, while CGO accounts for 2-3% of the resulting anode 
weight. The resulting anode includes the metallic support 
and the optional impregnation layer, as these are part of

15 the anode side of a final cell but not the electrolyte. The 
amount of Ni in the resulting anode structure is advanta­
geously 0.05-5.0 wt%, preferably 0.1-1.0 wt%, more prefera­
bly 0.1-0.5 wt%, most preferably 0.2-0.3 wt% with this lat­
ter range corresponding to the Ni-CGO solution of which Ni

20 represents 10 wt% and in which CGO accounts for 2-3% of the 
total anode weight. This contrasts the anodes according to 
the prior art, where the amount of Ni in the resulting an­
ode can be much higher, such as 40 wt% or even higher. High 
amount of Ni results in nickel particles which upon sinter-

25 ing coalesce and thereby create the nickel coarsening that 
is responsible for the higher degradation or loss of activ­
ity of cell during time. We have found that solid oxide 
fuel cells containing such low amounts of nickel withstand 
rapid heating and cooling in periods up to 20 hours at

30 800°C, exhibit higher performance than for instance state
of the art Ni-YSZ supported cells, and not least exhibit 
degradation rates as low as about 4%/1000 h at about 650°C.
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By having small amounts of nickel the nickel particles are 
isolated from each other and rather work as a sort of cata­
lytic aid centers in the CGO phase as described above. They 
do not coalescence into larger nickel particles or agglom-

5 erates. As a consequence not only performance but also du­
rability performance of the cell is maintained for longer 
periods at a wide range of temperatures, particularly in 
the highly attractive range 500-850°C, an more particularly 
at temperatures about 650°C.

10

A precursor solution of Ni can also be made separately in a 
similar manner as the doped ceria solution by providing a 
nickel solution containing surfactant and solvent. The im­
pregnation with the precursor solution of nickel can then

15 be conducted as a separate step after the ceria impregna­
tion.

During the process of preparation of the precursor solution 
of ceria containing a solvent and a surfactant, solutions

20 containing cerium and gadolinium may be mixed first with a 
suitable solvent such as ethanol. For example ethanol solu­
tions of cerium nitrate and gadolinium nitrate may be pre­
pared separately. The surfactant, preferably Pluronic P123, 
may then be dissolved in the cerium nitrate solution or in

25 a combined solution of cerium and gadolinium nitrate at for 
instance room temperature.

Two solutions can be made separately, one with the cerium 
and gadolinium nitrates and one with the Pluronic 123 sur-

30 factant. The solutions can be mixed when the species are
completely dissolved in the solvents. Not only ethanol can 
be used as solvent; other solvents or mixtures of solvents
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that can dissolve the nitrates and the surfactant can be
used for instance water.

The surfactant forms a gel that keeps the cerium and gado- 
5 linium together, which at the end renders a more homogene­

ous solution compared to solutions only consisting of indi­
vidual phases of ceria and gadolinium oxide.

In order to improve the wetting of the precursor solution
10 of ceria upon impregnation of the sintered structure, one 

or more additional surfactants may be added to the surfac- 
tant-ceria nitrate solution or surfactant-cerium and gado­
linium nitrate solution. The one or more additional surfac­
tant is preferably a non-ionic surfactant different from

15 the first surfactant (Pluronic P123) such as Triton X-45 or 
Triton X-100.

It would be understood that after calcination, the ceria 
based oxide phase consists of a network of crystalline or

20 semi-crystalline nano-sized crystallites, for instance in
the range of 5 nm after calcination in air at 350°C for 4h. 
These crystallites cover the surface of the particles of 
the metallic support and the optional impregnation layer. 
This special surface structure in combination with the high

25 electrical conductivity of the electronically conductive
component is believed to cause the high electrochemical ac­
tivity of the anode.

The FeCrMx alloy in the metallic support can be used as the
30 current collector layer and/or it can be used as electrode 

support layer due to its high electrical conductivity.
Hence the term metal-supported SOFC.
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When measured on button cells at open circuit voltage (OCV) 
in a two-atmosphere set-up, the electrochemical activity is 
maintained or even improved compared to the current metal- 
supported cells with Ni-YSZ as active fuel electrode in

5 solid oxide fuel cell applications. Due to the apparently 
low activation energy of the electrode, around 0.5 - 0.7 
eV, the performance is maintained at lower operating tem­
peratures as well. In other words, the sensitivity to tem­
perature changes is reduced and high performance is kept at

10 a wide range of temperatures, particularly in the range 
650-850°C and even in the highly attractive range 500- 
850°C.

The various manufacturing techniques currently used for
15 fabricating electrodes for solid oxide fuel cells, or simi­

lar applications can be used. The novel composite anode 
structure may supplement or replace currently used fuel 
electrodes (anodes) in solid oxide fuel cells (SOFC) and 
cathodes in solid oxide electrolysis cells (SOEC). The in-

20 vention encompasses therefore solid oxide fuel cells (SOFC) 
comprising the anode structure of the invention as set out 
in claim 10. Thus, when used in SOFC the anode structure 
itself does not contain the electrolyte. Of course, in or­
der to have a SOFC apart from the anode structure itself of

25 claim 1, an electrolyte and a cathode layer are also re­
quired. A SOFC stack may then be assembled which comprises 
a plurality of such SOFCs.

The anode structure of the invention may be used as elec-
30 trode in other applications than fuel cells where the anode 

(and cathode) may work differently than in fuel cells. Such 
applications include electrolysis cells and separation mem-
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branes. We provide therefore also the use of the anode 
structure prepared according to the invention as electrode 
in electrolysis cells, oxygen separation membranes, hydro­
gen separation membranes and electrochemical flue gas

5 cleaning cells as set out in claim 11.

In particular the anode structure may be used as electrode 
in solid oxide electrolysis cells (SOEC), where such elec­
trode actually acts as the cathode (hydrogen electrode). As

10 described previously, the provision of the electrolyte as 
defined in claim 2 is one extra step towards a full elec­
trochemical device such as a solid oxide fuel cell (SOFC) 
and solid oxide electrolysis cell (SOEC); what is missing 
is simply another electrode on the other side of the elec-

15 trolyte.

BRIEF DESCRIPTION OF THE DRAWINGS

20 Fig. 1 shows a Scanning Electron Microscopy (SEM) image of 
a metal supported half-cell, i.e. without cathode, with im­
pregnated ceria obtained according to the invention.

Fig. 2 shows a high magnification SEM image of a fractured
25 cross-section of a metal supported half-cell with impreg­

nated ceria obtained according to the invention.

Fig. 3 shows a test history plot of a button cell compris­
ing the anode structure of Fig. 1.

Fig. 4 shows electrical impedance spectroscopy (EIS) spec­
tra at 650°C at the start and end of the test period.

30
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Fig. 5 shows electrical impedance spectroscopy (EIS) spec­
tra at 650°C at the start of the test period with different 
H2 flows illustrating the problem with diffusion in the low 
frequency arc.

Fig. 6 shows electrical impedance spectroscopy (EIS) spec­
tra at 850°C.

Fig. 7 shows a SEM image of a half cell before impregnation 
10 and without cathode according to Example 4.

Fig. 8 shows the cell voltage history, initial phase of 
test of the cell of Fig. 7.

15 Fig. 9 shows the Cell Voltage History, durability testing 
at 0.25 A/cm2 of the cell of Fig. 7.

Fig. 10A shows a SEM image of the cross section of the sym­
metrical cell consisting of Ni-CGO20 (10 wt% Ni with re-

20 spect to CGO20) before impregnation. IL = impregnation 
layer, E = electrolyte.

Fig. 10B shows a SEM image of a cross section of the im­
pregnated impregnation layer after test of the symmetrical

25 cell. Maximum test temperature was 750°C.

DETAILED DESCRIPTION OF THE INVENTION

30 Fig. 1 shows an image of a half-cell (without cathode) ob­
tained according to the invention in which electrolyte 
(YScSZ) is applied directly on top of the metallic support
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consisting of stainless steel (FeCr(350N) with an impregna­
tion layer between the electrolyte and the stainless steel 
layer. The impregnation layer consists of a cermet with 
about 50 vol% CGO (Ceo.gGdo.iOs-s) and 50 vol% stainless steel

5 in an approximately 20 pm thick layer in contact with the 
electrolyte. The half cell was impregnated five times with 
the ceria precursor solution with subsequent calcinations 
between each impregnation.

10 The stainless steel acts as the electronically conductive
phase in the metallic support. The initial CGO component in 
the impregnation layer is present to improve the attachment 
of the stainless steel to the electrolyte and to facilitate 
the subsequent impregnation with ceria by having improved

15 porosity close to the electrolyte. The CGO composite struc­
ture improves also the ionic conductivity close to the 
electrolyte. The impregnated ceria solution, which after 
calcination forms nano-sized crystals of CGO covering the 
surfaces of the entire metallic support structure (see Fig.

20 2) and impregnation layer acts as the electrocatalytically
active material. The initial CGO component in the impregna­
tion layer might also have some electrocatalytic perform­
ance although the greater contribution stems from the much 
smaller particles (crystals) of the impregnated nano-sized

25 ceria phase.

A button cell, 2 x 2 cm with active area about 0.5 cm2 
sprayed with a composite un-sintered cathode containing CGO 
i.e. (Lao. 6Sro. 4) ο. 99O00.2Feo. 8Ο3 ~ Ceo.9Gdo.i02-6 (50:50), was in-

30 vestigated as a fuel cell in a two atmosphere set-up. The 
button cell contains therefore both the anode structure as 
shown in Fig. 1 and a cathode. The cell voltage was meas-
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ured as a function of time during the whole test. The cell 
voltage is shown in Fig. 3. The cell was heated with hu­
midified 9 % H2/Ar on the anode side and air on the cathode 
side. The fuel gas was switched to humidified H2 after

5 around 13h. The results in Fig. 3 show that the cell has a 
good stability during the test at 650°C where the cell was 
left at open circuit voltage for 4 days.

Electrical impedance spectra of the button cell recorded at 
10 650 °C in humidified H2, approximately 3 % H2O, at the be­

ginning of the test showed a large low frequency arc as de­
picted in the right-hand side of Fig. 4. This low frequency 
region is believed to be caused by diffusion problems and 
independent of the electrode performance; see Fig. 5.

15
Since electrode performance is mainly related to the high 
frequency region, it was found that the polarization resis­
tance (Rp) at 650°C was initially about 4 Ωαη2 and de­
creased during testing to about 2.5 Qcm2, while the ohmic

20 serial resistance from the electrolyte (Rs) at 650°C was 
relatively stable with time. It only increased from about 
1.08 Ωαη2 to 1.15 Ωαη2 during the test period at 650°C. An 
electrical impedance spectra was also recorded at 850°C, 
which is shown in Fig. 6. The polarization resistance (RP)

25 at high frequency was approximately 0.8 Ωαη2 and Rs = 0.16 
Ωαη2. This results in an approximate activation energy for 
RP and Rs of 0.6 + 0.1 eV and 0.88 ± 0.05 eV, respectively. 
Hence, high electrochemical activity (low RP) at a wide 
range of temperatures (650-850°C) is obtained and at the

30 same time there is no electrolyte rupture due to undesired 
expansion of the anode.
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The polarization resistance results shown above are conser­
vative because the measurements were performed on a button 
cell containing both the anode structure of the invention 
and a cathode. Thus, the polarization resistance is a com-

5 bination of the resistance from both electrodes. The po­
larization resistance from the cathode is relatively large 
because the cathode composite (Lao.6Sro.4) ο.99θθο.2Ρθο.8θ3 - 
Ceo.9Gdo.i02-6 (50:50) was un-sintered when the measurements 
started and it was calcined/sintered in-situ at the operat-

10 ing temperature.

Another button cell (2 x 2 cm with an active area of 0.5 
cm2) has been tested resulting in high performance. With 
hydrogen as fuel at 650 °C the cell yields a performance

15 similar or even better to that of a state-of-the-art Ni-YSZ 
supported cell. The metal-supported cell in this example 
consists of (see Fig. 7): i) a metal support (MS) contain­
ing FeCr(433) stainless steel and 5 vol% YSZ, 350 pm thick, 
ii) An impregnation layer (IL) comprising FeCr(433)

20 stainless steel and 50 vol% YSZ, 40 pm thick, iii) ScYSZ- 
based electrolyte (E) and iv) a screen-printed (green)
LSCF:CGO composite cathode. Before applying the cathode, 
the anode side was infiltrated twice with a surfactant as­
sisted nitrate solution of Ni-CGO20 (10 wt% Ni with respect

25 to CGO20). CGO accounts for about 10 wt% of the resulting 
anode. The impregnated half cell was calcined at 350°C for 
2h between each impregnation and before the cathode was ap­
plied .

30 The cell was subjected to periods at higher temperatures,
in order to explore the effects of heating on cell perform­
ance and stability. Figure 8 shows the cell voltage history
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of the test in the initial phase when the cell was held at 
open-circuit voltage, OCV. The initial testing showed that 
the cell withstands rapid heating/cooling (by 240°C h’1) and 

that the cell endures heating to ~ 800°C. The cell voltage
5 was near the theoretical cell voltage was stable and did

not indicate any significant increase in leakage/gas cross­
over after the temperature excursions.

The cell performance is summarized in the following table 
10 which shows the area specific resistance (ASR) obtained at

655°C and 749°C with a fuel composition of 4% H20 and bal­
ance H2 with pure oxygen as the oxidant. The ASR values are 
given at a cell voltage of 0.6V.

ASR at 0.6 V / ASR at 0.6V /
(Ω·cm2) (Ω·cm2)

655 °C, 4% H2O 749 °C, 4% H2O
0.54 0.26

15
The durability of the cell was tested galvanostatically at 
0.25 A cm-2 and 655°C. The cell voltage history during the 
durability test is shown in Fig. 9. The degradation rate 
observed was 4.2% / 1000 h based on the change in cell

20 voltage. In summary, this cell test shows that the cell de­
sign and impregnation procedure of the invention leads to 
cells that withstands rapid heating/cooling, that endures 
periods of up to 20 h at 800°C, that performs significantly 
better than Ni-YSZ supported SOFC at 650°C, and that exhib-

25 its degradation rates below 5% / 1000 h at an operating 
temperature of 655°C.
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Symmetrical cell results:
Measurements were also conducted on symmetrical cells con­
sisting of Ni-CGO20 (10 wt% Ni with respect to CGO20) im­
pregnated impregnation layers (similar IL and impregnation

5 procedure as described previously) on thick electrolyte. 
This has been done to try to evaluate the contribution of 
the anode to the whole cell resistance as measured on but­
ton cells described previously. The symmetrical cell with 
IL-E-IL is shown in Fig. 10A. The electrodes have been in-

10 filtrated twice with a surfactant assisted nitrate solution 
of Ni-CGO20 (10 wt% Ni), i.e. the same solution used on the 
anode in the button cells described above. The impregnated 
phase after test in humidified H2 is shown in Fig. 10B.

15 The electrode polarization resistance (RP) on symmetrical 
cells has been characterized by electrochemical impedance 
spectroscopy (EIS) in a one-atmosphere set-up. Measurements 
have been conducted between 500 - 800°C in various atmos­
pheres with water-saturated (at ambient temperature) H2 / N2

20 gas mixtures. The polarization resistance (RP) of an im­
pregnated anode of the invention has been measured to be 
0.119 Qcm2 and 0.057 Qcm2 in humidified hydrogen (approxi­
mately 3% H2O) at 650°C and 750°C, respectively. The re­
sults show that the anode has an excellent performance at a

25 broad range of temperatures which furthermore demonstrates 
the usefulness of the invention to improve performance in 
fuel electrodes for metal-supported SOFCs.
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EXAMPLES

Example 1
The following procedure was used to fabricate the infiltra­
tion solution which was used to fabricate a metal-supported 
cermet SOFC anode.

1. An ethanol solution (10 g ethanol) containing 0.8 
moles / liter cerium nitrate and 0.2 moles / liter 
gadolinium nitrate was prepared.

2. 1 g Pluronic P123 surfactant was dissolved in the ni­
trate solution at room temperature.

3. (Optional) Two solutions are made separately. One with 
the cerium and gadolinium nitrates and one with the 
Pluronic P123 surfactant. The solutions are mixed when 
the species are completely dissolved in ethanol.

4. (Optional) Extra surfactant (e.g. Triton X-45 or Tri­
ton X-100) is added to improve the wetting of the in­
filtration solution. In one experiment approximately 
0.3 g Triton X-100 was added to the nitrate and Plu­
ronic P123 solution.

5. A metallic support layer comprising a porous, elec­
tronically conductive phase is fabricated. The elec­
tronically conductive phase consists of a FeCrMx alloy 
(FeCr(350N)) .

6. A slurry of the electronically conductive phase was 
made by dispersing powder of stainless steel and other 
additives such as pore formers. A binder was added af­
ter dispersion and the slurry was tape-casted.
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7. On the tape-casted structure an electrolyte layer of 
ScYSZ is applied by spraying. After spray painting of 
the electrolyte layer the half cell was sintered in a 
mixture of H2 / Ar at 1200-1300°C, forming a metallic

5 support comprising the electronically conductive phase
(stainless steel) and the electrolyte.

8. After the anode metallic support has been fabricated, 
the prepared infiltration solution of ceria is impreg­
nated into the open porosities of the anode metallic

10 support. The infiltration is made under vacuum.
9. After infiltration the cell is calcined at 350°C in 

air. The heat treatment removes the surfactant and 
forms the desired oxide (Cei-xGdxO2-6) .

10. (Optional) Steps 8-9 are repeated multiple
15 times to get an increased amount of doped cerium oxide

phase.

Example 2
Same as Example 1 but where the metallic support (stainless 

20 steel) also contains initially an additional oxygen ion
conducting phase of yttrium stabilized zirconia (YSZ): 20 
vol% 50/50 1 pm/7 pm YSZ) .

Example 3

25 Same as Example 1 or Example 2 (steps 1-6, 8-10) but before 
the electrolyte layer is applied, an impregnation layer 
about 20 pm thick is provided between the metallic support 
and the electrolyte. Here, the impregnation layer comprises 
about 50 vol% CGO (Cei-xGdxO2-6) / and 50 vol% electronically

30 conductive component (FeCr(350N) ) .
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Example 4

Fabrication of the structure of Fig. 7-9 (half cell without 
cathode):
The following procedure was used to fabricate the infiltra- 

5 tion solution which was used to fabricate a metal-supported
cermet SOFC anode.

1. A water solution (10 g water) containing 2.4 moles / 
liter cerium nitrate and 0.6 moles / liter gadolinium 
nitrate was prepared together with nickel nitrate. The

10 amount of nickel nitrate corresponded to 10 wt% Ni
with respect to CGO20.

2. 1 g Pluronic P123 surfactant was dissolved in the ni­
trate solution at room temperature.

3. A metallic support layer comprising a porous, elec-
15 tronically conductive phase is fabricated. The metal­

lic support layer also contains 5 vol% YSZ. The elec­
tronically conductive phase consists of a FeCrMx alloy 
(FeCr(433)).

4. A slurry for the preparation of the metallic support
20 was made by dispersing powder of stainless steel and

YSZ and other additives such as pore formers. A binder 
was added after dispersion and the slurry was tape- 
casted .

5. An impregnation layer comprising a porous, electroni-
25 cally conductive phase is fabricated. The impregnation

layer comprise 50 vol% YSZ. The electronically conduc­
tive phase consists of a FeCrMx alloy (FeCr(433)).

6. A slurry for the preparation of the impregnation layer 
was made by dispersing powder of stainless steel and

30 YSZ and other additives such as pore formers. A binder
was added after dispersion and the slurry was tape-
casted .
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7. The two tape-casted layers of 4 and 6 were put to­
gether using a lamination procedure. On the laminated 
structure a tape-casted electrolyte layer of ScYSZ, is 
applied by lamination. After lamination of the elec­
trolyte layer the half cell was sintered in a mixture 
of H2 / Ar at 1200-1300°C forming an anode metallic 
support comprising the electronically conductive phase 
(stainless steel), impregnation layer and the electro­
lyte .

8. After the anode metallic support has been fabricated, 
the prepared infiltration solution of ceria and nickel 
is impregnated into the open porosities of the anode 
metallic support. The infiltration is made under vac­
uum.

9. After infiltration the cell is calcined at 350°C in 
air. The heat treatment removes the surfactant and 
forms the desired oxide (s) (Cei-xGdxO2-5 / NiO).

10. (Optional) Steps 8-9 are repeated multiple 
times, in this case twice to get an increased amount 
of doped cerium oxide / NiO phase.20
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A cermet anode structure obtained by a process comprising 
the steps of:
(a) providing a slurry by dispersing a powder of an
electronically conductive phase and by adding a binder to the 
dispersion, in which said electronically conductive phase 
comprises a FeCrMx alloy, wherein Mx is selected from the group 
consisting of Ni, Ti, Nb, Ce, Mn, Mo, W, Co, La, Y, Al, and 
mixtures thereof,
(b) forming a metallic support of said slurry of the
electronically conductive phase,
(c) providing a precursor solution of ceria, said solution 
containing a solvent and a surfactant,
(d) impregnating the structure of step(b) with the precursor 
solution of step (c),
(e) subjecting the resulting structure of step (d) to
calcination,
(f) conducting steps (d)-(e) at least once, the process 
further comprising combining the precursor solution of 
ceria with a nickel precursor solution and wherein the total 
amount of nickel in the resulting anode is 10 wt% or 
below.
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the steps of:
(a) providing a slurry by dispersing a powder of an 
electronically conductive phase and by adding a binder to the 
dispersion, in which said electronically conductive phase 
comprises a FeCrMx alloy, wherein Mx is selected from the group 
consisting of Ni, Ti, Nb, Ce, Mn, Mo, W, Co, La, Y,
Al, and mixtures thereof,
(b forming a metallic support layer of said slurry of the
electronically conductive phase,
(c) forming an electrolyte on the structure of step (b) and 
sintering the obtained structure,
(d) providing a precursor solution of ceria, said solution 
containing a solvent and a surfactant,
(e) impregnating the resulting sintered structure of step
(c) with the precursor solution of step (d),
(f) subjecting the structure of step (e) to calcination,
and
(g) conducting steps (e)-(f) at least once, the process
further comprising combining the precursor solution of ce.ria with 
a nickel precursor solution and wherein the total amount of 
nickel in the resulting anode is 10 wt% or below.

3. Anode structure according to claim 1 or 2, wherein the 
electronically conductive phase in step (a) also contains 
initially an additional oxygen ion conducting phase, or mixed 
oxygen ion and electronically conducting phase.
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4. Anode structure according to claim 1 or 2, in which 
step (b) further comprises providing an impregnation layer 
wherein said impregnation layer consists of an electroni­
cally conductive phase, or an oxygen ion conducting phase,

5 or a mixed conducting phase, or mixed conducting phase in 
combination with an electronically conductive phase, or an 
oxygen ion conducting phase in combination with an elec­
tronically conductive phase, in which the electronically 
conductive phase is selected from the group consisting of

10 FeCrMx alloy, niobium-doped strontium titanate, vanadium- 
doped strontium titanate, tantalum-doped strontium tita- 
tane, and mixtures thereof.

5. Anode structure according to any of claims 1-4 wherein
15 the surfactant is selected from the group consisting of

anionic surfactants, non-ionic surfactants, cationic sur­
factants and zwitterionic surfactants.

6. Anode structure according to any of claims 1-5, wherein
20 the precursor solution of ceria contains a dopant selected

from the group consisting of Gd, Sm, Y, Ca and mixtures 
thereof.

7. Anode structure according to any of claims 1-6, wherein
25 the impregnation and calcination steps of the sintered

structure are conducted up to five times.

8. Anode structure according to any of claims 1-7, wherein 
the calcination step is conducted at a temperature of 250°C

30 or below.
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the total amount of nickel in the resulting anode is 0.05- 5.0 
wt%.

10. Solid oxide fuel cell comprising an anode structure according 
to claim 1 and claims 3-9.

11. Use of the anode structure prepared according to any of 
claims 1 to 9 as electrode in electrolysis cells, oxygen 
separation membranes, hydrogen separation membranes, and 
electrochemical flue gas cleaning cells.

12. A cermet anode structure substantially as hereinbefore 
described with reference to the Examples and/or Figures.

TECHNICAL UNIVERSITY OF DENMARK

WATERMARK PATENT AND TRADE MARK ATTORNEYS
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FIG. 2
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FIG. 3
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FIG. 4
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FIG. 5
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FIG. 6
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FIG. 7
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