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The invention relates to a cathode-electrolyte-anode unit for an electrochemical
functional device, more particularly for a high-temperature fuel cell, and to an

associated production method.

High-temperature fuel cells (Solid Oxide Fuel Cells — SOFC) allow direct conver-
sion of chemical energy into electrical energy. The electrochemically active cell
of an SOFC consists of what is called a cathode-electrolyte-anode unit (individual
cell), in which a gas-impervious solid electrolyte is arranged between a gas-per-
meable anode and a gas-permeable cathode. This solid electrolyte usually con-
sists of a solid ceramic material comprising metal oxide that conducts oxygen

ions but not electrons.

In the operation of an SOFC, the anode is supplied with fuel (for example hydro-
gen or conventional hydrocarbons, such as methane, natural gas, biogas, etc.),
which is oxidized there catalytically, giving off electrons. The electrons are taken
from the fuel cell and flow via an electrical consumer to the cathode. At the cath-
ode, an oxidant (for example oxygen or air) is reduced by acceptance of the elec-
trons. The electrical circuit is completed by the oxygen ions flowing via the elec-
trolyte to the anode and reacting with the fuel at the corresponding interfaces.

Known from the prior art for SOFC systems are various embodiments, which will
be briefly outlined below.

In a first variant, technically the most advanced, the electrolyte is the mechani-
cally supporting cell component (Electrolyte Supported Cell, ESC). The layer
thickness of the electrolyte here is relatively large, around 100-150 um, and con-
sists usually of zirconium dioxide stabilized with yttrium oxide (YSZ) or with scan-
dium oxide (ScSZ). In order to obtain sufficient ion conductivity on the part of the
electrolyte, these fuel cells have to be operated at a relatively high operating tem-
perature of around 850-1000°C. This high operating temperature imposes exact-

ing requirements on the materials used.
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The efforts for a lower operating temperature have led, consequently, to the de-
velopment of various thin-layer systems. These include anode-supported or ca-
thode-supported cell SOFC systems, in which a relatively thick (at least around
200 um) mechanically supporting ceramic anode substrate or cathode substrate
is connected to a thin, electrochemically active anode or cathode functional layer,
respectively. Since the electrolyte layer no longer has to fulfil a mechanically sup-
porting role, it can be made relatively thin and the operating temperature can be

reduced accordingly on the basis of the lower ohmic resistance.

Besides these purely ceramic systems, as a more recent generation, SOFC thin-
layer systems have been developed which are based on a metallic carrier sub-
strate, known as metal-supported SOFCs (Metal-Supported Cell, MSC). These
metallo-ceramic composite systems exhibit advantages over purely ceramic thin-
layer systems in terms of manufacturing costs, thermal and redox cyclability and
mechanical stability, and by virtue of their thin-layer electrolyte can be operated,
moreover, at an even lower operating temperature of about 600°C to 800°C. On
account of their specific advantages, they are suitable especially for portable ap-
plications, such as for the electrical supply of cars or utility vehicles, for example
(APU — Auxiliary Power Unit). An exemplary MSC known from the prior art con-
sists of a porous and hence gas-permeable metallic carrier substrate with a thick-
ness of around 1 mm, arranged on which there is a cathode-electrolyte-anode
unit with a thickness of 60-70 um, the layer arrangement that is actually electro-
chemically active. Typically, the anode faces the carrier substrate, and is closer
to the metal substrate than the cathode in the sequence of the layer arrangement.

Intense research activities into boosting the performance of SOFC systems, par-
ticularly for anode-, cathode- or metal-substrate-supported SOFCs, are aimed at
reducing the layer thickness of the electrolyte, while maintaining a sufficient gas-
imperviosity (leakage rate < 1.0 x 10-* hPa dm? /(s cm?) (measured under air with
the pressure increase method (Dr. Wiesner, Remscheid, type: Integra DDV) with
a pressure difference dp = 100 hPa).
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Known manufacturing methods for ceramic thin-layer electrolytes, besides wet-
ceramic processes such as wet powder coating or screenprinting, where the elec-
trolyte is subsequently sintered for the required imperviosity to gas (at about
1400°C in the case of use of yttrium-stabilized zirconium oxide (YSZ)), include
coating methods such as, for example, physical vapour deposition (PVD). Coat-
ing methods such as PVD have considerable advantages on account of the re-
duced operational temperature, especially for metal-substrate-supported SOFCs.
While coating methods are generally used in order to modify the properties of
predominantly smooth surfaces, a challenge facing the use of PVD for SOFCs is
that of depositing a gas-impervious layer which is as thin as possible on a porous
substrate such as the anode, for example. Layer growth and the microstructure
(critical for gas permeability) of the applied electrolyte layer are influenced sub-
stantially by the surface structure of the substrate (porosity, surface roughness,

cracks, defects, etc.).

In the case of electrode-supported SOFCs, success has been achieved in the
past, using PVD, in realizing gas-impervious electrolytes having a layer thickness
of below 3 ym (DE 10 2007 015 358 A1). The thin layer thickness of the electro-
lyte is achieved by pretreating the surface of the anode substrate, to reduce the
porosity, before the PVD coating operation. For example, near-surface pores in
the anode comprising a mixture of nickel oxide (NiO) and of zirconium oxide fully
stabilized with 8 mol% of yttrium oxide (8YSZ) can be sealed by a YSZ suspen-
sion applied by vacuum slip casting, to produce, after subsequent sintering, a
sufficiently smooth surface structure of the anode substrate, onto which an elec-
trolyte with a dense structure can be deposited (N. Jordan-Escalona, Production
of high-temperature fuel cells via physical vapour deposition, Dissertation, Univ.
Bochum 2008). The necessary gas-permeability of the anode comes about dur-
ing the first operation of the fuel cell, when the NiO in the anode is reduced to
metallic Ni and as a result the porosity of the anode rises to about 20% to 30%.
For the purpose of optimization, a version of the electrolyte composed of a multi-
layered layer assembly of gadolinium-doped cerium oxide (CGO), YSZ and CGO
is known (DE 10 2007 015 358 A1).



10

15

20

25

30

DK/EP 3000149 T3

4

An attempt to transpose this manufacturing method, used for anode-supported
SOFCs, to metal-substrate-supported SOFCs (MSC) comes up against the fol-
lowing operational difficulty: owing to the metallic carrier substrate, the operating
steps for MSC have to take place in a reducing atmosphere, and the sintering of
the anode takes place under low oxygen partial pressure. Under these conditions,
the Ni in the anode is already predominantly in metallic form and is coarsened —
grain sizes of up to about 1 ym may occur. The anode of an MSC, which is pre-
sent in reduced form and is to be coated, therefore has a significantly greater
surface roughness and larger pores than the oxidized anode in the case of elec-
trode-supported SOFCs. For this reason, with MSC electrolytes produced using
PVD, it is at present possible to achieve sufficient gas-impermeability only with
an electrolyte layer thickness of above about 5 um (Thomas Franco et al., Devel-
opment and Industrialization of Metal-Supported SOFC; 10" European SOFC
Forum 2012; Lucerne, Switzerland). An example of an MSC of this kind is shown
by Fig. 1. In that case, an 8YSZ electrolyte with a thickness of approximately 5 um
was applied by a sputtering method to a presintered anode comprising a mixture
of Ni and 8YSZ. The carrier for the anode is a powder-metallurgically produced
carrier substrate based on an iron-chromium alloy, with a diffusion barrier layer
of CGO being situated between metal substrate and anode. With supply of oxy-
gen as reactive gas, the electrolyte is produced from a metallic ZrY sputtering
target. Owing to the layer growth, the electrolyte has a stem structure, with indi-
vidual stems possibly interspersing the entire thickness of the electrolyte and with
the formation, along the grain boundaries, of interstices where gas is able to dif-
fuse through. In order to achieve sufficient gas-imperviosity, therefore, the elec-
trolyte must have a corresponding thickness.

Also known from the prior art for reducing the gas permeability of electrolytes
produced by means of coating methods are hybrid methods in which the coating

operation is followed by a thermal treatment step.

One such example is found in EP 2 083 466 A1, where the electrolyte applied by
means of a sputtering process is compacted in a subsequent sintering step. In
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EP 2 083 466 A1, to form the electrolyte, first of all a first layer of an oxidic sput-
tering target, for example 8YSZ is deposited on an anode layer by means of an
RF (radio-frequency) magnetron sputtering method, and in a subsequent step a
second layer is applied from a metallic sputtering target, for example Zrx Y1, by
means of a reactive sputtering method (DC or RF). This anode-electrode unit is
subsequently subjected to a sintering operation at around 1400°C for a duration
of approximately 6 hours, before a cathode layer is applied in a concluding step.
A disadvantage is that two production units with two different sputtering targets
are required, and an expensive and time-consuming sintering step at high tem-
peratures is necessary in order to consolidate the electrolyte layer. Owing to the
high operating temperature, moreover, this method is not suitable for MSCs.

Another approach to producing a gas-impermeable, extremely thin electrolyte
layer, combining a coating method with a subsequent heat-treatment step, is dis-
closed inEP 1513623 B1.InEP 1513 623 B1, a fine-pored aluminium substrate
(pore diameter up to 200 nm) is coated by means of a DC sputtering method,
using an yttrium-zirconium (YZ) sputtering target, after which the metallically de-
posited YZ is oxidized to YSZ in an oxidizing atmosphere at around 300°C -
400°C, and is subjected to a concluding heat-treatment step at about 700°C in
order to form a uniform film. In this way, a gas-impervious electrolyte of single-
ply design, with a layer thickness of less than 500 nm, was obtained. The method
has only limited possibility for transposition, especially in the case of MSCs, for
practical application, since on the one hand the substrate pore size in the case of
MSC is greater, and on the other hand the aluminium present with an oxide layer
would have to be made electrically conductive for use as an electrode.

Moreover, from the patent literature, a variety of multi-layered layer systems for
electrolytes are known: for example, WO 2007/045111 A1, WO 02/17420 A1 or
WO 2005/057685.

For MSCs in particular there is a need for ongoing development of the electrolyte.

The requirements imposed on the electrolyte of an electrochemical functional de-
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vice such as an SOFC can be summarized as follows: high oxygen ion conduc-
tivity and low electron conductivity at operating temperature, chemical and me-
chanical stability in the process gas atmosphere used (air atmosphere or fuel gas
atmosphere), good adhesion properties with subsequent functional layers, and
sufficient gas-imperviosity to separate the process gas on the anode side (fuel

gas) from the process gas on the cathode side (air).

The problem on which the present invention is based is that of providing an inex-
pensive cathode-electrolyte-anode unit for use in an electrochemical functional
device, more particularly in a high-temperature fuel cell, where the electrolyte
satisfies the requirements set out above and has an extremely low ohmic re-
sistance. The method for producing a cathode-electrolyte-anode unit of this kind
is to be suitable in particular for an MSC.

This problem is solved by the subject matter and methods with the features ac-
cording to the independent claims.

Proposed in accordance with the invention is a cathode-electrolyte-anode unit in
which the solid electrolyte arranged between cathode and anode is of multi-lay-
ered embodiment and is produced by means of physical vapour deposition. Phys-
ical vapour deposition includes, in particular, sputtering (cathodic atomization),
reactive sputtering (reactive cathodic atomization), vapour deposition by means
of an electron beam (electron-beam physical vapour deposition), laser beam
evaporation (pulsed laser deposition) or comparable coating methods, or a com-
bination of these coating methods. The solid electrolyte has a layered structure
of at least one first layer and at least one second layer, with the second layer
having a higher oxygen content than the first layer and with the two layers having
substantially the same composition, except for oxygen, down to trace elements.

The two layers therefore differ primarily in their oxygen content.

The first layer with lower oxygen content may be metallically applied; the second
layer with higher oxygen content may be oxide-ceramically applied. By metalli-

cally applied is meant the deposition of a metallic compound which has been
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converted beforehand (by means of a sputtering process, for example) into the
gas phase; by oxide-ceramically applied is meant the deposition of an oxide of
this metallic compound. The metal oxide here may be deposited, for example,
using a (sputtering) target consisting of the metal oxide or using a metallic target
with supply of oxygen as reactive gas (reactive sputtering). As an inevitable con-
sequence of the process, owing for example to residual oxygen in the coating
unit, some oxygen may be intercalated into the metallically applied layer, and
hence the metallically applied layer need not be purely metallic and may have
non-metallic phases. The metallically applied layer, however, has a significantly
lower oxygen content than the oxide-ceramically applied layer. The first layer is
therefore substoichiometric in form. "Substoichiometric" means that on deposition
of the layer in question, the intercalation of oxygen is lower than is necessary to
achieve a stoichiometric ratio in the deposited layer.

The concept underlying the solution provided by the invention is that a metallically
applied layer can be deposited in a significantly more compact and dense form,
advantageously, owing to the lower melting temperature of the metal by compar-
ison with the corresponding metal oxide, under otherwise identical process con-
ditions, than an oxide-ceramic layer of the associated metal oxide. The stems in
the metallically deposited layer are generally smaller than the stems in the corre-
sponding oxide-ceramically deposited layer. As a result of the switch between
layers with lower or higher oxygen content (metallically and oxide-ceramically ap-
plied layers), moreover, the stem structure of the electrolyte that is characteristic
of coating processes, where individual stems are able typically to extend over the
entire thickness of the electrolyte, in the case of a conventional electrolyte of
8YSZ produced by PVD, is interrupted, and the elongate extent of the crystallites
in the direction of growth is limited to the thickness of an interlayer. Since the
electrolyte is not subjected to any subsequent sintering process, the morphology
and the preferred orientation of the crystallites in growth direction are retained. In
general this is positive for the oxygen ion conductivity of the electrolyte. Originally,
the metallically applied substoichiometric layer has a zero or extremely low con-

ductivity for oxygen ions, but the oxygen ion conductivity of the electrolyte in-
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creases significantly when the electrolyte is deployed in air or an oxygen-contain-
ing atmosphere as for example during the initial minutes of first operation of the
cathode-electrolyte-anode unit, and oxygen ions are intercalated into the metalli-
cally deposited layer or layers. The chemical composition of the individual layers
of the electrolyte is in that case substantially identical, although structural differ-
ences, in the crystal system, for example, in which the crystallites of the originally
metallically applied substoichiometric layers and oxide-ceramically applied layers
have possibly undergone differences in crystallization, can continue to be re-
tained. As a result of the intercalation of oxygen, there is an increase in volume
of the metallically applied layer with the originally low oxygen content, and, as a
result of this, the metallically applied layer may be additionally compacted and
any interstices may be reduced in size. In view of the compositions, which are
comparable down to traces elements, the bordering layers of the electrolyte are
chemically stable with respect to one another, and have comparable coefficients

of thermal expansion.

In a first basic embodiment, the electrolyte has two layers: a first layer with lower
oxygen content, which is preferably metallically applied, and a second layer with
higher oxygen content, which is preferably oxide-ceramically applied. Apart from
the oxygen content and any impurities or trace elements, there is no difference in
the chemical composition of the two layers. Particularly in the case of electrode
material containing rare earth elements or alkaline earth elements, there may be
at least one further functional layer between electrolyte and electrode, such as a
CGO diffusion barrier layer, for example. The metallic layer with lower oxygen
content is typically applied as a top layer to the oxide-ceramic layer with higher

oxygen content.

In one preferred embodiment the switch between the layers with different oxygen
contents (oxide-ceramically and metallically applied) is repeated a number of
times, in which case the electrolyte consists of a layer system of at least three

interlayers, where first, metallically applied layers with lower oxygen content and
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second, oxide-ceramically applied layers with higher oxygen content are ar-
ranged in an alternating fashion one above another. The composition of the indi-

vidual oxide-ceramically and metallically applied layers is preferably the same.

In the case of a three-layered electrolyte layer system, therefore, the sequence
of the layer arrangement is therefore as follows: interlayer with higher oxygen
content, interlayer with lower oxygen content, interlayer with higher oxygen con-
tent (and applied oxide-ceramically/metallically/oxide-ceramically), or interlayer
with lower oxygen content, interlayer with higher oxygen content, interlayer with
lower oxygen content (and applied metallically/oxide-ceramically/metallically).
The advantages of the invention are manifested especially for multiple switching
between layers with different oxygen contents; in advantageous variant embodi-
ments, the multi-layered electrolyte may have from a total of four interlayers (that
is, in alternating arrangement, a total of two oxide-ceramically applied layers with
higher oxygen content and two metallically applied layers with lower oxygen con-
tent) through to a total of 50 interlayers (that is, in alternating arrangement, a total
of 25 oxide-ceramically applied layers with higher oxygen content and 25 metal-
lically applied layers with lower oxygen content). For a given overall electrolyte
thickness, a greater number of thin, alternating applied interlayers is advanta-
geous for the gas-imperviosity of the electrolyte, since the stem, columnar struc-
ture of the crystallites, at whose grain boundaries elongate interstices extending
over the entire thickness of the interlayer may form, is interrupted more fre-
quently. Furthermore, by the multiple repetition of the layers with different oxygen
contents, potential layer defects in the substrate on which the electrolyte is ap-
plied are able to heal more effectively. It should be noted, however, that a very
large number of interlayers may possibly have adverse consequences for the
oxygen ion transport capacity of the electrolyte, owing to the large interface be-

tween the interlayers.

Although layer thicknesses of less than 200 nm can usually be realized by means
of vapour deposition processes, it is found that a minimum thickness of an inter-

layer (metallically or oxide-ceramically applied) of about 200 nm is advantageous.
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The layer thickness of the metallically applied interlayer with lower oxygen con-
tent is not to exceed 800 nm, more particularly 500 nm, since the later intercala-
tion of oxygen means that there is an increase in volume and hence a risk of
flaking or delamination of the interlayer. For a given leakage rate, therefore, the
layer thickness can be reduced and hence the ohmic resistance reduced by using

the multi-layered electrolyte of the invention.

One material particularly suitable for producing the multi-layered electrolyte is zir-
conium doped with alkaline earth elements or rare earth elements, LnyZr1-y, where
Ln =Y, Sc, Yb or Er and 0.08<y<0.12, for the metallically deposited interlayers,
and a corresponding oxide in a stoichiometric ratio LnyZr14yO2-5 where Ln=Y, Sc,
Yb or Er and 0.08<y<0.12, for the oxide-ceramically applied interlayer. Also suit-
able is doped cerium AxCe1-x, where A=Gd, Sm, Y or Ca and 0.05=x<0.3, for the
metallically applied interlayer, and corresponding doped cerium oxide AxCe1-xO2-
5, where A=Gd, Sm, Y or Ca and 0.05<x<0.3, for the oxide-ceramically applied
layer. Some oxygen may have been intercalated into the metallically deposited
interlayers, but the oxygen content is substoichiometric and is significantly lower

than in the interlayer applied oxide-ceramically.

A key advantage of the invention is that in order to produce the multi-layered
electrolyte it is possible to avoid an expensive, energy-consuming and time-con-
suming sintering operation at high temperatures. A physical vapour deposition
process is employed as the coating process for manufacturing the electrolyte. In
this process, the electrolyte material is converted into the gas phase and supplied
to the substrate to be coated, where it condenses. In alternating sequence, a
layer with lower oxygen content and a layer with higher oxygen content (metalli-
cally or oxide-ceramically applied layer) are applied one above another to a po-
rous substrate such as the electrode or, optionally, a further functional layer, if a
functional layer is provided between electrode and electrolyte. Coating processes
for the invention include, in particular, sputter deposition processes such as DC
sputtering, RF sputtering, ion beam sputtering, magnetron sputtering or reactive

sputtering.
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Proving to be particularly advantageous is what is called hollow cathode gas flow
sputtering, a specific sputter deposition process in which solid material is eroded
by cathodic atomization in a hollow cathode glow discharge, and is transported
by means of a working gas, usually argon, which flows through the hollow cath-
ode, to the substrate, which is located outside the hollow cathode, where it de-
posits as a layer. Fig. 4 shows a schematic outline of this process. The sputtering
target 11 has the form of a hollow cathode, usually in the form of two rectangular
plates arranged in parallel, or in the form of a short tube, through which working
gas 13 flows, flowing from a back opening 14 in the hollow cathode and emerging
at a front opening 15, and, in so doing, carrying with it the atomized cathode
material. The hollow cathode is cooled with the cooling system 12. The target is
atomized by ions of working gas from the glow discharge, with the geometry of
the hollow cathode intensifying the glow discharge. The glow discharge is ignited
by the threshold voltage 16. The typical working pressure is 0.2 — 0.8 mbar. On
account of the comparatively high process pressure, the high-energy plasma par-
ticles lose the majority of their energy on the way to the substrate, allowing low-
stress layers to be generated.

Oxide layers can be produced in a reactive operation. For this purpose, oxygen
17 is supplied as reactive gas at the mouth of the hollow cathode, where the
mixture of the working gas with the atomized cathode material emerges as a flow
from the hollow cathode. As a result of the flow of the working gas, the reactive
gas is unable to penetrate to the surface of the target, thereby preventing plasma
instabilities or a reduction in rate of the kind often occurring with reactive magne-
tron sputtering. Since there is no need for a magnetic field, target erosion is uni-
form and a very high power density can be operated, to the benefit of a high
coating rate. One particular advantage of hollow cathode gas flow sputtering in
relation to the present invention is that the switch between metallically and oxide-
ceramically applied layers during the coating operation can be easily accom-
plished by switching on and off the supply of reactive oxygen gas, respectively,
with otherwise identical parameters, and allowing the multi-layered electrolyte to
be produced in succession and without interruption in one production unit, without

any need for the sample to be cooled or the coating chamber opened between
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the coating procedures. As a result, it is possible to obtain very good contact and
adhesion between the individual layers. Owing to residual oxygen in the produc-
tion unit, some oxygen may also be intercalated into the metallically applied layer,
and the metallically applied layer need therefore not be purely metallic and may
have non-metallic phases. However, it has a significantly lower oxygen content
than the oxide-ceramically applied layer. Additionally, on the substrate, it is pos-
sible to apply a bias voltage 18 between anode and substrate holder 19, in order
to raise the energy input of the working gas ions on the substrate and to compact
the deposited layer. It may be advantageous for layer formation to heat the sub-
strate holder (ceramic heater 20). In order to be able to coat relatively large areas,
the substrate holder 19 with the sample 21 to be applied by coating must be
moved in front of the source. This may be accomplished either by a back-and-
forth motion or by slowly passing the substrate holder in front of the source. As
well as the bias voltage, the substrate temperature, the flow of working gas, the
reactive gas flow, and the distance between threshold front and substrate surface
play a part in the coating rate and in the deposited layer structure. An apparatus
for hollow cathode gas flow sputtering is described in EP1520290 B1, for exam-

ple.

The cathode-electrolyte-anode unit of the invention can be used for anode-sup-
ported and cathode-supported SOFCs, especially for MSC, where the cathode-
electrolyte-anode unit is applied to and supported on a metallic carrier substrate.
Alternatively, for example, it may be employed for an electrolyzer or in membrane
technology for electrochemical gas separation.

The invention is elucidated in more detail using the following examples, with ref-
erence to Figures 2 and 3. The examples in Fig. 2 and Fig. 3 show an MSC in
cross section, and are inventive developments on from the prior-art MSC shown
in Fig. 1. The figures have been schematically supplemented on one side in order
to illustrate the structures. The metallic carrier substrate of the MSCs is produced
by powder metallurgy in each case, in accordance with AT 008 975 U1, and con-
sists of a ferritic iron-chromium alloy (Fe >50% by weight and 15% to 35% by
weight Cr) with an additional mixed oxide fraction (0.01-2% by weight, the mixed
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oxides coming preferably from the group of Y,Sc and rare earth metals and/or
from the group of Ti, Al and Cr) and with a porosity of 30-60%. Applied to this
porous metal substrate acting as carrier, by means of PVD, is a CGO diffusion
barrier layer, in order to prevent interdiffusion between metal substrate and the
subsequent anode. The anode takes the form of a multi-layered, graduated an-
ode layer composite of Ni-8YSZ cermet with a thickness of about 30 to 50 um,
and is produced by a wet-ceramic route (screenprinting process) and then sin-
tered in a reducing atmosphere at about 1200°C for five hours. The electrolyte
layers are generated by vapour deposition in a hollow cathode gas flow sputtering
unit, employing a metallic ZrY sputtering target (Zr 85.2 at%, Y 14.8%). The me-
tallic target is available commercially, for example, from MaTecK GmbH or from
Sindlhauser Materials GmbH. Prior to the actual coating, the substrate is pre-
cleaned with liquid cleaners in an ultrasound bath. The coating procedure cham-
ber is evacuated (chamber volume approximately 200 I, pump unit suction capac-
ity 1000 m3h) and the substrate is heated slowly (max. 20 K per minute) to about
500°C and then cleaned with an argon plasma (generated by applying a medium-
frequency DC pulse bias voltage with nominal bias voltage >100 V, 200 kHz and
1 ps counter-pulse duration), with an operating pressure of around 0.1 mbar for
an Ar volume flow of around 400 sccm. This "fine ion cleaning" process is followed
by the coating procedure proper. The parameters set out below relate to a gas
flow sputtering source with a design length of 250 mm, and need to be adapted
— by linear scaling, for example — for different-size sources. The process gas used
is argon, with a volume flow of approximately 5000 sccm (development of a hol-
low cathode discharge for a given source design length and an operating pres-
sure of around 0.5 mbar); the reactive gas used is oxygen, with a volume flow of
approximately 60 sccm. The source voltage between cathode and anode is
around 330 V, and in this case a power of approximately 5000 W is realized in
the plasma. In the course of coating, a nominal medium-frequency bias voltage
of about 30-150 V is set between substrate (sample) and cathode (200 kHz, 1 ps
counter-pulse duration) (the level of the nominal bias voltage is dependent on
factors including the desired density of the sputter layer and/or the type of sub-

strate present, and also on the distance between substrate and source front (in
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this case around 40 mm), and can be adapted by the skilled person to the partic-

ular situation).

In example 1 (Fig. 2) an electrolyte approximately 4 um thick is produced, with
the first 3.5 ym having been deposited with supply of oxygen, and a top layer
approximately 0.5 um thick having been applied without supply of oxygen as re-
active gas. The electrolyte thus comprises a 3.5 ym layer with higher oxygen

content, and a 0.5 um top layer with lower oxygen content.

Example 2 (Fig. 3) features an electrolyte layer assembly with a total of 8 inter-
layers: applied alternately, beginning with a metallically applied layer, was in each
case an interlayer about 0.5 um thick, without reactive gas, and an interlayer
about 0.5 pym thick with supply of reactive gas.

Applied to this electrolyte in each case was a further CGO protective layer 1 to
2 um thick, by means of a PVD process. This protective layer prevents chemical
reaction between electrolyte and cathode material, particularly the formation of
strontium zirconates (LaSrZrO, SrZrO). In conclusion, a porous cathode 20 to 60
pMm thick and made of lanthanum strontium cobalt iron oxide (LSCF, (Laos Sro4
Coos Feoz2) Oss) is applied by screenprinting methods, it being possible for the
sample to be subjected, optionally, to an additional plasma treatment prior to
screenprinting. The cathode is activated in situ during the initial hours of operation
of the cell. With the examples shown in Fig. 1 — 3, there is no CGO protective
layer or no cathode in each case.

In both exemplary embodiments, the multi-layered structure of the electrolyte can
be seen. The columnar structure of the electrolyte, which may extend over the
entire thickness of the electrolyte from the example in Fig. 1 known from the prior
art, is interrupted and is restricted to the thickness of an interlayer. The crystallites
of the metallically and oxide-ceramically deposited layers differ in morphology
and in the crystal system formed. Whereas the individual stems of the oxide-ce-

ramically deposited layer form a tetragonal or cubic crystal system typical of 8YSZ



10

15

20

DK/EP 3000149 T3

15

and are arranged in columnar fashion preferably in the growth direction, the crys-
tallites of the metallically deposited layer are smaller and have generally crystal-
lized out in other crystal systems, owing to the absence of oxygen atoms. In an
X-ray diffraction phase analysis (instrument used: AXS D4 Endeavor from
Bruker), however, the metallically deposited layer does not show any purely me-
tallic phases, but instead a hexagonal phase (characteristic of Zrs0O) and a cubic
phase (characteristic of YZrOs), this being attributable to the residual oxygen pre-
sent, which is in the production unit for longer on switchover from reactive to me-
tallic. If the electrolyte is stored in air (at 500°C, holding time 20 hours), then

monoclinic phases characteristic of ZrO2 may additionally be found.

In subsequent operation, a tetragonal or cubic crystal system comes about in the

metallic layer as well, as a result of intercalation of oxygen.

In accordance with the invention, a gas-impervious electrolyte with a thickness of
4 uym was produced. The electrolyte in example 1 (Fig. 2) has a leakage rate of
7.6 10*hPa dm3 s' cm; the electrolyte in example 2 (Fig. 3) has a leakage rate
of 2.9 10*hPa dm? s' cm= (measured in each case at room temperature in air
with the pressure increase method (Dr. Wiesner, Remscheid, type: Integra DDV)
with a pressure difference dp = 100 hPa). Apart from trace elements, the electro-

lyte has no elements other than yttrium, zirconium and oxygen.
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Patentkrav

1. Katode-elektrolyt-anodeenhed til en elektrokemisk funktionsindretning, iseer
en hgjtemperaturbreendselscelle, med en flerlaget, imellem en porgs anode (3)
og en porgs katode (4), anbragt fast-legeme-elektrolyt (5), hvorved fast-legeme-
elektrolytten fremstilles ved hjeelp af en fysisk gasfaseudskillelsesfremgangs-
made og har en lagformet opbygning af mindst et fgrste lag (1) og mindst et se-
kundeert lag (2), hvorved de sekundaere lag (2) har et hajere oxygenindhold end
det forste lag (1) og det eller de fgrste og sekundeere lag med undtagelse af

oxygen har i alt vaesentligt samme sammensaetning.

2. Katode-elektrolyt-anodeenhed ifglge krav 1, kendetegnet ved, at fast-le-
geme-elektrolytten har en alternerende lagreekkefglge, ved hvilken de fgrste lag
med lavere oxygenindhold (1) og de sekundeere lag med hgjere oxygenindhold
(2) er anbragt skiftevis oven pa hinanden.

3. Katode-elektrolyt-anodeenhed ifglge krav 2, kendetegnet ved, at fast-le-
geme-elektrolytten er opbygget af en alternerende lagreekkefalge af totalt set
mindst to fgrste lag med lavere oxygenindhold (2) og mindst to sekundeere lag
med hgjere oxygenindhold (2).

4. Katode-elektrolyt-anodeenhed ifalge et af de foregaende krav, kendetegnet
ved, at det eller de farste lag med lavere oxygenindhold (1) og det eller de se-
kundeere lag med hgjere oxygenindhold (2) har forskellig krystalstruktur.

5. Katode-elektrolyt-anodeenhed ifglge et af de foregaende krav, kendetegnet
ved, at det eller de farste lag med lavere oxygenindhold (1) har hver for sig en
lagtykkelse pa imellem 200 og 800 nm, iszer en lagtykkelse pa imellem 300 og
500 nm.

6. Katode-elektrolyt-anodeenhed ifelge et af de foregaende krav, kendetegnet
ved, at det eller de sekundaere lag med hgjere oxygenindhold (2) hver for sig har
en lagtykkelse pa imellem 200 og 800 nm.
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7. Katode-elektrolyt-anodeenhed ifelge et af de foregaende krav, kendetegnet

ved, at fast-legeme-elektrolyttens lagtykkelse er imellem 1 og 10 um.

8. Katode-elektrolyt-anodeenhed ifglge et af de foregaende krav, kendetegnet
ved, at det eller de farste lag (1) bestar af Zr som doteret med jordalkali-elemen-
ter eller sjeeldne jordarter, isaer af Zr, doteret med Y, eller Zr, doteret med Sc,
eller af Ce, doteret med Gd, og under-stgkiometrisk indlejret oxygen og det eller

de sekundaere Lag er tildannet af en tilsvarende stegkiometrisk oxid.

9. Katode-elektrolyt-anodeenhed ifalge et af de foregaende krav, kendetegnet
ved, at der imellem den flerlagede fast-legeme-elektrolyt og elektroderne er an-
bragt mindst et yderligere lag, iseer et diffusionsbarrierelag.

10. Anvendelse af katode-elektrolyt-anodeenhed ifglge et af de foregadende krav
i en metalsubstratunderstgttet breendselscelle, i en anodeunderstgttet breend-
selscelle eller i en katodeunderstattet braendselscelle.

11. Fremgangsmade til fremstilling af en flerlaget fast-legeme-elektrolyt med al-
ternerende metallisk (1) og oxidkeramisk (2) paferte lag til en elektrokemisk funk-
tionsenhed, iseer en hgjtemperaturbraendselscelle, pa basis af en gasfaseudskil-

lelsesfremgangsmade med trinnene

a. tilvejebringelse af et (porgst) substrat
b. valgfri fremstilling af et metallisk (1) eller et oxidkeramisk (2) pafert lag,
hvorved

det metallisk pafarte lag (1) fremstilles ved udskillelse af en blan-
ding af tidligere (ved hjeelp af en sputterfremgangsmade) i gas-
fasen overfgrte metaller, og det oxidkeramisk paferte lag (2)
fremstilles ved udskillelsen af den tidligere i gasfasen overfgrte
(eller gasformige) blanding af metaller under tilfgrsel af oxygen

eller en oxygenholdig gas som reaktiv gas,
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c. gentagelse af trin b) en eller flere gange med henblik pa at opna en
lagreekkefelge, ved hvilken metallisk (1) og oxidkeramisk (2) pafarte lag

er anbragt alternerende oven pa hinanden.

12. Fremgangsmade ifglge krav 11, kendetegnet ved, at substratets belaegning
foregar ved hjeelp af en gasstrem-sputter-fremgangsmade, isaer en hulkatode

gasstrem-sputter-fremgangsmade.

13. Fremgangsmade ifglge krav 11 eller 12, kendetegnet ved, at det eller de

metallisk pafarte lags (1) lagtykkelse er imellem 200 og 800 nm.

14. Fremgangsmade ifelge krav 11 til 13, kendetegnet ved, at det eller de oxid-
keramisk paferte lags (2) lagtykkelse er imellem 200 og 800 nm.

15. Fremgangsmade ifglge krav 11 til 13, kendetegnet ved, at der som fgrste
lag paferes et oxidkeramisk pafert lag (2) med en lagtykkelse pa imellem 500 nm
og 3 um pa substratet og mulige efterfelgende oxidkeramisk péaferte lag (2) har

en lagtykkelse pa imellem 200 og 800 nm.
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