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Description

The invention relates to a rechargeable energy storage unit
having a first and a second electrode, the first electrode
being associated with metallic particles of a metal which is
reducible during charging operation of the energy storage unit
and oxidisable during discharging operation of the energy
storage unit, and having an electrolyte arranged between the

electrodes.

Rechargeable energy storage units are substantially based on
the principle of electrochemical cells, i.e. the redox-based
conversion of chemical into electrical energy or vice versa.
In the process, oxidising agents, for example oxygen ions from
atmospheric oxygen, are conventionally formed on a positively
charged electrode, and supplied to the negative electrode by
an electrolyte which is arranged between the positive and a
negative electrode and is appropriately permeable to the
oxidising agent, i.e. the oxygen ions which are formed for

example.

In the case of rechargeable energy storage units, the material
to be oxidised, i.e. the reducing agent, is a direct or
indirect constituent of the energy storage unit, for which
reason energy may be drawn from the energy storage unit until
the reducing agent has been wholly oxidised. Only after a
subsequent charging process of the energy storage unit with
electrical energy via an external source can the energy
storage unit again be discharged. Further details regarding
the mode of operation of such rechargeable energy storage
units are well known.

Generic energy storage units with oxygen ion-conducting
electrolytes are known to have working ranges at temperatures

of above 500°C, since only a correspondingly high temperature
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provides satisfactory conditions in particular in relation to
the activity or ion conductivity of the materials used, in
order to be able to allow the corresponding processes, such as
for instance the electrochemical reduction of atmospheric
oxygen to oxygen ions and moreover the movement thereof

through the electrolytes, to proceed properly.

Owing to exposure to elevated thermal loads, performance is
regularly impaired in rechargeable energy storage means in
particular with regard to the electrode, which is connected as
an anode in discharging operation and, as a rule, is formed of
a porous network of metallic particles or is associated
operationally with such particles, as a result of degradation
caused in particular by agglomeration of metallic particles,
which results in a reduction in the active surface area of the
electrode material and moreover has a negative effect on the

efficiency and service life of the energy storage unit.

The problem underlying the invention is therefore that of
specifying a rechargeable energy storage unit with improved
long-term stability, in particular with regard to the metallic

particles associated with the first electrode.

This problem is solved according to the invention by a
rechargeable energy storage unit of the above-mentioned type,
which is distinguished in that the metallic particles
additionally contain a material which inhibits sintering of

the metallic particles.

Investigations have shown that metallic particle agglomeration
is surprisingly substantially attributable to sintering
processes at particle boundary surfaces, which are thus

regarded as the cause of particle agglomeration.
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According to the invention, therefore, the metallic particles
associated with the first electrode are a hybrid material, in
which the sintering-inhibiting material is preferably well
dispersed. This prevents the disadvantageous effects caused by
sintering processes between individual metallic particles or
agglomerations of a plurality of metallic particles, in
particular with regard to the performance or service life of
the first electrode or the entire energy storage unit. In this
respect, the specific active surface area or an optionally
porous structure of the first electrode is largely retained
even at high operating temperatures in the range from
500-1000°C, which has an additional positive effect on a
comparatively constant efficiency profile of the energy
storage unit over time. The first electrode of the energy
storage unit may likewise be denoted as a negative electrode,
and the second electrode accordingly as a positive electrode.

The electrodes may advantageously be porous.

The sintering-inhibiting material is preferably metal oxide
particles. In this respect, the metallic particles associated
with the first electrode may in each case be regarded as a
metallic matrix with metal oxide particles preferably well
dispersed therein and thus overall as oxide dispersion
strengthened particles, or ODS particles for short. The
metallic particles are accordingly present as a "dispersion
alloy"™ or ODS alloy. The metallic particle agglomeration- or
sintering-hindering effect of the metal oxide particles is
assumed to reside in the fact that the metal oxide particles
introduce additional disorder or defects into the crystal
lattice of the metallic particles which prevent possible
dislocation movements, so additionally putting a stop to
bridge formation caused by diffusion, which results in
sintering, at the respective boundary surfaces of the metallic

particles. The metallic particles containing metal oxide
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particles, i.e. the ODS particles, are advantageously produced
in such a manner that segregation phenomena do not arise for

example due to different densities.

The metal oxide particles are preferably cerium oxide and/or
zirconium oxide particles. It goes without saying that in
exceptional cases other metal oxide particles or ceramic

particles may be used.

It is additionally possible for the metal oxide particles to
be doped with dopants. For the purpose of doping, scandium
and/or yttrium may for example be considered for zirconium
oxide and gadolinium and/or samarium for cerium oxide. It has
been found that dopants further increase the above-described
effect of the metal oxide particles, since the dopants would
seem additionally to assist distortion of the lattice
structure of the metallic particles serving as a matrix, for
which reason, as explained, diffusion processes which cause
sintering are at least inhibited. It is in principle possible

to use similar dopants to the electrolyte material.

The metallic particles are conveniently mechanically alloyed
with the sintering-inhibiting material. Mechanical alloying is
a powder metallurgical production method, the difference from
conventional powder metallurgy being that each individual
particle may be considered to be an alloy after intensive
grinding. This means that a substantially uniform alloy
element distribution is achieved for each individual particle,
i.e. for the purposes of the invention metal oxide particles
are uniformly distributed in the metallic matrix. In the
context of mechanical alloying, care is taken to prevent
segregation phenomena of the metal oxide particles in the

metallic matrix.



10

15

20

25

30

DK/EP 2619829 T3

5

Preferably, the metallic particles each have a molar
proportion of 1 to 20%, in particular of 5 to 10%, of the
sintering-inhibiting material. It is accordingly possible with
the stated filling ratios to achieve good properties with
regard to preventing any agglomeration or sintering of the
metallic particles. In exceptional cases, it is nonetheless
possible for higher or lower proportions of the sintering-
inhibiting material or the metal oxide particles to be

present.

The metallic particles are conveniently formed of iron and/or
manganese. These materials ensure the multiple repetition of
redox processes, 1i.e. they can be repeatedly oxidised or
reduced, which is of substantial significance to sustained
operation or to frequent recharging of the energy storage
unit. The metallic particles serve in this respect as chemical
energy storage means. Similar materials may of course also be

used.

In a development of the invention, the first electrode
comprises a lattice-like hollow chamber structure, the
metallic particles being provided in receptacles arranged in
the interspaces of the hollow chamber structure. The hollow
chamber structure accordingly comprises reactive regions in
particular in the receptacles thereof filled with the metallic
particles, at and/or in which the chemical reactions necessary
for charging and discharging the energy storage unit according
to the invention, i.e. redox processes, proceed. The hollow
chamber structure is here advantageously likewise permeable to
ions, in particular oxygen ions, and to electrons released by
oxidation processes proceeding in particular at the boundary

surfaces with the receptacles.
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Alternatively, the first electrode may be connected with a
comb-like structure forming interspaces, the interspaces
facing the first electrode and being filled with the metallic
particles. Here the substantially elongate chamber-1like
interspaces extending away from the first electrode serve as
receptacles for the metallic particles or the ODS particles.
The comb-like structure should be understood to be an
"interconnector", which in the case of a plurality of
electrically coupled energy storage units on the one hand
forms an electrical connection of the energy storage units,
while on the other hand functions as a physical barrier
between adjacent first and second electrodes of series-

connected or successive energy storage units.

In a development of the invention, a redox-active gas mixture,
in particular a hydrogen-water mixture (H,/H,0), may be
provided between the metallic particles. These compounds, also
known as "redox shuttles", improve or stabilise redox
reactions arising between the oxygen ions which have migrated
through the electrolyte and the metallic particles and may
stabilise or increase the efficiency of the energy storage
unit as a whole. In addition or as an alternative to hydrogen-

water mixtures, comparable gaseous redox pairs may be used.

In addition to the two stated configurations, the principle
according to the invention of alloying metal oxide particles
into metallic particles, i.e. the use of ODS particles, may be
applied to any arrangement of energy storage units or fuel

cells.

It is advantageous for functional operation of the
rechargeable energy storage unit for the second electrode to
be formed of a porous oxygen-—-permeable material. In this way,

during discharging operation of the energy storage unit it is
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possible to reduce in particular continuously supplied

atmospheric oxygen into oxygen ions.

Accordingly, it is convenient for the electrolyte to be a
solid electrolyte with permeability to oxygen ions. In this
way, the oxygen ions formed at the second electrode may
diffuse through the electrolyte towards the first electrode.
The electrolyte is impermeable to electrons, so as to prevent

short circuits in the energy storage unit.

The invention further relates to an energy storage means,
comprising a plurality of energy storage units as described
above. The energy storage units are connected together in such
a way that the energy storage means has a capacity
corresponding to the number of series-connected energy storage

units.

Further advantages, features and details of the invention are
revealed by the exemplary embodiment described below with

reference to the drawings, in which:

Figure 1 1is a schematic diagram of a portion of an energy
storage unit according to a first embodiment
according to the invention;

Figure 2 1s a schematic diagram of a portion of an energy
storage unit according to a second embodiment
according to the invention;

Figure 3 1is an enlarged representation of the detail of Fig.
2; and

Figure 4 1is a schematic diagram of a metallic or ODS particle
according to the invention associated with the first

electrode.
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Fig. 1 shows a schematic diagram of a portion of an energy
storage unit 1 according to a first embodiment according to
the invention. A porous negative or first electrode 2 is
configured as a uniform, three-dimensional, lattice-like
hollow chamber structure 3, wherein oxide dispersion
strengthened particles, or ODS particles 5 for short, are
introduced into each of the regularly distributed receptacles
4, said particles being prepared from a metallic matrix 18,
for example an iron matrix, reducible during charging
operation of the energy storage unit 1 and oxidisable during
discharging operation of the energy storage unit 1, with metal
oxide particles 6 finely dispersed therein. In this way, in
comparison with the use of pure metal particles without metal
oxide particles 6 dispersed therein, agglomerate formation by
sintering of the metal particles due to the high operating
temperatures of the energy storage unit 1 of above 500°C, in
particular in the range from 600-800°C, 1is prevented.
According to the invention, the ODS particles 5 accordingly
consist of a metal matrix 18 which has sintering—-inhibiting
materials taking the form of metal oxide particles 6
incorporated therein by alloying, in particular by mechanical
alloying. The ODS particles 5 accordingly comprise a
dispersion alloy of the metal oxide particles 6 in the metal
matrix 18 (cf. Fig. 4).

The metal oxide particles 6 are based for example on cerium
oxide and may for instance be doped with samarium. The metal
oxide particles 6 prevent or inhibit sintering in that the
metal oxide particles 6 introduce additional defects into the
metallic lattice structure of the metal matrix 18, so
preventing dislocation movements, i.e. diffusion-based mass
transfer processes, as occur for example in sinter bridge

formation.
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The ODS particles 5 have for example an average grain size of
approx. 30-50 pum. The size of the metal oxide particles 6 is
for example in the region of 0.5 pum. Any grain shape 1is
feasible, with regard both to the ODS particles 5 and the
metal oxide particles 6. Typical filling ratios for metal
oxide particles 6 in the metal matrix 18 are for example

between 5 and 10 mol%.

The mode of operation of the energy storage unit 1 according
to the invention is substantially known and is based, with
regard to its discharging operation, on the fact that at the
second or positive porous electrode 7, shown only
schematically in Fig. 1, atmospheric oxygen supplied
continuously for example by gas flushing is reduced to oxygen
ions, which oxygen ions diffuse through a solid electrolyte 8
into the first electrode 2. The electrolyte 8 is impermeable
to electrons, so preventing short circuits in the energy
storage unit 1, i.e. in particular between the electrodes 2,

7.

The oxygen ions diffused through the electrolyte 8 may react
in two different ways with the ODS particles 5 located in the
receptacles 4. According to a first alternative, indicated by
the arrows 9, 10, oxygen ions are initially oxidised at the
boundary surfaces of the receptacles 4 to yield elemental

oxygen (cf. arrows 9), the following applying:

0 L 3 0, + 2e (1) .
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The elemental oxygen further diffuses into the interior of the
receptacles 4 to yield the ODS particles 5, wherein the metal
matrix 18 or parts thereof oxidise(s) to yield metal oxides

(cf. arrow 10). The following applies:

¥» 0, + Me - MeO (2) .

In this case all the interior boundary surfaces of the hollow

chamber structure 3 are active.

According to a second alternative, the oxygen ions diffused
through the electrolyte 8 may oxidise the ODS particles 5 or
the metal matrix 18 or parts thereof present at the boundary
surfaces of the receptacles 4 directly into metal oxides (cf.
arrow 11), the following applying:

0 + Me - MeO + 2e~ (3).
In this case, it is primarily the boundary surfaces between

the ODS particles 5 and the receptacles 4 which are active.

Advantageously, the ODS particles 5 within the receptacles 4
are in an inert, i.e. for example nitrogen, atmosphere.
Alternatively, a redox-active gas mixture, in particular a
hydrogen-water mixture (H;/H;0) may be provided between ODS
particles 5, which mixture serves as a "redox-shuttle" and
catalytically assists the redox processes as they proceed.
Fig. 2 shows a schematic diagram of a portion of an energy
storage unit 1 according to a second embodiment according to
the invention. The energy storage unit 1 again consists of a
first electrode 2 (negative electrode) and a second electrode
7 (positive electrode), which are separated from one another
by a solid electrolyte 8 permeable to oxygen ions. As is

apparent, comb-like structures assuming the form of
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interconnectors 12, 13 are associated with both the first
electrode 2 and the second electrode 7, wherein the
interconnector 13 associated with the second electrode 7 acts
as a gas distributor, through the comb-like interspaces 14 of
which continuously flows atmospheric oxygen, which is reduced
over the second electrode 7 to yield oxygen ions before
passing through the electrolyte 8. The interconnectors 12, 13
are electrically connected together by interposing an

electrical load (not shown).

The possibility of connecting a plurality of energy storage
units 1 in series is furthermore indicated, since a bipolar
layer 15 adjoins the upper end of the interconnector 12, which
layer forms an electrical barrier to an interconnector 13 of a
second electrode 7 of a following energy storage unit 1. A
corresponding arrangement at the lower end of the energy
storage unit 1, i.e. following the interconnector 13, is also
conceivable. In this way, a plurality of energy storage units
1 may be stacked or connected in series to form an energy

storage means.

As 1is evident from Fig. 2 and in particular from Fig. 3, the
comb-1like interspaces 16 of the interconnector 12 extending
from the first electrode 2 are filled with the 0DS particles 5
which act as the energy storage means of the energy storage
unit 1. In this way, the energy storage unit 1 has a high
energy storage capacity as it contains the energy storage
means itself, i.e. the 0ODS particles 5. It goes without saying
that the invention also relates to energy storage units 1 of a
differing structure, for example with a storage means for the
ODS particles 5 which is arranged externally thereto and

connected thereto via ion or electron conductors.
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The oxygen ions which diffuse through the electrolyte 8 come
into contact with the porous network-like structure of the 0ODS
particles 5. In addition, a redox-active H;/H;0 gas mixture is
located in the pores of the network-like structure, i.e.
between the ODS particles 5. The oxygen ions are firstly
reduced to yield elemental oxygen which flows through the
interspaces of the 0ODS particles 5 (cf. arrow 17). In so
doing, the oxygen oxidises the 0DS particles 5 or the metal
matrix 18 or parts thereof to yield corresponding metal
oxides, while, during discharging operation of the energy
storage unit 1, the resultant free electrons supply current

for a consumer.

Equally, thanks to the metal oxide particles 6 being alloyed
into the metal matrix 18, i.e. thanks to the ODS particles 5
being used, this embodiment according to the invention, in
comparison with unalloyed purely metallic particles, also
prevents agglomeration by sintering of purely metallic
particles as a result of the elevated operating temperatures
of the energy storage unit 1 of above 500°C. In comparison
with energy storage units 1 known from the prior art, the
energy storage unit 1 is accordingly in particular improved in

terms of the service life or service period thereof.

The above explanations in principle relate to discharging
operation of the energy storage unit. The described processes
are, however, reversible, i.e. they proceed correspondingly in
the reverse direction during charging operation of the energy

storage unit 1.
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Patentkrav

1. Genopladelig energilagringsenhed med en forste og en anden elektrode,
hvor der til den farste elektrode er tilordnet metalliske partikler fra et metal,
som kan reduceres under ladedriften af energilagringsenheden og kan oxide-
res i afladningsdriften af energilagringsenheden, og en elektrolyt, der er an-
bragt mellem elektroderne,

kendetegnet ved, at de metalliske partikler desuden indeholder et materiale,
som heemmer en forsintring af de metalliske partikler, i form af
metaloixd-partikler.

2. Genopladelig energilagringsenhed ifalge krav 1,
kendetegnet ved, at metaloxid-partiklerne er
ceroxid- og/eller zirkoniumoxid-partikler.

3. Genopladelig energilagringsenhed ifglge krav 1 eller 2, kendetegnet ved,
at metaloxid-partiklerne (6) er doteret med doteringsstoffer.

4. Genopladelig energilagringsenhed ifglge krav 2 og 3, kendetegnet ved, at
doteringsstofferne til cirkoniumoxid er scandium og/eller yttrium, og dote-
ringsstofferne til ceroxid er gadolinium og/eller samarium.

5. Genopladelig energilagringsenhed ifglge et af de foregaende krav, kende-
tegnet ved, at de metalliske partikler er mekanisk legeret med det materiale,
som hzemmer forsintringen.

6. Genopladelig energilagringsenhed ifolge et af de foregdende krav, kende-
tegnet ved, at de metalliske partikler hver har en molaer andel fra 1 til 20 %,
isaer 5 til 10 %, af det materiale, der heemmer forsintringen.

7. Genopladelig energilagringsenhed ifolge et af de foregaende krav, kende-
tegnet ved, at de metalliske partikler er dannet af jern og/eller mangan.

8. Genopladelig energilagringsenhed ifglge et af de foregdende krav, kende-
tegnet ved, at den forste elektrode (2) har en gitterlignende hul kammer-
struktur (3), hvor de metalliske partikler er tilvejebragt i optagelsesrum (4),
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som er anbragt i mellemrummene af den hule kammerstruktur (3).

9. Genopladelig energilagringsenhed ifglge et af kravene 1 til 8, kendetegnet
ved, at den forste elektrode (2) er forbundet med en kamlignende struktur,
som danner mellemrum (16), hvor mellemrummene (16) vender mod den
farste elektrode (2) og er pafyldt med de metalliske partikler.

10. Genopladelig energilagringsenhed ifalge et af de foregdende krav, ken-
detegnet ved, at der mellem de metalliske partikler er tilvejebragt en
redoxaktiv gasblanding, isaer en hydrogen-vand-blanding.

11. Genopladelig energilagringsenhed ifglge et af de foregéende krav, ken-
detegnet ved, at den anden elektrode (7) er dannet af et porost oxygengen-
nemtraengeligt materiale.

12. Genopladelig energilagringsenhed ifolge et af de foregéende krav, ken-
detegnet ved, at elekirolytten (8) er en fast elektrolyt med en gennemtraen-
gelighed for oxygen-ioner.

13. Energilager, omfattende flere energilagerenheder (1) ifalge et af de fore-
gaende krav.
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FIG 1

FIG 2
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FIG 3

FIG 4
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