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(57) Abstract: An electric power generating unit comprising (i) an ammonia storage device in the form of a container comprising
an ammonia absorbing and releasing salt of the general formula: M,(NH;),X,, wherein M is one or more cations selected from
alkali metals, alkaline earth metals, and transition metals such as Li, K, Mg, Ca, V, Cr, Mn, Fe, Co, Ni, Cu or Zn, X is one or more
anions selected from fluoride, chloride, bromide, iodide, nitrate, thiocyanate, sulphate, molybdate, phosphate, and chlorate ions, a is
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TITLE
Use of an Ammonia Storage Device in Production of Energy

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to the use of an ammonia storage device containing
a metal ammine complex for reversible storage of ammonia in solid form.
Upon release, ammonia is used either directly as a fuel in fuel cells or de-
composed into dihydrogen and dinitrogen, which after an cptional purifica-

tion step can be used as a fuel in fuel cells.

2. Description of the Related Art

The potential advantages of using fuel cells have received significant at-
tention. Application of dihydrogen or ammonia as a fuel, e.g., in fuel cells
is attractive because it generates no polluting emissions [Hoogers,
Thompsett, CatTech 2000, 3, 106]. In large-scale production facilities, di-
hydrogen or ammonia is produced from coal, naphtha or natural gas
[Dybkjaer, in Ammonia: Catalysis and Manufacture (Ed. Nielsen), Springer,
1995] and steam and air. This obviously generates CO; but by application
of appropriate sequestration strategies [Lackner, Annu. Rev. Energy Envi-
ron. 2002, 27, 193], ammonia or dihydrogen can, if desired, be produced
without any net release of carbon oxides. So far, the main focus has been
on using dihydrogen as a fuel. However, this attractive application has
been hindered due to problems of storing sufficient amounts of dihydrogen
in gaseous and even in liquid forms [Schlapbach & Zuttel, Nature 2001,
414, 353]. To overcome this difficulty, various solid hydrogen storage ma-
terials have been proposed but the gravimetric hydrogen storage capacity
is still low and the reversible storage and release of hydrogen requires
relatively high pressure and temperature. Currently, attention is focused at
the use of complex chemical hydrides [WO 03/04553 A2] but there are still
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no materials that fulfil the specifications defined by The US Department of
Energy [www.energy.gov]. Since dihydrogen cannot yet be stored with a
sufficient volumetric efficiency, alternatives have been investigated.
Among the most promising sources of dihydrogen, methanol has attracted
significant attention both as a possible source of dihydrogen that can be
easily transported or for use in the direct methanol fuel cell [Hogart, Pros-
pects of the direct methanol fuel cell, Fuel cell technology handbook
(2003)]. However, compared to dihydrogen or ammonia as a fuel this
would require both central CO, sequestration at the methanol production
facility and also decentral sequestration at each operating fuel cell, if all
harmful contributions to the ecobalance should be avoided. Similar prob-
lems are necessarily encountered with all other carbon-containing fuels for
fuel cells, such as e.g., methane, gasoline, diesel and ethanol. Ammonia is
already produced in large facilities with daily production capacities that can
be in excess of 3000 metric tons. It has been calculated that in terms of
overall efficiency, ammonia is an attractive alternative to methanol [Met-
kemeijer & Achard, Int. J. Hydrogen Energy 1994, 19, 535].

Ammonia or ammine complexes, i.e. coordination compounds in which
ammonia is bound to a metal ion have been known since the 19" century
and many such compounds are today considered classical inorganic com-
pounds. In the early literature, ammine complexes were often formed by
reaction of metal salts with gaseous ammonia. Similarly, in many cases it
was shown that new compounds containing less or even no ammonia
could be formed by controlled thermal degradation of various ammine

complexes.

It is well-know in the art that ammonia can be used directly as a fuel for
certain high-temperature fuel cells [Wojcik, Middleton, Damopoulos, van
Herle, J.Power Sources, 2003, 118, 342]. Similarly, it is known that am-
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monia can be decomposed catalytically to mixtures of dihydrogen, dinitro-
gen and unreacted ammonia, which can be used directly as a fuel in e.g.,
alkaline fuel cells (AFC) [Kordesch et al., J.Power Sources 2000, 86, 162],
but only after removal of ammonia traces in other types, such as in proton
exchange membrane (PEM) fuel cells [Chellappa et al., Appl. Catal. A.,
2002, 227, 231]. Currently, an infrastructure that allows transportation of
liquid ammonia, primarily for use in agriculture, already exists. Further-
more, ammonia is one of the chemicals of which the largest amount is
produced on a worldwide basis. Thus, there are many possible advan-
tages of using ammonia for reversible hydrogen storage. However, one
particular disadvantage has prohibited the possibility for developing this
technology, and this is the difficulty of convenient and safe transportation
of ammonia [Schldgl, Angew. Chem. Int. Ed. 2003, 42, 2004]. The use of
ammonia stored as liquid in pressurized containers at room temperature
may result in uncontrolled release of large quantities of toxic ammonia in
case of physical damage on a container. It is an object of the present in-
vention to overcome this difficulty and to make efficient use of ammonia as
a fuel in fuel cells and/or as a source of dihydrogen also for use in fuel

cells.

[t has been suggested that such metal-ammine complexes might be used
to increase the efficiency of ammonia production plants by allowing easy
separation of ammonia from the equilibrium mixture by pressure swing ad-
sorption [Liu & Aika, Chem. Lett. 2002, 798].

Furthermore, ammine complexes have been demonstrated for use in con-
nection with cooling and refrigeration, where absorption desorption cycles

are employed for efficient cold production.
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The present invention is clearly distinguished from these two applications
of the reversible absorption of ammonia in metal salts in that the invention
regards the use of said complexes as energy carriers, thereby placing the

invention within an entirely different technical field.

SUMMARY OF THE INVENTION
In a first aspect the invention relates to an electric power generating unit
comprising

(i) an ammonia storage device in the form of a container comprising
an ammonia absorbing and releasing salt of the general formula:
Ma(NH3)n Xz, wherein M is one or more cations selected from alkali metals,
alkaline earth metals, and transition metals such as Li, Na, K, Cs, Mg, Ca,
V, Cr, Mn, Fe, Co, Ni, Cu, or Zn or combinations thereof such as NaAl,
KAI, KoZn, CsCu, or KzFe, X is one or more anions selected from fluoride,
chloride, bromide, iodide, nitrate, thiocyanate, sulphate, molybdate, phos-
phate, and chiorate ions, a is the number of cations per salt molecule, z is
the number of anions per salt molecule, and n is the coordination number
of 210 12,

(il) means for heating said container and ammonia absorbing and
releasing salt for releasing ammonia gas and

(iiia) a fuel cell for converting ammonia directly into electric power;
or

(iiib1) a reactor for dissociating ammonia into hydrogen and nitro-
gen and

(iiib2) a fuel cell for converting hydrogen into electric power.

In a second aspect the invention relates to the use of an ammonia storage
device in the form of a container comprising an ammonia absorbing and
releasing salt of the general formula: Ma(NH3),Xz, wherein M is one or

more cations selected from alkali metals, alkaline earth metals, and transi-
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tion metals such as Li, Na, K, Cs, Mg, Ca, V, Cr, Mn, Fe, Co, Ni, Cu, or Zn
or combinations thereof such as NaAl, KAI, KoZn, CsCu, or KsFe, X is one
or more anions selected from fluoride, chloride, bromide, iodide, nitrate,
thiocyanate, sulphate, molybdate, phosphate, and chlorate ions, a is the
number of cations per salt molecule, z is the number of anions per salt
molecule, and n is the coordination number of 2 to 12 as a source of en-
ergy in a electric power generating unit comprising
(1) means for heating said container and ammonia absorbing and releas-
ing salt for releasing ammonia gas,

(2a) a fuel cell for converting ammonia directly into electric power;
or comprising

(2b1) a reactor for dissociating ammonia into hydrogen and nitro-
gen and

(2b2) a fuel cell for converting hydrogen into electric power.

Brief Description of the Drawings

The invention is disclosed more in detail with reference to the drawings in
which

Fig.1 schematically shows parts of an embodiment of a power generating
unit according to the invention,

Fig. 2 schematically shows parts of a preferred embodiment of a power
generating unit according to the invention, and

Fig. 3 schematically shows parts of another preferred embodiment of a

power generating unit according to the invention.

Detailed Description of the Present Invention

The present invention is based on the use of an ammonia storage device

holding metal-ammine salts as solid storage media for ammonia, which in
turn is used, either in its pure form or after decomposition to a gas mixture

containing dinitrogen and dihydrogen, as a feedstock for an energy pro-



WO 2005/091418 PCT/DK2005/000196

10

15

20

25

ducing unit such as a fuel cell. The metal-ammine salt is a salt that re-
leases ammonia upon heating, during which it acts as an ammonia releas-
ing salt. After all, or part of, the contained ammonia is released from the
metal-ammine, it is possible to adsorb ammonia to the resulting solid, and
the salt acts as an ammonia absorbing salt. Thus, the metal-ammine salt
constitutes a reversible solid storage medium for ammonia, which repre-
sent a safe and practical option for storage and transportation of ammonia.
Ammonia is typically released from the preferred metal ammine salt by

heating the salt to temperatures in the range of 10-550 °C.

The present invention may be used for large energy producing facilities,
and by use of small rechargeable and/or replaceable ammonia storage
containers combined with micro-fabricated/miniaturized ammonia decom-
position reactors, it is also possible to provide energy for mobile units and

portable devices such as a laptop computer.

Solid ammonia storage media according to the present invention may con-
tain substances that bind ammonia in the form of a chemical complex.
These include ionic salts, particularly chlorides and/or sulphates of one or
more alkali metals, alkaline earth metals and/or one or more 3d subgroup
elements. The ionic salts include MgCla, MgBr,, Mg(ClO4)2, ZnCly,
Zn(NO3)2, ZnBra, Znly, ZnS04, KoZNnCly, (NH4)2ZnCls, (NH4)3ZNnCls,
Ca(NOz),, CaBr;, Cal, CaCly, Ca(ClO4), BaCls, BaBrs, Bal, Ba(NOs).,
BeCl,, FeCl,, Fe(NO3)2, FeCls, FeBra, Felz, FeSO4, Fe(CNS),, KoFeCls
SrCly, SrBry, Srly, Co(NO3)2, CoCly, CoBry, Colz, CoSO4, Co(CNS)y,
CoCls, NiCl,, Nily, NiSO4, Ni(NO3)2, Ni(ClO4)2, MnCl, MnBrz, Cu(NOs3)2,
CuCly, CuBr,, Culy, CuSOs, CrClz, NH4AICIs, KAICL, NH4CI, NaBr,
CsCuCls, TaCl,, SnCly, PbCly, Li2SOs, LisPO4 and LiCla.
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The present invention relates to an electric power generating unit compris-
ing

(i) an ammonia storage device in the form of a container comprising
an ammonia absorbing and releasing salt of the general formula:
Ma(NH3)nXz, wherein M is one or more cations selected from alkali metals,
alkaline earth metals, and transition metals such as Li, Na, K, Cs, Mg, Ca,
V, Cr, Mn, Fe, Co, Ni, Cu, or Zn or combinations thereof such as NaAl,
KAI, K»Zn, CsCu, or KoFe, X is one or more anions selected from fluoride,
chloride, bromide, iodide, nitrate, thiocyanate, sulphate, molybdate, phos-
phate, and chlorate ions, a is the number of cations per salt molecule, z is
the number of anions per salt molecule, and n is the coordination number
of 2t0 12,

(il) means for heating said container and ammonia absorbing and
releasing salt for releasing ammonia gas and

(iiia) a fuel cell for converting ammonia directly into electric power;
or

(iiib1) a reactor for dissociating ammonia into hydrogen and nitro-
gen and

(iiib2) a fuel cell for converting hydrogen into electric power.

The use of ammonia storing materials in connection with energy storage is
considered new. The ability of metal ammines to absorb and to desorb
ammonia is well known in the literature, but their potential as energy carri-
ers has not been proposed until now. This finding and the demonstration
of the use of these salts as viable energy carriers lies far from all existing
technology, and the high energy densities of same materials provides a
leap as compared to the feasible storage densities for hydrogen. Further-
more, the system is remarkably safe compared to virtually all other energy

carriers, and especially the known hydrogen storage media. At the same
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time, metal ammine salts can release ammonia/hydrogen at much higher
rates than what is possible for comparable solid hydrogen storage media.
Summing up, metal amine salts solves a number of problems hampering

the use of the existing media for energy storage by providing higher en-

ergy density, improved user safety, simpler handling and transport, good

compatibility with most or all known types of fuel cells and/or more favor-
able release kinetics than existing technologies for storing fuel for fuel

cells.

A power generating unit of the invention may be a disposable unit for use
in devices having limited expected time of use and where a high density of
energy is desirable as a replacement of traditional battery technology in
e.g. laptop computers, or as source of energy for e.g. radio transmitters for

use in deserted areas or in space.

According to a preferred embodiment of the invention the electric power
generating unit comprises means for adding ammonia to saturate the am-
monia absorbing and releasing salt with ammonia rendering the unit re-
chargeable which is preferred for uses in which the consumption of energy

is considerable as compared to the ammonia storing capacity of the unit.

During release of ammonia the original complex metal-ammine salt of the
formula Ma(NH;)nX; is gradually transformed into another complex of the
formula Ma(NH3)mX; wherein m<n. When all the desired ammonia has
been released, the resulting Ma(NH3)mX; may be converted back into
Ma(NH3)nXz by an absorption treatment with an ammonia-containing gas
stream. Preferably, the adsorption of ammonia is carried at a temperature
below 100 °C simply by passing the ammonia containing gas through the

ammonia absorbing salt.
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Typical hydrogen contents of the metal ammine complexes are in the
range of 3-14wt%, preferably above 5 wt%. For several metal-ammine
salts it is possible to release all ammonia and then transform the resulting
material back into the original metal-ammine salt in a large number of cy-
cles. This obviously constitutes preferred embodiments. For mobile units
and for small portable devices, it is particularly useful to hold the metal-
ammine in a container that can be detached from the fuel cell and re-

charged with ammonia in a separate recharging unit.

Typical ammonia contents of the metal ammine complexes are typically in
the range of 20-60 wit%, preferably above 30 wt%. In a preferred embodi-
ment of the invention the ammonia absorbing and releasing salt is
Mg(NH3)sCls, which contains 51.7 wt% ammonia. Thus, the present inven-
tion offers ammonia storage at significantly higher densities (both on a vol-
ume and a weight basis) than both aqueous ammonia and aqueous urea

nearly approaching the ammonia volume density of liquid ammonia.

A solid storage medium containing magnesium chloride is advantageously
used. At ambient conditions magnesium chloride stores up to 6 molecules
of ammonia per magnesium ion, forming Mg(NHz3)sClo. This storage me-
dium has an approximate density of 1.2 grams/cm?, leading to a stored
amount of 620 grams ammonia per litre storage medium. If the hydrogen
in this ammonia is released by decomposition, 109 grams hydrogen can
be delivered. This hydrogen density is comparable to the theoretical hy-
drogen density of complex hydrides as NaBH, or LiAlH4, while the storage
media of the current invention are both safer and more convenient from a

technological point of view.

Using Mg(NHz3)sClz, the ammonia vapour pressure at 25°C will be only
0.002 bar, building up to approximately 8 bar at 200 °C. A device accord-
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ing to the present invention can advantageously be operated so that the

ammonia pressure is between 1.5 and 10 bar.

In another preferred complex of Li(NH3)4)Cl or Li(NH3)5)Cl the ammonia

contents is as high as 62 wt% and 67 wt%, respectively.

In a preferred embodiment of the invention the salt is in the form of a fine
powder of micro crystals or located on a porous support material, which

facilitates the handling thereof and the keeping in the storage device.

In one embodiment of the invention the means for heating is in the form of

an electrical resistive heating device.

Heat required to release the ammonia may be generated by electrical re-
sistive heating being simple to control, but may also be generated by an
exothermic chemical reaction wherein ammonia or hydrogen is oxidized in
a manner known per se and/or by heat exchange with the energy produc-

ing unit.

Supplying power to microelectronic of micro-electromechanical systems
suffers from the paradox that the power-generating unit is often larger than
the device itself and for remote and autonomous operation the energy
density has to be increased dramatically as compared to even the best
lithium-ion battery technology [Holladay, Jones, Phelps and Hu, J.Power
Sources 108 (2002) 21-27]. To increase the energy density micro sized
fuel cells are developed, but again the main problem is storage of e.g. hy-
drogen as fuel. The use of hydrocarbons or alcohols such as methanol re-
quires many steps of evaporating, reforming and CO cleanup together with
handling of both liquid and gas phases being difficult to integrate and con-

trol on a chip. The ammonia storage device combined with an ammonia
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tolerating fuel cell greatly simplifies the integration and control on a chip
and increases the energy density by an order of magnitude compared to

battery technology.

For very small scale applications the entire container and means for heat-
ing are micro fabricated using processes such as mechanical grinding,
chemical vapour deposition (CVD), plasma enhanced chemical vapour
deposition (PECVD), electron cyclotron resonance (ECR), sputtering, etch-
ing, lithographic methods such as electron beam lithogranhy, photo lithog-
raphy, or laser lithography.

Micro size power generating units according to the invention may be micro
fabricated using processes known per se such as mechanical grinding,
chemical vapour deposition (CVD), plasma enhanced chemical vapour
deposition (PECVD), electron cyclotron resonance (ECR), sputtering, etch-
ing, lithographic methods such as electron beam lithography, photo lithog-
raphy, or laser lithography.

When dissociating ammonia into hydrogen and nitrogen before use in ac-
cordance with an embodiment of the invention, a reactor for dissociating
ammonia preferably contains a heterogeneous catalyst for accelerating

the processes and reducing the energy input needed.

When dissociating ammonia into hydrogen and nitrogen it is in some
cases preferred to purify the gas for remaining ammonia before feeding
the gas to the fuel cell. Such gas purification may be performed using ei-
ther an acidic aqueous solution such as 2M H,SO,4 or an ammonia absorb-
ing salt of the formula MaXz-type such as MgCl,. By both methods, resid-
ual ammonia levels may be decreased to below 10 ppm. According to the

present invention, this purification step can also be carried out using solid
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acidic media, high surface area compounds such as activated carbon

and/or other ammonia absorbing salts of the M X,-type.

A heterogeneous catalyst suitably comprises a support carrying an active
phase. The support consists of a thermally stable material with a high sur-

face area such as a ceramic, facilitating dispersion of the active phase

It is preferred that the active phase comprises dispersed nanoparticles
(having a size in the range up to 100 nanometres) of transition metals or
compounds thereof such as CosMosN, Ru, Co, Ni and Fe or mixtures
thereof. The active phase is preferably promoted with alkali metals or alka-
line earth metals such as K, Ca, and/or Ba.

A power generating unit according to the invention may further comprise a
combustion device wherein a part of the hydrogen produced in the reactor,
unreacted hydrogen from the fuel cell or a mixture thereof is oxidized for
providing heat for heating the ammonia storage device for providing en-

ergy required for carrying out the processes in the power generating unit.

In cases where ammonia is decomposed into dihydrogen and dinitrogen,
the required heat may similarly be generated by electrical resistive heating
and/or from an exothermic reaction and/or by heat exchange with the en-
ergy producing unit. The preferred method of heating depends on which
type of fuel cell is used, and particularly on the operating temperature of
the fuel cell. However, in all cases there is a significant advantage of sup-
plying the heat necessary for ammonia desorption and for the possible
ammonia decomposition directly from the fuel cell through electrical resis-
tive heating or indirectly through heat exchange either with the fuel cell it-
self or from heat generated by controlled combustion of the exit gas from

the fuel cell. The heat can also be generated by directly using a minor
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fraction of the dihydrogen from the decomposition unit in a combustion re-

action.

The heat can also be generated by directly using a minor fraction of the
dihydrogen from the decomposition unit in a combustion reaction. If the
invention is used with an alkaline fuel cell operating at elevated tempera-
ture (typically up to 260°C), a preferred option is to use an ammonia ab-
sorbing and desorbing salt releasing ammonia below the operating tem-

perature of the fuel cell.

In a preferred embodiment of the invention the power generating unit fur-
ther comprises a combustion device wherein a fraction of the hydrogen
produced in the reactor, unreacted hydrogen from the fuel cell or a mixture
thereof is oxidized for providing heat for heating said reactor for dissociat-

ing ammonia.

In another preferred embodiment of the invention the power generating
unit further comprises a combustion device wherein a fraction of the am-
monia released from the ammonia storage, unreacted ammonia from the
fuel cell or a mixture thereof is oxidized for providing heat for heating said

ammonia storage device.

In a further preferred embodiment of the invention the power generating
unit further comprises a combustion device wherein a fraction of the am-
monia released from the ammonia storage, unreacted ammonia from the
fuel cell or a mixture thereof is oxidized for providing heat for heating said

reactor for dissociating ammonia.

It is especially preferred when the constituents of a power generating unit
according to the invention are dimensioned to provide full balancing of the
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complete unit reducing the volume of and energy loss in the electric power
generating unit. Balancing the unit will consist of optimizing tube dimen-
sions, flows, insulation, temperatures etc. to obtain the optimal output of

electrical energy from the electric power generating unit.

The power generating unit according to the invention is especially suitable
for providing a micro-size power source for microelectronic devices or mi-

cro-electro-mechanical-systems (MEMS).

A reactor for dissociating ammonia is preferably a part of a micro-size
electric system being micro fabricated using processes known per se such
as mechanical grinding, chemical vapour deposition (CVD), plasma en-
hanced chemical vapour deposition (PECVD), electron cyclotron reso-
nance (ECR), sputtering , etching, lithographic methods such as electron
beam lithography, photo lithography, or laser lithography.

According to the invention it is possible to divide the reactor for dissociat-
ing ammonia into two parts, one part being operated at a low temperature
that dissociates most ammonia and another part being operated at a high
temperature that dissociates the last present fraction of ammonia. Such
setup reduces the area to be held at high temperature, thus reducing the

amount of heat loss.

In another aspect the invention relates to the use of an ammonia storage
device in the form of a container comprising an ammonia absorbing and
releasing salt of the general formula: Ma(NHz3)nXz, wherein M is one or
more cations selected from alkali metals, alkaline earth metals, and transi-
tion metals such as Li, Na, K, Cs, Mg, Ca, V, Cr, Mn, Fe, Co, Ni, Cu, or Zn
or combinations thereof such as NaAl, KAl, KoZn, CsCu, or KoFe, X is one

or more anions selected from fluoride, chloride, bromide, iodide, nitrate,
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thiocyanate, sulphate, molybdate, phosphate, and chlorate ions, a is the
number of cations per salt molecule, z is the number of anions per salt
molecule, and n is the coordination number of 2 to 12 as a source of en-
ergy in a electric power generating unit comprising

(1) means for heating said container and ammonia absorbing and
releasing salt for releasing ammonia gas,

(2a) a fuel cell for converting ammonia directly into electric power;
or comprising

(2b1) a reactor for dissociating ammonia into hydrogen and nitro-
gen and

(2b2) a fuel cell for converting hydrogen into electric power.

In one embodiment of this aspect the electric power generating unit ac-
cording further comprises means for adding ammonia to saturate the am-
monia absorbing and releasing salt with ammonia rendering the unit re-

chargeable.

In a preferred use of the invention the ammonia absorbing and releasing
salt is Mg(NH3)sCl, offering very high density of ammonia storage and

enabling working the unit at a relatively low pressure.

It is preferred to use the salt is in the form of a fine powder of micro crys-

tals or located on a porous support material.

In one embodiment of the invention an electrical resistive heating device is

used as the means for heating.

In another embodiment of the invention chemical reactions are used for

providing heating.
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In a preferred use the container and means for heating are a part of a mi-
cro-size electric system being micro fabricated using processes known per
se such as mechanical grinding, chemical vapour deposition (CVD),
plasma enhanced chemical vapour deposition (PECVD), electron cyclo-
tron resonance (ECR), sputtering , etching, lithographic methods such as

electron beam lithography, photo lithography, or laser lithography.

When a reactor for dissociating ammonia is used, it preferably contains a
heterogeneous catalyst catalyst for accelerating the processes and reduc-

ing the energy input needed.

When used, the heterogeneous catalyst preferably comprises a support

and an active phase.

It is preferred to use an active phase comprises dispersed nanoparticles of
transition metals or compounds thereof such as CosMosN, Ru, Co, Ni and

Fe or mixtures thereof.

In the use of the invention the power generating unit may further comprise -
a combustion device wherein a part of the hydrogen produced in the reac-
tor, unreacted hydrogen from the fuel cell or a mixture thereof is oxidized
for providing heat for heating the ammonia storage device for providing
energy required for carrying out the processes in the power generating

unit.

In one preferred use according to the invention the power generating unit
further comprises a combustion device wherein a fraction of the hydrogen
produced in the reactor, unreacted hydrogen from the fuel cell or a mixture
thereof is oxidized for providing heat for heating said reactor for dissociat-

ing ammonia.



WO 2005/091418 PCT/DK2005/000196

10

15

20

25

17

In another preferred use according to the invention the power generating
unit further comprises a combustion device wherein a fraction of the am-
monia released from the ammonia storage, unreacted ammonia from the
fuel cell or a mixture thereof is oxidized for providing heat for heating said

ammonia storage device.

In a further preferred use of the invention the power generating unit further
comprises a combustion device wherein a fraction of the ammonia re-
leased from the ammonia storage, unreacted ammonia from the fuel cell
or a mixture thereof is oxidized for providing heat for heating said reactor

for dissociating ammonia.

According to a preferred use according to the invention the constituents of
the power generating unit are dimensioned to provide full balancing of the
complete unit reducing the volume of and energy loss in the electric power
generating unit. Balancing the unit will consist of dimensioning tubes,

chambers, flows, insulation, temperatures etc. to obtain the optimal output

of electrical energy from the electric power generating unit.

In a preferred use according to the invention the power generating unit is
in the form of a micro-size power source for microelectronic devices or mi-

cro-electro-mechanical-systems (MEMS).

In a preferred embodiment of the invention a reactor for dissociating am-
monia being divided into two parts is used, one part operated at a low
temperature that dissociates most ammonia and another part operated at

a high temperature that dissociates the last present fraction of ammonia.
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Description of the Preferred Embodiments
The invention is now explained more in detail with reference to the draw-
ings showing flow charts of preferred embodiments of a plant for working

the invention.

Reference is made to figure 1 schematically showing parts of a power
generating unit according to the invention. The unit has a solid ammonia
storage medium 1, placed in a container 2 which can be heated using a
heating device 3a. The size of container 2 and accordingly the amount of
solid ammonia storage medium may be scaled according to the require-
ment for energy storage capacity of the specific application of the inven-
tion. As systems according to the present invention may have sizes rang-
ing from micro to mega scale, the storage capacity must vary accordingly.
Substances that are able to store ammonia at ambient conditions (ap-
proximately 20°C and 1 bar) only building up low ammonia pressures (<1
bar) in closed systems are preferred for use as solid ammonia storage

media according to the invention.

In a preferred embodiment of the invention the solid ammonia storage ma-
terial can be reloaded by adding gaseous or liquid ammonia to the storage
container 2 through a filling nozzle, the storage material then absorbing

ammonia at ambient temperature.

The heating device 3a can use either resistive electric heating or one of
several possible chemical processes for heating the solid ammonia stor-
age medium. Preferable chemical reactions for generation of heat could
be the combustion of residual hydrogen from the exhaust 5 of the electro-
chemical power generating unit 4 or of part of the ammonia released from
the solid storage medium. Such combustions could advantageously be

carried out over a catalyst.
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In one preferred embodiment, the electrochemical power generating unit 4
is a fuel cell running directly on ammonia. This fuel cell could advanta-
geously be of the SOFC or AFC type.

Figure 2 shows another embodiment of a power generating unit of the in-
vention in which the electrochemical power generating unit could be a fuel
cell running on hydrogen. In this application, ammonia from the solid am-
monia storage 1 is passed over a heterogeneous ammonia decomposition
catalyst 6. The catalyst decomposes ammonia into hydrogen and nitrogen.
Preferred catalysts for this decomposition could be deposited on a sup-
port, and the active phase could contain dispersed nanoparticles of
Co3Mo3N, Ru, Co, Ni or Fe or mixtures thereof. If a sufficient amount of
catalyst is used at 1 bar and 300°C the residual amount of ammonia at
equilibrium is only 1.9 %. Heat energy for the decomposition catalyst 6 is
supplied from heating element 3b using energy obtained in the same ways
as described for heating element 3a. In one preferred embodiment, the
container 2 and decomposition catalyst 6 are integrated into one unit, al-

lowing heat for both reactors to be provided by the same heating element.

If the introduction of small amounts of ammonia into the electrochemical
power generating device is undesirable (as in the case of the device being
a fuel cell of the PEM type), the gas mixture can be cleaned in a separate
or integrated unit 7. This unit could consist of an absorbent as an acidic
zeolite or an ionic salt of the type also feasible as solid ammonia storage
materials. In another embodiment, this gas cleaning could be done using a
membrane for separation of hydrogen from the other constituents of the

gas. In a preferred embodiment, this membrane could be made of Pd.

In figure 3 is shown a further preferred embodiment in which the system is

built as described in connection with the embodiment of figure 2 and fur-
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ther being provided with optional buffer volumes 8a and/or 8b and one or
more magnetically actuated valves 9a-9d. An electronic controller 10
monitors and controls flows and heating adjusting it to the fuel requirement

of the electrochemical power generating device.

Specific examples of systems according to the present invention
The invention is further elucidated in detail in the below specific examples

of working the invention.

Example 1: Ammonia desorption from metal ammine halides

Absorption of ammonia is exemplified by Ni(NH3)eCl, and Mg(NH3)sCl,.

Release of ammonia from Ni(NH3)sCl2 was accomplished by placing 1.1

grams of Ni(NH3)sCl» in a container of 10 millilitres internal volume

‘equipped with a single outgoing tube connected to flow measuring appara-

tus. The container was sealed, and heated by resistive electric heating at
an increase of temperature of 0.2°C/min. The resulting flow of ammonia is
shown in figure A, and the integral liberated amount constitutes the entire
theoretical amount of 6 moles NH3 pr. mole NiCl, within the measurement

error.

Similar tests were performed with Mg(NH3)sCl2 to exemplify desorption
from alkaline earth metal ammine halides. The resulting flow of ammonia
is shown in figure B, and the integral liberated amount again constitutes
the entire theoretical amount of 6 moles NH; pr. mole MgClz within the

measurement error.

Example 2: Uptake of gaseous ammonia in metal salts of the general

structure M,X.
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Salts of the general formula M,X; were exposed to gaseous ammonia and
the absorption was investigated using x-ray diffraction. ZnCl,, CuSQy,
CoClz, MgCl, and NiCl, were investigated after exposure to gaseous am-
monia at 1 bar pressure and room temperature. The results are shown in
figures C - G. One further experiment showed that ammonia absorption of

MgCl, was complete in less than 20 min at 8 bar ammonia pressure.

Example 3: Reversibility of the absorption desorption cycle

The reversibility of the absorption cycles were investigated.by x-ray dif-
fraction of MgCl, after absorption and subsequent desorption, figure H,
and after a second absorption, figure I. When compared with figure F it is
found that the changes in crystal structure during absorption/desorption of

ammonia are reversible.

Example 4: Preparation of An electric power generating unit according to

the invention.

A unit according to the present invention, delivering hydrogen for a PEM
fuel cell was constructed. This unit comprised a container for ammonia
storage compound, a buffer chamber for gaseous ammonia (approx. 200
millilitres), a device for flow regulation, a heated catalyst for ammonia de-
composition, a scrubber for removal of residual ammonia and a PEM fuel

cell delivering power for an electric motor.

In order to demonstrate the feasibility of the invention, Mg(NH3)sCl, was
used as ammonia storage compound in the container. The container was
heated by electric resistive heating. Figure J shows characteristics of the
pressure development in the buffer volume when ammonia was vented
dynamically to the remaining system at an average rate of 70 millili-
tres/min. As the heating in this embodiment was regulated on/off after a

simple pressure criterion, the temperature oscillated as appears from fig-
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ure K. This leads to the oscillations in pressure seen in figure J. Apart from
the oscillations in temperature, three distinct plateaus are recognised.
These correspond to the three stages of ammonia desorption from

Mg(NH3)sCl2 also recognised in figure B.

After leaving the flow controlling device, ammonia was passed through a
reactor for decomposing ammonia into nitrogen and hydrogen. This reac-
tor was equipped with 1.0 grams of an iron based catalyst, and heated by

electric resistive heating.

In this embodiment, the last process before the gas enters the fuel cell
was removal of remaining ammonia from the catalytic reactor.

This gas purification has been performed using either an acidic aqueous
solution (e.g. 2M H,S0O4) or an ammonia absorbing salt of the M. X; type
(for example MgCly). By both methods, residual ammonia levels could be

decreased below 10 ppm.

Example 5: Dissociation of ammonia in a micro fabricated reactor.

In this example it is demonstrated that ammonia decomposition may be
carried out in micro fabricated reactors produced by photo lithography and
dry etching on a silicon wafer. The reactors had internal volumes of 4 mi-
crolitres each and were sealed using Pyrex glass. In the reactors was
placed a catalyst consisting of Ru or Ba promoted Ru supported on alu-
mina. The catalytic activity in terms of hydrogen production pr mole Ru pr
hour in these reactors is shown in FIG. L as function of reactor tempera-
ture. As appears from figure L, the fraction of ammonia which is decom-
posed can be as high as 98% at 400°C.
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Claims

1. An electric power generating unit comprising

(i) an ammonia storage device in the form of a container comprising
an ammonia absorbing and releasing salt of the general formula:
Ma(NH3)nX., wherein M is one or more cations selected from alkali metals,
alkaline earth metals, and transition metals such as Li, Na, K, Cs, Mg, Ca,
V, Cr, Mn, Fe, Co, Ni, Cu, or Zn or combinations thereof such as NaAl,
KA, K2Zn, CsCu, or KoFe, X is one or more anions selected from fluoride,
chloride, bromide, iodide, nitrate, thiocyanate, sulphate, molybdate, and
phosphate ions, a is the number of cations per salt molecule, z is the
number of anions per salt molecule, and n is the coordination number of 2
to 12,

(ii) means for heating said container and ammonia absorbing and
releasing salt for releasing ammonia gas and

(iiia) a fuel cell for converting ammonia directly into electric power;
or

(iiib1) a reactor for dissociating ammonia into hydrogen and nitro-
gen and

(iiib2) a fuel cell for converting hydrogen into electric power.

2. The electric power generating unit according to claim 1 further compris-
ing means for adding ammonia to saturate the ammonia absorbing and

releasing salt with ammonia.

3. The electric power generating unit according to claim 1, wherein said

ammonia absorbing and releasing salt is Mg(NH3)eClz.
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4. The electric power generating unit according to any of claims 1-3, where
the salt is in the form of a fine powder of micro crystals or located on a po-

rous support material.

5. The electric power generating unit according to any of claims 1-3, where
the means for heating is in the form of an electrical resistive heating de-

vice.

6. The electric power generating unit according to any of claims.1-3, where
said means for heating is provided by a heat produced by chemical reac-

tions.

7. The electric power generating unit according to claim 1 where the con-
tainer and means for heating are a part of a micro-size electric system be-
ing micro fabricated using processes such as mechanical grinding, chemi-
cal vapour deposition (CVD), plasma enhanced chemical vapour deposi-
tion (PECVD), electron cyclotron resonance (ECR), sputtering, etching,
lithographic methods such as electron beam lithography, photo lithogra-
phy, or laser lithography.

8. The power generating unit according to claim 1 where the reactor for

dissociating ammonia contains a heterogeneous catalyst.

9. The power generating unit according to claims 8 where said heteroge-

neous catalyst comprises a support and an active phase.

10. The power generating unit according to claims 9 where said active
phase comprises dispersed nanoparticles of transition metals or com-

pounds thereof such as CozsMosN, Ru, Co, Ni and Fe or mixtures thereof.
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11. The power generating unit according to any of claims 1-10 further
comprising a combustion device wherein a part of the hydrogen produced
in the reactor, unreacted hydrogen from the fuel cell or a mixture thereof is

oxidized for providing heat for heating the ammonia storage device.

12. The power generating unit according to any of claims 1-10 further
comprising a combustion device wherein a fraction of the hydrogen pro-
duced in the reactor, unreacted hydrogen from the fuel cell or a mixture
thereof is oxidized for providing heat for heating said reactor for dissociat-

ing ammonia.

13. The power generating unit according to any of claims 1-10 further
comprising a combustion device wherein a fraction of the ammonia re-
leased from the ammonia storage, unreacted ammonia from the fuel cell
or a mixture thereof is oxidized for providing heat for heating said ammo-

nia storage device.

14. The power generating unit according to any of claims 1-10 further
comprising a combustion device wherein a fraction of the ammonia re-
leased from the ammonia storage, unreacted ammonia from the fuel cell
or a mixture thereof is oxidized for providing heat for heating said reactor

for dissociating ammonia.

15. The power generating unit according to claims 1-14 where the con-
stituents thereof are dimensioned to provide full balancing of the complete

unit.

16. The power generating unit according to any of claims 1-14 in the form
of a micro-size power source for microelectronic devices or micro-electro-

mechanical-systems (MEMS).
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17. The power generating unit according to claim 1 where said reactor for
dissociating ammonia is a part of a micro-size electric system being micro
fabricated using processes such as mechanical grinding, chemical vapour
deposition (CVD), plasma enhanced chemical vapour deposition
(PECVD), electron cyclotron resonance (ECR), sputtering , etching, litho-
graphic methods such as electron beam lithography, photo lithography, or

laser lithography.

18. The power generating unit according to any of claims 1-10 where the
reactor for dissociating ammonia is divided into two parts, one part oper-
ated at a low temperature that dissociates most ammonia and another part
operated at a high temperature that dissociates the last present fraction of

ammonia.

19. The use of an ammonia storage device in the form of a container
comprising an ammonia absorbing and releasing salt of the general for-
mula: Ma(NHs)nX,, wherein M is one or more cations selected from alkali
metals, alkaline earth metals, and transition metals such as Li, Na, K, Cs,
Mg, Ca, V, Cr, Mn, Fe, Co, Ni, Cu, or Zn or combinations thereof such as
NaAl, KA, K>Zn, CsCu, or KoFe, X is one or more anions selected from
fluoride, chloride, bromide, iodide, nitrate, thiocyanate, sulphate, molyb-
date, phosphate, and chlorate ions, a is the number of cations per salt
molecule, z is the number of anions per salt molecule, and n is the coordi-
nation number of 2 to 12 as a source of energy in a electric power gener-
ating unit comprising

(1) means for heating said container and ammonia absorbing and
releasing salt for releasing ammonia gas,

(2a) a fuel cell for converting ammonia directly into electric power;

or comprising
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(2b1) a reactor for dissociating ammonia into hydrogen and nitro-
gen and
(2b2) a fuel cell for converting hydrogen into electric power.

5 20. The use according to claim 19 wherein the electric power generating
unit according further comprises means for adding ammonia to saturate

the ammonia absorbing and releasing salt with ammonia.
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FIG. A NiCI2
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FIG. C ZnCI2
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FIG. E CoCI3
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FIG. F MgCI2 1 abs
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