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TABLE 1

(12) (19) (CA) Brevet-Patent

(11) (21) (C) 2,164,800
22) 1995/12/08
43) 1996/06/10
45y 2000/02/15

Chemical and Physical Analyses of the LH Catalyst
Discharged of a run in presence of a Carbonate

Position Down 0-4 4-7 7-10 Fresh
Catalyst Bed (cm)

Nickel (wt%) 34.7 34.6 37.0 37.5
Aluminium (wit%) 16.0 15.3 15.2 16.6
Potassium (wi%) 4.0 4.1 3.5 0.4
Lithium (wit%) 0.3 0.5 0.3 n.d.
Silicon (wt%) 1.8 1.8 1.8 1.8
Chromium (wt%) 1.0 1.0 1.0 1.0
Magnesium (wi%) 1.8 1.8 1.8 1.9
Sodium (wit%) 0.2 0.3 0.2 0.3
Iron (wt%) 0.2 0.2 0.2 0.4
Calcium (wi%) 5.4 5.2 5.3 5.6
Carbon (wt%,AR*) 2.1 1.9 1.8 2.7
Sulphur (wt%,AR"*) 0.0 0.0 0.0 0.0
BET Surface Area 22 45 38 136
(m<g’ of catalyst)

Ni Surface Area 7 8 7 22
(m2g' of catalyst)

Nickel Crystallite 205 168 168 n.d.
Size (A)

Chemical analysis reported on an ignited basis

n.d. = not determined
*— AR — As Received

(57) A molten carbonate high temperature fuel cell contains a hydrocarbon-containing fuel reforming catalyst on a
support. The catalyst 1s produced by reducing a catalyst precursor which 1s prepared by mntimately mixing a defined
Feitnecht compound with a non-calcined alumino-silicate clay mineral and at the same time and/or subsequently but
prior to calcination with at least one added stabilising additive for reducing silicon-species loss comprising an alkaline

earth and/or rare earth metal compound, and, optionally, an alka!
intimate mixture. The catalyst has been found to be suitable for

1 metal compound, and thereafter calcining the
he steam reforming of methane at the working

temperature of the molten carbonate fuel cell and has been found to be substantially resistant to deactivation in the hot

alkal1 metal carbonate environment.
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ABSTRACT

FUEL CELL

A molten carbonate high temperature fuel cell contains a
hydrocarbon-containing fuel reforming catalyst on a support.
The catalyst is produced by reducing a catalyst precursor
which is prepared by intimately mixing a defined Feitnecht
compound with a non-calcined alumino-silicate clay mineral and
a2t the same time and/or subsequently but prior to calcination
with at least one added stabilising additive for reducing
silicon-species loss comprising an alkaline earth and/or rare
earth metal compound, and, optionally, an alkali metal
compound, and thereafter calcining the intimate mixture. The
catalyst has been found to be suitable for the steam reforming
of methane at the working temperature of the molten carbonate
fuel cell and has been found to be substantially resistant to

deactivation in the hot alkali metal carbonate environment .
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GRC 4205
FUEL CELL

The present invention relates to fuel cells containing

catalysts for reforming fuels.

It 1s known that there have been proposals for processes for

producing electric power employing molten carbonate fuel cells

Such a process may employ a separate reformer to reform a fuel
gas (comprising hydrocarbons) to produce reformed fuel gas
(comprising hydrogen and also carbon monoxide) which is fed to
the fuel gas electrode side of the molten carbonate fuel cell.

Thus, the process uses a reformer which is external to the

fuel cell.

An alternative process, instead of using the separate
reformer, employs a molten carbonate fuel cell containing a
reforming catalyst. 1In this alternative process the fuel cell
1s of the so-called internally reforming kind and utilises the
heat and steam produced by the fuel cell to drive the
endothermic reforming reaction. The fuel gas, comprising
hydrocarbons, e.g. methane, is fed to the fuel cell and is
steam reformed internally of the cell to produce required

hydrogen-containing gas for utilisation at the fuel gas
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electrode side of the fuel cell. The catalyst used for the
reforming reactions can be placed within the fuel channel in

the fuel cell stack. This eliminates the need for an external

reformer, and thereby reduces the final cost of the

electricity generating apparatus.

The catalyst 1inside the fuel cell should be both active for
the steam reforming of the hydrocarbons, such as methane
present for example in natural gas, at the working temperature
of the molten carbonate fuel cell; and substantially resistant
to deactivation 1in the atmosphere of hot alkali metal
carbonate(s) inside the cell to enable the fuel cell to be

operated for a substantial length of time.

To this end, according to the invention a molten carbonate
high temperature fuel cell contains a hydrocarbon-containing
fuel reforming catalyst on a support, wherein the catalyst is
produced by reducing a catalyst precursor which is prepared by
intimately mixing a Feitnecht compound having the general
formula: -

M,** Me/S* (OH') 2x+3y-2z (A%) z.nH,0 wherein

Me’* is substantially completely Ni*",

Me’* is substantially completely AP* or substantially

A and crt,

A* is either a single divalent anion or two monovalent anions,

x/y lies between 1.5/1 and 4/1,

z/ (x+y) lies in the range 0.05 to 0.2, and
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n/(x+y) lies in the range 0.25 to 1.0,
with a non-calcined alumino-silicate clay mineral and at the
same time and/or subsequently but prior to calcination with at
least one added stabilising additive for reducing silicon-
specles loss comprising an alkaline earth and/or rare earth
metal compound, and, optionally, an alkali metal compound, and

thereafter calcining the intimate mixture.

The fuel cell arrangement may be such that when the fuel cell
is operating the catalyst is in direct mass or bulk intimate

physical contact with the fuel gas to be reformed.

The fuel cell may operate at temperatures at or above about
650°C. The catalyst is capable of withstanding temperatures
in the range from 600 to 700°C in the molten carbonate

environment. The catalyst 1is <capable of performing
effectively in such an environment in a fuel cell for a

minimum of 5000 hours.

The Feltnecht compound is formed by co-precipitation
comprising the bringing together of a mixed solution of water
soluble salts of nickel and aluminium, and optionally
chromium, and a precipitant solution. The mixed salt solution
may, for example, be a mixed nitrate solution. The
precipitant solution may be an alkaline solution such as
sodium carbonate, bicarbonate or hydroxide; or potassium
carbonate,bicarbonate or hydroxide; or ammonium hydroxide or

bicarbonate; or urea.




subsequent to the coprecipitation. Alternatively the
Feitnecht compound may be coprecipitated in the absence of the

clay mineral and the clay mineral and stabilising additive

mixed in subsequent to the coprecipitation.

The resulting intimate mixture may be mixed with a cement
binder prior to calcination Jof the mixture. Alternatively a
cement binder may be added to the mixture after calcination.
The cement binder may be a high alumina cement binder. The

presence of the cement binder further strengthens the

catalyst.

Applicants’ UK patent specification no. 2222963 , published March 28, 1990,

is directed to catalysts and catalyst precursors, and the method of preparing

catalysts and catalyst precursors, employed in the present

invention.

above, comprising contacting the catalyst with the Ffuel.

Preferably, the fuel is a gaseous fuel containing methane, and

conveniently, is a natural gas fuel.

The i1nvention will now be illustrated below.
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The catalyst precursor, in the form of pellets (3.2mm x
3.2mm), was mixed with pellets of alpha-alumina doped with
potassium and lithium carbonate. This mixture was then loaded
into a vertically disposed, 19mm nominal bore stainless steel
test reactor constructed from “Incoloy™ 800H, and employing a
“Grayloc”** pressure sea;l at the top, to form a 15cm catalyst bed.
A 2-3cm reservoir of doped alpha-alumina was situated at the
top of the catalyst bed. These sections were in turn
supported at the top and bottom by beds of un-doped alpha-
alumina pellets. The presence of the doped alpha-alumina
pellets 1s a means by which environmental conditions
encountered in a molten carbonate fuel cell may be simulated,
1.e. at the operating temperature when the carbonate is molten
and with the catalyst in unrestricted direct mass or bulk
intimate physical contact with molten carbonate as opposed to
there being a physical barrier, shield or screen preventing

such direct intimate mass or bulk contact.

Prior to commencing the steam reforming reaction, the catalyst
precursor was reduced in flowing hydrogen at about 650°C for

about 24 hours to produce the catalyst.

Steam was then introduced into the reactor through the inlet
at the top of the reactor, followed by a gradual introduction
of desulphurised natural gas as the methane-containing fuel
gas. The products emerging from the outlet at the bottom of
the reactor were cooled and condensate was separated off from

the product gases.

A * Trademark

** Trademark




discharged catalyst were submitted for analysis.

The operating conditions for the tests were: -

test with test without

carbonate carbonate

addition addition
Reactor pressure (psia) 40 40
Catalyst bed inlet temperature (°C) 650 650
Catalyst bed outlet temperature (°C) 650 650
GHSV (hr-1, dry) 530 829
Loading (ft¥/ft*/hr) 518 518
Steam/dry gas ratio at reactor inlet 2.0 2.0

Example.

A catalyst precursor was prepared as follows.

A solution containing 25.4kg of anhydrous sodium carbonate in

80 litres of deionised water was heated to 75°C.  35.2kg of

nickel nitrate hexahydrate, 13.6kg of aluminium nitrate
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temperature of 75°C, both solutions being vigorously stirred
throughout. After precipitation an aqueous slurry containing
1.7kg of kaolin and 0.8kg of magnesium oxide was added to the
solution with stirring. The slurry was filtered and the
filter cake reslurried with 140 litres of deionised water at
60°C. The process of reslurrying followed by filtration was
continued until the filtrate contained less than 100ppm by
welght of sodium. The resulting material was dried at 125°C
and then calcined at 450°C for two hours to give the calcined
precursor. The calcined precursor -was ground to pass a 850
micron sieve, then mixed with 4.95kg of “Secar 72"* high alumina
cement, supplied by Lafarge, as a binder to improve strength.
This powder was further blended with 2% by weight of graphite
and then pelleted. The pelleted catalyst precursor was
steamed at atmospheric pressure at 240°C for 16 hours and then
soaked at room temperature in deionised water for over 12
hours. The pellets were dried at 125°C and then dipped in a

solution containing 2% by weight of potassium hydroxide.

Figures 1 and 2 respectively show Tables 1 and 2 which set out
typical results of chemical analyses on ' samples of fresh
catalyst and discharged catalyst from different positions down
the bed after runs of 1000 hours duration conducted with
carbonates present (Table 1) and carbonates not present (Table
2) in the reactor. Tables 1 and 2 also show, in respect of
both the fresh catalyst and discharged catalyst, samples of

typical results of the following physical analyses: BET

A Trademark
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surface area measurements, X-ray diffraction investigations

and nickel surface area determinations.

Figure 3 shows Table 3 which sets out a typical composition of

feed gas entering the reactor.

Figure 4 shows Table 4 which sets out typical compositions of

the product gas obtained from the reactor at different times

during a carbonate-present run.

Figures 5 and 6 show temperature profiles in relation to the
catalyst bed in the reactor, in the presence and absence of

carbonates 1n the reactor, respectively.

The results shown in the Tables and the Figures indicate that
the catalyst 1s substantially resistant to poisoning from the
molten carbonate, since while there is a little difference
between the corresponding results for the fresh and discharged
catalyst samples 1t is considered not to be significant. 1In
Table 1 the chemical analysis shows that when carbonate is
present 1n the test, the catalyst picks up (or absorbs)
substantial amounts of both Li and K, otherwise the analysis
of the fresh catalyst precursor is very close to the

discharged catalyst.

The profiles relating to Figures 5 and 6 show that the
endothermic minima (or trough) associated with the steam

reforming reaction zone are relatively sharp, indicating high
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activity, and do not move to any significant degree along the
catalyst bed, indicating that the catalyst has performed well
throughout the run and suffers little or substantially no

deactivation.

Applicants consider that results of the tests on their
catalyst used in the above example(s) indicate that it is
active for the steam-reforming of methane at a typical working
temperature of a molten carbonate fuel cell and is capable of
operating in such an environment of alkali carbonates, even
though the catalyst is in direct intimate contact with the
molten carbonate, for sustained periods without showing signs
ot any, or any significant, deactivation. Applicants believe
that the reasons as to why the catalyst performs well in the
envisaged molten carbonate fuel cell environment include 1)
1ts superior mechanical strength at 650°C, and 2j the
relatively high absorption by the alumina catalyst support of
alkali which originatéé from the carbonate. The support tends
to act as a 'sink’ for the alkali and thereby prevents
(reduces the likelihood of) the alkali from being absorbed by
the active nickel particles and thus reduces the likelihood of
the nickel losing at least some of its activity. As the
reforming catalyst used in the present invention is capable of
withstanding unrestricted direct mass or bulk intimate
physical contact with the molten carbonate at the operating
temperature of the fuel cell for a substantial length of time,
1t 1s unnecessary for the fuel cell to be provided with a

barrier, screen or the like to prevent such direct intimate
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contact. The catalyst may, however, be physically supported
on a sultable support material and/or contained within an
apertured means for physically containing or locating the

catalyst material.
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LAIMS

1. A tuel cell, comprising:

a carbonate that 1s in a molten state at an operating temperature of said fuel cell: and

a reforming catalyst on a support, in physical contact with said carbonate;

wherein said catalyst is produced by reducing a catalyst precursor, said precursor being

prepared by mixing a Feitnecht compound represented by the following formula:

sz** Me),3+ (OH") 2x+3y-2z (AY) z. nH,0 wherein
Me** is substantially completely Ni*,

Me’* is substantially completely AP’ or substantially
Al and crt,

A* is either a single divalent anion or two monovalent anions,

x/y lies between 1.5/1 and 4/1,

z/ (x+y) lies in the range 0.05 to 0.2, and

n/ (x+y) lies in the range 0.25 to 1.0,

with a non-calcined alumino-silicate clay mineral and at least one stabilizing additive to

form a mixture, and thereafter calcining said mixture;

wherein said stabilizing additive is selected from the group consisting of alkaline earth
metal compounds, rare earth metal compounds, a mixture of an alkaline earth metal
compound and a rare earth metal compound, a mixture of an alkaline earth metal
compound and an alkali metal compound, a mixture of a rare earth metal compound and
an alkali metal compound, and a mixture of an alkaline earth metal compound, rare earth

metal compound and alkali metal compound.
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2. A fuel cell as claimed in claim 1, wherein said catalyst further comprises a cement

binder.

3. A fuel cell as claimed in claim 2, wherein said cement binder is a high alumina

cement binder.

4. A tuel cell as claimed in claim 1, wherein said catalyst precursor is prepared from
nickel nitrate hexahydrate, aluminum nitrate monohydrate, chromium nitrate hexahydrate
and anhydrous sodium carbonate, wherein said alumino-silicate clay mineral is kaolin and

wherein said stabilizing additive is magnesium oxide.
5. The fuel cell as claimed in claim 1, wherein said carbonate is an alkali carbonate.

6. The fuel cell as claimed in claim 5, wherein said alkali carbonate is selected from

the group consisting of lithium carbonate, potassium carbonate, and mixtures thereof,

7. The tuel cell as claimed in claim 6, wherein said alkali carbonate is in pellet form,

said pellet further comprising alpha-alumina.

8. The tuel cell as claimed in claim 1, wherein said catalyst precursor is reduced in

flowing hydrogen gas at a temperature of about 650°C, for about 24 hours.

9. The fuel cell as claimed in claim 1, wherein said operating temperature is at least
650°C.

10. A process for reforming hydrocarbon-containing fuel comprising the step of:

contacting a hydrocarbon-containing gaseous fuel with a reforming catalyst on a

support, in a fuel cell;
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wherein said fuel cell comprises a carbonate that 1s in a molten state at an operating

temperature;

and wherein said catalyst 1s in physical contact with said carbonate and is produced by

reducing a catalyst precursor, said precursor being prepared by mixing a Feitnecht

compound represented by the following formula:

M,2* Me/* (OH) 2x+3y-2z (A%¥) z.nH,0 wherein
Me®’* is substantially completely Ni**,

Me’* is substantially completely AP’ or substantially
Al and ¢+,

A" is either a single divalent anion or two monovalent anions,

x/y lies between 1.5/1 and 4/1,

z/ (x+y) lies in the range 0.05 to 0.2, and

with a non-calcined alumino-silicate clay mineral and at least one stabilizing additive to

form a mixture, and thereafter calcining said mixture:

wherein said stabilizing additive is selected from the group consisting of alkaline earth
metal compounds, rare earth metal compounds, a mixture of an alkaline earth metal
compound and a rare earth metal compound, a mixture of an alkaline earth metal
compound and an alkali metal compound, a mixture of a rare earth metal compound and
an alkali metal compound, and a mixture of an alkaline earth metal compound, rare earth

metal compound and alkali metal compound.

11. The process as claimed in claim 10, wherein said gaseous fuel comprises methane.
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12.  The process as claimed in claim 10, wherein said operating temperature is at
least 650°C.

~~~~~
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FIG. 1 TABLE 1

Chemical and Physical Analyses of the LH Catalyst
Discharged of a run in presence of a Carbonate

Position Down 0-4 4-7 7-10 Fresh
Catalyst Bed (cm)
Nickel (wt%) 34.7 34.6 37.0 37.5

Aluminium (wt%) 16.0 15.3 15.2 16.6
Potassium (wt%) 4.0 4.1 3.5 0.4
Lithium (wt%) 0.3 0.5 0.3 n.d.
Silicon (wt%) 1.8 1.8 1.8 1.8

Chromium (wt%) 1.0 1.0 1.0 1.0
Magnesium (wt%) 1.8 1.8 1.8 1.9
Sodium (wt%o) 0.2 0.3 0.2 0.3
fron (wt%) 0.2 0.2 0.2 0.4
Calcium (wit%) 5.4 5.2 5.3 5.6
Carbon (wt%,AR"*) 2.1 1.9 1.8 2.7
Sulphur (wt%,AR*) 0.0 0.0 0.0 0.0

BET Surface Area 22 45 38 136
(m<g-? of catalyst)

Ni Surface Area / 8 7/ 22
(m<g-! of catalyst)

Nickel Crystallite 205 168 168 n.d.
Size (A)

Chemical analysis reported on an ignited basis

n.d. = not determined
*— AR — As Received
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FIG. 2.

TABLE 2
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Chemical and Physical Analyses of the LH Catalyst

Discharged of a run in absence of a Carbonate

Position Down
Catalyst Bed (cm)

Nickel (wt%)
Aluminium (wt%)
Potassium (wt%)
Lithium (wt%)
Silicon (wt%)
Chromium (wt%)
Magnesium (wt%)
Sodium (wt%)

fron (wt%)
Calcium (wt%)
Carbon (wt%,AR*)
Sulphur (wt%,AR*)

BET Total Area
(m?g’’ of catalyst)

Ni Surface Area
(m?g’ of catalyst)

Nickel Crystallite
Size (A)

0-4

37.6
16.8

0.4
0.0
2.0
1.0
1.9
0.2
0.2
2.6
1.8

0.02

92

/

105

4-7 7-10 Fresh

0.4
0.0
2.0
1.1
2.0
0.3
0.2
2.6
1.5

0.00

o0

4

121

0.3
0.0
2.0

- 1.0

120

1.9
0.2
0.2
2.8
1.4

0.00

48

9

37.3

2.2
0.00

22

n.d.

Chemical analysis reported on an ignited basis

n.d. = not determined
*— AR — As Received
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FIG. 3

TABLE 3 Typical Feed Gas Composition

CH, (%w/w) 93

3.19
0.92
0.35
0.05
1.9
0.55
n.d.
n.d.

n.d. = not detected

FIG 4.

TABLE 4 T1ypical Product Gas Analyses

Time (h) 41 1006
Gas Composition (%v/v)
CH, 11.3 10.3
N, 0.7 0.6
CO, 11.4 11.5
H, 68.17 69.1
CO 8.4 8.5
C,H.(vpbm) n.d. n.d.
C,H,(vbm) n.d. n.d.
C,H,,(vobm) n.d. n.d.
C.H,,(vom) n.d. n.d.

n.d. = not detected
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