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USE OF REVERSIBLE HYDRIDES FOR HYDROGEN STORAGE#

B, Darriet, M. Pezat and P. Hagenmullep##® ki#/392

/393
1. INTRODUCTION

For a long time it has been known that many metals react with
hydrogen in order to form binary hydrides. Out of all the known
binary hydrides, only magnesium hydride has the partlcular char-
acteristics required for utilization. All of the other binary
hydrides can be ellminated for varilous considerations, elther because
they are too expensive or they hiave the wrong characteristics for
use as a hydrogen storage agsnt.

The absorption of hydrogen by intermetallle compounds results
in the formatlon of ternary hydrldes and this was studled in a less
systematic way. The best known ternary hydrides and the most inter-
esting ones are the following:

- LaNiSH5 and the derived phases (1)

- FeTiH, and the derived phases (2)
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- Mg,NiH, and the derived phases (3)

They are characterlzed by a small mass capacity. In addi-
tion, the high cost of LaN15H6 and the slow formation rate of
FeTin means that they are less interesting than Mg2N1Hu, and
especlally more inter=sting than MgHa.

Thls compound has attracted speclal attentlon because 1t has
a very high mass capaclity, a very low cost and the maghesium
is avallable in large quantities in nature.

The question which poses 1tself 1s to find and then sg-lect
hydrides which are best sulted for storing hydrogen. Varilous cri-
teria have to be taken into conslderatlon for this, and theilr
Importance varies depending on the use to which the hydrides are put-

In order of priority, we wlll consider the following essential
characteristics:

- large hydrogen mass capaclties,
rapld hydride formation rate and high dissoclation rate,
moderate dlssociation temperature,
low storage pressure,

Even though 1t is very difflcult to simultaneously improve all
of its properties, in practice, the goal to be reached 1is to opti-
mize them as much as possible.

In this study we will consider magnesium and magnesium alloys
with speclal conslderation of two essential criteria, which are a

high hydrogen mass capaclty and a very low cost price.

In our first analysils, we were foprced to improve the synthesis
conditions for magnesium hydrides.

After this, we studied magnesium alloys in order to satisfy
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in a more satisfactory way a large number of essentlal criteria
for storing hydrogen. It should be realized that the studies on
thls latter polnt have only started. We believe that research in
this area will result in alloys which can bring about better per-
formance.

2, EXPERIMENTAL PROCEDURES

We used commercial products whose c¢oncentration varled between
97 and 99%, locking forward to industrial applications. The mag-
nesium utiliced is a 98% powder product.

The Intermetallic compounds or alloys used are prepared in a
laboratory.

a) Production of alloys

In the case of the alloys, which do not have elements wilth
a high vapor pressure, the preparation is made by fusion - in an arc
furnace.

Fuslon in a sealed molybdenum tube in an argon atmosphere 1is
usually done with magnesium alloys.
- by fusion in an arc furnace:

After mlxing the elements in appropriate proportions in a

glove box in an argon atmosphere, pellets are made under 5 T/cm2:

After fusion in the arc furnace in argon, the product is then
possibly reheated. /395
- by fusion in a sealed molybdenum tube:

The magnesium allecys cannot be prepared by the previous method
because of the high vapor pressure of the magnesium.

The procedure is identical with the preceding one as far as
the preparatlon of the melting mixtures 18 concerned. The procedure




only differs in the fusion locality, which 1s performed in a sealed
molybdenum tube in an argon atmosphere, In all these cases, fusion
is faollowed by reheating over several hours at 4 temperature which
1s suitable for each alloy.

b) Characterization

After each preparation 1s made, there 1s a radio-crystallo-
graphic check which 1s carried out in order to ldentify the phrse
or the phases which are present.

It 1s possible that a precise determination of the crystallo-
graphic parameters will be made by adding an internal standard in
the sample.

¢) Activation of alloys used as adjuvants

As we will see later on, certaln alloys such as LaNi5 for
example, are mixed in the form of powder with magnesium 1in order to
Improve synthesis conditions of the latter.

The preparation of these alloys in an arc furnace in general,
leads to a compact metallic block. In order to reduce this block
to the powder state, 1t i1s necessary to carry out several absorg-
tilon~-desorption cycles of the hydrogen, which alloys the alloy to
be made fraglle and to obtain a very fine powder.

In the case of LaNiS, this operation 1s carried out at amblent
temperature under a pressure of 150 bars.

d) Determination of the absorption and desorpilon rates

The amounts:of absorbed or desorbed hydrogen as a function of
time are determined by a manometric method.
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3. EXPERIMENTAL RESULTS /396

Table I shows the mailn characteristics of magnesium hydride.

TABLY I
molar mass 20,330
density at 25°C 1.45
mass capacity for H, 7.65%
formation heat ~17.8 kecal/mole H,,
decomposition temperature
at 1 atmosphere of HE 287°C

Out of all the known binary hydrides, MgH2 is the most pro-
mising because of its high mass capaclty for hydrogen (7.65%) and
its very low cost.

The essentlal facter which 1s not favorable for MgH, 1s the
difficulty assoclated with its direct preparation by means of the
tetlon of hydrogen onr magnesium.

For strong hydrogen pressures (on the order of 150 bar) and
at a temperature close to 500°C, the reactlon rate is still very
slow.

Considering the properties of MgHQ, we found it interesting to
Improve 1ts synthesls conditions. For thils purpose, we added an
adjuvant to the magnesium (metal or alloy) which easily reacts with
hydrogen but whose hydrides are thermally less stable than MgHg.

a) Mg adjuvant system

- Hydride formation

We successlvely examlined the influence on the absorption rate
of hydrogen by magnesium of each of the following parameters:



+ the characteristics of the adjuvant
. the proportlon of adjuvant

. the tcimperature

» the hydrogen pressure.

In all of these cases the amounts of hydrogen whlch were
absorbed are expressed in percentages of hydrogen fixed by the
magnesium, This corresponds to the proportion of hydrized mag- /367
nesiun with respect to the total mass of magneslum which can
react.

Figure 1 shows the absonption of the hydrogen as a functilon
of time for various mixtures (Mg-adjuvant) at 345°C at 30 bars for
a welghted percentage of 80% of magnesium and 20% adjuvant. It
shows that in all cases, the addition of the adjuvant increasges the
hydride formation rate of the magnesium. The system Mg-LaNiS seems
to be the one with the hilghest performance.

One could belleve that the presence of the adjuvant catalyzes
the reaction by producing atomic hyirogen in situ which 1s much
more reactlve with respect to magnesium.

For the same structural type of adjuvant (that of LaNiS), we
wanted to see whether the relative stability and the stoichlometry
of the corresponding hydride could influence the hydride formation
rate of the magnesium, The experimental results obtalned for the
various alloys such as LaCoS, CeCoS, LaMiS and SmN15 show that they
have a behavior which 1s comparable, no matter what the correspond-
ing hydride characteristics are. The hydride formation rates are
or even sllghtly less than in the case of SmNiS, which gives the
least stable hydride and the hydride with the smallest hydrogen con=-
centration.

Considering the relatively high cost of these various
adjuvants, we considered & system in which one uses the
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mixed metal Nis(MNiE) a8 an adjuvant. The results obtalned show
that the actlon of MNi5 ol the hydride formation rate 1is simllar.
The amount of stored hydrogen is of the same order of magnitude as
that which 1s fixed by LaNiS. Thus, it follows that the perfommances
which were obtalned with an alloy such as LaNi5 are essentially
the same 1f one uses MNiS, but the use of the latter is more advan-
tapeous because 1t has a cost which 1s substantially below that
of LaNiS.

For 345°C and for 30 bars, Figure 2 gives the result for
various proportions of LaNiS in the mixture Mg—LaNis.

The amount of absorbed hydrogen increases with the amount of
LaNi5. Also the Increage in the percentage of adjuvant brings
about a reduction in the theoretical mass capacity, as shown by
Table II.

TARLE II /398
4 LaNi_. in the theoretical Z Hg fixed at experimental mass
mixturé mass capa=- the end of 1 capacity at the
clty at 25°C hour end of ) hour
20 6.4 87.2 5.62
10 7.0 69.1 4.89

From the economic point of view, and considering these results,
only the costs of the varlous mixtures will allow the select=-
ion of the most interesting proportion.

The curveg gliven in Figure 3 show that the hydride formation
rate of the magneslium increases with temperature., For a given time,
this lncrease varies in a linear fashion as a functicn of temperature.

The increase 1n the hydrogen pressure influences primarily the
hydride formation rate at the beginning of the reaction (Figure 4).
At the end of one hour, the influence of this factor seems to be



negligible for pressures between 10 and 60 bar. ‘

- Desorption:

desorptlon rate at 2 bars depends strongly on temperature. By ,
Judiclously selecting this parameter, one can desorb the same |
amount of hydrogen for a time which varies at a ratio of between |
1 to 10,

The curves of dissoclation of MgH, (Figure 5) show that the 1

- pressure-composition lsotherms:

Because of the improvement in the synthesis condition MgHz,
smaller pressures anud lower temperatures, it 1s possglble to draw
pressure~composition isotherms for temperatures between 280°C and
360°C. The results obtained in Figure 6 show a hysteresis pheno=-
menon,

b) Magnesium alloys

We wanted to keep a large mass capaclity and, therefore, declded
to find alloys which are rich in magnesium and which could react
wilth hydrogen, and whose hydrides would be easler to dissocilate
than magnesium hydrides. /399

- MgECa

In the system Mg-Ca, the only defined component found 1s Mg2Ca.
‘fhe theoretical mass capacity of the hydride Mg203H6 which can be
formed is 6.3%.

Mgzca 1s prepared by fusion in an argon atmosphere In a sealed
molybdenum tube. The stoichlometric mixture in the proportions of
the two Mg atoms and one atom of Ca 1s heated to 700°C for about
15 hours. This thermal treatment is followed by a reheating at
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600°C for two days.

The curves of Flgure 7 show that the hydride formatilon rate
of Mgeca is relatively slow. At 400°C under 50 bars, the percent-
age of fixed hydrogen 1s 46% at the end of U0 houre of reaction.

By adding LaNi5 to MQECa (904 Mgaca - 10% LaNiS), this in-
creases substantlally the reactlon rate put does not result in a
high performance of the system (62% of fixed hydrogen at the end of
40 hours).

- bagley g

The structure of La2M517 derived directly from that of LaN15
by replacement of a lanthanum atom by two magnesium atoms. The
structure of LaNi5 1% a host structure for the hydrogen, and we,
therefore, bellieve that LazMgl7 could be of interest for storing
hydrogen.

The alloy LaQMgl7 i1s obtained by fuslon of a mixture at
appropriate proportlons of the different constituents. The pre-
paration is prepared in a sealed modlybdenum: eruclble Iin a dry argon
atmosphere and 1s deoxygenlzed. After heating to 700°C for one
hour, the alloy is reheated for 10 hours at 500°C. Either the
alloys are used directly in the form of metallic blocks, or are
reduced to the powder state whith could possibly be in tablet form.

The high magnesium content of thils alloy allows one to predict
a high theoretical mass capunity: 5.5% for the formula LazMgl7H“0.

The first results show that at 350°C and at a pressure of 30
bars, the percentage of absorbed hydrogen 1s on the order of 100%

at the end of 10 hours. 1In addition, the hydride formation rate /400
iz very rapid: 75% of absorbed hydrogen at the end of five minutes.



A more detailed study shows that in the study temperature and
pressure range, the actlon of hydrogen on L32Mgl7 oceurs in two
stages:

= in the first cycle, the hydride formation results in
irreversible decomposition of the alloy and formation of hydrides
corresponding to each of the elements:

L82M317 + 20H2 -+ 2LaH3 + 17Mgﬁz

- starting at the second cycle, the reactlon 1s carried out in
a reversible maunner according to the following reactlon dlagram:

1 ~ + 35y
2Lai, + l7MgH2;2: 2lai, , + 1TMg 3-5 Hy .

Desorption has characteristles which are very close to those
observed for the Mg-adjuvant mixture.

Just lilke the compound La2Mgl7, the compound CeMgla 1s derived
from a structure of the type LaN15 by replacement of an atom of Ce

by two magnesium atoms.

The procedure for preparing the CeMg12 is similar to that
for La,gtvlgl7 .

The first results obtained with CeMg12 show that they are com-
parable with those for LaaMgl7.

The hydride formation mechanism occurs in two stages as for
the LaaMgl7.

We compared the behavior of a mixture with the proportions
(Ce + 12Mg) to the behavior of the alloy CeMg, 5.
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Figure 9 shows how interesting the CeMgle is for the mixture
(Ce + 12Mg). In the two cames, we can see the catalytic role
whilch 18 played by the cerium. We can explain the higher hydride
formation rate of the Mg by not using CeMgl2 due to the fact that
hydride formation results in a more homogeneous distribution of the
various elements and in a much finer particle formation. /401

From these first results which are very encouraging, we will
carry out a systematic study of this compound as a function of
various parameters (pressure, temperature, etc.) which could
influence the condition for preparation and utilization of this
hydride.

i, CONCLUSIONS

The results obtained show that the hydride formation rate of
magnesium 1s conslderably improved by the presence of another metal
or alloy which forms a hydride which is thermodynamically less stable
than the MgHz.

We made a detalled study of the influences of the various
parameters on the synthesis conditions and on the hydride forma-
tion ratc of magnesium for various Mg-adJuvant systems. The study
of each of thes¢ parameters allowed us to show that the system
Mg-LaNis.hasthe hlghest performance, and we were able to formulate
the optimum utilization conditlons.

From an economic point of view, 1t seems to be of interest to
substitute the mischmetal Ni5 for the LaN15 in the systems.

We became interested in magnesium alloys which were rich in
magnesium for which encouraging results were scbtalned.

The study of LagMgl7*which was carried out shows that the com=-
pound has characterlstics which would be of Interest for storing
hydrogen. The results obtained allowed us to show that the first

11




hydride formatlon leads to the formation of a hydride mixture
(LaH3 + MgHa).

Starting with the second cycle, the system 1s reversible and
has characteristics which are of interest for storing hydrogen.

In the case of CeMg12 w2 were able to show that the perfor-
mances obtained with thls compound were greater than those obtained
with the mixture Ce + 12 Mg.

At the present time we are carrying out a study about alloys
of the same famlly as LaaMgl7 and CsMglz in order to increase the
number of reverslble hydrldes whic¢h could be used for stcring
hydrogen. /402
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