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Hydrogen storage in solid state i.e. in hydrides with high
hydrogen capacities is the most convenient solution for
off-board storage in all transportation applications pow-

THE DEHYDROGENATION PROCESS OF DESTABILIZED NaBH4-MgH, SOLID STATE HYDRIDE COMPOSITES

PROCES WYDZIELANIA WODORU Z DESTABILIZOWANYCH KOMPOZYTOW NA BAZIE WODORKOW STALYCH
NaBH,-MgH,
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The composite behaviour of sodium borohydride — magnesium hydride mixtures was investigated. Mutual influence of both
hydrides on their decomposition process was studied. The (NaBH,+MgH,) composite hydride system was synthesized in a wide
range of compositions by controlled mechanical (ball) milling in a magneto-mill. In effect, nanocomposites having nanometric
grain sizes of the constituent phases residing within micrometric-sized particles were produced. The dehydrogenation process
of obtained composites was investigated by Differential Scanning Calorimetry (DSC) method. It is shown that the hydrogen
desorption temperature of the composite constituent with the higher desorption temperature in the (NaBH4+MgH,) system
substantially decreases linearly with increasing volume fraction of the constituent having lower desorption temperature which
is similar behavior to well-known composite Rule-of-Mixtures (ROM) for structural composites. It is also shown that in
the (NaBH4+MgH,) composite the constituents such as MgH, and NaBHs decompose separately and destabilization of the
composite constituent with a higher desorption temperature is unrelated to the formation of MgB, intermetallic phase. Therefore,
the improved dehydrogenation properties for NaBH, is likely due to the presence of nanostructured metallic Mg which acts
as a catalyst. It is also shown that, most likely, the NaBH,4 constituent act as a catalyst for the accelerated decomposition of

MgHZ .
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W pracy przedstawiono wyniki badan zachowari kompozytowch mieszaniny borowodorek sodu — wodorek magnezu, gdzie

ocenie poddano wzajemne oddzialywanie obu wodorkéw na ich proces dekompozycji.

Uktad kompozytéw wodorkowych (NaBH,+MgH,) syntetyzowany byl w szerokim zakresie sktadéw, poprzez kontrolowa-
ne mielenie mechaniczne (kulowe), w miynku magnetycznym. W efekcie powyzszego procesu wytworzono nanokompozyty,
ktérych skladniki fazowe posiadaja ziarna o nanometrycznej wielkosci, wystgpujace w mikrometrycznych czastkach. Proces
odwodorowania uzyskanych kompozytéw badano z wykorzystaniem metody kalorymetrycznej DSC (Differential Scanning
Calorimetry). Wykazano, ze temperatura desorbcji wodoru skiadnika kompozytu o wyzszej temperaturze dekompozycji w
uktadzie (NaBH4+MgH,) istotnie obniza si¢ liniowo wraz ze wzrostem udzialu objgtosciowego skiadnika o nizszej tempera-
turze dekompozycji, zachowujac si¢ w sposéb podobny do obowigzujacej dla kompozytéw strukturalnych reguly mieszanin
ROM (Rule-of-Mixtures). Wykazano ponadto, iz w kompozycie (NaBH,+MgH,) jego sktadniki, MgH, i NaBH,, dekomponujg
oddzielnie i destabilizacja skladnika o wyZszej temperaturze desorbcji nie jest zwigzana z powstawaniem fazy migdzyme-
talicznej MgB,. Stad tez poprawa wiasciwosci do odwodorowania NaBH, jest prawdopodobnie spowodowana obecnoscig
nanostrukturalnego, metalicznego Mg, ktéry dziata katalitycznie. Dodatkowo wykazano, ze NaBH, najprawdopodobniej dziata

katalitycznie na przySpieszenie dekompozycji MgH,.

1. Introduction stacks. In general, solid hydrides have higher hydrogen
volumetric densities than gas and liquid storage. More-
over, they do not need excessively high pressures for
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* CANMETENERGY, HYDROGEN, FUEL CELLS AND TRANSPORTATION ENERGY, NATURAL RESOURCES CANADA, 1 HAANEL DR., OTTAWA, ONTARIO, CANADA KI1A 1M1

EEY

EEEY

DEPARTMENT OF MECHANICAL AND MECHATRONICS ENGINEERING, UNIVERSITY OF WATERLOO, WATERLOO, ONTARIO, CANADA N2L 3Gl
DEPARTMENT OF ADVANCED MATERIALS AND TECHNOLOGIES, MILITARY UNIVERSITY OF TECHNOLOGY, 00-908 WARSZAWA, 2 KALISKIEGO STR., POLAND

storage as required for gaseous hydrogen and do not suf-
fer large thermal losses as liquid hydrogen systems do
[1-5]. Unfortunately, hydrides with hydrogen capacities
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of at least 6-7 wt.% and higher are usually characterized
by high temperatures of hydrogen desorption (decompo-
sition) [6]. Obviously, high desorption temperatures are
incompatible with the waste heat generated by a PEM
(Proton Exchange Membrane) fuel cell (max. ~100°C).
A full decomposition of NaBH, (sodium borohydride) to
Na+B+2H; should yield ~10.7 wt% of hydrogen. How-
ever, NaBH, is a thermally stable complex hydride which
melts at ~500°C and decomposes close to ~570 °C [5,7].
Its standard enthalpy of formation is -188.6 kJ/molH,
[6]. Thus, the thermal decomposition of NaBHy is irre-
versible and occurs in the temperature range which is
beyond the practical applications for the hydrogen stor-
age systems. Several attempts were made to destabilize
NaBH, by milling it with Mg under hydrogen [8] or to
directly release hydrogen from the reaction of NaBHy
with chemical compounds such as Mg(OH), [9].

It has recently been shown by Varin et al. [5,10]
that by compositing high-and low-desorption tem-
perature hydrides, the decomposition temperature of
high-desorption temperature constituent obeys the rule
of mixtures (ROM) similar to the one well known for
engineered structural composites in the following form:

Tdesorption = Tgigh —bView (l)

where Vi, is the volume fraction of low-desorption
temperature hydride, Tgigh is the initial decomposition
temperature of high-desorption temperature hydride at
View=0 and b is the decomposition temperature differ-
ence between high and low desorption temperature hy-
drides: b = Thigh — Tiow. Since volume fraction (V in
vol.%) is directly proportional to weight fraction (W in
wt.%) Eq.(1) requires a linear dependence of decomposi-
tion temperature with a negative slope b versus either the
volume or weight fraction (V,y, or Wyey) of a constituent
hydride having lower desorption temperature.

It has already been shown that a few composite sys-
tems synthesized by ball milling which induces an
intimate contact between nanostructured hydride con-
stituents obey Eq.(1) [5,10]. One of the systems which
was investigated in [5,10] is a composite between a com-
plex hydride NaBH, having a very high temperature of
decomposition and a simple metal hydride MgH, which
has much lower decomposition temperature than NaBH,4
[5,6]. The present work reports the results obtained so
far and explores the possible mechanisms responsible
for the observed composite behavior. The composites
have been synthesized in a wide range of composition by
controlled mechanical milling (CMM) in a magneto-mill
which in effect produced nanocomposites with the nano-
metric grain sizes of the constituent phases and micro-
metric sized particles. It is demonstrated that the hy-
drogen desorption in the (NaBH4+MgH,) composite in-

volves two steps: first, at lower temperature MgH, de-
composes to Mg and H, and in a subsequent step, most
likely, Mg catalyses the decomposition of NaBHy4. The
catalytic element introduced into the system from de-
composing a simple metal hydride, even with a high
content of Hy, does not reduce dramatically the total ca-
pacity of the composite system. In particular, this work
shows clearly that the formation of MgB, intermetallic
phase during decomposition of both hydride constituents
is not responsible for the thermodynamic destabilization
of NaBHy.

2. Experimental

As-received commercial MgH, powder (sold under the
trade name MG-5026@® from ABCR GmbH&Co.KG;
~98wt.% purity; the remaining Mg) and NaBH4
(98% purity) from Alfa Aesar were mixed to
(NaBH4+Xvol.%MgH,) compositions where X=8, 16,
46, 63, 75 and 87 (as converted from the usual wt.%).
As a reference, NaBH, and MgH, powders without ad-
ditives were also tested. Controlled Mechanical Milling
(CMM) was carried out for 5 and 20h in the hydro-
gen gas atmosphere under 600 kPa pressure in the
magneto-mill Uni-Ball-Mill 5 manufactured by A.O.C.
Scientific Engineering Pty Ltd, Australia [5, 11-13] us-
ing a strong shearing mode (HES57-two magnets) mode
(Fig.1). The distance between NdFeB external magnet
and milling vial (working distance—WD) was 10 and 2
mm, the ball-to-powder weight ratio was ~40 and the
rotational speed of milling vial was ~175 rpm.
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Fig. 1. Angular positions of Nd-Fe-B super-strong magnets for ball
milling under high energy impact mode in the Uni-Ball-Mill

To explain the role of Mg which is formed during the de-
composition process of magnesium hydride constituent
in a composite, the composites of sodium borohydride
with the content of metallic Mg the same as the content



of MgH, for a few selected compositions were milled
under the same conditions as the (NaBH4+MgH;) com-
posites. To avoid hydrogenation of magnesium during
milling, hydrogen in a milling vial was replaced by an
argon protective gas. The details of milling process and
chemical composition of various mixtures are presented
in Table 1. After loading with the as received powder,
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an air-tight milling vial having an O-ring and equipped
with a pressure valve mounted in the lid, was always
evacuated and purged several times with high purity ar-
gon (Ar) gas before final pressurization with H, or Ar to
~600 kPa. All the powder handlings after milling were
performed in a purged glove box under high purity argon.

TABLE 1
The compositions and parameters of milling process
Composite Ga[sk/l;:]ess. Rpp [‘n):,rlr)n] Mode x;lell;l}:g]
NaBH, H/600 40 1072 HES57 5
NaBHy + 8vol.% MgH, H/600 40 1072 HES57 5
NaBH, + 16vol.% MgH, H/600 40 10/2 HES57 5
NaBH, + 43vol.% MgH, H/600 40 10/2 HES57 5
NaBH, + 16vol.% MgH, H/600 40 10/2 HES57 20
NaBH, + 43vol.% MgH, H/600 40 10/2 HES57 20
NaBH, + 63vol.% MgH, H/600 40 1072 HES57 20
NaBH, + 75vol.% MgH, H/610 40 1072 HES57 20
NaBH, + 87vol.% MgH, H/600 40 1072 HES57 20
NaBH,; + 30vol.% MgH, H/600 40 1072 HES57 20
NaBHy + 8vol.% MgH, H/600 123 1072 HES57 0.25"
NaBH,4 + 16vol.% MgH, H/600 123 10/2 HES57 0.25*
MgH, H/600 40 10/2 HES57 20
NaBH, + 8vol.%Mg** Ar/600 40 10/2 HES57 20
NaBH, + 43vol.%Mg** Ar/600 40 10/2 HES57 20
NaBH, + 63vol.%Mg** Ar/600 40 1072 HES57 20
NaBH,; + 87vol.%Mg™* Ar/600 40 1072 HES57 20
* Mixing previously milled powders (both powders were pre-milled for 20h/HES57/H,)
* A mixture with Mg content equivalent to particular content (vol.%) of MgH,
The crystalline structure of as milled and reference pow-
ders was characterized by Rigaku Rotaflex D/Max B 4-A
rotating anode powder diffractometer. Monochromated ECD = r )

CuKa, radiation (A=0.15406 nm) was used in this study
produced at an accelerating voltage of 50 kV and a cur-
rent of 180 mA. The scan range was from 26 = 10 to 90°
and the scan rate was 1.2°min"! at the step size of 0.02°.
The nanograin (crystallite) size of phases residing in the
milled powders was calculated from the broadening of
their respective XRD peaks using software of the system.
Morphological examination of powders was conducted
with high-resolution, field emission SEM (FE SEM)
LEO 1530 equipped with integrated EDAX Pegasus
1200 EDS/OIM. The size measurement of the powder
particles for various samples was carried out by attach-
ing loose powder to the sticky carbon tape and taking
pictures under SE mode in SEM. The images were ana-
lyzed by the Image Tool v.3.00 software. The size of the
powders was calculated as the particle Equivalent Circle
Diameter,

where A represents the projected particle area.

The thermal behavior of powders was studied by
differential scanning calorimetry (DSC) (SETARAM
Labsys™ and Netzsch 404) of ~10 mg powder sample
with heating rate of 10°C/min and argon flow rate of 50
ml/min.

3. Results and discussion

3.1. Morphology and phase composition of
nanocomposites

Fig.2 shows SEM micrographs of the as received powder
of NaBH, and MgH, as well as the powders of milled
(NaBH4+MgH,) nanocomposites with a low content of
magnesium hydride (8+46 vol.%). The particles of as
received sodium borohydride and magnesium hydride
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powders (Fig. 2a, b) have irregular shapes and aver- refined and the particles are uniformly distributed in a
age size around 145 wm and 36 um, respectively. After volume of NaBH, particles.
milling, the particle size of MgH, seems to be slightly

m = NABH4100x.if 100um Mag= 100X WD= 10mm ] v NS P
[ EHT=10.00kv  Signal A= SE2 X o Mag WD= 6mm
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WD = 10 mm Mag = 500X WD= 10 mm
EHT = 20.00 kV Signal A = RBSD H EHT = 20.00 kV Signal A = RBSD
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Fig. 2. SEM micrographs of the as received powder of (a) NaBH, and (b) MgH,, and the composite powders after ball milling for (c)
NaBH4+8vol.% MgH,, (d) NaBH4+16vol.% MgH, and (e) NaBH4+43vol.% MgH,



The composites having higher contents of MgH, (Fig.3)
show visible particle size reduction (~ 40 times). It is
clearly seen that milling conditions are strongly depen-
dent on composite composition. The efficiency of milling

ECD = 1.4+0.9 ym

P4
WD= 10 mm
Signal A =RBSD
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process (MgH, particle size reduction) is much higher
for composites with magnesium hydride content higher
than 43 vol.%.

b - 4%
e = NABH4ABCR7-BSE-5kx.tif 1pm Mag= 5.00KX WD= 10 mm
EHT = 20.00 kV Signal A = RBSD

ECD = 0.7+0.4 pm

= NABH4ABCRS-BSE-5kx.tif
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Fig. 3. SEM micrographs of composite powders after ball milling for (a) NaBH;+63 vol.% MgH,, (b) NaBH4+75 vol.% MgH, and (c)

NaBH,4 + 87 vol.% MgH,

Quite opposite situation is observed for the
(NaBH4+Mg) composites. The particle size reduction
of ductile magnesium is much more visible for powders
with low or medium content of Mg (8+63 vol.%). The
morphology of these powders is characterized by the
presence of a population of very small particles and
clusters formed with these particles (Fig.4b,c,d). In a
case of composite with the highest content of magne-
sium (87 vol.%) (Fig.4e) the Mg particles (ECD=9.2
um) are practically identical to the as-received powder
particles (Fig.4a; ECD = 9.5 um).

Fig. 2. SEM micrographs of the as received powder of (a) NaBH, and (b) MgH,, and the composite powders after ball milling for (c)
NaBH4+8vol.% MgH,, (d) NaBH4+16vol.% MgH, and (e) NaBH4+43vol.% MgH,
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Fig. 4. SEM micrographs of (a) as received Mg powder and the composite powders after ball milling for (b) NaBH, + 8 vol.% Mg, (c)
NaBH4+43 vol.% Mg, (d) NaBH,4+63 vol.% Mg, (e) NaBH4+87 vol.% Mg

Figure 5 shows the XRD patterns for the
(NaBH4+MgH,) composites with a varying content of
magnesium hydride. The intensity of particular peaks is
related to chemical composition, but it must be pointed
out that the y-MgH, phase, typical for magnesium hy-
dride after milling, appears only when the level of MgH,
is 43 vol.%. This verifies SEM observations, that milling
process starts to be effective only for composites having
high content of MgH,. This behavior is also visible
from the analysis of grain size as a function of com-
position in Fig.6. The grain size of both constituents,

NaBH4 and MgH,, is greatly reduced for composites
with the MgH, contents around 43 vol.% and more. It
also must be noticed that nanostructuring of NaBHy is
not so effective as that of magnesium hydride (Table 2).
Sodium borohydride seems to act as a sort of a greasy
material in a composite. It must be also noticed that
increasing milling time from 5 to 20 h does not change
the phase composition and grains size of analyzed com-
posite constituents (Table 2 — NaBHy+16vol.%MgH,
and NaBH4+43vol.%MgH,).
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Fig. 5. XRD patterns of the (NaBH4 + MgH,) composites
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Fig. 6. Grain size of NaBH, and MgH, after ball milling as a function of MgH, content in the (NaBH4s+MgH,) composites
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TABLE 2
The phase composition and the grain size of Mg, MgH, and NaBH, in various powders
Grain size Grain size of Grain size of
Composite of MgH, NaBH, Mg Phases present in the powder
[nm] [nm] [nm]

As-received NaBHy — 77.0+15.0 — NaBH,4

NaBH,/milled 5h — 85.3+3.2 — NaBH,

MgH,/20h 12+1 — — MgH,

8 vol.%MgH,/5h 36.9+1.7 68.2+4.1 — NaBH,, f-MgH,
16 vol.% MgH,/ 5h 32.5+2.6 67.5+£3.2 — NaBH,, f-MgH,
43 vol.% MgH,/5h 22.71.7 63.4+7.2 — NaBH,, f and y-MgH,, Mg, MgO
16 vol.% MgH,/20h 34.0+3.9 82.2+7.7 NaBH,, p-MgH,
43 vol.% MgH,/20h 21.8+1.9 49.8+1.7 — NaBH,, B and y-MgH,, MgO, M
63 vol.% MgH,/20h 14.8+0.9 47.0+£3.6 — NaBHy, 3 and y-MgH,, MgO
75 vol.% MgH,/20h 14.0+1.4 58.5+12.4 — NaBH,, B and y-MgH,, MgO
87 vol.% MgH,/20h 13.2+0.9 — — NaBH,, B and y-MgH,, MgO

8 vol.% Mg/20h — Poly Poly NaBH,, Mg, Mg(OH),

43 vol.% Mg/20h — ? 104 NaBH,4, Mg, MgH,, MgO

63 vol.% Mg/20h — ? 103 NaBH,, Mg, MgH,, MgO, Mg(OH),

87 vol.% Mg/20h — ? 88 NaBH,, Mg, MgH,, MgO, Mg(OH),

A different behavior is observed for the (NaBH4+Mg) [-MgH,. It suggests that during ball milling NaBH, par-
composites. The XRD pattern in Fig.7 shows the pres- tially reacts with Mg and forms B-MgH,. The possible
ence of elemental composite constitutes and the peaks of reactions were proposed in [5].
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Fig. 7. XRD patterns for NaBH, composites

The grain size of as received NaBH, as well that of Mg of 87 vol.%Mg reveals a slight grain size reduction for
in the composites with 8+63vol.%Mg is close to 100 Mg (to 88 nm). It is clearly visible that the efficiency of
nm (Table 2). Only the composite with the highest level milling process for sodium borohydride and magnesium



hydride powders is much higher than for the powders
with the magnesium additive. Peaks of Mg(OH), in Fig.
7 for the 87 vol.%Mg composite are most likely due to
the partial hydrolysis of 3-MgH, formed during milling
in a presence of hygroscopic NaBHy collecting moisture
when XRD test progresses.

3.2. Thermal hydrogen desorption

Hydrogen desorption was investigated by differential
scanning calorimetry (DSC) analysis. Figure 8 shows the
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examples of DSC curves for the investigated powders
as compared to the reference DSC of the as-received
commercial NaBH4. The latter shows two strong, en-
dothermic peaks with the maximum around 498.1°C and
577.2°C (Fig.8a). The first peak is related to the melting
and the second to the decomposition of NaBH, in accord
with result presented by Stasinevich et al. [7].

Decomposition
577.2°C

Melting
498.1°C

DSC /(mW/mg)
L exo
8
7
6
5
4
5 NaBH, — as received
2
1
0
300 350 400
a)
DSC /(mW/mg)
1 exo
4 MgH,

decomposition
4129 °C

w

NaBH, melting
467.8 °C

450 500 550 600

Temperature /°C

NaBH, decomposition
505.7 °C

NaBHj, + 43vol.% MgH,

300 350 400

450 500 550 600

b) Temperature /°C
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psc/mivme) 363.2 °C
6 NaBH; + 63vol.% MgH,
5
4 NaBH, decomposition

454.1 °C

300

c)

350 400

450 500 550 600

Temperature /°C

Fig. 8. DSC curves for (a) NaBH, as-received, (b) NaBH,4 + 46 vol.%MgH, and (c) NaBH, + 63vol.% MgH, composites
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The DSC curve for the NaBH4+43vol.%MgH; nanocom-
posite (Fig.8b) is characterized by three endothermic
peaks. The first peak at ~413°C is related to the de-
composition of MgH,. This temperature range is com-
parable to the typical DSC peak of commercial MgH,
[5,14]. The second peak at ~468°C is the melting peak
of NaBH,. Finally, the third peak at ~506°C is relat-
ed to the decomposition of NaBH,. The visible shift
of peak positions for NaBH, to lower temperatures, as
compared to these in Fig.8a, is clearly observed such
that the decomposition peak temperature for NaBH, in
this composite is quite close to the melting temperature
peak for as received NaBH,4. Apparently, the addition

of 43 vol.%MgH, in a visible way destabilizes NaBH,
but does not change the fundamental mechanism of hy-
drogen desorption. The decomposition is still following
the melting process. However, the situation changes dra-
matically for the NaBH4+63vol.%MgH, nanocomposite
(Fig.8c). The DSC curve for this nanocomposite is char-
acterized by a single endothermic desorption peak at
~363°C from MgH, and a single endothermic desorp-
tion peak from NaBH, at ~454°C. It suggests that the
decomposition temperature of sodium borohydride in the
63vol.%MgH, composite decreased below the melting
point of NaBHy.
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Fig. 9. The influence of MgH, content on the destabilization of NaBH, — (a) the NaBH4 decomposition and melting DSC peak temperatures
as a function of MgH, content; (b) The theoretical yield of MgB, formation for NaBH, + MgH, reaction as a function of MgH, content.

Adopted from [5]



Fig.9a presents the temperatures for the melting and de-
composition peaks of NaB, as a function of the MgH,
or Mg content in a composite. The melting temperature
of NaBH, only slightly decreases linearly with increas-
ing content of MgH, or Mg. The decomposition tem-
perature of NaBH, behaves in a more complex fashion.
The MgH, additive in the range of 0+20 vol.% does
not change the decomposition temperature of NaBHj.
Increasing the amount of magnesium hydride over 20
vol.% gradually reduces the decomposition temperature
of NaBH4 which is eventually reduced by ~200°C for the
NaBH4+87vol.%MgH, composite. According to Vajo et
al. [15-18] and Ziittel et al. [19], this kind of behavior
in a mixture of two hydrides could be caused by the
formation of an intermetallic phase, which could change
the enthalpy of the system (details see [5]). By analo-
gy to the reaction presented by Vajo et al. [15-18] for
LiBH, destabilized by MgH, the decomposition of the
(NaBH4+MgH,) composite could proceed as follows:

2NaBH, + MgH, — 2NaH + MgB; + 4H, 3)

It suggests that the strongest destabilization of NaBH,
by MgH, should be observed for a composite
where the yield of MgB, formation is the high-
est and that means for the stoichiometric composi-
tion (NaBH4+20.5vol.%MgH,). In Fig.9b the yield of
MgB, formation versus composite chemical composi-
tion and theoretically predicted products of decompo-
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sition are presented. For hypo-stoichiometric composi-
tions the composites in this range should decompose
to solid products such as NaH, MgB, and B. Stoi-
chiometric decomposition is characterized by the pres-
ence of only NaH and MgB,. The hyper-stoichiometric
composites decompose to NaH, MgB, and Mg. These
theoretical phase compositions of decomposed com-
posites are confirmed for the hyper-stoichiometric
NaBH4+43vol.%MgH, composite. To obtain a sufficient
amount of powder for X-ray diffraction, the decompo-
sition process of the above mentioned composite was
conducted in a furnace rather than in a DSC apparatus,
under Ar atmosphere and at temperature of 600°C. The
XRD pattern of the analyzed products of decomposi-
tion is presented on Fig.10. It shows the presence of the
peaks of the MgB, and MgO phases. It seems that the
conditions of the decomposition process carried out in
a furnace were insufficient to prevent the oxidation of
decomposition product Mg. No Bragg peaks of NaH are
observed in Fig.10. The decomposition temperature of
NaH is quoted by Grochala and Edwards [6] as 425°C.
If NaH indeed decomposed to metallic Na and hydrogen
at the furnace temperature of 600°C then as a very low
melting point metal (~100°C) it might have evaporated
at such a high temperature and its Bragg peaks would
not be observed in Fig.10. However, Weast et al reports
800°C [20] as its decomposition temperature so at the
furnace temperature of 600°C NaH would still have been
stable. The lack of NaH Bragg peaks is rather puzzling
and hard to explain at the moment.
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Fig. 10. XRD patterns for NaBH, + 43vol.%MgH, composite after decomposition at 600°C

In Fig.9a the decomposition temperature of NaBH,
decreases linearly with increasing MgH; content only
for hyper-stoichiometric composites. In contrast to the
theory presented by Vajo et al. [15-18] and Ziittel et
al. [19] the decomposition temperature of NaBH, in the
hypo-stoichiometric composites does not exhibit any in-
crease with increasing content of MgH, as it would have
to if their theory was correct (increase of MgB, content).
However, it must be noticed that destabilization process
described by the above authors is based on the perceived
enthalpy changes. Even if NaBH, would be destabilized
thermodynamically, it might have not easily decomposed
due to poor kinetics. Therefore, an alternative hypothe-
sis is that the free nanostructured Mg formed due to the
decomposition of MgH, could act as a catalyst to in-
crease the kinetics of decomposition of NaBH, whether
or not it is destabilized thermodynamically. To confirm
the catalytic effect of Mg on NaBH, we have analyzed
the decomposition process of (NaBH4+Mg) composites.
Four composites with the contents of Mg were select-
ed having the same vol.% as corresponding composites
containing MgH, (Table 2). As can be seen in Fig.9a, in
three out of four composites with Mg, the NaBH, con-
stituent has a very similar decomposition temperature
as NaBHy4 in composites with the same vol.% of MgH,
and the data points fit well to the ROM line. Only the
composite with the highest content of Mg (87 vol.%)
shows a slightly higher decomposition temperature than
its MgH, counterpart. This behavior is probably relat-
ed to different mechanical properties of Mg and MgH,

which result in different abilities to particle and grain
size reduction during milling process (Fig.4 and Table
2). Most likely, for the NaBH4+87 vol.%Mg compos-
ite, the intimate contact between the catalytic Mg and
NaBH,4 complex hydride is insufficient and the catalytic
effect is less pronounced in this composite.

Quite unusual behavior of the MgH, constituent is
also observed in the (NaBH4+MgH,) composites. Fig.11
shows the DSC peak temperature for the MgH, con-
stituent as a function of MgH; content as compared to
the decomposition temperature of MgH, as received and
milled under the same conditions as composite pow-
ders. For composites with the lower amount of MgH,
(i.e. higher amount of NaBH,) the temperature of MgH,
decomposition is approximately the same as the decom-
position temperature of as received MgH,. Such a be-
havior suggests that the particle size of MgH, was not
sufficiently reduced during ball milling, which is in ac-
cord with powder morphology observations (Fig.2 and
3). Whereas, for composites with low amount of NaBH,
the decomposition temperature of MgH, is much lower
than that for pure MgH, milled under the same condi-
tions. Therefore, the question arises whether this pro-
found DSC temperature reduction is a direct effect of
ball milling and resulting reduction of nanocomposite
hydride (mostly MgH,) particle size or the catalytic ef-
fect of NaBH4. Recently, we have reported that a signif-
icant refinement of the particle size (ECD) of MgH, to
the submicrometer range 700-300 nm is responsible for
a dramatic decrease of its DSC desorption temperature



[5,14,21]. However, the reduction of the desorption tem-
perature observed in the composites with a lower NaBH,4
concentration is much larger than that for pure MgH,.
Therefore, it is concluded that not only the nanocom-
posite particle size can be responsible for the observed
lowering of DSC desorption temperature of the MgH,
constituent in the (NaBH4+Xvol.%MgH;) nanocompos-
ites (where X= 63--87). Normally, the milled MgH, hav-
ing the hydride particle size of ~ 1 um as obtained in this
work (Fig.3) would be expected to have the DSC des-
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orption peak temperature around 390-400°C as reported
in [21]. Therefore, the appearance of DSC peak with the
maximum at ~360°C (Fig.8c) for an intimate mixture
of two dissimilar hydrides such as f-MgH, and NaBH,
strongly suggests that both hydrides are simultaneous-
ly destabilized most likely acting catalytically on one
another. We have already presented similar behavior of
MgH, in a presence of NaBH, for the (MgH,+NaBH,)
composite synthesized by reactive ball milling of Mg
and NaBH,4 for 100h [8].

As received MgH:

..................................... D

340

0 20 40

0 80 100

MgH, (vol.%)

Fig. 11. The MgH, decomposition DSC peak temperatures as a function of MgH, content in the (NaBH4+MgH,) composites

4. Conclusions

The catalytic effects of MgH, additives on the hy-
drogen desorption properties of the NaBH, formed af-
ter controlled milling of the (NaBH4+MgH;) composites
have been studied. The DSC desorption peak tempera-
ture of NaBH, decreases dramatically with increasing
amount of MgH, in the composites. This effect is most
likely due to the catalytic effect of Mg which is formed
during MgH, decomposition than to thermodynamical-
ly destabilization of sodium borohydride by formation
of intermediate MgB, intermetallic phase. Also the cat-
alytic influence of NaBH,; on MgH, was observed but
mechanism of this behavior still needs further research.
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