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Abstract

The thermal decomposition of Mg(Aljt was studied by in situ synchrotron X-ray diffraction. The reaction proceeds in two steps.
The first reaction step involves decomposition of magnesium alanate to magnesium hydride and the solid selyfidighb: (1 —
x/2)Mg(AlH4)2 — (1 — (3/2)x)MgH, + 2Al1_,2Mg,» + (3 + (3/2)x)H,. No evidence of intermediate phases was found. The second step
proved to be more complex. For simplicity this step can be written as:(@/2)x)MgH, + 2Al,_,»,Mg.,> — Al Mg, + (1 — (3/2)x)H>,
where AL Mg, represents either two cubic Al-Mg solid solution phases or the ordeidMg, phase.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction MgAIH s has not been observed by X-ray diffraction, but ther-
movolumetric[4] and TGA-MS[5] analyses show features
Magnesium alanate, Mg(Alf)2, an alkaline earth alanate, compatible with several steps in the first decomposition re-
is a potential hydrogen storage candidate with a hydrogenaction.
content of 9.3 wt.%. Mg(AlH)- is thought to decompose in Two alternative reaction paths have also been suggested
a two-step reaction, however the exact mechanism of the twofor the second reaction step. Dymova ef2aH4], observed di-
reactions is still somewhat unclear. According to Wiberg and rect reaction between magnesium hydride and aluminium to
Bauer[1], Dymova et al[2] and Fichtner et a[3], the first one (380-420C) or two (270-310C) Al-Mg alloy phases,
reaction proceeds as whereas Fichtner et gb,6] found that alloy formation only
occurred subsequentto decomposition of magnesium hydride
Mg(AlH4)2 —~ MgH, + 2Al + 3H; @ to the constituent elements at around 300
Reaction(1) has been found to occur at temperatures of 135—  Inthe present study, the thermal decomposition of magne-
163°C [1-3]. In a later paper, Dymova et 1] suggest that ~ Sium alanate under vacuum has been investigated by in situ
reaction(1) in fact is the sum of two temperature-separated Synchrotron powder X-ray diffraction. Particular emphasis
reactions involving an intermediate phase, MgAlH has been put on resolving whether or not MgAler any

other intermediate phase participates in the first step of de-
Mg(AlH 4)2 — MgAIHs + Al + 1.5H, (120-155C) (2) composition.

MgAIH 5 + Al — MgH, + 2Al + 1.5H; (210-255C)
3) 2. Experimental
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purification and solvent removal. The procedure is de-
scribed in detail elsewhef@]. Due to the preparation route,
a NaCl impurity is present in the resulting white pow-
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ficients were taken from the Fullprof library. Pseudo-Voigt
profile parameters were used and background modelling was
performed by linear interpolation between manually selected

der. NaCl was included in the Rietveld refinements (space points.
group Fm3m, a = 5.6394(4)A at 295K), and the content
of NaCl was found to be approximately 4wt.%. In addi-
tion, trace amounts of Al<€0.3wt.%) were present in the
powder.

Time-resolved powder X-ray diffraction (PXD) data were Time-resolved in situ PXD data collected with a heating
collected atthe Swiss-Norwegian beam line (station BMO1A) rate of 10 K/min between 100 and 400 are shown irfig. 1
at the European Synchrotron Radiation Facility (ESRF) in The experiments with lower heating rates (2 and 5K/min)
Grenoble, France. The sample was contained in a 0.5 mmfollowed the same course of reaction as for 10 K/min. No
boron-silica—glass capillary, kept in place by a glass rod, andintermediate phases were observed during the first decom-
mounted in a Swagelok fitting. The capillary was then evac- position reaction at heating rates of 2, 5 or 10 K/min, thus
uated and kept under dynamic vacuum for the duration of decomposition of Mg(AlH)» proceeds according to the re-
the experiment. A hot-air blower was used to heat the capil- action
lary at constant heating rates of 2, 5 or 10 K/min or to con-
stant temperatures (164-183). Two-dimensional powder (1 _ f) Mg(AlH )2 — <1 _ 3x)
diffraction data were collected using an imaging plate sys- 2 2

MgH, +2 o + (3+ 2x> Hy

3. Results and discussion

tem (MAR345) with an exposure time of 30 s. The capillary
was rotated 10 during the exposure. Data were collected
every second minute, owing to the required read and erase
time of the image plate. The wavelength was 0.7]/3)(((& where « is a solid solution of Mg in Al of composition
and 10 K/min) or 0.70008 (5 K/min). The two-dimensional  Al;_,,2Mg,/2. According to the Al-Mg phase diagrajil]
data were converted to one-dimensional powder diffraction the solid solubility of Mg in Al increases from 2 at.% Mg
patterns with the program Fit2[8,9]. Data were collected (x = 0.04) at 150C to 18.6 at.% Mg £ = 0.372) at the eu-
in the range 10-33%5and were rebinned with a step size of tectic temperature (45). Dissolution of Mg in Al causes
0.015. Temperature calibration was performed by measur- an increase in the unit cell parameter of[AR]. Formation
ing the melting temperature of six compounds with melting of « rather than pure Al irf4) is thus supported by the rapid
points in the range 125-327.6. In addition, measurements increase in the unit-cell parameterobeginning at 150C at
were performed on a Ni sample every“Z5between room 2 K/min (Fig. 2), coinciding with the onset of decomposition
temperature and 45@ and the cell parameter and thermal of Mg(AIH )2 at this heating rateHig. 3). At temperatures
expansion were compared with literature values. Combining above 180C, where decomposition approaches completion,
these two types of measurements a relationship was foundthe slope of the: cell parameter versus temperature decreases
between the set point temperature and the actual temperaturagain, but is still higher than it was below 150. As the
value. thermal expansion should be approximately constant with
Rietveld refinements were carried out with the program temperature, this is in accordance with the increased solu-
Fullprof (Mersion 2.50)[10]. The X-ray form factor coef-  bility of Mg in « with increasing temperature. Experiments
at constant temperature (164—-I&3 show that the first de-
composition reaction is rather slow, traces of Mg(AJbire-
maining even after 1 h of annealing at these temperatures.
No evidence could be found of intermediate phases during
isothermal decomposition, consistent with the experiments
conducted under dynamic temperature conditions. The time
resolution of these in situ experiments should be more than
sufficient to observe any crystalline intermediate phases par-
ticipating in the decomposition of Mg(AlkJ2 to a-phase and
MgH.. The cell parameters of Mg(All), are given irFig. 2
as a function of temperature at a heating rate of 2 K/min. Prior
to onset of decomposition at approximately 280 the de-
crease i and increase im is in accordance with previous
resultg13]. The rate of change increases for both cell param-
eters as the decomposition proceeds. As an examyl;
is 0.003% K* at 140-160C, rising to 0.03% K at 200
220°C. Note that the cell parameter of NaCl (inserfig. 2),
which can be seen as an internal standard, increases linearly

(4)
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Fig. 1. In situ PXD data collected during heating in vacuum in the temper-
ature range 100—40C at a heating rate of 10 K/min.
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with temperature, showing that the unusual behavior of the 5.195 [T UG g gl T T T T ] 5,93
Mg(AIH4)2 anda cell parameters is not an effect of tem- i _:io o P
perature changes in the sample during decomposition. Sim- 5190 L °o * s
ilarly, large shifts in the Mg(AlH), cell parameters during [ sees ]
decomposition are also seen for 5 and 10 K/min, however the . [ 5680 1591 .
magnitude of the change decreases with increasing heatingz: 5185 B ] e
rate. Introduction of point defects on H sites during decom- 5 ;ﬁs_m 71590 JE?
position is unlikely to be the cause of the observed changes & 5.180 |-, ] ] S
in the cell parameters as Al and Mg have fixed oxidation ﬁ 5 660 Fant® 4062 7589 %
. . . I 120 140 160 180 200 220 240 1
states of +3 and +2, respectively, in this case. Instead, it is 5175 [ Temperature (°C) . ¢ ® o 1
reasonable to assume that increased tilting and/or distortion I ...’..“ 1588
in the Al-H and Mg—H coordination polyhedra is occurring. N ee*?*? ]
Neutron diffraction data would however be needed to confirm S0 e T e 1s0 200 o Y

this. InFig. 3the content of Mg(AlH)» (wt.%) is shown as

a function of temperature and heating rate. The smooth de-
crease in Mg(AlH)2 content during heating is accompanied Fig. 2. Temperature evolution of the unit-cell paramete(sircles) andc
by the emergence and subsequent increase in the content dfilled diamonds) of Mg(AlH); at a heating rate of 2K/min. The corre-
a-phase and Mghiin a molar ratio of 2:1. NaCl remains in- ;pon(i_ing unit-cell parameter of txesolid solution (filled t_riangles) and the
ert throughout all decomposition experiments. BhilgH impurity phase NaCl (open squares) are shown as an insert.

ratio increases slightly with increasing temperature, as more 100 [~
Mg from MgH; is dissolved into thex-phase in accordance %83* Ray --@--2 K/min
with the Al-Mg phase diagrarfil] and thex cell parame- - e \ O \ ~9— 5 K/min
ter (Fig. 2). The fact that the::MgH- ratio is in accordance 80 Voo -4~ 10 K/min
with reaction(4) is indirect proof that no amorphous inter-
mediate phases are present, hence the direct reaction route
is confirmed. The temperatures of onset and end of the first
decomposition reaction are given as a function of heating
rate inFig. 4, and are seen to increase linearly with heat-
ing rate. According to Gibbs phase rule, react{dhcorre-
sponds to an invariant point, i.e. occurs at one temperature I \
rather than in a temperature range. The fact that extrapola- 20 - o \ \\

tion of the onset and end temperatures of the reaction down to I 68 ° \> N

0 K/min does not give coinciding temperature values hence L \.}9.'0-.9;:;8: e Ta
reflects the sluggish nature of reacti@) rather than a state 0 140 160 180 200 250 240
of equilibrium. It must be noted that the reaction temper-
atures have been observed to vary in the order of 5€20
between experiments performed under nominally identical Fig.3. Contentof Mg(AIH)- (wt.%) during the first decomposition reaction
conditions. The cause of this variation is not clear, but as the as a function of temperature and heating rate.

reaction is characterized by slow kinetics, even small differ- gy [T
encesin e.g. temperature gradients during heating of the sam- L a(ss)+ MgH, — 1
ple may potentially influence the nucleation and growth of the I e ]
decomposition products. Differences in experimental condi- 20 O ]
tions are also thought to be the reason for the wider tempera-
ture region of decomposition as compared to previous studies
[1-3].

The second decomposition step proved less predictable
in terms of decomposition products. According to the Al-
Mg phase diagranil1], a 2:1 Al:Mg mixture should yield s .-
a two-phase mixture of an Al-rich fcc Al-Mg solid solution 160 | Q- i} ]
(o) and an ordered fcc phase of approximate composition [ e Mg(AlH,),
AlsMg2 (B). B-AlsMg2 (space groupFd3m) has approxi- F
mately 1168 atoms in the unit cell and the unit-cell parame- [ S S T TR
tera = 28.239(1)A atroom temperaturi@4]. The two-phase Heating rate (K/min)
mixture ofa andp was found in a previous stud$], where
Mg(AIH 4)> was treated in a Natmosphere at 40@ for Fig. 4. Temperatures of onset and end of the decomposition of Mgj4IH
30 min in an AbO3 boat. Zhang et al[15] have however (first decomposition reaction) as a function of heating rate.
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shown that althouglB-AlsMg2 is the thermodynamically

stable phase in this compositional region, a supersaturated, T@
metastable fcc Al-Mg solid solution phase may coexist with
the a-phase at low temperatures. By elevating the tempera-
ture, cation diffusion rates are increased and the metastable
Al-Mg phase may transform to the stable, ordggetll sMg>
phase. In fact, three different sets of reaction products were
observed for the reaction of Mgtand Al, examples of which

are shown irFig. 5. It must be noted that the differing reac-
tion products cannot be explained by differences in sample
preparation or aging of the material, as all experiments were
performed with the same powder and experiments performed
in rapid succession could yield completely different results.
Also, as all sample preparation was performed under inert at-
mosphere, exposure to air prior to the experiments is highly
unlikely. In the first set of reaction productBig. 5a), ob-
served for heating rates of 2 and 5 K/min, taghase coex- (b) \ |

ists with an unknown phase (for simplicity termed X). The metastable Al-Mg (ss)
X phase shows two severely broadened peaks (or clusters of
peaks), located to the left of the Al (200) and (22 0) reflec-
tions. Mgh is consumed as the amount of X phase increases.
The amount ofx-phase (Al-rich) is also seen to decrease at
high temperatures. Itis likely that the X phase is an impurity
phase formed by reaction of Mg and Al with oxygen from air, 4
which could occur in case of a small leakage in the capillary 4,
setup. The fact that melting was not observed above the eu-
tectic point in the Al-Mg system (45@) [11] gives support

to the presumption that the composition has been shifted out
of the Al-Mg binary. In the second set of reaction products
(Fig. Bb), observed for heating rates of 2 and 10 K/min, the
metastable Al-Mg solid solution is seen in addition to the 26 ()
a and X phases. At 2 K/min, the metastable Al-Mg phase
was initially formed at approximately 26, whereas the
X-phase was first observed at 29D. Increasing the heating
rate to 10 K/min elevated these temperatures-69°C. The
amount of X-phase increases continuously with temperature,
whereas the amount of the metastable phase shows an ini-
tial increase before decreasing again at higher temperatures.
The amount of-phase is inversely related to the amount of
metastable Al-Mg solid solution. Again, this is an indication
that the impurity phase (X) is Mg-rich and can consume the 2422
amount of Mg that exceeds the solubility limitin thephase, 2
i.e. most of the Mg present in the metastable solid solution. “—"%
The Al from the metastable phase returns todhsolid so- %
lution. In the third case, observed for heating rates of 5and  ~ 180 18.5 19.0 19.5 200
10 K/min, neither the metastable Al-Mg solid solution nor e 26()

the X-phase are seefil. 5¢). Instead, thex phase reacts . . . . . _
. o Fig. 5. In situ PXD data during heating in vacuum showing phase evolution
with MgHz to form the orderqu-AlgMgz phase with little during the reaction of Mghland o (second decomposition reaction): (a)

unknown (X) —
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or noa phase remaining. As the Al:Mg ratio in Mg(Alb is phase compositioa (ss) and the impurity phase X; (b) phase composition
2:1 rather than 3:2, the-Al3Mg, phase is expected to have « (ss), metastable Al(Mg) (ss) and the impurity phase X; (c) formation of
variable composition. The cell parameter of fh&\lzMg> B-AlsMg2 (ss) at high temperatures.

phase varied linearly with temperature. Extrapolation of the

cell parameter to room temperature gave: 23,179(2),&, should decrease the unit-cell parameter. Variable composi-
which is significantly lower than previously reported for ~ tion in thep-phase was also observed by Samfgiat}, who
Al3Mg> [14]. By analogy with dissolution of Mg in Al12], obtained single-phase material in the investigated composi-

an increase in the Al-content relative to the 3:2 composition tional range A g6—3.17Mg>.
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As seen above, no correlation could be found between thewas observed at 260-35G, with complete consumption of
applied heating rate and the resulting decomposition prod- MgH» at 390-405C. Reactior(6) was seen to start at 260—
ucts of the second decomposition step. Usually, metastable290°C and was completed at 390-415.
phases appear upon rapid heating. All heating rates in this
work can be considered to be high, hence metastable phases
are expected as an alternative to the thermodynamically sta-Acknowledgements
ble decomposition products. The absence of a second Al-Mg

phase inFig. 5a is however more difficult to explain. Initial The work has received financial support from project
formation of the thermodynamically stalleAlsMg, phase  “Hydrogen Storage Systems for Automotive Applications
in other experiments could occur as high as 350Here, the - STORHY” (contract no. 502667) under the FP6-2002-

X-phase is formed at330°C, which shifts the sample com-  Energy program in the European Commission. The assis-
position out of the Al-Mg binary. It is therefore likely that  tance by the project team at the Swiss-Norwegian Beam Line,
had the X-phase impurity not been formed, fhélsMgo- ESRF is gratefully acknowledged.

phase would have appeared at higher temperatures, as seenin

Fig. 5c. Thus, the thermodynamically stable second decom-
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