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Hydrogen desorption mechanism in MgH2-Nb nanocomposites
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In situ time-resolved x-ray scattering measurements of hydrogen desorption in MgH2-Nb nanocomposites
using synchrotron radiation are presented. Results show that niobium acts like a catalyst for hydrogen absorp-
tion and desorption. It is found that hydrogen desorption involves the formation of a short-lived metastable
niobium-hydride phase which acts as a gateway through which hydrogen released from MgH2 is flowing. The
desorption kinetics of this system is revealed through temporal profiles showing the lifetimes of the different
phases involved.
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The growing concern about air pollution and the gree
house effect has promoted the development of nonpollu
energy sources in the past 30 years. In the particular cas
automotive fuel, hydrogen has been proposed for use w
both internal combustion engines and fuel cells. For eit
case, a safe and efficient way of storing and transpor
hydrogen has to be developed. Metal hydrides are a pro
ing solution to the storage problem for hydrogen-energy
plications since they store hydrogen at low pressure yet h
volumetric densities comparable to liquid hydrogen.1 An-
other advantage is the fact that hydrogen is released thro
an endothermic process making hydrogen storage in m
hydrides inherently safe. Magnesium hydride is a parti
larly interesting prospect due to its high storage capacity
unit weight but one of its disadvantages is slow hydrog
sorption kinetics. However several recent developments
volving nanocrystalline metal hydrides have greatly contr
uted to the solution of this limitation.2

First, it has been shown that nanocrystalline magnes
hydride formed by energetic ball milling of MgH2 have
much improved sorption kinetics over conventional po
crystalline MgH2.3 This improved kinetics is due to the hig
density of defects and grain boundaries in the nanocrysta
material. An added advantage is the ease of synthesis th
especially important for magnesium-based alloys given m
nesium’s low melting point. A second improvement is t
use of metal additives which act as catalysts or facilitator
further enhance the sorption kinetics of hydrogen in mag
sium hydrides.4 These additives are easy to incorporate
ball milling and examples include Pd, Ni, Ti, Fe, LaNi5, V as
well as many others. Of these metals that form a lo
temperature hydride, vanadium shows great potential. In
dition to being relatively light, adding 5 at. % of vanadiu
improves sorption times by an order of magnitude
300 °C.5 Vanadium and magnesium are immiscible and m
ing MgH2 with V forms a mixture of MgH2-VHx and it
appears that VHx acts as the facilitator for hydrogen adsor
tion and desorption.

Although empirical studies have shown that the addit
of a low-temperature hydride~i.e., hydride that can revers
ibly absorb hydrogen at temperatures lower than 80 °C)
hances the hydrogen sorption kinetics, the exact role of
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additive and the mechanism by which hydrogen flows in a
out of the hydride still remain unclear. In order to have
better understanding of this mechanism, we have usedin situ
time-resolved x-ray scattering to probe the structure evo
tion of MgH2-5 at. % Nb nanocomposites during hydrog
desorption. Niobium was used instead of vanadium since
a better x-ray scatterer and the sorption properties of
system are similar to those of MgH2-5 at. % V.6 Although
numerous x-ray-diffraction investigations have be
reported,7 here we usein situ time-resolved x-ray scattering
to study structural changes during hydrogen desorption.
analysis reveals that for MgH2-5 at. % Nb, hydrogen desorp
tion involves the formation of an intermediate niobium
hydride phase which appears to be the key element res
sible for the improved desorption kinetics of th
nanocomposite. Our results also show the catalyticlike p
cess involved in this system.

A composition of MgH2-5 at. % Nb made from a mixture
of pure magnesium hydride and niobium powder was m
chanically milled in a Spex 8000 shaker mill under arg
atmosphere during 20 h as described in Ref. 5. The resu
nanocomposite powder was cold pressed into a 1-mm-th
pellet under a pressure of 1 GPa for 2 min. The measu
ments were performed using a spectrometer optimized
time resolved x-ray diffraction8 on the MIT-McGill-IBM
beamline at the Advanced Photon Source. A diamond cry
monochromator is used to produce 7.66-keV x rays havin
relative bandwidthDl/l56.231025 and a flux of ;5
31012 photons per second for a storage ring current of 1
mA. Scattered x rays were collected by a linear photodio
array detector~PSD!.9 The detector was located 75 mm fro
the sample covering a range of 20° in 2u. Scattering patterns
could be acquired every 5 ms. Samples were loaded insi
vacuum furnace with a Be window permitting access to
proximately 200° in 2u. The furnace was pumped down to
base pressure of;131026 Torr prior to heating the sample

X-ray powder-diffraction spectra of the hydrided and d
hydrided state of MgH2-Nb are shown in Figs. 1~a! and 1~b!,
respectively. Figure 1~a! shows the structure of the hydride
sample as synthesized. As a result of the ball-milling p
cess, the metastableg-MgH2 phase is synthesized3 as well as
the b-NbH phase. A small amount of magnesium oxide
©2001 The American Physical Society03-1
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present in the as ball-milled powder. Figure 1~b! shows a
typical dehydrided spectrum obtained after annealing
310 °C for 1500 s in vacuum. Both magnesium and niobi
have totally released their hydrogen and only metallic pha
are present. Total dehydrogenation of niobium hydride w
possible since the pressure inside the sample chamber
much smaller than the equilibrium pressure ofb-NbH, as
indicated in the pressure-composition-temperature cu
given in Ref. 10. There is also a slight increase of mag
sium oxide compared to the as ball-milled state. As see
Fig. 1, the different lattice constants in the MgH2-Nb system
provides diffraction patterns for the initial and final stag
with many nonoverlaping peaks so each phase can easi
identified.

A typical time-resolved x-ray scattering data set is p
sented in Fig. 2. Figure 2~a! shows a gray-scale contour plo
of the x-ray scattering intensity while the sample was be
heated and Fig. 2~b! shows the sample temperature as a fu
tion of time. The different peaks corresponding to the s
and end product are labeled on the right-hand side of
graph. Dehydrogenation of magnesium hydride starts
;370 s, when temperature has reached;275 °C, and is
completed in less than 100 s. The first striking feature of t
data set is the observation of niobium hydride forming
short-lived metastable phase which is maintained for
proximately 200 s before finally desorbing into metallic N
The current setup only allowed for relatively slow coolin
rates (;20 °C/min) and attempts to quench the metasta
phase to further study its nature have remained unsucces
The second striking feature from this measurement is the
that the intensity of theb-MgH2 peaks increases with tem
perature until the onset of desorption at;370 s. Finally,
looking at this image closely also reveals that theb-MgH2
peaks are slightly moving toward smallerq as temperature
increases, indicating a small change of lattice parameters
to thermal expansion.

The time evolution of the different magnesium and n
bium phases is presented in Fig. 3~a!. Reliable volume frac-

FIG. 1. Powder-diffraction patterns of MgH2-Nb: ~a! hydrided
and ~b! dehydrided after annealing at 310 °C for 1500 sec
vacuum. Intensities are normalized to a storage-beam current o
mA.
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tions for each of these phases were obtained by decompo
the total diffraction pattern into the sum of diffraction pa
terns for each phase.11 As the temperature increases fro
170 °C to about 270 °C, there is no indication of the form
tion of metallic magnesium. Even though no dehydroge
tion occurs, we observe that theb-MgH2 phase grows at the
same rate as the metastableg-MgH2 phase is being depleted
This is a direct confirmation that the metastableg-MgH2
phase indeed transforms intob-MgH2 before the onset of
hydrogen desorption as has been found from D
measurements.12 In the present case, the transformation a
pears at a much lower temperature (170 °C instead of 325
in Ref. 12! due to the nanocrystalline nature of the materi
involved. Dehydrogenation of magnesium hydride starts
around 275 °C and is reflected by a linear trade-off betw
the increase in metallic magnesium and the decrease o
b-MgH2 peaks.

From Figs. 2~a! and 3~a! it can be seen that there is not
single transition fromb-NbH to metallic niobium and it is
evident that all the initialb-NbH phase transforms into
temporary metastable phase, that we shall refer to as Nbx .
Figure 3~a! distinctively shows that the metastable phase
pears simultaneously with metallic magnesium. Nbx
reaches its maximum att5475 s exactly at the same time a
b-MgH2 disappears and Mg has completely formed. It
only when the hydrogen flow fromb-MgH2 has stopped tha
NbHx starts transforming into metallic Nb. Peaks of th
metastable phase have been observed atq53.703, 4.543,
5.240, and 5.861 Å21 but we were not able to identify it to
any known niobium hydride phase described in the literatu

00

FIG. 2. Time-resolved x-ray scattering data for MgH2-Nb
heated to 310 °C.~a! Gray-scale contour plot of the x-ray scatterin
where intensity increases with lighter tones,~b! temperature profile.
The dashed lines are intended as a visual aid and indicate the
interval where a metastable phase exists.
3-2
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However, it has been shown that lattice parameters of
bium hydride change linearly with hydrogen concentration
temperatures above;160 °C.13,10 Using the relation be-
tween unit-cell volume change and hydrogen concentra
in NbH,13 we estimated that the metastable NbHx phase cor-
responds to a hydrogen content of NbH0.6. This concentra-
tion is close to the« phase (Nb4H3). However, from the
phase diagram,10 one would not expect to observe the«
phase in our experimental conditions since it is only stabl
temperatures below248 °C. On the other hand, Fig. 3~a!
clearly shows that the intensity of the metastable niobi
phase increases simultaneously with the intensity of meta
magnesium and only after the magnesium is fully de
drided, does the metastable phase transform into niobium
addition to the well-known effect of metal for dissociatin
H2 into atomic hydrogen, we propose that niobium in Mg-N
acts as a gateway through which hydrogen flows to get ou
the magnesium matrix.14 This is in contrast to the spillove
model15 which would have surface diffusion controlling th
hydrogen uptake in Mg.

Metallic Nb does not appear until theb-MgH2 has com-
pletely desorbed, implying that the metastable niobium ph
does not spontaneously decay into Nb. Thus it appears
the NbHx phase is stabilized by the hydrogen flow. Cons
ering this, and the fact that the temperature is constant du

FIG. 3. Temporal evolution of:~a! the relative normalized in-
tensity, ~b! crystallite sizes for the different hydride and metal
phases of magnesium and niobium, and~c! sample temperature.
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the metastable phase decay, a possible explanation fo
appearance of the metastable phase could be that the h
gen released from magnesium hydride is passing thro
niobium hydride where it forces the hydrogen atoms to
sume specific locations in the NbH lattice in order to fac
tate the hydrogen flow. This would produce a long-ran
order of hydrogen atoms in the niobium structure before to
dehydrogenation which seems to be closely related to
«-NbH phase. The« phase is an ordering of vacancies on
hydrogen sublattice of theb phase.10 Ordering of thea, a8
phase of NbH has been observed at several hundred de
above Tc .16 Further evidence is that the diffusion coefficie
of hydrogen in Nb reaches a maximum for a concentrat
H/Nb'0.6,17 which corresponds to the value inferred for th
metastable niobium hydride phase. Experiments at 250, 2
and 310 °C indicated that the kinetics of the metasta
phase formation and decomposition are temperature de
dent. From an Arrhenius plot, the activation energy of fo
mation of metastable niobium hydride was found to be 6562
kJ/mol. This value is very close to the activation energy
62 kJ/mol deduced from hydrogen desorption kinetic
magnesium hydride in the similar Mg-V system.5

A simple volume fraction model, would suggest a nuc
ation and growth process which might be initiated by t
nucleation of NbHx and Mg at the interface ofb-NbH and
b-MgH2. Based on the gateway model we are proposi
one should expect the volume fraction of Mg and NbHx to
track at the start of the transformation. However, it is n
clear how such a model would explain why these pha
reach completion at the same time as shown in Fig. 3~a!. If
not enoughb-NbH was available to react, one would expe
a measurable volume fraction ofb-MgH2 to remain, simi-
larly, for an excess one would expectb-NbH to remain. The
amount of niobium additive used in this experiment~5 at. %!
was optimized to obtain the fastest hydrogen release for
smallest amount of niobium. In the context of the gatew
model, this optimization could explain why the volume fra
tions track.

Finally, it is evident from Fig. 1 that magnesium unde
goes grain growth. We were able to measure this gr
growth in situ as shown in Fig. 3~b! where the crystallite size
of the different phases is plotted against time. The crysta
size was evaluated using Scherrer’s method. In the in
stage, crystallite size of theg-MgH2 phase remains at;15
nm while it transforms intob-MgH2. This transformation
causes a coherent growth of theb phase whose size in
creases from 9 to 15 nm. During that same period,b-NbH
crystallite size barely increases from 22 to 24 nm. Once
hydrogenation begins at;370 s, we observe a sharp increa
in the size ofb-MgH2 crystallites from 15 to 30 nm while
b-NbH decrease rapidly from 24 to 14 nm. The size
b-NbH decrease is consistent with its volume fraction red
tion. The NbHx phase displays a small crystallite size
about 8–10 nm comparable to the initial size ofb-MgH2
which is consistent with the proposed gateway model. D
ing the desorption process metallic Mg particles appear
undergo growth from 40 to 55 nm. At;550 s, once dehy-
drogenation has completed, the width of the peaks from
3-3
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metallic Mg and Nb phases remains constant with part
sizes of the order of 57 and 20 nm, respectively.

Using time-resolved x-ray scattering, we have found t
an intermediate niobium hydride phase forms during hyd
gen desorption with an approximate composition of NbH0.6.
We propose a model in which the niobium nanoparticles
as gateway for hydrogen flowing out of the magnesium r
ervoir. Explanations of heterogenous catalytic reaction s
as the spillover effect and gateway models have been
posed over the years. This is direct evidence of the hydro
,

J

,

J
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nation mechanism in such composite metal hydrides. T
gateway mechanism might also play a role in other case
heterogenous catalysis.
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