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Hydrogen desorption mechanism in MgH-Nb nanocomposites
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In situ time-resolved x-ray scattering measurements of hydrogen desorption in-MpHhanocomposites
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 froynisMigiding. The
desorption kinetics of this system is revealed through temporal profiles showing the lifetimes of the different
phases involved.

DOI: 10.1103/PhysRevB.63.052103 PACS nuniber61.46+w, 61.10—i, 64.60.My, 84.60.Ve

The growing concern about air pollution and the green-additive and the mechanism by which hydrogen flows in and
house effect has promoted the development of nonpollutingut of the hydride still remain unclear. In order to have a
energy sources in the past 30 years. In the particular case better understanding of this mechanism, we have ussidu
automotive fuel, hydrogen has been proposed for use wittime-resolved x-ray scattering to probe the structure evolu-
both internal combustion engines and fuel cells. For eithetion of MgH,-5 at. % Nb nanocomposites during hydrogen
case, a safe and efficient way of storing and transportinglesorption. Niobium was used instead of vanadium since it is
hydrogen has to be developed. Metal hydrides are a promist better x-ray scatterer and the sorption properties of this
ing solution to the storage problem for hydrogen-energy apsystem are similar to those of Mgks at. % V° Although
plications since they store hydrogen at low pressure yet haveumerous x-ray-diffraction investigations have been
volumetric densities comparable to liquid hydrodeAn-  reported] here we usén situ time-resolved x-ray scattering
other advantage is the fact that hydrogen is released through study structural changes during hydrogen desorption. Our
an endothermic process making hydrogen storage in metalnalysis reveals that for Mg5 at. % Nb, hydrogen desorp-
hydrides inherently safe. Magnesium hydride is a particution involves the formation of an intermediate niobium-
larly interesting prospect due to its high storage capacity penydride phase which appears to be the key element respon-
unit weight but one of its disadvantages is slow hydrogersible for the improved desorption kinetics of this
sorption kinetics. However several recent developments innanocomposite. Our results also show the catalyticlike pro-
volving nanocrystalline metal hydrides have greatly contrib-cess involved in this system.
uted to the solution of this limitatiof. A composition of MgH-5 at. % Nb made from a mixture

First, it has been shown that nanocrystalline magnesiunof pure magnesium hydride and niobium powder was me-
hydride formed by energetic ball milling of MgHhave chanically milled in a Spex 8000 shaker mill under argon
much improved sorption kinetics over conventional poly-atmosphere during 20 h as described in Ref. 5. The resulting
crystalline MgH.2 This improved kinetics is due to the high nanocomposite powder was cold pressed into a 1-mm-thick
density of defects and grain boundaries in the nanocrystallinpellet under a pressure of 1 GPa for 2 min. The measure-
material. An added advantage is the ease of synthesis thatfisents were performed using a spectrometer optimized for
especially important for magnesium-based alloys given magtime resolved x-ray diffractichon the MIT-McGill-IBM
nesium’s low melting point. A second improvement is thebeamline at the Advanced Photon Source. A diamond crystal
use of metal additives which act as catalysts or facilitators tanonochromator is used to produce 7.66-keV x rays having a
further enhance the sorption kinetics of hydrogen in magnerelative bandwidthAN/A=6.2x10"° and a flux of ~5
sium hydride$ These additives are easy to incorporate byx 10*? photons per second for a storage ring current of 100
ball milling and examples include Pd, Ni, Ti, Fe, LaNV as  mA. Scattered x rays were collected by a linear photodiode
well as many others. Of these metals that form a low-array detectofPSD).° The detector was located 75 mm from
temperature hydride, vanadium shows great potential. In adhe sample covering a range of 20° iA.Scattering patterns
dition to being relatively light, adding 5 at. % of vanadium could be acquired every 5 ms. Samples were loaded inside a
improves sorption times by an order of magnitude atvacuum furnace with a Be window permitting access to ap-
300 °C?® Vanadium and magnesium are immiscible and mill- proximately 200° in 2. The furnace was pumped down to a
ing MgH, with V forms a mixture of MgH-VH, and it  base pressure of 1x 10 ® Torr prior to heating the sample.
appears that VHacts as the facilitator for hydrogen adsorp-  X-ray powder-diffraction spectra of the hydrided and de-
tion and desorption. hydrided state of Mgkt Nb are shown in Figs.(d) and 1b),

Although empirical studies have shown that the additionrespectively. Figure (B shows the structure of the hydrided
of a low-temperature hydridé.e., hydride that can revers- sample as synthesized. As a result of the ball-milling pro-
ibly absorb hydrogen at temperatures lower than 80 °C) eneess, the metastable MgH, phase is synthesizéds well as
hances the hydrogen sorption kinetics, the exact role of ththe B8-NbH phase. A small amount of magnesium oxide is
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FIG. 1. Powder-diffraction patterns of MgH\b: (a) hydrided 2 r : :
and (b) dehydrided after annealing at 310°C for 1500 sec in g 200 : :
vacuum. Intensities are normalized to a storage-beam current of 100 & - | |
mA. = N 1 1
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typical dehydrided spectrum obtained after annealing at
310°C for 1500 s in vacuum. Both magnesium and niobium FI|G. 2. Time-resolved x-ray scattering data for MgNb
have totally released their hydrogen and only metallic phaseeated to 310 °Qa) Gray-scale contour plot of the x-ray scattering
are present. Total dehydrogenation of niobium hydride wasvhere intensity increases with lighter tonés, temperature profile.
possible since the pressure inside the sample chamber wake dashed lines are intended as a visual aid and indicate the time
much smaller than the equilibrium pressure &NbH, as  interval where a metastable phase exists.
indicated in the pressure-composition-temperature curves
given in Ref. 10. There is also a slight increase of magnetions for each of these phases were obtained by decomposing
sium oxide compared to the as ball-milled state. As seen ihe total diffraction pattern into the sum of diffraction pat-
Fig. 1, the different lattice constants in the Mgib system tems for each phasé.As the temperature increases from
provides diffraction patterns for the initial and final stages170°C to about 270°C, there is no indication of the forma-
with many nonoverlaping peaks so each phase can easily §©n of metallic magnesium. Even though no dehydrogena-
identified. tion occurs, we observe that tie MgH, phase grows at the

A typical time-resolved x-ray scattering data set is pre-Same rate as the metastabteMgH, phase is being depleted.
sented in Fig. 2. Figure(d) shows a gray-scale contour plot This is a direct confirmation that the metastableMgH,
of the x-ray scattering intensity while the sample was beingohase indeed transforms inf@MgH, before the onset of
heated and Fig.(®) shows the sample temperature as a funchydrogen desorption as has been found from DTA
tion of time. The different peaks corresponding to the starmeasurement¥. In the present case, the transformation ap-
and end product are labeled on the right-hand side of thgears at a much lower temperature (170 °C instead of 325°C
graph. Dehydrogenation of magnesium hydride starts ain Ref. 12 due to the nanocrystalline nature of the materials
~370 s, when temperature has reache@75°C, and is involved. Dehydrogenation of magnesium hydride starts at
completed in less than 100 s. The first striking feature of thigiround 275 °C and is reflected by a linear trade-off between
data set is the observation of niobium hydride forming athe increase in metallic magnesium and the decrease of the
short-lived metastable phase which is maintained for apS-MgH, peaks.
proximately 200 s before finally desorbing into metallic Nb. ~ From Figs. 2a) and 3a) it can be seen that there is not a
The current setup only allowed for relatively slow cooling single transition froma-NbH to metallic niobium and it is
rates (~20°C/min) and attempts to quench the metastablevident that all the initial3-NbH phase transforms into a
phase to further study its nature have remained unsuccessfigémporary metastable phase, that we shall refer to as,NbH
The second striking feature from this measurement is the fadtigure 3a) distinctively shows that the metastable phase ap-
that the intensity of the8-MgH, peaks increases with tem- pears simultaneously with metallic magnesium. KbH
perature until the onset of desorption aB870 s. Finally, reaches its maximum &t 475 s exactly at the same time as
looking at this image closely also reveals that heMgH,  B8-MgH, disappears and Mg has completely formed. It is
peaks are slightly moving toward smallgras temperature only when the hydrogen flow fron8-MgH, has stopped that
increases, indicating a small change of lattice parameters dldbH, starts transforming into metallic Nb. Peaks of the
to thermal expansion. metastable phase have been observed=aB.703, 4.543,

The time evolution of the different magnesium and nio-5.240, and 5.861 A® but we were not able to identify it to
bium phases is presented in FigaB Reliable volume frac- any known niobium hydride phase described in the literature.

052103-2



BRIEF REPORTS PHYSICAL REVIEW B 63 052103

the metastable phase decay, a possible explanation for the
appearance of the metastable phase could be that the hydro-
gen released from magnesium hydride is passing through
niobium hydride where it forces the hydrogen atoms to as-
sume specific locations in the NbH lattice in order to facili-
tate the hydrogen flow. This would produce a long-range
order of hydrogen atoms in the niobium structure before total
dehydrogenation which seems to be closely related to the
e-NbH phase. The phase is an ordering of vacancies on a
hydrogen sublattice of thg phase'® Ordering of thea, o
phase of NbH has been observed at several hundred degrees
above T.16 Further evidence is that the diffusion coefficient

of hydrogen in Nb reaches a maximum for a concentration
H/Nb~0.61" which corresponds to the value inferred for the
metastable niobium hydride phase. Experiments at 250, 280,
and 310°C indicated that the kinetics of the metastable
phase formation and decomposition are temperature depen-
dent. From an Arrhenius plot, the activation energy of for-
NbH: (b) mation of metastable niobium hydride was found to be-B5

Normalized Intensity

Crystallite Size (nm)

350 L 4

F : kJd/mol. This value is very close to the activation energy of
§3005 62 kJ/mol deduced from hydrogen desorption kinetic of
s magnesium hydride in the similar Mg-V systém.

2 250:_ A simple volume fraction model, would suggest a nucle-
g F ation and growth process which might be initiated by the
& 200F nucleation of NbH and Mg at the interface g8-NbH and

a 150: . . . o, . B-MgH,. Based on the gateway model we are proposing,

200 200 500 800 one should expect the volume fraction of Mg and N
track at the start of the transformation. However, it is not
clear how such a model would explain why these phases
FIG. 3. Temporal evolution offa) the relative normalized in- '€ach completion at the same time as shown in Fig). 3f
tensity, (b) crystallite sizes for the different hydride and metallic Not enough3-NbH was available to react, one would expect
phases of magnesium and niobium, dodsample temperature. a measurable volume fraction @-MgH, to remain, simi-
larly, for an excess one would expg@tNbH to remain. The
However, it has been shown that lattice parameters of nioamount of niobium additive used in this experiméniat. %)
bium hydride change linearly with hydrogen concentration atvas optimized to obtain the fastest hydrogen release for the
temperatures above-160°C*° Using the relation be- smallest amount of niobium. In the context of the gateway
tween unit-cell volume change and hydrogen concentratiomodel, this optimization could explain why the volume frac-
in NbH,»® we estimated that the metastable Nijtase cor-  tions track.
responds to a hydrogen content of NjgH This concentra- Finally, it is evident from Fig. 1 that magnesium under-
tion is close to thes phase (NbH3). However, from the goes grain growth. We were able to measure this grain
phase diagrarf one would not expect to observe te  growthin situas shown in Fig. &) where the crystallite size
phase in our experimental conditions since it is only stable aof the different phases is plotted against time. The crystallite
temperatures below-48°C. On the other hand, Fig(8  size was evaluated using Scherrer's method. In the initial
clearly shows that the intensity of the metastable niobiunrstage, crystallite size of the-MgH, phase remains at 15
phase increases simultaneously with the intensity of metalliem while it transforms intg8-MgH,. This transformation
magnesium and only after the magnesium is fully dehy-causes a coherent growth of thg phase whose size in-
drided, does the metastable phase transform into niobium. loreases from 9 to 15 nm. During that same peri@d\bH
addition to the well-known effect of metal for dissociating crystallite size barely increases from 22 to 24 nm. Once de-
H, into atomic hydrogen, we propose that niobium in Mg-Nb hydrogenation begins at370 s, we observe a sharp increase
acts as a gateway through which hydrogen flows to get out ah the size of3-MgH, crystallites from 15 to 30 nm while
the magnesium matri¥. This is in contrast to the spillover B-NbH decrease rapidly from 24 to 14 nm. The size of
model® which would have surface diffusion controlling the B-NbH decrease is consistent with its volume fraction reduc-
hydrogen uptake in Mg. tion. The NbH phase displays a small crystallite size of
Metallic Nb does not appear until th@MgH, has com- about 8—10 nm comparable to the initial size ®#MgH,
pletely desorbed, implying that the metastable niobium phasehich is consistent with the proposed gateway model. Dur-
does not spontaneously decay into Nb. Thus it appears thiig the desorption process metallic Mg particles appear and
the NbH, phase is stabilized by the hydrogen flow. Consid-undergo growth from 40 to 55 nm. At550 s, once dehy-
ering this, and the fact that the temperature is constant durindrogenation has completed, the width of the peaks from the

Time (s)
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metallic Mg and Nb phases remains constant with particleation mechanism in such composite metal hydrides. This
sizes of the order of 57 and 20 nm, respectively. gateway mechanism might also play a role in other cases of
Using time-resolved x-ray scattering, we have found thah€terogenous catalysis.
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as the spillover effect and gateway models have been prcEnergy, Basic Energy Sciences, Office of Science, under
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