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Abstract: Magnesium hydride is cheap and contains 7.7 wt % hydrogen, making it one of the most attractive
hydrogen storage materials. However, thermodynamics dictate that hydrogen desorption from bulk
magnesium hydride only takes place at or above 300 °C, which is a major impediment for practical
application. A few results in the literature, related to disordered materials and very thin layers, indicate that
lower desorption temperatures are possible. We systematically investigated the effect of crystal grain size
on the thermodynamic stability of magnesium and magnesium hydride, using ab initio Hartree—Fock and
density functional theory calculations. Also, the stepwise desorption of hydrogen was followed in detail. As
expected, both magnesium and magnesium hydride become less stable with decreasing cluster size, notably
for clusters smaller than 20 magnesium atoms. However, magnesium hydride destabilizes more strongly
than magnesium. As a result, the hydrogen desorption energy decreases significantly when the crystal
grain size becomes smaller than ~1.3 nm. For instance, an MgH- crystallite size of 0.9 nm corresponds to
a desorption temperature of only 200 °C. This predicted decrease of the hydrogen desorption temperature
is an important step toward the application of Mg as a hydrogen storage material.

1. Introduction Hydrogen storage in metal hydrides has been the focus of
Hydrogen is an ideal clean carrier for storage, transport, and INnténsive research. Magnesium dihydride combines a high H

conversion of energy. However, a key problem is its storage, ¢aPacity of 7.7 wt % with the_berltzfit of the low cost of the
especially for its use as a fuel for zero-emission mobile abundantly available magnesidi1® The main barriers for

applications. Physical storage of hydrogen, as a highly pres- direct usage of pure Mgiare slow desorption kinetics, a high
surized gas or in a liquid phase at low temperatures, is associatedn@rmodynamic stability, and a high reactivity toward air and
with significant security risks, energy losses, and high vol- ©Xygen which it has in common with most other lightweight
umest? Furthermore, physical adsorption of hydrogen onto Metal hydrides®*>The high thermodynamic stability of MgH
lightweight nanomaterials, such as zeolites, carbon nanotubes/€Sults in a relatively high desorption enthalpy, which corre-

and activated carbons, yields only low storage densities and aIsoSpondi E’l%n unfavorable desorption temperature of 573 K at 1
needs low temperaturésé The alternative is chemical stor-  Par Fb.>*+1°During the past two decades research efforts were

age: the reversible absorption of hydrogen into another material. devoted to modifying the Mg-based system, aiming at increasing

Especially metal hydrides offer a promising and safe alternative thé absorption/desorption rates and lowering the desorption
to storage in compressed or liquid fof#? temperature. Different approaches were reported, mainly involv-

ing alloying Mg with other elements, high energy or reactive
ball milling of Mg, or surface modification of Mg7~2> Many
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of these techniques are suitable to improve the kinetics
drastically, increasing sorption rates by up to 2 orders of
magnitude. This can be ascribed mainly to surface enlargement,
dissolution of other metals into Mg (disruption of the Mg
crystalline structure), decreasing diffusion lengths, and breaking
up the inhibiting and passivating outer oxide layer. However, Enthalpy
upscaling of milling is not straightforward and this technique [y mor)
is limited to grain sizes down to 60 nm for pure Mg. More y
importantly, the thermodynamics are not affected by such
techniques, so the desorption temperature of Mgahnot be
lowered below that of the bulk value of 573 K. Although some

Mg™(g) + 2"+ 2H(g) |

AH ™ =-146
| Mg”(g) +2H(g)

AH "™ = -436

Mg”(g) + 26+ Halg) |

AH " = 2205

AH ’a'MgHZ =2718

Mg(g) + Hz(g)

alloying or doping techniques are able to affect the desorption

temperature, this is accompanied by a lower hydrogen storage AH™ = 147 AH%yg = 147
capacity due to the added weidh€628 Furthermore, the Mo(s) + Hig)

positive effects on sorption temperatures and rates of these AH'® =75 = AH % [ MgHy(s) |

milled and/or doped Mg compounds are often lost in the first Figure 1. Born—Haber cycle for the bulk MgH» system at standard
few cycles of charging and discharging with hydrogen. A similar pressure and temperature @ 10° Pa, 298 K). 'zl'he lattice enthalpies
effect is observed with other bulk phases of magnesium [kJ-mol-1] are given in bold, as is the formation enthalpy of Mghhich
hydride?13.2%-33 ,,-MgH, is a less stable phase than the more corresponds to the desorption enthalpy.

commonf-MgH,, but the improvement in desorption temper-

ature is lost after the first hydrogenation/dehydrogenation cycle, larger than the desorption enthalpy. Therefore, a relatively small
upon which3-MgH; is formed. Lower desorption temperatures  shift in the lattice enthalpies can have a large impact on the
have also been reported for sputtered thin films of Mg, mostly desorption enthalpy. In general, the specific lattice enthalpy
capped with a Pd layer, or for highly amorphous kg For decreases upon lowering the amount of atoms in a cluster (Mg
these materials the desorption temperatures are more stable upo MgxH24), due to the decreased average coordination number

cycling, but this effect is not yet understood, although it might ©f the atoms. Distortions of the Mgglattice can be expected
be related to the presence of the Pd. to result in a shift in the lattice enthalpy, similar to what is
These promising results have stimulated us to consider in Seen for alloyed magnesiuh?s-4t

more detail the thermodynamic stability of Mgkersus Mg+ For main group metals, the electronic structure varies with
H, as a function of crystal grain size. The classical Berraber the number of interacting atom&.*> The equilibrium geom-
cycle for the magnesiumhydrogen system is shown in Figure etries and electronic structures of small magnesium clusters have
1. Although MgH is not an entirely ionic structure as assumed been described in the literature for different quantum chemical
in this thermodynamic cycle, the general scheme can be usedmethods'®~5* For thin magnesium layers a decrease in potential

as a first approximatio?—37 The lattice energy for MgHlis energy was reported upon decreasing the layer thickness in one

considerably larger than that for Mg and is also ca. 36 times
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b) MgH, crystal ¢) MgaoHso DFT(B97)

Or om

a) Mg crystal

Figure 2. Structures of (a) unit cell of bulk Mg, (b) unit cell of bufkMgH-, and (c) core of MgyHeo.

a theoretical investigation of the cluster size dependency of the density functional theory (DFT) to obtain a comparison with results
(de)sorption enthalpy by calculations on Mg and Mgiisters. taken from calculations on magnesium metal clusters and the bulk
Ab initio calculations have been applied for clusters with up to Vvalues for the desorption enthalpies. For the DFT calculations, the B97
30 magnesium atoms. For larger clusters up to 56 magnesiumfunctionanwas used yvith the ECP basis set with a douptentraction
atoms, pseudopotentials and density functional theory methods(ECPDZ) for magnesium, and a convergence threshold of (E0@g *
were used. When the potential energies for both Mg and MgH in the gradient. The B97 functional has been shown in the past to yield

| lculated i . di lati reasonable results for small molecules or clusters, both with and without
Clusters are calculated in a consistent manner, a direct re atlonmetal atoms. All calculations were performed with the GAMESS-UK

between cluster size and the energy can be made. By comparing,ogram, version 6.0, on the TERAS computer of SARA.
the stabilities of small metallic and hydride clusters, we can

predict changes in (equilibrium) thermodynamics, which can 3. Results and Discussion

have a large impact on the desorption temperature. 3.1. Geometric Optimization and Validation. To validate

2. Methods the geometric optimization for both calculation methods, all

To evaluate the desorption enthalpy, the energies of both Mg and structures were checked for plausibility, meaning no emerging

MgH: clusters are needed. For all clusters considered, the geometryhydrOgen molecules and a narrow distribution for the-Nidg, .

with the lowest possible energy was determined in a gradient-driven H—H, and Mg-H bond lengths. Furthermore, different starting

geometry optimization, after which the zero point vibrational energy 9eometries were used for each cluster. The calculated geometries

(ZPE) was calculated for that geometry using analytical Hes&fans. and energies for the Mg clusters were similar to those stated in

Reaction 1 represents the desorption of hydrogen from a magnesiumthe literature®48:50.60The transition from the magnesium metal

hydride cluster: toward the magnesium hydride is accompanied by a large
change in structure for the Mg atoms, as illustrated in Figure 2.

Mg,H,,(S) — Mg,(s) + xH,(g) @ Upon charging with hydrogen, the metallic Mg atoms trade their

hexagonal environment of the hcp structure for a bcc sublattice

The energiesByin and ZPE) of all components involved in this i o' tile structure. The atomic radius of magnesium shrinks

reaction were calculated for a range of cluster sizes up to 56 Mg atoms. . L L
Where possible, the values for Mg were compared with those from the upon becoming partly cationic. This yields enough space for

literature. Contrary to the solid clusters, the hydrogen molecules are in thg Iar_ge hYd“’ge” atoms (an'on_s) to be inserted, C_reatmg the
the gas phase. Since the hydrogen molecules are relatively far apart,rume'"ke (TiOz) MgH; structure, with a molar volume increase
their intermolecular interactions are negligible. The desorption enthalpy Of 30%. Figure 2 also shows a representative example of the
can be approximated by the desorption energyids= AE®9Y, because most stable calculated structure for the core of the larger
both the contributingA[p dV] and A[c, dT] terms are small in systems.

comparison to the energy term over the whole reaction. The energy of  Taple 1 lists the cell parameters and atomic distances, both
_the reaction was taken as the difference in calculated energies, as showheference values, and the values calculated for thegiNig

in eq 2. cluster. The average values for the core of the cluster are close
to the reference values fg8-MgH, obtained from crystal-
lographic data. In general, when the Mgtlusters contain more
than 19 Mg atoms, the inner nine Mg atoms form a rutile-type

AE®= E[Mg ] + xE[H,] — E[Mg,H,,] @

With the ab initio restricted Hartred~ock (HF) method, the desired
energies can be calculated for clusters up to 30 Mg atoms. The used

(56) Frankcombe, T. J.; Kroes, G. J.; Zuttel, Bhem. Phys. Let005 405

basis set was SV 6-31%and the geometries were optimized with a (1-3), 73-78.
convergence threshold of 0.0@lL-a;* in the gradient. (57) Frish, M. J.; Pople, J. A.; Binkley, J. $.Chem. Physl984 80 (7), 3256~
To validate the calculation method, we verified whether the 3269.

- - . - (58) Becke, A. D.J. Chem. Phys1997 107 (20), 8554-8560.
calculated desorption energies were in good agreement with the bulk (59) Guest, M. F.; Lenthe, J. H. v.; Kendrick, J.; Schoeffel, K.; Sherwood, P.

experimental value of 75 kol [H2]~* for large cluster sizes. With fGA'\SAESS-UE{dA F’SCkagbe of ﬁbkln%%zmgra’mmion 6.0; Computing
the use of a pseudopotential for Mg, the energies for clusters up to 56 gq) Corhelj:r'%ncg_. Deng é\l,rve_sQf'.r{',an Duin, A. C. T.; Goddard, W.JAPhys.

Mg atoms could be calculated. For these calculations we incorporated Chem. A2005 109 (5), 851-859.
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Table 1. Cell Parameters and Atomic Distances for Bulk Mg, Bulk 100
MgH,, and Calculated Average Values for the Core of the MgaoHeo m  DFT (B97)
Cluster36:37 ® HF
cell parameters crystal Mg crystal 5-MgH,  DFT (B97) MgsoHgo 80
group hcpp63/mmc rutile, p4/mnm - .
a[A] 3.21 4.52 4.54 = 60
c[A] 5.21 3.02 2.96 -
volume per Mg(H) [A3 23.2 30.8 30.5 o
first shell Mg—H [A] 1.96 1.97 £ 404
first shell Mg-Mg [A]  3.20 3.02,3.54 2.96, 3.53 o
first shell H—H [A] 2.76, 3.02 2.74,3.01 %
X 20
. . . . h
(TiOy) structure, similar to that known for the bulk system. This ai',’
result did not depend on the input geometry and was also found & 0
when starting with, for example, an hcp structure for Mg (bulk 1
magnesium) with the hydrogen atoms placed randomly in the 20
structure. Therefore, Mgitlusters with more than 19 Mg atoms ‘4
can be expected to have electronic and energetic behavior similal T T T T T T T T T T T
to that of the bulk system. For Mg clusters, similar trends were 0 5 10 15 20 25 30 35 40 45 50 55 60
reported for electronic properties, in which magnesium becomes # Mg atoms
metallic at 20 or 18 Mg aton$:49 _ Figure 4. Calculated desorption energies for Mgélusters with both the
3.2. Energies of Mg and Mgh as a Function of Cluster HF method and DFT method (B97 functional). The energies are normalized

Size. With the DFT (B97) calculations, the energies were Per mole of H released.

calculated for Mg and Mgkiclusters of up to 56 Mg atoms. ) ]

These values can be found in the electronic supporting materialiNd the cluster size. Since the surface atoms have a lower
(Supporting Information). The absolute energies were first scaled co0rdination, the average number of bonds is lower for smaller
with Mg or MgH, as a reference energy, and subsequently clusters. For the metallic clusters a similar trend in desorption
divided by the number of Mg atoms in the cluster. A normalized €nergy vs cluster size is found with the DFT method. However,

energy per Mg(H) unit was thus obtained, and with this the MgH, elusters are more strongly deetablllzed than th_e

procedure the cluster energies can be conveniently comparedcorresponding Mg clusters upon decreasing the cluster size

Figure 3 shows the calculated energies for Mg and Mgsla below 19 Mg atoms. _
function of cluster size. 3.3. Desorption EnergiesWith the cluster energies known,

Figure 3 shows that for both the Mg and Mgelusters the the deeorption energies for MgHtlusters can be calculated
DFT calculated energies depend on the number of atoms in the@ccording to eq 2. Figure 4 shows the results for both DFT and
cluster and therefore on the cluster size. When going down in HF calculations. _
cluster size, the relative energy of the clusters becomes less The desorption energies converge to a constant value for
negative, which indicates a destabilization of small particles. clusters with more than 25 Mg atoms: 92.3 and 72.5rkJ
This is what can be expected from first principles of physical [H2]™* for the HF and DFT methods, respectively. The

properties. The surface-to-volume ratio increases upon decreaseonvergence for the DFT method for clusters with more than
19 magnesium atoms is very close to the desorption enthalpy

0 _L = Mg of 75 kImol [H]~? for bulk 8-MgH.. This, and the observation
A MgH2 that for MgH, clusters larger than 19 Mg atoms the core of the
clusters obtains a geometry similar to that of the bulk structure,
25 I~ shows the validity of the DFT calculations. The deviation from
. the bulk value of 17 kdnol [Hy] 1 for the HF method can be
1+ "n ascribed to the fact that this method does not take the correlation
-50 " energy into account.
. " o Both methods give a similar trend: the desorption energy
A decreases as the cluster size is reduced below 19 Mg atoms.
This indicates that Mgkiclusters with a diameter below 1.3
nm can have a desorption behavior very different from that of
-100 bulk 5-MgH,, enabling lower desorption temperatures. Upon
A downsizing the cluster toward the smallest stable clustesHylg
A the desorption energy drops more than 7éval [Hz] 1. For

instance, a desorption temperature of 473 K would be reached
] A A A A . with a desorption enthalpy of 63 #dol [H,] 2, corresponding
A B0 e e T ——T— to a MgHss cluster size of 0.9 nm. For the smallest possible

0 5 10 15 20 25 30 35 40 45 50 55 60 cluster, MgH, the desorption energy drops even to negative
values, which means that the magnesium hydride molecule is

) . ) not stable.
Figure 3. Energies for Mg and Mgkiclusters as a function of cluster . . .
size, calculated with the DFT method (B97 functional). The energies are  3-4. Stepwise DesorptionFor clusters with 6 and 15 Mg

scaled to the Mg or Mgkicluster and normalized per Mg atom. atoms, we followed the desorption process in more detail.

Energy [kJ/mol(MgH,)]
o
1

# Mg atoms

16678 J. AM. CHEM. SOC. = VOL. 127, NO. 47, 2005
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175 4
" Mgﬁ”x

* MgSHJ(

g
1 "

125

100

Desorption Energy [kJ / mol(H,)]
a
1 n

50 -
25
n'|!'1'|r|'|'|'|'|r|
000 025 050 075 1.00 1.25 150 175 2.00 225

Mg Hy

Figure 5. Energies of species involved in stepwise dehydrogenation of
clusters with 6 and 15 Mg atoms, calculated with DFT (B97). The relative
desorption energies are normalized per mole pféfeased and plotted vs
the H/Mg ratio. The energies for the intermediate clusterqi¥gare
presented in the Supporting Information.

MgsHz
MgHo.33

Mg15Hz2
MgHo.13

Mg15Hs
MgHo.53

Figure 6. A few selected geometries of Migx and MgsHy clusters.

Mg1sH32
MgH2.13

Reaction 3 illustrates the process and the clusters involved.

Mg,H, — Mg,H,, , +Hy ———
ngHZ + (X - 1)H2 - ng + XH2 (3)

For each extracted hydrogen molecule the energies of the
products were calculated with the DFT (B97) method, resulting
in the relative desorption energies shown in Figure 5. Figure 6
shows the corresponding geometries. Additionally, data for a
MggHy cluster are given in the Supporting Information. For the
MgisHy cluster, the desorption energy is constant over a broad
range. From Mghl down to Mgh 4 (100—-20% loading) the
energy needed to extract one hholecule remains around a
mean value of 77 kinol [Hy]~!. This value is close to
experimental data for bulk Mgk?13:61.62The sudden transition
close to Mgh s might suggest a more stable sub-hydride phase.
However, a closer examination of the geometries (Figure 6,
MgisHg) does not support the existence of such a well-defined
phase.

Going from 20% hydrogen loading downward, the calculated
partial desorption enthalpy more than doubles: 174 for ygH

(61) Stampfer, J. F.; Holley, C. E.; Suttle, J. x.Am. Chem. Sod.96Q 82,
3504.

(Mglst) versus 77 kdnol [Hz]fl for MgHo_4_2_o (Mgl5H6_30).

This indicates that the last few hydrogen molecules are more
difficult to release, in this case especially the last two hydrogen
molecules, which account for 13% of the hydrogen content. If
we take this relatively large cluster as representative for the
bulk system, this result gives a possible explanation why the
theoretical 7.7 wt % reversible hydrogen uptake is usually not
achieved in hydrogen absorption/desorption cycles for bulk
B-MgH2 when the applied desorption temperatures and pressures
are close to the equilibrium values. Looking at the geometries
in Figure 6, it is remarkable that the last two hydrogen atoms
in the Mgss cluster are not located in the center of the patrticle.
In general, the hydrogen atoms tend to cluster together instead
of being evenly distributed.

Hydrogen-enriched clusters were also taken into account. Two
or four extra hydrogen atoms were added to thadweg, cluster,
leading to a potential hydrogen loading of Mgt (107%) and
MgH>.»7(113%). During the geometric optimizations these extra
hydrogen atoms did not dramatically distort the s
structure to occupy an intermetallic position, but remained on
the surface. This indicates that these extra hydrogen atoms are
not absorbed into, but rather adsorbed onto, the cluster, as is
confirmed by the geometries of M3, and MgH14in Figure
6. In both cases the “excess” hydrogens are not dissociated,
and are bound to the surface as a hydrogen molecule at a
relatively large distance from a Mg surface atom. The possibility
of this adsorption depends on the specific surface area, and is
therefore less pronounced in bulk systems. Figure 5 shows that
these small Mghl particles have the potential to take up-10
15% extra hydrogen. These extra hydrogen atoms are less
strongly bound to the hydride structure and can therefore be
released at lower temperatures.

For the MgHx cluster the energy trend in the stepwise
desorption is distinctly different, indicating a nonbulk behavior.
With a decreasing amount of hydrogen in the cluster, the
desorption energy decreases. This indicates that, upon desorbing
hydrogen, the MgHx cluster becomes less stable and a lower
desorption temperature is needed. Also, in this case, excess
hydrogen atoms can be bound to the surface as a hydrogen
molecule.

3.5. Implications for Hydrogen Storage. The calculated
reduction in desorption energy for clusters with fewer than 19
Mg atoms indicates a lower equilibrium desorption temperature
for MgH.. This beneficial change in physical properties might
enable the use of magnesium for hydrogen storage. The
requirement of such small clusters (Bys corresponds to a
cluster size of 0.9 nm and a desorption temperature of 473 K)
does not imply that the particles of magnesium need to be that
small. Since only the crystallite size should be small, small
grains could make up a larger aggregate, similar to what is
observed at an order of magnitude larger scale with particles
obtained with ball milling or sputtering of magnesium com-
poundst8.27.28

Lower desorption temperatures are also reported for a special
phase of magnesium hydridg;MgH,, which can be obtained
by reactive ball milling of8-MgH,.%132%-33 For bulk systems
the y-MgHy is less stable than thgform, which results in a
lower desorption temperature. The calculated geometries for
clusters smaller than MgH2s show no obvious similarity to

(62) Zaluski, L. U.S. Patent 6,342,798, 1997.
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eitherf- or y-MgH,. More importantly, because of the relative enthalpy of 75 kdnol [H;] 16! The calculations show that
instability, they-structure is lost upon hydrogen cycling, being MgH> is more destabilized than Mg upon decreasing the cluster
converted intg-MgH.. In contrast, the geometries we calculated size below 19 Mg atoms. This translates to a decrease in
for the small clusters are the most stable geometries; hence nalesorption energy and, hence, a significantly lower hydrogen
phase transition is expected as long as the small particle size isdesorption temperature for these small Mgiisters. A cluster
preserved. of 0.9 nm would correspond to a desorption temperature of 473
As expected from the BornHaber cycle, the downsizing of K.
the MgH; and the Mg structure leads to a change in the lattice, A stepwise calculation on the hydrogen sorption processes
which results in the change in desorption energy via the changedshows that magnesium has the potential to take up a few
lattice energies. The corresponding possible lower desorptionadditional percent of hydrogen above the stoichiometric MgH
temperatures for clusters smaller than Mblss) suggest a  These extra hydrogen atoms are adsorbed to, rather than
resemblance to (the structure of) amorphous Mg. It would be absorbed in, the hydride structure. For almost discharged bulk-
very interesting to experimentally verify our theoretical results like magnesium hydride clusters, the last 13% of the hydrogen
for small Mg(H) clusters. We will report on the experimental is more difficult to extract. However, for the destabilized smaller
challenge of the synthesis and stabilization of (sub)nanometer-clusters, hydrogen extraction becomes easier.
sized Mg particles in a future paper. The possibility of making  Our calculations clearly show that small MgElusters have
the thermodynamics of sorption more favorable by lowering a much lower desorption energy than bulk Mghence enabling
the desorption energy could have a major impact on the hydrogen desorption at lower temperatures. At the moment, high
efficiency of magnesium-based hydrogen storage materials.desorption temperatures are a major impediment; hence the
Furthermore, the results of our calculations can most likely be projected shift toward more favorable operation temperatures

extended to other hydrogen storage materials, including complexis crucial for the application of Mg as a reversible hydrogen
hydrides like Mg(AlHy)., and to other areas such as reactions storage material.

involving nanometer-sized catalytic systems.
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