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Abstract: An approach to various metal hydrides based on electronic principles is
presented. The effective medium theory (EMT) is used to illustrate fundamental aspects of
metal-hydrogen interaction and clarify the most important processes taking place during
the interaction. The elaboration is extended using the numerous existing results of
experiment and calculations, as well as using some new material. In particular, the
absorption/desorption of H in the Mg/MgH, system is analyzed in detail, and all relevant
initial structures and processes explained. Reasons for the high stability and slow sorption
in this system are noted, and possible solutions proposed. The role of the transition-metal
impurities in MgH, is briefly discussed, and some interesting phenomena, observed in
complex intermetallic compounds, are mentioned. The principle mechanism governing the
Li-amide/imide transformation is also discussed. Latterly, some perspectives for the
metal-hydrides investigation from the electronic point of view are elucidated.
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1. Introduction

Metal hydrides represent promising technology for cleaner, cheaper and more efficient energy
production [1-14]. They are also systems of considerable theoretical interest [15-25] convenient for
investigation of fundamental interactions that are expected to be important in new complex
materials [26-32]. Although significant experimental and theoretical work has been devoted to the
study of metal hydrides, some of their fundamental features, such as details of valence and conduction
bands and energy gap structures, the charge transfer and the charge distribution, the origin and the
importance of various contributions to the bonding between metal and hydrogen (M—H) and hydrogen
and hydrogen (H-H), are not yet fully clarified. A complete elaboration of these topics from the first
principles is indispensable for understanding of H-behavior in metallic systems in general. Moreover,
extensive data about metal hydrides have been obtained and explained using various, and sometimes
contradictory, concepts [15-18,20-26,33-39]. However, a coherent approach valid for all metal
hydrides is still missing. To better illustrate these points, we will focus attention on one of the most
investigated M—H systems, MgH,, and extend the elaboration with some instructive and interesting
examples found for other metal hydrides.

Due to its high hydrogen capacity by weight (7.6 wt.%) and its low cost, MgH> is considered to be a
promising candidate for hydrogen storage applications. However, several disadvantages, like the high
temperature of sorption, plateau pressure of 1 bar at 552 K, and slow sorption kinetics, prevent its
practical use [1,2,40]. To overcome these drawbacks, it is necessary to understand the nature of
bonding and mechanisms that govern hydrogen behavior in magnesium-based hydrides. Even though
detailed experimental and theoretical [3—8,34,40-52] studies have been performed on these tasks,
sorption kinetics has not yet been understood, since the Mg—H interaction is strongly influenced by the
synthesis method and the presence of additives. For instance, ball milling [3—8,42,43] causes mechanical
deformation, surface modification, and metastable phase formation, and generally promotes the solid-
gas reaction: defect zones may accelerate the diffusion of hydrogen, and defect clusters may lower the
barrier for nucleation of MgH,. Addition of metals [53,54], transition metals [3,4,6-8,41,44,55-62],
metal oxides [61-63], or intermetallic compounds [62,64] as catalysts to mechanically milled MgH5,
usually decreases its thermal stability and decomposition temperature and enhances sorption kinetics.
Since nanosized powders are specific systems with properties controlled by their dimensions, they
have been recognized as a possible solution for the problem of hydrogen sorption kinetics [7,10].
However, dealing with nanomaterials has its difficulties regarding exact characterization [45].
Obviously, it is important to correlate the specific type of defects, their concentration and distribution
in MgH,, and induced changes of H-dynamics and sorption properties. One attempt was to improve the
sorption properties by heavy ions [45,46] and ultrasonic irradiation [52].

However, the electronic aspects of these numerous and versatile phenomena induced in MgH, by
various treatments have not yet been completely resolved, even though a large number of theoretical
and computational investigations [42,44,48-51,65—72] have been reported. In one such early report,
the Born-Mayer type of calculations of the MgH, lattice energy was performed, assuming that the
compound was purely ionic [19]. The obtained cohesion was larger than experimentally observed
which is an indication of the covalent bonding contribution to MgH, [49]. Although each of the



Crystals 2012, 2 1263

aforementioned calculations [42,44,48-51,65-72] give some information, a complete and coherent
explanation of numerous experimental findings has not been found.

In this paper we have made an attempt to elaborate a general and straightforward procedure for
understanding the most important processes appearing during the metal-hydrogen interaction, at a
fundamental, electronic level. For that purpose we extended our previous experimental [33,44,45], and
known numerical [20,23,32,44,65] results by first-principle calculations of the electronic structures of
various metal hydrides using the Full Potential Augmented Plane Waves extended (FP-APW+lo) and
the Full Potential Linearized Augmented Plane Waves (FP-LAPW+LO) with addition of local orbitals
methods, as implemented in the WIEN2k software package [73], and the pseudopotentials method, as
implemented in Abinit software package.

Along with our results we have provided a concise overview of the existing experimental and
theoretical knowledge that, we believe, supports the subject matter of this paper in the most
appropriate manner. We insist more on a clear and consistent approach, than on details of a huge
amount of experimental and theoretical data existing for metal hydrides.

2. Results and Discussion
2.1. The Basic Features of the Metal-Hydrogen Interaction

It is instructive to start considerations of metal-hydrogen (M—H) interaction using concepts simple
enough to afford a clear physical picture, but at the same time accurate enough to provide results of
significant interest. Such a starting point could be the Effective Medium Theory (EMT) [74]. The basic
idea of EMT is to replace, in the first approximation, the energy change of an atom (molecule, cluster)
interacting with an inhomogenous host, with the energy change AE., valid if it is embedded in a
homogenous electron gas of density p, equal to the density of the host p, at the embedding position.
Then, if necessary, corrections accounting for the specific features of the pp, embedding system
characteristics, and their interaction should be introduced. This approach offers numerous advantages:

e  AFEnom(p) can be calculated for a particular atom (molecule, cluster) and tabulated, which has
been done for numerous atoms [75,76].

e The mentioned corrections of the host and the embedding system due to various perturbations
including their interaction can, in most cases, be obtained by a rather simple procedure [74,75,77].

e The EMT is based on the Density Functional Theory (DFT), so its results could be easily
related to the results of the state-of-art computations, especially in Local Density
Approximation (LDA), although the relations to other approximations for exchange-correlation
interaction have been made [75].

However, most important of all, the approach offers a clear insight into various physical processes
taking place during the host-embedding system (in our case M—H) interaction at the electronic level.
This particular insight is not always obvious from the results of extensive first-principle calculations.
To illustrate this point, we will mention here the most interesting general results that model has
provided for the M—H interaction, as well as some specific results for the particular aspect of this
interaction, which will be elaborated in more detail in the chapters that follow.
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Figure 1. Principle sketch of the energy change of H atom embedded in the homogenous
electron gas of various densities, AEwom(p), and the corresponding cohesion energy
AEqon(p), obtained by appropriate corrections [75].
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1. The most significant contribution to AE..n(p) comes from the tendency of H to form a
negative ion, so the models based on covalency or similar concepts are inappropriate for the
description of M—H interaction.

2. As the electron affinity of H (4p) is smaller than the metal work function (pum), H goes to
the neutral atom limit far from the metal surface (if H-H—H, recombination does not
take place)

3. The minimum of AEnm(p) for H is placed in the p range between 0.002 a.u. [74],
0.0055 a.u. [75] and 0.012 a.u. [70], so one can expect that H will prefer to occupy the
positions with electron densities in that range, or as close as possible to it. This means that
H, may approach the more open and low electron density metallic surfaces closer (in
general bee closer than fce [74], in particular the hypothetic (100) of the fcc Mg closer than
the (0001) of the hep Mg [77]), and experience smaller adsorption barriers. For instance the
adsorption barrier for H on Al surface is deeper and more distant from the surface than for
Mg, and it almost vanishes for low electron density Na surface [74].

The AEwom(p) dependence also predicts that H will prefer the most open structures inside the metals,
e.g., octahedral interstices in fcc and hcp, and tetrahedral interstices in bee structures, and that higher
diffusion barriers could be more relevant in fcc or hcp than in bee metals, due to the larger p at the
saddle point in the denser structures [78]. For the same reasons, H will be instable in the high electron
density bulk of Al, and be of about the same stability in the Mg bulk as on its surface, and much more
stable in the bulk than on the surface of Na, explaining the low solubility of H in Al, and the quite
different behavior of H in Mg and Na.

Obviously, the EMT offers a quite general and transparent picture of processes during the M—H
interaction, predicting the H (and H,) behavior close to, and on the particular metallic surface, as well
as in the bulk. In the following sections we will consider these processes in more detail using also the
results of more accurate calculations and experiment.
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2.2. H; Adsorption and Dissociation of H, on Mg (0001) Surface

One large success of EMT, was the explanation of H, adsorption and dissociation on the hcp Mg
(0001) surface [77]. To illustrate this, charge distribution on the Mg (0001) surface calculated by the
pseudopotentials method as implemented in the Abinit package [79] is presented in Figure 2. The
results of EMT can be briefly presented as follows:

e There is an activation barrier for H, adsorption on the Mg (0001) surface, which directs it
toward the atom (A) (above the Mg atom) position, where H, is placed parallel to the surface.
The adsorption barrier arises because the H, interaction with the surface charge starts to
weaken the H-H bond before H-Mg bonding appears. This produces the first “delay” in the H
absorption kinetics on the Mg (0001) surface.

e Dissociation of H; at the (A) position is hindered with another activation barrier (of about 0.5 eV),
but H, is almost free to move above the surface toward the bridge (B) site above the line
connecting two neighboring surface Mg atoms. This produces the second “delay” in the H
absorption kinetics on the Mg (0001) surface.

e Dissociation barrier at the (B) position is quite low (about 0.1 eV, producing the third “delay”
in the H absorption kinetics on the Mg (0001) surface), and after dissociation, one H atom goes
into the surface Cy site, and the other into the surface Cy, site, and then quickly move into the
first neighboring unoccupied Cg, site (producing the fourth “delay” in the H absorption kinetics
on the Mg (0001) surface), which is energetically most favorable for H adsorption. These Crg
sites are the starting positions for H diffusion into the bulk of Mg metal.

Figure 2. The charge distribution on the Mg (0001) surface calculated using the
pseudopotentials method (Abinit). The characteristic positions on the surface are denoted:
atop-(A), bridge-(B), Center fcc-(Cyc) and hep-(Chep).

It has been established [77] that dissociation of H, depends on the filling of its antibonding resonant
state, and this filling depends on the nature and amount of the surface electron density, and its
extension above the surface, explaining quite simply the above mentioned positioning of H, (and H)
and their behavior on the Mg (0001), and generally, any other surface.

The results of more accurate calculations [67,79,80] and experiments [81,82] support the presented
picture, even though some values are a bit different. For instance, distance of H, dissociation
(also at (B) position) from the Mg (0001) surface was obtained in [67] to be dgs = 1.02 A, and the
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dissociation barrier Egis = 1.05 eV, is in good agreement with experiment [81]. The analyses of the
results have shown that a major discrepancy arises from the LDA approximation of the
exchange-correlation potential used in EMT, and some control calculations in [67]. The calculations
also confirm the Cy positions as the final state for the H adsorption on the Mg (0001) surface.

2.3. H Diffusion into the Bulk of Mg, and Hydrides Phase Formation

After dissociation of H, and accommodation of H at the most convenient surface positions, H
diffuses into the bulk of Mg metal. The EMT predicts that H is going to search for the positions inside
the hep structure of Mg with the most appropriate p value, which are the octahedral interstices.

Figure 3. Crystal structure of hcp-Mg with octahedral and tetrahedral interstitial cites
denoted. Wurtzite structure is a hcp derived structure with only half the (T+ or T-)
tetragonal sites populated. Similarly, Cdl, differs from NiAs structure having only half of
the octahedral sites populated.

As the H concentration increases during hydrogenation, it is very important to establish positions of
its further incorporation into the Mg crystal lattice. This pattern of H-accommodation into the Mg
lattice, which influences the kinetics of H absorption and probability for various hydride
phases formation was the subject of several investigations [37,50,65,66]. 4b initio calculations of
Schimmel et al. [50] suggest that hydrogen diffuses through the Mg metal phase, jumping between
octahedral and/or tetrahedral interstitials, and that for large Mg particles and low temperatures,
hydrogen diffusion is not expected to be the limiting factor of H kinetics. According to our
investigations [65], the H incorporation into the Mg crystal lattice proceeds as follows:

After H has populated the first sub-surface row of octahedral interstices, it diffuses toward, not the
first, but the next neighbouring row of octahedral interstices in an attempt to form an ordered Mg,H
structure of the CdlI; structure type (Figure 4a), which is, although thermodynamically slightly unstable,
with enthalpy of formation of about AH =~ 22 kJ/mol H,, the most stable structure in the composition
range (Mg:H = 2:1).

Among several possible ordered structures in the concentration range (Mg:H = 1:1), the most
stable (although thermodynamically slightly unstable, with enthalpy of formation also about
AH = 22 kJ/molH;) is the rutile structure containing two H-vacancies, indicating that the structural
phase transition between the hcp lattice of Mg-metal and the bcc Mg sublattice of the rutile structure of
MgH, takes place in this concentration range, or just below it. Indication of structural changes in this
concentration range, manifested through the abrupt change of the Mg—H bond lengths were also
noticed by the Mg—H clusters calculations [83]. By analyzing the structure of the competing phases
DOS’s in this concentration range (Figure 4), one can see that the metastable Wurtzite structure is
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much more similar to the final rutile MgH, structure. This suggests that the transformation path of hcp-
Mg to rutile MgH,, upon hydrogenation, is not predisposed solely by thermodynamic conditions, and
that some particular steps of the process could be controlled by appropriate (perhaps symmetry
induced) transformation of electronic structure. The substoichiometric Mg—H rutile structures becomes

thermodynamically stable at the concentration range of about Mg:H = 3:2, with enthalpy of formation
of Mg;H, of AH =~ —14 kJ/molH,.

Figure 4. Crystal structure, and Density of states (DOS), of (top to bottom): rutile MgHo,
MgH with NiAs structure, MgH with Wurtzite structure and Mg,H with CdI, crystal
structure (red spheres: Mg; blue spheres: H atoms).
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The presented results provide quite a detailed picture of the most important stages of the Mg
structure transformation during hydrogenation. If true, they imply some serious consequences on H
absorption kinetics. For instance, the finding that H prefers accommodation in particular (almost)
ordered structures, that some of them are not the most convenient thermodynamically, and that they
cannot be reached using stohastic diffusion paths (as proposed in [37,50]), imposes strong limitations
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on H absorption kinetics. Also, the same discards all kinetic models of H absorption which consider
the movement of the Mg/MgHj, interface as the limiting step, because this interface does not form until
at least (if ever) the Mg:H = 1:1 concentration range. Of course, the mentioned calculations have been
performed at 7 = 0 K, they do not include the zero point, anharmonicity, and perhaps the quantum
tunneling effects, which all could be important for hydrogen behavior.

The processes connecting the particular steps considered above also have not been explicitly
accounted for, and some more knowledge about them could be obtained from the reverse process of
MgH, dehydrogenation that is addressed in the next chapter.

2.4. Desorption of H (H>) from MgH>, and Its Decomposition during Dehydrogenation

We shall start the analysis of the MgH, dehydrogenation process by investigation of H (Ha)
desorption from the most stable MgH, (110) and MgH, (001) surfaces. The structure and charge
density distribution of the MgH, (110) surface system is presented in Figure 5

Figure 5. Structure and valence charge density of the MgH, (110) surface system. The
cross-section through the plane perpendicular to (110) surface plane (original (001)) is
presented. Red-Green-Blue color scale was used, ranging from red for low to blue for high
electron density.

The activation barrier for H desorption was calculated [84] to be about 1.78 eV for the MgH, (110),
and about 2.8 eV for the (001) surface Similar activation energies for H desorption from both
considered surfaces were found also in [85].

These energies are higher than those obtained for various H vacancies formations, ranging from
1.3 to 1.6 eV [86], diffusion on the MgH, (110) surface (ranging from 0.15 to 0.80 eV), and from the
surface into the bulk (ranging from 0.45 to 0.70 eV). Despite somewhat larger values obtained for
defects formation and diffusion in [87], it is H desorption from the MgH, surfaces that is usually
considered [88,89] as the rate-limiting step for dehydrogenation process of MgH,. The common, and to
a great extent, correct explanation for this is a strong ionic interaction between Mg and H. But, as can
be seen in Figure 6a, besides the bonding between Mg (red spheres) and H (blue spheres), H-H
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bonding interaction also exists in the system (see also Figure 3b in [84]). It is also clearly visible in
Figure 6b, in the (110) crystallographic plane. The bonding H-H interaction is a rare appearance in
metal hydrides, which certainly considerably hampers the H desorption kinetics from MgH,.

Figure 6. (a) The unit cell of the MgH, rutile structure with bond critical points [90]
denoted as small black spheres. Mg-red spheres, H-blue spheres. (b) The valence charge
distribution in the bulk MgH, (110) crystallographic plane.
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It should be also remembered that conditions on the MgH; desorption surface changes substantially
during the process, both due to depletion of the surface, and, in a more severe way, due to the
structural phase transitions which should be expected for concentrations around Mg:H = 1:1 and below.
One attempt in this direction is presented in Figure 7a,b, illustrating the H-desorption from the MgH,
(110) surface, and the energy changes of the (fully relaxed) surface during the particular stages of
the process.

Figure 7. (a) Illustration of successive H desorption from the MgH, (110) surface;
(b) Desorption energy change of the relaxed MgH, (110) surface during the H desorption
(blue spheres: Mg; red spheres: H atoms; arrows: directions and intensities of relaxation).




Crystals 2012, 2 1270

Figure 7. Cont.

| /
8

6} /

Al

L 1 1 1
1 2 3 4

=2
Desorption energy [ev]

Number of H atoms desorbed

Although all mentioned [80,82,85-89,91,92] and other numerous investigations deal with only
some particular aspects of the process (e.g., distinct points on the MgH, dehydrogenation curve), they
are accurate enough to justify the expectation that the entire process (as well as the process of Mg
hydrogenation) will be resolved “from the first principles” in the near future. Also, the investigations
have “located’’ the main obstacles that should be resolved in the further attempts to improve the
performances of the Mg—H system. Some possibilities for that are discussed in the following chapter.

2.5. Possibilities for Improvement of the Mg/MgH, Hydrogenation/Dehydrogenation Performances

As we mentioned previously, practical applications of metal hydrides for H storage require strict
conditions to be fulfilled [1,2,5,9—-14]: H absorption/desorption at moderate temperatures and pressures,
reversibility of cycling, material stability under operating conditions, large H-uptake, low weight,
reasonable price, and so on. Obviously, it is difficult to find the material that can satisfy all these
requirements at the same time, and for that reason a huge amount of various systems have
been investigated.

The most improvements have come from the catalytic approaches, in which the size of the
MgH, particles have been reduced down to the nanometer dimensions (increasing the surface/volume
ratio), their surface made more active and (or) the bulk less ordered by introduction of
defects of various kinds, and by adding various elements to the system, molecules and
compounds [3,4,6-8,41,44,53—64,93,94]. All above mentioned approaches could be understood and its
particular relation to H-behavior resolved and established from the electronic structure point of view.
The influence of more open, or more dense, metal surfaces and bulk structures on H accommodation
has been briefly mentioned in previous chapters, and the importance of surface defects has been also
recognized [77]. Simply speaking, any dilution of the metal structure (for instance with defects) would
in principle lead to a charge density structure which is more convenient for H accommodation, and its
trapping [78]. If the diffusion barrier between different defects or between defects and interstices is
lower than between the interstices themselves, defects could facilitate H mobility in the system, but the
opposite scenario is also possible.

Although it is generally true for all defects, the effects of impurity atoms on H-behavior in
the system depend essentially on their electronic structure. Here we will briefly outline the
influence of transition metal (TM) impurities on the Mg/MgH, system properties. Extensive
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experimental  [3,4,6-8,44,55-62] and theoretical (computational) [21,44,67-72,91,93-98]
investigations have been devoted to the subject, and the importance of the TM(d)—H(s) interaction for
the TM catalytic properties [67,71,72,93,95,96] established. To illustrate this, the difference between
the center of the TM 3d-band and H(s) level, and its position relative to the 3d-band [99], are presented
in Figure 8. The figure shows how the H(s) level taken as a zero energy level, enters and leaves the 3d
band while moving along the series.

The consequence of such behavior is an increase of electron density around TM impurity, and
therefore an increase of strength of TM—H bonding (reflected in the shortening of the TM—H bond).
The trend is visible while moving from Ti to Fe, and eventually could be violated if magnetic
interaction in the system becomes important [70,91]. Further filling of the d-band going from Co to Ni and
on (Cu, Zn) leads to gradual movement of Fermi level (Er) away from the center of the d-band, and the
ongoing population of the H(s*) anti-bonding level. This leads to weakening of the TM—H interaction
and to expansion of the TM-H bond length [70]. The existence of such a clear trend implies that single
TM impurity could not satisfy all requirements (adsorption, dissociation, diffusion into and from the
bulk and desorption) necessary to improve the H-sorption kinetics of the Mg/MgH, system. Indeed,
both experimental (for instance [4] and [59]), and calculation results are often inconsistent. For
instance, in ref. [4] it has been found that among the TM of the 3d-series Ti and V improve the most,
and Ni the least, both absorption and desorption properties of Mg/MgH, among the TM of the
3d-series, and [59] claims that Ni is a much better catalyst than Fe and Co. A recent computational
study [93] predicts that all 3d TM when absorbed at the Mg (0001) surface induce dissociation of H,,
but that Ti and V provide much slower H-absorption kinetics, than for instance Mn, Fe and Co.

The reason for these discrepancies could be major differences in performed experimental conditions
(milling time and energy, particle size, formation of stable TM-hydrides and other “parasitic” phases, efc.),
measuring techniques and conditions and the used computational methods.

Figure 8. Dependence of the relative position of the 3d-band zone center and the H(s) level,
and the half of the d-band width along the 3d-series.
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However, the fact that all details of the catalytic mechanism of TM in Mg/MgH, are still not

adequately explained also deserves consideration. For instance, it has been found [71] that catalytic
properties of TM in Mg—H clusters strongly depend on its environment (edge, surface, or bulk) in
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different ways for different TM impurities. It has been also shown [70,72] that TM impurities exhibit a
different behavior in different crystal structures of the Mg—H system

An interesting insight in influence of Ti and Co impurity (10 wt.%) on the MgH, rutile structure is
presented in [72,91]. In Figure 9, the valence charge distributions around Ti and Co impurity in (110)
plane are presented.

The charge distributions around Ti and Co atoms are quite different, both being of predominantly t,,
character. Around Ti it is however directed between the neighboring H atoms, and around Co it is
more spherical, with significant contribution of charge directed toward the H atoms. Both Ti and Co
interact with four neighboring H atoms in (110) plane, but also in (—1—10) plane where the interaction
is extended from the two nearest neighbor H toward the two H in the third coordination of TM. In
Table 1, one can see that Co—H bond length is shorter than Ti—H one, but that Co destabilize the MgH,
structure more than Ti. It has been also found that magnetic interaction in the MgH»:Co system affords
an important contribution to the ground state energy of the system.

Figure 9. Valence charge density of (a) MgH,:Ti and (b) of MgH,:Co in (110) plane.
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Table 1. Calculated results of structural optimization, total energies, and heats of formation,
of MgH,, MgH,: Ti, MgH,:Co.

Distances [A]

Compound Eo AH
Atom nn H4 nn H2 nn Mg nnn H
MgH, Mg 1.952 1.953 3.019 3.424 —806.08 —69.51
MgH,:Ti Ti 1.916 1.905 3.041 3.440 —7755.53 —60.64
MgH,:Co Co 1.789 1.802 3.025 3.458 —8834.79 —53.23

nn: nearest neighbor; nnn: next nearest neighbor.

One possible explanation why Co destabilizes MgH, more than Ti could be that strong local TM—H
interaction weakens the rest of the bonds in the compound due to the strong localization of the valence
charge in the first coordination of TM more around Co than around Ti. If this hypothesis is correct, it
should be reflected in the H-desorption kinetics from these systems which, after the initial acceleration,
could slow down for the H-poor phases.

It should be mentioned here that a consistent explanation of TM hydrides formation and stability is
challenging in itself [21,91,96], and this is particularly true for hydrides of complex intermetallic
compounds [100-103].

The established fact that some local structures inside the very same unit cell of the complex
compounds of the Ti;Ni structure type are much more susceptible to H absorption than others [104,105],
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should be due to remarkably different charge topology observed at different lattice positions in some of
these systems [106].

Although the large specific weight prevent their practical applications as H-storage materials, the
fact that their electronic properties, and consequently the environment for H-uptake could be altered
considerably inside the same structure by changing the constitutive elements of the compound [107,108],
provides a valuable example of how to adjust the local electronic charge distribution inside a
complicated system, which could be of importance for understanding another type of complex
hydrides presented in the next chapter.

2.6. Few Words about “Modern” Complex Hydrides

After the first encouraging results with alanates [27-29], a large variety of complex metal
hydrides [25,30-32,107-112] have been considered as potential candidates for hydrogen storage.
These are usually materials with complicated crystal structures in which H is accommodated in
specific clusters or molecules. In these materials the process of H absorption/desorption is often
accompanied and promoted by structural phase transitions, improving the kinetics, and enabling the
processes to take place under favorable thermodynamic conditions. Together with the small specific
weight and large hydrogen uptake, this makes these materials (various alanates, amides-imides,
borohydrides efc.) promising candidates for practical applications. As a representative of kind, we will
shortly consider the reversible LiNH; (Li-amide) to Li,NH (Li-imide) transformation, which recently
attracted considerable interest in the scientific community [30-32,109,113].

In Figure 10a the LiNH; crystal structure (space group I-4), in Figure 10b the charge distribution in
the LiNH; (110) plane and in Figure 10c, one of the several possible Li,NH crystal structures (space
group Im2m) is presented.

Figure 10. (a) the LiNH; crystal structure (space group 1-4) (grey spheres: Li; red spheres:
N; blue spheres: H atoms); (b) the charge distribution in the LiNH; (110) plane; (¢) one of
the several possible Li;NH crystal structures (space group Im2m) (blue spheres: Li; red
spheres: N; grey spheres: H atoms).
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It has been found [32] that LiNH, crystal structure induces considerable elongation of the Li—N
bond in LiNH, molecule, which increase energy of the molecule, and soften some of the molecular
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vibrational modes. This makes detachment of H fast at temperatures around 250 °C [30] (which are
likely to be lower by addition of suitable impurities, like Mg [31]), and structure changes to Li,NH.
The ground state structure of Li,NH was a subject of considerable debate, and it seems [26] that
quantum effects enable the H-diffusion among available crystal positions stabilizing the Fd-3m
structure at low temperatures, which changes into anti-fluorite Fm-3m phase at about 360 K [114].
Perhaps the same effect is responsible for the existence of numerous metastable phases [113] with very
close ground state energies, which could also play a role in the Li-amide/imide transformation process,
opening numerous channels for hydrogen desorption. Similar mechanisms were found also in
some other “modern” complex hydrides, encouraging investigation of structures and structural
transformations, which could manage H sorption, and not just follow it.

3. Summary and Perspectives

In this article we have made an attempt to describe numerous phenomena observed in metal
hydrides by means of electronic structure and interactions. The major intention was to provide a clear,
as simple as possible (“...but not simpler” A. Einstein) physical picture rather than quoting numerous,
sometimes complicated details of experiments, theory and computations. For this reason, we have
started with the Effective Medium Theory (EMT), of Nerskov et al. [97], which gives a simple,
transparent and in many cases quite accurate explanation of H-behavior in metallic systems. The
theory shows in a straightforward manner how the charge density distribution of the metal host
influence H, adsorption, dissociation, H positioning on the surface, its diffusion into the bulk and
accommodation in specific crystal structures (like interstices).

As the theory relies on charge density properties alone, it enables one to predict H interaction with
any physical entity (surface, defect, impurity,...), if principle features of the charge density are
somehow determined, which is of great help in explaining numerous experimental findings that exist
for metal hydrides.

Moreover, in cases where this simple theory is not good enough, it gives direction for improvement,
taking into account the perturbations induced by H-host interaction, ions polarizabilities, specific
energy level interactions, and so on. Although most of the calculation results presented in this article
have been obtained by ab initio calculations, EMT and other “simple” theories (such as the
tight-binding theory), they are indispensable for the explanation of real physical system results.

Concerning specific metal hydrides, the most attention is given to the Mg—H system. This is
considered to be among the most perspective ones, with a huge amount of various data, which allowed
us to illustrate our approach to metal hydrides in a detailed and consistent manner. We briefly analyze
all stages of Mg—H interaction using ours and other authors results (H, absorption and dissociation on
the Mg (0001) surface, H positioning on the surface, its diffusion and accommodation in the bulk,
formation of various (meta) stable phases and vice versa, H desorption from the MgH, surface and
further dehydrogenation) . In this way, all relevant steps of H absorption/desorption in Mg/MgH,
system and their role in H sorption kinetics have been explained from the first principles.

One of these opportunities, alloying with 3d transition metal (TM) elements, is explored in some
detail, pointing out the importance of relative position and the width of the 3d band in interaction with
H(s) bonding and antibonding state. We also mention the fact that the strength of the TM—H interaction
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in MgH, is not directly correlated with the stability of the corresponding TM hydrides. The remarkable
property of some complex intermetallic compounds, which absorb H around particular positions in the
crystal lattice having homogenous charge distribution (low electric field gradient, EFG), but not
around the others positions in the very same unit cell having highly inhomogenous charge distribution
(large EFG), has also been reported. Although these compounds are not promising candidates for H-
storage applications, the observed phenomenon helps us to learn how to design unique systems where
H will be placed into one type of crystallographic sites, and swiftly moved along the network of the
other type of crystallographic positions.

Several interesting results were found concerning “modern” complex hydrides (alanates,
amides/imides, borohydrides), and they are explained from the point of view of hydrogen sorption
driven (or simply accompanied) by structural phase transformations.

This article offers an approach for further investigation and improvement of metal hydrides
properties based on fundamental principles of electronic structures and interactions. We expect that the
other perspective metal-hydrogen systems and phenomena observed in them will be treated in a similar
way as the Mg—H system, e.g., by investigating the electronic structure of all the relevant stages and
processes in them. As could be seen from the examples given in this article, but also from the
numerous stated references, knowledge how the charge density features influence H-behavior, and
how we could adjust it, in principle already exists. However, many details of the metal-hydrogen
interaction still need to be explored, particularly for complex hydrides with many atoms per unit cell,
and in cases where the phase transitions are essential for understanding the process.

The necessary tools are already available. The new generation of synchrotron installations provides
photon sources of tremendous brightness over a broad range of frequencies, introducing new
measuring techniques in real time. Development of microscopy with atomic resolution, and new
improved neutron sources also gives hope for better experimental results.

Computation methods have also made significant progress, not only owing to the faster machines
and improved codes, but also due to some original approaches to results interpretation. Bader analysis
of the charge distribution topology have already provided some interesting results, for instance that
LiH has significantly different distribution of bond critical points than other alkali metal hydrides,
explaining its quite different macroscopic characteristics, and that bonding points exist between certain
pairs of H in MgH,, giving additional reasons for high barrier of H desorption. A similar scenario is
true for the electron localization function (ELF) and crystal orbital Hamilton population (COHP)
methods, which provided several illuminating results about metal hydrides.

Bearing in mind all the information presented, it is reasonable to expect that existing knowledge and
possibilities to improve it will afford progress in metal hydride design in the near future, significant
enough to facilitate their practical applications.
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