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Abstract 
 

Hydrogen can serve as an energy carrier in a carbon-neutral system of energy production 

and use [1,2], but adequate hydrogen storage materials are still lacking in spite of many 

decades of investigations.  In addition to being reversible and meeting stringent weight % 

and volume criteria, candidate materials must exhibit favourable kinetics for hydrogen 

uptake and release.  The fundamental mechanisms of the (de)hydrogenation process have 

remained elusive to date.  We have initiated a study of the relevant reactions, resulting in 

an identification of the dominant defect species involved in hydrogen transport in non-

metallic hosts.  While the concepts discussed here are general, we illustrate them with 

detailed first-principles results for sodium alanate.  We identify hydrogen-related point 

defects as the essential mediators of hydrogen transport.  A novel finding of this work is 

that the defects are positively or negatively charged, and hence their formation energies 

are Fermi-level dependent−an important feature that has not been recognized in past stud-

ies.  This dependence enables us to explain why small amounts of transition-metal addi-

tives drastically alter the kinetics of dehydrogenation.   
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1. Introduction 

Complex hydrides of light elements are attractive as storage materials due to the 

high hydrogen content and the demonstrated cycling capability.  In NaAlH4 hydrogen re-

lease and uptake is accomplished through a sequence of chemical reactions: 

NaAlH4 ↔
1
3

Na3AlH6 +
2
3

Al + H2;                                     (1) 

263 H
2
1Al

3
1NaHAlHNa

3
1

++↔ .                                                   (2) 

The hydrogen gravimetric capacity for these reactions is 5.6 wt%.   However, in pure 

NaAlH4 both reactions are slow and proceed only at temperatures too high for practical 

applications.  In 1997 it was discovered that addition of small amounts of transition met-

als, such as Ti or Zr, drastically enhances the kinetics and allows cycling at temperatures 

and pressures that are close to optimal [3].  A fundamental explanation of these phenom-

ena would clearly provide highly needed guidance in the optimization of existing and the 

design of novel storage materials [4-11].    

Crystal defects are known to play a role in chemical reactions and their presence pro-

foundly affects diffusion and mass transport in materials [12].  It therefore is logical to 

assume that this will also be the case in hydrogen storage materials.  First-principles cal-

culations based on density functional theory have played an important role in elucidating 

the physics of point defects in other materials [13,14]; we therefore set out to apply this 

methodology to hydrogen storage materials.  We have performed density functional cal-

culations of the creation of hydrogen-related point defects in NaAlH4 and their diffusion 

through the material, enabling us to identify the point defects that play a decisive role in 

the (de)hydrogenation reactions.   
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An important feature of these defects is that they are charged, and therefore their 

formation energy and concentration is strongly affected by the presence of electrically 

active extrinsic impurities in the material.  Our studies show that this provides a consis-

tent explanation for the effect of transition-metal impurities (such as Ti and Zr) on hydro-

gen kinetics, and can reconcile a variety of seemingly conflicting results that have ap-

peared in the literature [4-11, 15-17].  The hydrogen-related point defects also induce 

significant rearrangements of the local lattice of the host, thereby providing nucleation 

sites for reaction (1). 

 

2. Methodology 

In thermodynamic equilibrium the concentration c(X) of a point defect X at tem-

perature T is given by   

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
=

kT
XE

NXc f )(
exp)(  (3)  

where N represents the total number of sites on which the defect can be incorporated 
and  is the formation energy of the defect, defined as [18] fE

∑ +−−=
i

eiitot
q

tot
q

f qnbulkEXEXE μμ)()()( .                          (4) 

Here  and  denote total energies of a supercell containing the defect 

in charge state q and of a supercell containing perfect bulk NaAlH

)( q
tot XE )(bulkEtot

4. μi is the chemical 

potential of species i, i.e., the energy of the reservoir with which atomic species i is ex-

changed, and  denotes the number of atoms of species i that have been added (nni i>0) or 

removed (ni<0) to create the defect. μe  represents the energy of electrons in the charge 

reservoir, i.e., the electron chemical potential or Fermi energy (referenced to the top of 
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the valence band).   is, in principle, a free energy; however, at the temperatures of in-

terest the effects of pressure (except for gaseous phases) and vibrational entropy [19] do 

not affect our conclusions. 

fE

The first principles calculations are based on density functional theory using the 

generalized gradient approximation [20] and the projector augmented wave method [21] 

as implemented in the VASP ab-initio simulation package [22].  The calculations were 

performed in a supercell containing 96 atoms, with an energy cutoff of 450 eV and a 

2x2x2 special k-point mesh. Our calculated band gap for NaAlH4 is 4.75 eV. An experi-

mental value of the band gap has not been reported, but density functional theory is 

known to underestimate the gap; quasiparticle calculations suggest a band gap of 6.9 eV 

[23].  Migration barriers were calculated using the Nudged Elastic Band method [24]. 

 

3. Results 
 
3.a. Energetics 

Sodium alanate is an ionic compound consisting of sodium cations (Na+) and co-

valently bonded anion complexes (AlH4
−) situated on tetragonal-symmetry sites with a 

I41/a crystallographic space group. Figure 1 shows a schematic of the structure. The 

chemical bonding in NaAlH4 can be most easily understood by considering it as an ionic 

compound in which Na+ ions are the cations and (AlH4)− units act as anions.  Within the 

(AlH4)−  units, the bonding between Al and H has significant covalent character.  Al has 

three valence electrons, and hence would normally bond only to three H atoms.  A fourth 

H atom can be added, provided an extra electron is available to complete the two-electron 

bond; hence the negative charge on the (AlH4)− unit. 
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Our calculated formation energies for the most relevant intrinsic defects in 

NaAlH4, namely hydrogen interstitials (Hi) and hydrogen vacancies (VH) in three possible 

charge states (+1,0,−1), are shown in Fig. 2.  In both cases, charged defects are energeti-

cally more favourable than neutral states over the entire range of Fermi-level values. 

Such behavior is characteristic of systems with negative correlation energy U, and usu-

ally occurs in conjunction with large lattice relaxations [25], as discussed below. 

The concentrations of charged defects are not independent but coupled by the 

condition of charge neutrality 

0)( =+−∑ pnXcq
j

q
jj

j .                         (5) 

The first term is a sum over all defects  in charge state qjq

jX j, n is the concentration of 

electrons in the conduction band, and p is the concentration of holes in valence band.  In 

an insulator such as NaAlH4 the concentrations of free carriers n and p are very small, 

and therefore charge neutrality is accomplished by incorporation of defects with opposite 

charge.  The relevant point defects and impurities introduce defect levels that are deep in 

the band gap, causing the resulting Fermi-level positions to be far from the band edges 

and justifying the neglect of n and p in equation (5).  The defects with the lowest forma-

tion energy have the highest concentrations and dominate in equation (5).  Figure 2 there-

fore indicates that, in the absence of extrinsic impurities, the Fermi level will have the 

value =2.97 eV where the formation energies of Vint
eμ H

+ and Hi
− are equal.  At this posi-

tion of EF, the formation energy of these defects is 0.81 eV.  Using Eq. (3), this corre-

sponds to a concentration of only about 1011 cm-3 at 100 oC.  Such a low concentration of 

defects does not lead to any observable effects on the properties of the material. 
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So why does the incorporation of extrinsic impurities such as Ti or Zr affect the 

kinetics?  For these impurities, we have explored both substitutional and interstitial con-

figurations. The lowest formation energies were obtained for the impurity substituting on 

an Al site; the preference over the Na site is consistent with the chemical similarity of 

these transition-metal impurities with Al, and also with recent x-ray diffraction results 

[9].  Figure 3 shows that TiAl also acts as a “negative-U” center.  The Fermi-level position 

where positive and negative charge states have equal formation energies determines the 

transition level ε(+/−) [18].  If TiAl is present in concentrations exceeding those of other 

charged defects, the Fermi level will be pinned at μe =ε(+/−)=3.41 eV. This is true irre-

spective of whether TiAl is incorporated under equilibrium or non-equilibrium conditions 

(including processes such as ball milling [15]), since it is driven by equilibration of elec-

tronic states for Ti at a single site.   

Incorporation of an electrically active defect such as Ti therefore has the impor-

tant effect of shifting the Fermi level from its value in intrinsic material, in this case by an 
amount Δμe=ε(+/−)− =0.44 eV. This shift lowers the formation energy of the pre-

dominant hydrogen-related point defect (H

int
eμ fE

i
−) by ΔEf=0.44 eV. This decrease in 

causes an increase in the concentration of the defect, resulting in an increase in self-

diffusion.  The kinetics of hydrogen-related point defects is intimately tied to the decom-
position reaction (1), and a lowering of  allows achieving a given concentration of 

defects at a lower temperature; experimentally, Ti-induced decreases of the decomposi-

tion temperature ΔT≈60 

fE

fE

oC [3] and ΔT≈100 oC  [26] have been reported.  Using Eq. (3), 

we also find that the decrease ΔEf=0.44 eV at a given temperature results in an increase 

of the defect concentration by six orders of magnitude!  The defect concentrations can 

rise to about 1017 cm-3, which (in combination with the low migration barriers discussed 

below) is more than adequate to cause copious amounts of self-diffusion.  At the same 

time, such concentrations are small enough to fulfil the condition that the hydrogen-
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related defects have no effect on the Fermi-level position in the presence of an extrinsic 

impurity.  Indeed, TiAl concentrations well exceeding 1017 cm-3
 should be easily attain-

able in doped material, given that typically several mol % of Ti are added (corresponding 

to concentrations above 1020 cm-3).  In fact, our findings emphasize that only a small frac-

tion of this added Ti is needed to achieve the desired effect.  This is good news from the 

point of view of technological applications, since adding large amounts of Ti adversely 

affects the hydrogen weight capacity.    

Since the kinetics of hydrogen-related point defects is intimately tied to the de-

composition reaction (1) we expect that our calculated decrease Δμe in the activation en-

ergy for hydrogen diffusion would be reflected in the experimentally observed change in 

activation energyΔ  for Ti-doped alanate compared to pure alanate. ΔμQ e=0.44 eV corre-

sponds to 42 kJ/mol, in very good agreement with reported values (∼40 kJ/(mol H2)) [27].  

The observed lowering was independent of the amount of added Ti, consistent with our 

statement that as long as the TiAl concentration exceeds the concentration of hydrogen-

related defects, the Fermi level will be pinned at the ε(+/−) transition level, irrespective of 

the Ti concentration. 

The results presented in Fig. 2 demonstrate that a similar mechanism applies in 

the case of Zr doping.  Zr also exhibits negative-U behaviour and the Fermi level is 

pinned at ε(+/−)=2.90 eV.  The Zr-induced shift in the Fermi level (Δμe=−0.07 eV) and 
hence in  is much smaller than in the case of Ti, resulting in a much smaller impact on 

reaction kinetics. An experimental comparison of Ti- and Zr-doped alanate indeed sug-

gested a change in the activation enthalpy between Ti- and Zr-doped samples of 30 

kJ/mol [28].  Combined with the result for Ti cited above this implies an enhancement of 

only ~12 kJ/mol over the value of undoped alanate, consistent with our estimated value 

of 0.07eV or ~7 kJ/mol.  

fE

 7



3.b. Atomic structure 
The hydrogen-related defects also induce remarkable changes in lattice geometry, 

as illustrated in Figs. 4-7.  To facilitate the visualization, we use the same view as for the 

atomic positions in the perfect crystal (Fig. 1).  Figure 4 shows that the hydrogen vacancy 

in the positive charge state leads to a significant rearrangement of the surrounding lattice.  

The driving force for this rearrangement can be understood as follows.  As noted above, 

(AlH4)−  units in the perfect NaAlH4 lattice need to acquire a negative charge in order to 

be able to form four Al-H bonds with two electrons each.  This fourfold coordination also 

determines the tetrahedral geometry of these units, corresponding to sp3 hybridization of 

the Al atom.  When a hydrogen atom is removed (i.e., a hydrogen vacancy is created), the 

resulting AlH3 unit no longer needs the extra electron (explaining why the vacancy be-

comes positively charged, at least when the Fermi level is low enough to easily accept 

this electron).  In addition, the driving force for tetrahedral coordination disappears, and 

AlH3 assumes its usual planar geometry, characterized by sp2 hybridization of the Al, 

with an empty Al pz orbital pointing out of the plane of the AlH3.  It is the presence of 

this pz orbital that is likely responsible for a further lattice rearrangement, which actually 

turns a neighboring (AlH4)− unit into a planar AlH3 plus an interstitial H atom.  This latter 

H is almost symmetrically located between the two AlH3 units; indeed the distances be-

tween this H atom and the neighboring Al atoms are 1.70 and 1.85 Å.  The distances be-

tween the central H atom and the H atoms in the AlH3 units are 2.65, 2.59, and 2.58 Å for 

the first unit, and 2.49, 2.52, and 2.60 Å for the second unit. 

The geometry of VH
− (shown in Fig. 6) is relatively simple.  A hydrogen is re-

moved from an (AlH4)− unit, and an additional electron added.  This leaves an Al atom 

surrounded by three H atoms and a “dangling bond” filled with two electrons.  s2p3 hy-

bridization becomes more favorable, with the Al-H bond angles becoming closer to 90o 

(the calculated angles range from 95 to 98o, compared with angles of 107 and 114o in 
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bulk AlH4).  The VH
− defect has a doubly occupied state in the band gap; Fig.6 shows an 

isosurface of the charge density associated with this defect state, clearly demonstrating its 

“dangling-bond” character. 

The geometry of a hydrogen interstitial in the positive charge state, depicted in 

Fig. 6, is probably the most surprising.  This extra hydrogen atom does not simply move 

into an interstitial site in the lattice; in fact, it creates a large rearrangement involving at 

least 10 host atoms.  The final geometry can be considered to consist of a hydrogen va-

cancy in the positive charge state, as described above (with atomic positions that agree 

with those reported above to within 0.01 Å) plus an interstitial H2 molecule. I.e., the pres-

ence of the interstitial induces the crystal to make another interstitial H available, with 

which the first interstitial can bind and form H2.  The energy gained in the process of 

molecule formation apparently exceeds the cost of creating the additional vacancy.  This 

energy gain can be understood in terms of destabilization of an (AlH4)− unit in the pres-

ence of a proton.   An additional proton in the lattice is attracted to the negatively charged 

complex.  Next, electron transfer to the proton may occur, leaving a neutral (AlH4)0, 

which is known to be an unstable species.  Alternatively, proton transfer to (AlH4)− may 

occur, which results in AlH5, also known to be unstable.  Either way, spontaneous de-

composition of the AlH4 or AlH5 will occur, resulting in the stable species H2 and AlH3.  

The latter can be regarded as a missing hydrogen and electron, i.e., a positively charged 

vacancy.  Based on this picture, one might suspect that the formation energy of Hi
+ would 

be the sum of the formation energies of VH
+ and an interstitial molecule, (H2)i.  We have 

therefore also calculated the formation energy of (H2)i, and it turns out to be significantly 

larger (by about 0.7 eV) than the difference in formation energies of Hi
+ and VH

+; this in-

dicates that the interstitial molecule significantly lowers its energy due to its proximity to 

the vacancy, presumably because additional space in the lattice is available.   
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Figure 7, finally, shows the geometry of a negatively charged hydrogen intersti-

tial.  The additional hydrogen is located more or less symmetrically between two (AlH4)− 

units.  The distances between this additional H atom and the neighboring Al atoms are 1. 

78 and 1.84 Å.  The distances to the closest H atoms are all larger than 2.23 Å.  The 

Hi
− defect induces two states in the band gap: one very close to the valence-band maxi-

mum, which is valence-band like with density on the H atoms, the other at ~1.3 eV above 

the valence-band maximum, which is plotted in Fig. 7.   

Figures 4-7 clearly illustrate that all of the defects induce significant modifica-

tions of one or more surrounding AlH 4
−  complexes, which in pure alanate exhibit close to 

tetrahedral geometry.   Changes in the coordination number of Al and H atoms as well as 

in the symmetry of the resulting Al-H complexes are observed.  We speculate that these 

distortions can serve as nuclei for the formation of new phases, which is necessary for 

reaction (1). 

3.c. Diffusion 
We also addressed the mobility of the defects. For Hi

− we calculated a migration 

barrier (i.e., the energy difference between the saddle point and the ground state) Em=0.22 

eV.  For VH
+, the path was calculated by moving a hydrogen atom from a nearby AlH4 

complex into the vacancy, resulting in Em=0.26 eV.  The diffusion coefficient is given by 

D=Do exp(−Em/kT), with Do≈0.07 cm2/s based on the vibrational frequency and the jump 

length [18]. Once formed, these defects are therefore highly mobile and can easily trav-

erse macroscopic distances at temperatures below room temperature.  These results agree 

well with the observation of highly mobile hydrogen-related defects in Ref. [29].  The 

low value of the migration barriers indicates that the formation energy Ef  of the hydro-

gen-related defects is the dominant term in the activation energy for self-diffusion, and 

that defect migration is not a rate-limiting step.  These low barriers also confirm that for-
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mation of hydrogen-related point defects can be treated as an equilibrium process, an as-

sumption that underlies equation (3). 

Summary 

We have applied first-principles computations based on density functional theory 

to the study of hydrogen-related point defects in NaAlH4.  The relevant point defects turn 

out to be positively or negatively charged, which has important repercussion for kinetics 

since the concentration of such defects will be heavily influenced by the presence of elec-

trically active impurities in the material.  In addition, some of the point defects produce 

large local deformations of the host lattice.  Additional details can be found in Refs. [30] 

and [31]. 
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Figure 1. Schematic illustration of the atomic structure in a perfect NaAlH4 crystal. 

The view is along the a axis, and the c axis of the crystal is along the vertical in the fig-

ure.  Only one plane of Na and Al atoms is shown, along with the H atoms that are 

bonded to the Al.  The boundaries of the tetrahedral supercell are indicated.  Large green 

spheres are Na, medium blue spheres Al, and small red spheres H. 
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Figure 2. Calculated formation energies of relevant hydrogen-related defects in NaAlH4 

as a function of Fermi energy. The vertical line denotes the Fermi-level position deter-

mined by charge neutrality.  Equilibrium with H2 molecules at T=0 is assumed.  
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Figure 3. Calculated formation energies of selected impurities in NaAlH4 as a function of 

Fermi energy. The vertical line denotes the Fermi-level position determined by charge 

neutrality, in the absence of other defects.  Ti-related (red) and Zr-related (blue) defects 

are shown  For Ti and Zr, the chemical potentials were fixed to the energy of the bulk 

metals and Al-rich conditions were assumed. 
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Figure 4. Schematic illustration of the atomic structure around a positively charged va-

cancy, VH
+, in NaAlH4.   
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Figure 5. Schematic illustration of the atomic structure around a negatively charged va-

cancy, VH
−, in NaAlH4.  An isosurface of the charge density associated with the defect 

state, which occurs at 2.5 eV above the valence-band maximum, is shown.  The electron 

density at the isosurface is 0.06 els/Å3. 
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Figure 6. Schematic illustration of the atomic structure around a positively charged inter-

stitial, Hi
+, in NaAlH4.   
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Figure 7. Schematic illustration of the atomic structure around a negatively charged in-

terstitial, Hi
−, in NaAlH4.  An isosurface of the charge density associated with a defect 

state at 1.3 eV above the valence-band maximum is shown.  The electron density at the 

isosurface is 0.06 els/Å3. 
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