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Abstract
The lack of suitable means of storing hydrogen for use in the transport sector is generally viewed 
as a primary showstopper for a hydrogen economy. Recent developments within solid state 
hydrogen storage in complex hydrides and metal ammines have sparked new hope of a long term 
solution, but as of now, no materials fulfill all the DoE targets for onboard storage [1]. A detailed 
physical understanding of the ab-/desorption processes and the role of the essential catalytic 
additives is an essential prerequisite for the development of new optimized hydrogen storage 
systems. 

Here, we illustrate the potential of utilizing the synergy of combining state-of-the-art in 
theoretical methods and experimental techniques in the analysis and design of materials for 
hydrogen storage. Recent advances in computer hard- and software has made it possible to treat 
many of the essential problems in such materials, i.e. structural stability, hydrogen dissociation 
and diffusion, with high accuracy methods like density functional theory. We rely on such results 
to guide our synthesis of new materials, and to interpret our experimental results from, e.g. time 
dependant in situ x-ray diffraction, synchrotron/neutron experiments, and advanced materials 
testing. Through a continuous feed-back optimization loop between theory and experiments, the 
obtained nano-scale insight is used to expedite the design and development of novel materials for 
hydrogen storage. 

Introduction 
The limited supply of fossil fuels is a growing global concern, and in light of the volatile and 
growing oil prices, intense research efforts have been placed on finding alternative energy 
carriers for the – not so distant – future, in order to secure a diversity of supply. 

One alternative energy carrier, which receives much attention, is hydrogen, since a potential 
Hydrogen Society would also deal with key environmental concerns, i.e. big city pollution and 
CO2 emissions - in particular if hydrogen is produced in a sustainable way using, e.g. wind or 
solar power. Over the last couple of years, hydrogen research has been strongly supported in 
USA, Japan and in part EU, but the necessary “hydrogen technology” is still under development, 
since key scientific problems remain to be solved [2].  

Although the price of hydrogen production and the hydrogen distribution infrastructure are main 
concerns, it is generally believed that the showstopper for a hydrogen economy is the automotive 
industry, where the development of a light-weight, safe and financially competitive on-board 
energy storage system is required as an alternative to gasoline. Pressurized hydrogen is at most 
considered an intermediate solution that awaits a more effective solution, but recent advances in 
solid-state storage have shown great promise.
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By combining state-of-the-art in theoretical methods and experimental techniques, it is possible 
to generate a fast-track to materials optimization and design. The prospects of utilizing this 
synergy are particularly promising in the development of new materials for hydrogen storage, 
where synthesis and characterization are often highly expensive and time consuming, and 
analysis of rate limiting processes like hydrogen dissociation and diffusion as well as structural 
stability analysis are well suited for theoretical investigation. In this paper we describe our 
combined theoretical and experimental approach to characterization and design of such 
materials.  

Novel materials for energy storage 
The development of new and improved materials for energy storage is essential if a viable 
alternative to oil and gasoline is going to be available in the near future. Two of the most 
promising classes of storage materials for use in the transport sector are the complex hydrides 
and metal ammines. 

Complex hydrides
Following the discovery by Bogdanovi  and Schwikardi [3] of reversible ab- and desorption of 
hydrogen at near ambient conditions in titanium doped sodium alanate, NaAlH4, the so-called 
“complex hydrides” have dominated the International research in solid state hydrogen storage, 
albeit the ab- and desorption processes are all but trivial: 

  NaAlH4  1/3 Na3AlH6 + 2/3 Al + H2  NaH +Al + 3/2 H2   (1) 

The theoretical storage capacity of complex hydrides is up to an order of magnitude higher than 
conventional metal hydrides operating at ambient conditions. The physical explanation for the 
role of the essential titanium based additives has remained elusive, and only a limited number of 
complex hydrides have been produced due to the complexity of developing new synthesis 
procedures. We have recently shown theoretically that the effect of the leading Ti-based additive 
TiCl3 is a catalytic lowering of the barrier and final state energy for the desorption of hydrogen 
[4]; a discovery we are currently trying to verify experimentally by performing in situ nano- and
micro structural characterization using small-angle x-ray scattering (SAXS) and neutron 
scattering.

Metal ammine salts
As an alternative to direct hydrogen storage in complex hydrides, a research group at the 
Technical University of Denmark recently filed patent application, where metal ammine salts 
such as Mg(NH3)6Cl2 are used to safely store ammonia, to be used as an indirect storage medium 
for hydrogen [5]. This salt is stable under ambient conditions, but heated to ~320 °C, the 
ammonia is released and the waste product is MgCl2, which can easily be reused [6]:

  Mg(NH3)6Cl2  Mg(NH3)2Cl2 + 4 NH3  Mg(NH3)Cl2 + 5 NH3  MgCl2 + 6 NH3 (2) 

Although inherently more financially and energetically expensive than direct hydrogen storage, 
the salt has a demonstrated storage capacity of 9.1 wt.% hydrogen, and is thus the only reversible 
solid-state storage medium able to fulfill the DoE-2015 capacity target [1]. As of now, there are 
still open questions regarding the cyclic structural stability, NH3 diffusion and reaction kinetics. 
A detailed understanding of the nucleation and growth mechanisms in the material could provide 
the information required to lower the desorption temperature for the residual ammonia, thus 
potentially allowing for lower temperature applications. The desorption temperature can also be 
varied by substituting Mg for Ca, Ni, or Sr.
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Theoretical methods 
Density functional theory
The theoretical work is based on the density functional theory (DFT) pseudopotential planewave 
code Dacapo [7] developed at the Centre for Atomic-scale Materials Physics (CAMP). The code 
enables the accurate determination of ground state structures and energies, which are essential 
for the determination of, e.g. formation energies. By combining DFT calculations with other 
methods and techniques (see below), it is possible to obtain detailed structural, thermodynamic 
and kinetic information about energy storage materials. 

The nudged elastic band technique
In calculations of activation barriers for dissociation or diffusion processes, a path technique 
know as the nudged elastic band (NEB) method [8] enables the determination of the minimum 
energy path and corresponding transition state(s). The method is primarily used to locate the 
transition state - and determine the corresponding energy - between two local energy minema. 
This is done by creating a series of system replica, typically 5-10, which are coupled by spring 
forces; the component of the spring forces parallel to the path and the orthogonal forces from the 
potential are then minimized, converging toward the minimum energy path. NEB is an essential 
tool in an analysis and potential optimization of reaction rates, in particular when used together 
with transition state theory.  

Transition state theory
Using the ground state energy differences between the initial and the transition state, as 
determined from a NEB calculation, it is possible to determine the rate of the given process using 
transition state theory (TST) [9]. In the harmonic approximation to TST (hTST), the problem is 
reduced to an Arrhenius expression, where the prefactor is determined by the vibrational modes 
of the initial and transition state, respectively, and the activation energy is the ground state 
energy difference. The vibrational frequencies can be determined using Dacapo, and it is thus 
possible to address problems such as locating the rate-limiting step for interactions between 
hydrogen and metals; as seen for the magnesium-hydrogen system [10] and other complex rate 
problems in materials science, where hTST has been shown to be applicable outside the low 
temperature regime  [11]. 

Structural stability
Due to the complexity in developing new synthesis procedures for complex hydrides and equally 
to characterize them structurally, the ability to perform an initial theoretical investigations of the 
thermodynamic stability of a given materials combination is vital in this type of materials design.  
The PHONON software package relies on the direct method [12] to calculate phonon dispersion 
curves and density spectra on the basis of ab initio calculations. The code enables the accurate 
assesment of the stability of crystal structures at finite temperatures, and based on an analysis of 
the imaginary modes in the phonon spectra of related, but unstable, crystal structures, it is also 
possible to create a neighboring stable structure. In cases where the initial structural guess has 
too many negative modes, thermal annealing simulations using ab initio Molecular Dynamics 
(MD) can be performed. With these methods, the structural stability and thermodynamics of 
complex storage materials can be thus be analyzed – even predicted - for materials not yet 
synthesized. We have recently illustrated the potential of this approach by predicting the 
existence of a new monoclinic high temperature phase for the complex hydride lithium 
borohydride, LiBH4, and simultaneously rendered an explanation to existing experimental data 
[13].
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Figure 1: The equilibrium shape of a NaAlH4 particle, which is dominated by the {001} facets 
(grey). Several other facets are also exposed: {101} facets at the corners (red), {112} facets at 

the top/side (brown), as well as the open {110} facets on the sides (blue) [4]. 

The hydrogen ab- and desorption in complex hydrides is found to depend strongly on the particle 
size of the storage medium [14], but the physical explanation still remains to be determined. 
Investigations of the shape of such nano particles can therefore reveal detailed information about 
catalytic bonding site and hydrogen desorption pathways, etc. DFT calculations of surface 
energies can be used to directly determine the equilibrium structures of such particles using a 
Wulff construction [15], as shown in figure 1. 

Charge analysis
The reactivity of a catalyst is often directly linked to the charge of the catalytic atom/particle. 
The charge on the catalytically active titanium atoms for complex hydrides and its dependence 
on the local atomic configuration can be analyzed theoretically using Wannier orbitals [16], as 
illustrated in figure 2 for Ti substituted at a Na-site (Ti@Na) on NaAlH4(001).

Figure 2: A Wannier d-type orbital on a titanium atom on Ti@NaAlH4(001). Na atoms are blue, 
Al grey, H white, and Ti are black; the colouration of the orbital reflects the phase. The total 

charge on the atom can be determined by summation of the electronic density of states, up to the 
Fermi level, for the 5 d-type and one s-type orbital.
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The charge depends strongly on the local atomic configurations, and values from simulations of 
different catalytic configuration can be compared directly to experimentally determined charges 
from EXAFS or XANES experiments [17], thereby providing insight into the catalytic 
configuration under operational conditions.  

Experimental methods 
The in-house experimental facilities at the Materials Research Department at Risø National 
Laboratory enables us to use several different production and analysis techniques on hydrogen 
storage materials, which are furthermore supplemented by the access to International synchrotron 
and neutron sources. 

Materials synthesis
The samples can be produced either directly in a high energy ball mill, which is often used due to 
the substantial improvements observed for the hydrogen ab- and desorption with decreasing 
grain size of the material [18] and the possibility of producing alloys mechano-chemically [19]. 
Performing sample pre-treatment in an Edmund Buhler Arc melting system, it is possible to 
create alloy compositions, which are difficult to access directly via mechanical alloying or 
conventional melting of the elements. 

X-ray diffraction
X-ray powder diffraction (XRPD) is a powerful technique for investigating structural and 
chemical details of crystalline materials both quantitatively and qualitatively, such as crystal 
structure, phase composition, crystallite size, etc. Hydrogen is, however, a very weak x-ray 
scatter, and XRPD therefore mainly provides information about the metal lattice. A STOE x-ray 
tube powder diffractometer are used for ex situ studies and a Rigaku rotating x-ray anode for 
time resolved in situ studies.  

By applying small angle x-ray scattering (SAXS), nano-meter scale information about, e.g.
distribution of catalytic particles can be provided in addition to the atomic scale information 
from XRPD. The nano- and microstructure of the materials is drastically changed as hydrogen is 
cycled through many ab- and desorption processes, and changes in particle size and the 
development of pore structures can be analyzed dynamically by SAXS. This method is, for 
instance, used extensively in connection with the analysis of the cyclic loading/unloading of the 
metal ammine complex Mg(NH3)6Cl2 [20]. 

Neutron scattering
Neutrons are ideally suited to characterize materials consisting of light elements, in particular 
hydrogen, due to a large scattering cross section. Neutron scattering can be used to obtain both i)
detailed structural information by diffraction from coherent scattering (incoherent scattering 
from hydrogen is often suppressed by H/D substitution), e.g. the determination of hydrogen sites 
in a metal lattice, and ii) information about dynamics from incoherent scattering, such as 
diffusion, rotations, translations and vibrations.
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Figure 3: The QENS signal at 423 K from as-received NaAlH4 decomposed into a large elastic 
contribution (static hydrogen atoms; green) and an inelastic signal (hydrogen undergoing motion: 

magenta and turquoise). For details on the model, refer to Ref. [21]. 

Neutron scattering experiments may provide valuable information otherwise not accessible from 
x-ray experiments. To illustrate the use of neutron scattering, a quasielastic neutron scattering 
experiment (QENS) on as-received NaAlH4 is shown in figure 3. QENS can provide information 
about hydrogen diffusion and rotation frequencies, jump lengths, and activation barriers from a 
broadening of the incoherent elastic scattering function (static atoms) due to a quasielastic 
component (mobile atoms) around zero energy transfer. The QENS spectrum can be decomposed 
into a substantial elastic contribution (static hydrogen atoms) and a smaller signal from 
inelastically scattered neutrons (hydrogen undergoing motion) as illustrated for NaAlH4 in figure 
3.

Hydrogen uptake measurements
In order to quantitatively evaluate the hydrogen storage capacity (uptake/release),  
hydrogenation/dehydrogenation kinetics, and thermodynamic properties, a Sartorious high-
pressure microbalance operating at a range from vacuum to 50 bar hydrogen, and from RT to 
500 C is used. Furthermore, quantification of hydrogen uptake/release can also be performed 
indirectly from hydrogen pressure changes in known volumes (Sievert method) in an alternative 
setup. Here, the temperature range is similar to the gravimetric device, whereas sample handling 
under a protected atmosphere and an upper pressure limit of 100 bars, allows the study of 
hydrogenation of complex hydrides.  

Research projects 
At present, a number of different research projects combining theoretical and experimental 
methods have been initiated, as exemplified below. 

Particle properties and catalyzed hydrogen desorption from NaAlH4
Using DFT calculations, we have recently shown that the activation energy for hydrogen 
desorption from NaAlH4 can be significantly reduced if TiCl3 is added as a catalyst [4]. This was 
found to be a consequence of a number of factors: i) the combination of a significantly reduced 
formation energy of Na-vacancies (Nav) near titanium atoms substituted at Na-sites (Ti@Na) and 
a strong thermodynamic driving force for NaCl formation, ii) Ti-induced destabilization of 
neighboring (AlH4)-1 complexes by charge depletion and Al—H bond breaking, and iii) an 
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effective elimination of the hydrogen vacancy formation energy in the surface layers. 
Furthermore, long range effects on the hydrogen diffusion are also expected to be important. The 
determined activation energy of 0.98 eV for H2 desorption on Ti@NaAlH4(001)+2Nav (see 
figure 4) agrees well with the experimentally determined activation energy for dehydrogenation 
of 0.89 eV for TiCl3-doped NaAlH4 [22]; these findings are also in good agreement with the 
persistent observation of NaCl following treatment with the TiCl3.

Léon et al. have recently shown that the addition of Ti13 clusters can result in substantial 
improvements in the kinetics – even superior to that of TiCl3 [23]. Fichtner and co-workers have 
also shown that following cycling, titanium can be traced deep into the surface of the material 
[24]. Based on our own observations and those of Løvvik and Opalka, where the theoretically 
determined preferred Ti-sites – when NaCl formation is not considered - are Al-sites in the two 
top most layers [25], we chose to analyze the effect of Ti@Al substitutions on the barrier for H2
desorption.

Here, we present a NEB calculation of the activation energy for the desorption of molecular 
hydrogen from a Na(Ti@Al)H4(001) surface, i.e. Ti has been substituted for a surface Al-atom 
(Ti@Al).

Figure 4: The barrier for H2 desorption from undoped NaAlH4(001) (black), similarly for Ti-
substituted at Al-sites NaTi@AlH4(001) (green), and the red line is included for comparison with 

the lowest obtained barrier, i.e. Ti@NaAlH4(001)+2Nav, as described in Ref. [4]. 

Looking at figure 4, the hydrogen desorption barrier for Ti@Al substituted in the (001) surface 
layer is found to be reduced from 3.0 eV to 1.9 eV; a substantial reduction, but still significantly 
higher than the 1.0 eV barrier found for Ti@NaAlH4(001)+2Nav [4]. More pronounced is the 
effective removal of the vacancy formation energy in the surface layer, i.e. the final state energy 
is equal to the initial state energy.

In figure 5, the initial (IS), transition (TS) and final states (FS) are depicted for the minimum 
energy path of undoped (upper) and Ti@Na substituted NaAlH4(001) (lower), respectively. 
When comparing the two rows, the titanium atom is seen to pull in the neighboring AlH3
complex and rotate it, to increase its own number of Ti—H bonds. A general destabilization of 
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neighboring AlH4-type complexes is observed, caused by a titanium induced charge depletion, 
which may initiate the phase transformation into Na3AlH6 (see equation 1).

Figure 5: The initial (IS), transition (TS) and final states (FS) of H2 desorption from undoped 
NaAlH4(001) (upper). In the lower row, the presence of the Ti@Al (the large grey atom) 

substitution is seen to pull in and rotate the neighboring AlH3-complex to compensate for its 
under-coordination.

We are currently in the process of performing SAXS and QENS experiments on the 
dehydrogenation of NaAlH4 subjected to high energy ball milling, with or without addition of 
TiCl3, thereby hoping to confirm this effect of the Ti-based catalysts. 

Hydrogen dynamics in NaAlH4 and Na3AlH6
A pronounced kinetic effect of mechanical and catalytic treatment of complex hydrides is 
generally observed, but a quantification of these effects has been hampered by the experimental 
difficulties involved in analyzing and characterizing “individual” hydrogen dynamics. As 
previously mentioned, the large incoherent neutron scattering cross section from hydrogen makes 
neutrons ideally suited to analyze hydrogen dynamics, e.g. diffusion, rotation and translation. 

We are currently in the process of analyzing the rotational and diffusional processes in NaAlH4
and Na3AlH6 using quasielastic neutron scattering (QENS) experiments. Here, we use the elastic 
part of the QENS signal from undoped, as-received NaAlH4 to determine the mean square 
displacement of hydrogen in NaAlH4 at room temperature, as seen in figure 6. The data yield a 
Debye-Waller factor, i.e. approx. the mean square vibrational amplitude (thermal vibrations) of 
<u2> = 0.035 Å2 at room temperature – for details refer to Ref. [21] - which is in excellent 
agreement with existing experimental work on NaAlD4 [26]. 
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Figure 6: The squared mean displacement in NaAlH4 at 298 K and a Debye-Waller fit determine 
the amplitude of the thermal vibrations [21].  

In our initial QENS experiments, less than 10 % of the hydrogen atoms in as-received NaAlH4
were found to be mobile, even at 423 K (see figure 3). These experiments are supplemented by 
ongoing DFT calculations of the rotation and diffusion processes in NaAlH4 and Na3AlH6;
similar to those in our previous work on LiBH4 [13]. These calculations can provide reliable 
jump lengths and activation energies to assist in the interpretation of our QENS data. Further 
QENS experiments are underway to clarify the role of Ti-based dopants on hydrogen dynamics 
in both NaAlH4 and Na3AlH6.

SAXS analysis of the cyclic loading of Mg(NH3)6Cl2
Recently, metal ammine salts have been demonstrated to have a reversible hydrogen storage 
capacities in excess of the DoE-2015 target (9.1 wt% for Mg(NH3)6Cl2) [6]. Although the 
hydrogen is bound in the form of ammonia (which requires higher temperatures for ammonia 
cracking), the metal ammine salts may provide a fast track to commercialization of hydrogen 
powered cars. 

The salt can be compacted in the form of tablets [5], which can retain their overall shape during 
the three-step decomposition process (see equation 2). The remaining MgCl2 tablets can then be 
reloaded by applying a small ammonia overpressure. A detailed structural characterization and 
understanding at the nano scale is still underway, but the generation of a fine network of pores is 
observed [27]. In an ongoing project [20], we are using SAXS to analyze the nano structural 
evolution of pores and crystallites during cyclic ab- and desorption of ammonia. During the 
decomposition process, an array of nano-size pores is created, which may facilitate the reloading 
of the sample. The reloading of the samples is easy and appears to occur by a sharp front moving 
through the material. 

Summary and perspectives 
The implementation of rational design strategies utilizing a combination of state-of-the-art in 
theoretical methods with experiments covering synchrotron radiation and neutron sources are 
expected to accelerate the understanding and development of novel materials for energy storage. 
With particular focus on the nano-scale properties of these materials and their catalyst, quantum 
leaps can be made in the understanding of the rate limiting processes, and a continuous feed-
back-loop between theory and experiments provides a potential fast-track to materials design. 
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The synergy is particularly high for novel hydrogen storage materials such as complex hydrides 
and metal ammines consisting mainly of light elements; although difficult to characterize with x-
ray techniques, they are well suited for both theoretical work and neutron scattering experiments.  
The ability to perform structural predictions of new stable hydride phases and alloys with 
specific thermodynamic properties can shorten the time-scale for synthesis significantly, and 
thereby substantially increase the possibility of providing a suitable hydrogen storage medium 
for the transport sector.
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