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Abstract: We report the results of an experimental and theoretical study of hydrogen storage in sodium
alanate (NaAlH,). Reversible hydrogen storage in this material is dependent on the presence of 2—4% Ti
dopant. Our combined study shows that the role of Ti may be linked entirely to Ti-containing active catalytic
sites in the metallic Al phase present in the dehydrogenated NaAlHs. The EXAFS data presented here
show that dehydrogenated samples contain a highly disordered distribution of Ti—Al distances with no
long-range order beyond the second coordination sphere. We have used density functional theory techniques
to calculate the chemical potential of possible Ti arrangements on an Al(001) surface for Ti coverages
ranging from 0.125 to 0.5 monolayer (ML) and have identified those that can chemisorb molecular hydrogen
via spontaneous or only moderately activated pathways. The chemisorption process exhibits a characteristic
nodal symmetry property for the low-barrier sites: the incipient doped surface-H, adduct’s highest occupied
molecular orbital (HOMO) incorporates the o* antibonding molecular orbital of hydrogen, allowing the transfer
of charge density from the surface to dissociate the molecular hydrogen. This work also proposes a plausible
mechanism for the transport of an aluminum hydride species back into the NaH lattice that is supported by
Car—Parrinello molecular dynamics (CPMD) simulations of the stability and mobility of aluminum clusters
(alanes) on AI(001). As an experimental validation of the proposed role of titanium and the subsequent
diffusion of alanes, we demonstrate experimentally that AlH; reacts with NaH to form NaAIH, without any
requirement of a catalyst or hydrogen overpressure.

1. Introduction hydrogen to form hydride ions under moderate conditions. The
chemisorption of molecular hydrogen by transition metals is
often analyzed using the position of the center of the d-band
with respect to the Fermi surfaé&.Aluminum, a member of

The chemistry behind hydrogen storage is essentially the
chemistry of the formation and decomposition of different
hydrides under reversible conditions. The ease of formation of group I1A in the periodic table with an empty d-band, is not

metal hydrides™ from the native metallic state is dependent favorablé for a reaction with molecular hydrogen. The forma-
on the energies associated with the following key steps: () (o1 of aluminum hydride occurs at around 116D or under
the chemisorption energy and activation barrier for the dis- very high pressures of HAs is the case with other group I11A
sociation of molecular hydrogen and (b) the expansion and glgments, once aluminum hydrides are formed, they are
formation of the metal hydrlde_ lattice from the metal I_attlce. In moderately stabfeand exist in many crystallographically distinct
reggrd_ to step (a), alumlnurn_ is one of the worst métalshe phaseg:® At elevated temperatures, aluminum hydrides mostly
periodic table for the dissociative chemisorption of molecular jicsqciate into aluminum metal and hydrogen. The possibility
- - of hydrogen storage in aluminum as a hydride may be an
;8232&%2%?3??;?%?‘ Science and Technology attractive ided, but the chemistry of facile formation of the
$ National Synchrotron Light Source. ' hydrides under near-ambient conditions is problematic for
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by materials that are members of the complex metal hydride mechanism responsible for reversible hydrogenatiehydro-
family with the general formula MAIH ), that are also called  genation in Ti-doped sodium alanate. This investigation was
alanates. Their added stability compared to aluminum hydride performed using extended X-ray absorption fine structure
comes from tetrahedrally coordinated aluminum atoms AJH (EXAFS), X-ray diffraction (XRD), and density functional
shielded by countercations, which are mainly alkali metals. The theoretical calculations. These results support a growing con-
chemistry of alanates has been knéW#tfor a long time. They sensus in the community that the activity is due to the presence
are reactive and most of them dissociate to the respective alkaliof 2—4 mol % titanium associated exclusively with the metallic
metal hydrides, aluminum, and hydrogen at or above room aluminum phase, and that the location of titanium atoms does
temperature. There is also a series of mixed alkali aluminum not change with hydrogenatierdehydrogenation cycles even
hydrides with the formula 8B,AlH¢ (known as elpasolites, and  though the amount of metallic aluminum does. Not all the
related to the AAIH ¢ family called cryolites), with slightly lower aluminum in the hydrogen-depleted material reacts to reform
hydrogen content that offers the possibility of finding the ideal the NaAlH, starting material, leaving the titanium concentrated
structure-reactivity combination in complex metal hydrid¥s.  in the remaining aluminum phase. This is suggesfil#of the

In all cases, alanates have been considered promising aluminumformation of a stable surface alloy phase of titanium and
based materials with moderate hydrogen storage capacity, bualuminum similar to TiAt and a considerable energy cost
the lack of efficient means of rehydrogenation has been a associated with dismantling such arrangements during the
stumbling block to their development as hydrogen storage forward and reverse reactions.

media. In this context, the discovery by Bogdanovic and  The chemisorption of molecular hydrogen on an Al surface
Schwickard!® that the decomposition of NaAlftan be made activated by Ti doping has been proposed as the critical first
reversible at reasonable temperatures and pressures by addingtep in hydrogen storage in alanatéSeveral subsequent steps
titanium is understandably seminal but also puzzling. The puzzle are required for an aluminum hydride species to be transported
lies in the fact that after thermal decomposition, the depleted into the NaH lattice to form the intermediate cryolite phase,
material consists of fine grains of sodium hydride and aluminum, NagAlHg. Alane (AlH; and its oligomers) formation has been
neither of which exhibits any reactivity toward molecular proposed as a mobile aluminum hydride species. Motivated by
hydrogen under ambient conditions. Yet with Ti doping, the related experimental evidence presented elsevifigfeguantum-
reverse of the following reaction occurs at a reasonably fast force DFT molecular dynamics (MD) studies have been carried
rate to form sodium alanate, a material with 5.6 wt. % of out and are used to explore a plausible mechanism by which

hydrogen. the alane species (Alican transport hydrogen and aluminum
together to the NaH lattice and form peH 6.
NaAIH4<—>%NaSAIH6+§AI + H, < NaH+ Al —i-gH2 2. Methods
) EXAFS and Sample Preparation.X-ray absorption studies of the

Ti K-edge were performed on hydrogenated and dehydrogenated sodium

The rate of hydrogen generation can be controlled in the alanate doped with 2 and 4 mol % TiCThe samples were prepared
temperature range of 128.80°C for the forward reaction. The by mechanically alloying NaAli(Alfa Chem. Co. 95%) with TiGl
reverse reaction is exothermic and (in the Ti-doped material) (Aldrich 99%) using a Fritsch Pulverizette 6 planetary mill. Ap-
the fastest among other complex metal hydrides. The reverseproximately 1.2 g of the mixed powders were milled in a 0.25 L
reaction is typically run in the temperature range of £200 tungsten carbide bowl using seven 15-mm diameter tungsten carbide
°C and under a slight overpressure-(8 MPa) of hydrogen. balls (~26 g each) for 1.5 h under an Ar .atmosphere. T'he mechano-
The question has remained: What has changed due to thischemlcal preparation and subsequent cycling of Naalitl TiCk leads

2— 4% Ti donina to so drastically increase the reactivity of this to the formation of NaCl and excess KI?2For each Ti concentration,
° pINg y Yy samples were taken immediately after balling and after cycling four

nearly 'nert_metal .toward mcl)lecular.hy.drogen? In our previous times through the hydrogenation/dehydrogenation steps of reaction 1.
work, we identified an active A+Ti site that demonstrated  of the cycled material, one sample was prepared fully hydrogenated
that spontaneous hydrogen chemisorption was possible on anNaAlH,) and another completely dehydrogenated (NaHAl). All
aluminum surface. There are other reported theoretical stud-powders were sieved through 325 mesh fd4) and brushed onto
iest>16that attempt to explain why the presence of titanium can Kapton tape, whereas the ductile alloy of ggAlo.0 was pressed into
make the forward (decomposition) reaction of the alanate easier.a thin pellet.

Because a number of studies suggest that the Ti dopant is X-ray absorption spectra were acquired at the National Synchrotron
associated with Al, and there is little experimental evidence that Light Source (NSLS) of Brookhaven National Laboratory. The spectra
titanium can be incorporated into the sodium alanate lattice, ere collected on beamline X-19A using a Si(111) double crystal

the calculations presented here assume the Ti to be concentrate onochromator a'.].d recorded in fluorescence yield. A passivated
in the Al phase implanted planar silicon detector was used for the reasonably concen-

i ) ) _ trated samples, whereas spectra from samples with a dilute Ti
In this study, we extend and combine our previous theoreti- concentration were acquired with a 13-element Ge detector (Canberra).
cal*and experimental resutfs'®to investigate the atomic-level  pue to the small Ti concentrations, the near-edge spectra were not

(10) Kondoh, H.; Hara, M.; Domen, K.; Nozoye, Burf. Sci.1993 287, 74. (17) Graetz, J.; Ignatov, A. Y.; Tyson, T. A.; Reilly, J. J.; Johnsoriater.
(11) Hara, M.; Domen, K.; Onishi, T.; Nozoye, H. Phys. Cheml991, 95, 6. Res. Soc. Conf. Pro2005 837.
(12) Graetz, J.; Lee, Y.; Reilly, J. J.; Park, S.; Vogt,Phys. Re. B 2005 71, (18) Graetz, J.; Reilly, J. J.; Johnson, J.; Ignatov, A. Y.; Tyson, TAppl.
184115. Phys. Lett.2004 85, 5000.
(13) Bogdanovic, B.; Schwickardi, Ml. Alloys Compd1997, 253 1. (19) Kurth, F. A.; Eberlein, R. A.; Schnockel, H.; Downs, A. J.; Pulham, C. R.
(14) Chaudhuri, S.; Muckerman, J. J. Phys. Chem. B005 109, 6952. J. Chem. Soc. Chem. Commu993 1302.
(15) Iniguez, J.; Yildirim, T.; Udovic, T. J.; Sulic, M.; Jensen, C. Bhys. (20) Raston, C. LJ. Organomet. Chen1994 475, 15.
Rev. B: Condens. Matter Mater. Phy2004 70, 060101. (21) Go, E. P.; Thuermer, K.; Reutt-Robey, J.g&uirf. Sci.1999 437, 377.
(16) Iniguez, J.; Yildirim, T.Appl. Phys. Lett2005 86, 103109. (22) Majzoub, E. H.; Gross, K. J. Alloys Compd2003 363 356.
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corrected for “self-absorption.” All samples were kept at room Car—Parinello Dynamics. For the molecular dynamics simulation
temperature, and air-sensitive samples were measured in a sealed samptef the diffusion of alane species, CéaParinello molecular dynamics

holder under Ar gas. was selected as the most efficient tool. Different stable gas-phase alane
Theoretical Background. Pseudopotential DET CalculationsThis clusters and their diffusion on an Al metal surface were investigated.
Study used the density functional theory program CASPPEHR most A three-atomic-layer thick periodiC Unit, COnSiSting of 96 aluminum

of the calculations presented. The generalized gradient approximationatoms in the 2D periodic unit, represents an Al(001) surface in this
(GGA) with a plane-wave pseudopotential (PWPSP) basis and the study. Different stable gas-phase alane clusters were tested on this model
RPBE* exchange-correlation functional were employed in the calcula- surface for surface diffusion and dissociation properties at different
tions. Ultrasoft pseudopotentials were used to replace the core electronstemperatures. The clusters tested were #\lMzHg, and AkHs. The

All the geometry optimization calculations were performed with a 270 System size was thus 16208 atoms (96 Al-atom periodic Al(001)

eV energy cutoff with the convergence criterion set at 2075 eV/ surface plus 4, 8, or 12 atoms of the cluster) depending on the size of
atom. The results were then tested for convergence at a finer k-meshthe alane cluster tested. The gas-phase structure of each cluster was
and much higher energy cutoff values to verify the minima and to first optimized using the same DNP basis sets described above. Then
determine any dependence on k-spacing. Mulliken charge and overlap€ach cluster was optimized on the Al(001) support.-Garinello MD
population analyses were performed using the pseudo-atomic wave(CPMD) NVT simulation$® at 200 and 400 K were performed with
functions. In all cases reported here, a spin-restricted (spin-unpolarized)Nose-Hoover type thermostats and using GGA-PBiEnctionals. Each
approach was employed with no net charge on the unit cell. Band Simulation step was 0.2 fs for an accurate description of the wave
structures and partial densities of states (DOS) of the different surfacesfunction and better performance of the CPMD algorithm under nearly
were calculated fof™ points only. We also performed spin-polarized ~Born—Oppenheimer conditions.

calculations but the results are not presented here because the Ti atoms Building Surfaces and Testing Reactivity The Al(001) 2 x 2

have no net spin and the energy gain is negligible compared to the surface used in all the calculations consists of an infinitely periodic
gain in energy due to the doubling of the number of basis functions surface composed of thesex22 repeating units containing 24 atoms
alone. We have calculated the barriers of hydrogen dissociation onin the periodic unit cell. We have chosen Al(001) for our model Al
different configurations of Ti-doped Al(001) surfaces using the LST/ surface for three reasons: (1) the chemisorption of hydregemsis

QST (linear synchronous transit/quadratic synchronous transit) tech- energetically most favorabfeon an Al(001) surface; (2) Ti forms

nique?® segregated regions of stable surface alloys on Al(&E)yvhich should
All-Electron DFT using Atomic Orbital Basis Sets. Density be more favorable compared to a subsurface alloy for promoting
functional theory as implemented in the DMol3 progf&fiwas used reaction, and experimental indications point to localized Aliphases;

to inspect the orbitals involved in the bonding. This allowed us to @nd (3) hydrogen also binds strongly to microfacets (similar to the
replace the core treatment and plane-wave basis set of CASTEP byenvironment modeled in this work) in Al(111) steps mak{itL a
all-electron atomic basis sets. Our calculation included 454 atomic Ubiquitous face for hydrogen absorption. The exposed surfaces in all
orbitals and 332 total electrons. A particular variation of numerical CaSes were given a layer of vacuum as large as35A to avoid
atomic basis sets called DNP (double numerical plus polarization) was intéractions with its periodic image in the vertical direction. Our
employed. It includes a doubfebasis for the valence orbitals along ~ €XPerience suggests that the above-mentioned sepgratlon and relaxation
with polarization p-functions on all hydrogen atoms and polarization Of two surface layers of atoms followed by a few fixed layers of Al
d-functions on all aluminum atoms (plus a set of 4p functions but not &{oMs are the minimum requirement for achieving consistent energies
4f functions on titanium atoms). The same exchange-correlation and other groqnd-state properties. In this partlc_ula_r_ case, increasing
functional (RPBE) was used as in the CASTEP calculations. Only the the number of fixed Al layers does not have any significant effect apart

results addressing molecular orbital interactions were calculated by this from increasing the computational cost. Different orientations of an
all-electron method. approaching hydrogen molecule have been considered, and the hydrogen

molecule has been placed just above the surface at a distance that

Density Functional Molecular Dynamics Simulation of Surface - .
vy y represents the sum of van der Waals radii of the respective atoms.

Diffusion. Periodic density functional molecular dynamics (DFT-MD)
simulations were performed using CASTEP to understand the temper-3 pagyits

ature effect on hydrogen atom diffusion on the doped aluminum surface

following chemisorption. The time-step used for the simulations was  Possible Ti Arrangements. Understanding the probable

2 x 107**s, and results from 1-ps simulations are reported here. Each [ocations of the titanium atoms in the metallic aluminum phase

simulation step performs an extended Lagrangian classical molecularjg the key to understanding the catalytic role of the dopant and

dynamics (MD) step based on the forces calculated from the PWP DFT o subsequent steps in the hydrogenation reaction. However,
technique described above. A significant speedup is possible in this y,q 1\, mher of possible Ti configurations is enormous. A sensible

otherwise costly method by using a variant of the wave function and approach is to first evaluate the reactivity of possible arrange-

density extrapolation scheme originally proposed by Arias &t &he ments in the AI(001) surface, i.e., among the many possible

electrons were kept on the Ber®ppenheimer surface by explicitly A v . . h
minimizing the electronic part after each MD step. An NVT (constant @luminum surfaces that can exist in a disordered aluminum grain,

volume and temperature) ensemble dynamics was employed with Nose concentrating on the ones with the largest affinity for H atoms.
Hoover-type thermostats of chain length 6. This approach is preferred Also, the Ti coverage is dependent on the available surface area
over NPT (constant pressure and temperature) ensemble dynamics irof the phase. The depleted material is generated after desorption
the current calculations because of the lack of numerical stability of of the hydrogen, which leaves the material in a spongy and high-

NPT at a solid-phase/gas-phase interface. surface-area state. The particle sizes are extremely small (as
(23) Segall, M. D.; Lindan, P. J. D.; Probert, M. J.; Pickard, C. J.; Hasnip, P. (29) CPMD V3.9 IBM Corp: MPI fuer Festkoerperforschung Stuttgart,

J.; Clark, S. J.; Payne, M. Q. Phys.-Condens. Mate2002 14, 2717. Copyright IBM Corp 1996-2004.
(24) Hammer, B.; Hansen, L. B.; Norskov, J.Rhys. Re. B: Condens. Matter (30) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. Lett. 1996 77, 3865.

Mater. Phys.1999 59, 7413. (31) Stumpf, RPhys. Re. Lett. 1997, 78, 4454,
(25) Halgren, T. A,; Lipscomb, W. NChem. Phys. Lettl977, 49, 225. (32) Kim, Y. W.; White, G. A.; Shivaparan, N. R.; Teter, M. A.; Smith, R. J.
(26) Delley, B.J. Chem. Phys199Q 92, 508. Surf. Re. Lett. 1999 6, 775.
(27) Delley, B.J. Chem. Phys200Q 113 7756. (33) Saleh, A. A.; Shutthanandan, V.; Shivaparan, N. R.; Smith, R. J.; Tran, T.
(28) Arias, T. A.; Payne, M. C.; Joannopoulos, J.Hbhys. Re. Lett. 1992 69, T.; Chambers, S. APhys. Re. B: Condens. Matter Mater. Phy4997,

1077. 56, 9841.
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Ti in Reversible Hydrogen Storage as Sodium Alanate

small as 10 ni#f), making a surface-segregated-4% Ti
concentration correspond to a submonolayer coverage. In a
hypothetical model of a spherical aluminum particle with a 20
nm diameter, even with the assumption that an entire 2 mol %
pool of titanium atoms surface segregates, the titanium surface
coverage is~0.3 monolayer (ML). Given the expected con-
centration fluctuations during the hydrogenatiatehydroge-
nation cycles, the titanium coverage explored here is in the range
of 0.125 to 0.5 ML in the aluminum phase.

To enable the comparison of the stability of arrangements of
dopant Ti atoms in Al surfaceat different ceerages it is
necessary to define the free energy (chemical potential) of each (b) (©
such arrangement relative to the most stable state of the system igure 1. Schematic presentation of different titanium (dark blue circle)
which is tak_en as a reference state. qu systems with the sam r?anger'nents studiedpon a Al(001) surface: £8)25 ML Ti coverage on
number of Ti and Al atoms, one could simply compare the total the surface and two immediate subsurface layers; (b) the vertical stirface
energies, but not all the various model systems have the samesubsurface arrangement of 0.25 ML Ti doped samples; and (c) the 0.5 ML
composition. Moreover, the most stable state of the actual system!' COVerage arrangement.
is somewhat ambiguous. Because Ti does not form a solid
solution in Al, and the dilute composition glgsAl 9,92 used for
EXAFS calibration is a two-phase mixture with regions of HAl
embedded within the bulk Al, the most appropriate choice of
reference state is the most stable surface termination of the TiAl
alloy. Below, we discuss two methods of calculating the relative

contribution to the system energy from the 6 atoms not placed
in the supercell, so our binding energy per atom differs from
that of the supercell alone only because we divide the total
binding energy by 30 instead of 24. The calculated results using
this method for the various model systems are plotted in Figure
stability of different model sites. S1in the Supporting Information. The calculated values are valid
- L . for the 24-atom models we employ, but these models are
Method 1: “Becguse ,,T' Is the minority component in the irtended to represent the surface region of samples that are much
systems, the_ tradltlonal_ approach is to use it as the indicator deeper than the three explicit layers we treat (which were
of th? .chem|cal potentlall of eaclgystem For a supercell sufficient to converge the energy per atom of pure Al). With
contalnlng N atoms .Of whichn are Ti atoms, we can express - gy increasing number of Al layers, the binding energy calculated
the_ chemical potential (neglecting small corrections for zero- by this method would change and approach the value of the
point energy, pressure volume work, thermal energy, and binding energy for pure Al(001)«3.5812 eV/atom). That is

entropy of mixing) Of. the Ti atoms &y, = [ESVS‘E”‘_. (N - not an intended consequence for a study of surface coverage
MEal/n where Esystemls the computed total elec.tronlc ENeIYY  effects. In such a case, we would also need to change the size
of the system, ané, is the computed electronic energy per ¢ o pool from the current 30 atoms to a larger number to

atom in bulk Al. The justification for using the bulk Al value evaluate the chemical potential of all possible arrangements.

is that the vast majority of atoms in a physical sample_are Al No such problem exists for the application of Method 2 to bulk
surrounded by other Al atoms. To put these free energies on a

. . R U systems, e.g., TiAl
scale in which the leading figures are significant, we subtract y g. TIA

h d f 2 free Ti btain the bindi Several possible arrangements of Ti atoms in the Al(001)
the compute. energy of a free Ti atom top ta}lnt € 0INAING g;rface and subsurface layers were investigated using the
energy per Ti atomE,. If the same calculation is performed

A )y . ) pseudopotential DFT methods described above. The energies
with respect to a “per Al atom” scale, the trend we discuss later

is th but th itude | I dividing th calculated are then compared using the scales of chemical
'S the same but the magnitude 1S smaller as we are dividing _epotential presented above. Only the surface and one subsurface
energy by the number of the higher concentration species. ThlsL

dure b ionable wh lied | ayers are considered. This is because the catalytic hydrogen
procedure becomes questionable w en appiie .to nearly equa hemisorption process requires the Ti atoms (or their effect on
mixtures of the two components, e.g., in the HGalloy, but

the “eV/Ti atom” e i thel timator for th surface Al atoms) to be accessible to the molecular hydrogen.
€ "evili alom® scale IS nevertheless an estimator 1or e i, hased on the experimental electron microscopic and thin-

overall chemical _potentia}l, and its_magnitude is more faithful film studies® together with the EXAFS results presented in this
to the effect of Ti as a dilute species. paper, it is clear that the Ti atoms are present in an under-
Method 2: As an alternative to the traditional approach coordinated environment exclusively in the aluminum phase.
described above, we also calculate the chemical potential OfFigure 1 shows several such arrangements of Ti atoms on the
24-atom systems (the size of our supercell) plus 6 free atomss « 2 surface unit cell of Al(001) consistent with a 0.125.5
drawn from a pool of 30 free atoms consisting of 24 Al atoms 1 Tj surface coverage. The energies are calculated for the
and 6 Ti atoms. Then we calculateEl{siem+ (6 — N)Eri + surface and subsurface arrangements. The general trend shows
NEa) — (24En + 6Em))/30 as the “per atom” binding energy.  tnat the first subsurface layer is energetically more favorable
Here,Ea andEx; are in this case the electronic energies of the {5 Ti atoms compared to the surface layer. In this paper, the
respective free atoms. The 6 Ti atoms are required to calculatenymber below the model in Figure 1 refers to a particular
the energy of the 24-atom supercell for the TAdlloy. arrangement, e.g., Model 1 to represent one titanium in the 2
Subtracting the energies of the 30 free atoms cancels the, 5 sypercell. Some of the calculated chemical potential values
for the different 0.25 and 0.5 ML arrangements are tabulated

(34) Felderhoff, M.; Klementiev, K.; Grunert, W.; Spliethoff, B.; Tesche, B.;

von Colbe, J. M. B.; Bogdanovic, B.; Hartel, M.; Pommerin, A.; Schuth,
F.; Weidenthaler, CPhys. Chem. Chem. Phy2004 6, 4369.

in Table 1 and are compared to various possible choices for a
reference state in Figure 2.
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’\Tllab/he é- L E?ef%iesy gf IChemi%é}lAPotemials. (in(e\6/T2i5at%n%)‘7\/I Lising calculated to complete the surface energy landscape (Figure 3).

etho of a Few Relevant Ti Arrangements (~0.25—0. AL . . .

Coverage) on the Al(001) Surface® The TiAl-terminated and Tl terminated surfaces are more stable
compared to the Al-terminated surface.

o —o—0 o—o—0 o—o
;’.. c=;:-.:v ¢ . %o ¢ :D:E Chemisorption. Our aim is to elucidate the chemisorption
o oo e e trends of the different surface models shown (Figure 1) above.
Model 2¢ Model 3 Model 4¢ Model 8 The most energetically favorable arrangements of Ti-containing
Es (surface) 2346 -380 485 589 active sites will then be discussed and used to analyze the
(—2.85) (-2.87) (-2.94) (-3.16) atomistic mechanism of the chemisorption of hydrogen. A more
Ep (subsurface)  —4.11 —4.20 —5.28 —6.46 detailed description of the hydrogen chemisorption mechanism

(—2.89)  (-2.89)  (-2.95)  (-3.24)

on the Model 4 surface arrangement was provided in our

aAll the energies are quoted in eV/atom. The following values were previous study:

used to calculate the chemical potentials: (a) free Ti ategps —1599.46 ; ; ; ; ; ;
eV/atom: (b) bulk Ti—1606.03 eV/atomF,— ~6.57 eV): (c) TiAk_001, For studying chemisorption, different orientations of the

—1606.39 eV/atomBE,= —6.93 eV); (d) TiAk bulk, —1608.01 eV/atom hydrogen molecule were tested by placing the molecule in the
(%TED—8~553%\;); sl)) ngie AlE., i —5?_-66”9\_/; '(:f_) BUIklAI’E,&:d_;WéZ% , vacuum above the surface. It was placed just within the sum of
e = —J. ev). own schematically In Figure 1 as Moadels 2, s, 4, -

and 8.¢ The chemical potential calculated using Method 2 for the different van der W_aals '_‘ac_i" of the Sl_Jrface_ atom closest to the hydrogen
model sites is quoted in parentheses (eV/atom) showing that the order ofatoms. Dissociative chemisorption occurs for a hydrogen

relative stability does not changéThe surface value for Model 4 mojecule parallel to the surface. Cases with no significant barrier

corresponds to the reconstructed surface. . . . .
P for chemisorption are presented first, followed by cases with

-3.00 T . T " T . T higher barriers. The Model 4 surface arrangement, which has
_ ] titanium atoms as third-nearest neighbors in the unreconstructed
—A— Surface sites .

.00 —— Subsurface sites | surface, but reconstructs by shifting the row of Al atoms
containing the intervening Al atom between the two Ti atoms
one-half lattice position perpendicular to the-Tli axis to form

£ 5007 1 a rhombus-shaped active site, dissociatively chemisorbs hydro-
5 gen spontaneously. No barrier for chemisorption was observed
E s 1 for this model, and the chemisorbed species exhibited the lowest
i Ti monolayer on A)(001) A ] energy among the models with 0.25 ML coverage. The Model

7004 TiAl, (001) | 4 subsurface arrangement does not reconstruct. It also promotes
the dissociative chemisorption with no apparent barrier above

00 | the intrinsic endothermicity (0.26 eV) of the chemisorption

' TiAl bulk alloy reaction. The Model 3 surface arrangement, which contains
Vodel2 | Modelda | Modeld | Models second-nearest-nelghbpr tltanlurr_1 atoms, was found to dissociate
molecular hydrogen with a barrier of 0.89 eV. The Model 8
(a) surface arrangement has an activation barrier for molecular
hydrogen chemisorption as high as 1.62 eV, which may explain
z:_ é_—__:_éx a—— site;_ ] vv"hy no catalytic activity has been reported with the bulk FiAl
. T & Subsurface sites alloy. The Model 3 and the vertical subsurface arrangements

3.0 AN ] (Models 5-7) have apparent activation barriers for chemisorp-

31 h ] tion between 1.5 and 2.5 eV. One isolated Ti atom (as shown

3] 1 in Model 1) exhibits only physisorption, and Model 2 appears

2 1 Ti monolayer @ ] to be inert toward even physisorption. It is indeed imperative
2 331 ] to note that models that do not promote facile chemisorption
2 34+ . (including pure aluminum) will chemisorb hydrogen at elevated

2 a5 TiAl, (001) ] temperatures and pressures. In this study, only those models
38 ] with a range of activation barriers that are reasonable for
27 1 hydrogenation of the materials under ambient conditions are
o ] considered.
8] TiAl, bulk alloy ] Next we can examine the relative stability of the model Ti
Model2  Model3  Model4  Model 8 arrangements in an Al(001) surface using their chemical
potentials relative to the reference state of theAliterminated
®) surface of the TiAl alloy. This is probably too stable a reference

Figure 2. Energies, or chemical potentials, for different sites calculated ; ; inhi ;
using Method 1 and Method 2 that are tabulated in Table 1 are plotted in Ztﬁte bbecaufse theol—dzo\l 09810 TI?'OZNO'% StOIﬁhlometLy IS tOfO h
(a) and (b), respectively. The red lines provide the chemical potentials of '_Ute y a factor of 8 t(_) 1610 Or_m morg than pockets 0 _t €
candidate reference states calculated using the respective methods. The trendliAl 3 alloy, so the chemical potential “barriers” to the formation
shows that with increasing Ti coverage, the sites become more stable.  of the various model active sites from the reference state are
The TiAl; alloy is a stable phase, but the formation of the likely to be upper bounds. As shown in Table 1, the 0.5 ML
bulk phase would require concentrating Ti atoms only in tiny subsurface site (Model 8) is lowest in energy, followed by the
parts of the Al grains to achieve the correct stoichiometry. The Model 8 surface site. From the Method 1 results, the latter is

chemical potentials of different TiAkurface terminations were  0.61 eV/Ti atom more stable than the subsurface arrangement
11408 J. AM. CHEM. SOC. m VOL. 128, NO. 35, 2006
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Figure 3. Three successive surface terminations possible in the stable (Di2&l) surfaces have similar energies. The Al termination is slightly less preferred.
The surface arrangement in the TiAl termination is equivalent to Model 8. The two different methods find the same trend of stability for diffacent surf
terminations.

Table 2. Combined Total Activation Energies of Probable Active shows that the titanium atoms are oxidized during hydrogen
fsc;:eSi:sch:cegtE/ge@g?ogLEocrrr?:rtrl\?sno%%%af Qﬁ“ﬁg{'g‘nﬁg'es (Ea) chemisorption, and as a result, the partial charge increases from
+0.29 t0+0.52. The overall reaction is exothermic, and the
chemisorption energy calculated with respect to the unreacted
Site AGr 3.13 2.08 1.65 1.04 surface is—0.59 eV -13.61 kcal/mol of H). The chemisorption
(0.66) (0.59) (0.58) (0.36) A .
energy for the subsurface site is slightly endothermic (5.91 kcal/
B 0.89 0.00 0.26 162 mol of Hp). As documented in Table 1, the subsurface sites of
site AGy + Ea 4.02 2.08 1.91 2.66 Model 4 are energetically more favorable, but the surface sites
(1.55) (0.59) (0.84) (1.98) . .
are more stable after hydrogen chemisorption. Therefore,
aThe free energies of formation in parentheses are based on Method 2nydrogen chemisorption stabilizes the Ti atoms on the Al(001)
for which the differences are significantly smalléModel 4 with AGr + surface more than the subsurface Ti-atoms, and thus, there can
oS Becomes a more Tavorabl stefor chemisorpton comeated b exchange between surface Al and subsurface Ti atoms in
results from Method 1. the presence of hydrogen atoms.

Atomic orbital basis set DFT calculations using a DNP basis
of Model 4, the most stable 0.25 ML arrangement, and 1.04 (as described above in the All-Electron DFT subsection under
eV/Ti atom more stable than the surface site of Model 4, the Theoretical Methods) and the same exchange-correlation func-
most stable 0.25 Misurfacearrangement. This is not surprising ~ tional (RPBE) have been used to study the molecular orbital
considering it also resembles the TiAl-terminated Eif001) description of the hydrogen chemisorption process in the
plane (as shown in Figure 3). The surface site of Model 3 is catalytically active models for confirmation of the results
less stable by 2.09 eV/Ti atom than the surface arrangement ofobtained from the pseudopotential-based DFT methods. The
Model 8. The results obtained using Method 2 order the model calculations suggest an apparent nodal symmetry requirement
sites in exactly the same way, but the magnitudes of their for the most active sites. The atomic orbital basis set calculations
differences are much smaller. We can now add the activation reveal the structure of surface orbitals responsible for this
energy for dissociative hydrogen chemisorption and the (esti- Symmetry requirement. Not surprisingly, the symmetry of the
mated) chemical potential of each promising active site to obtain doped surface LUMO plays a vital part in the chemisorption
an estimate of its overall efficacy (see Table 2). Because the process. The nodal symmetry in the surface LUMO of unreacted
Model 4 subsurface arrangement appears to exhibit no barrierModel 4 is shown in Figure 4. The surface and subsurface
for chemisorption in excess of its 0.26 eV endothermicity, its models both have a surface LUMO with opposite phases in the
combined “total activation energy” using Method 1 chemical out-of-plane orbital lobes that overlap with the & orbital in
potentials is 1.91 eV, followed closely by the Model 4 surface the incipient surface-pHadduct. The surface Ti site has more
arrangement with 2.08 eV. The Model 3 surface arrangement 3dz? character and the subsurface LUMO has more Al 3p
has a total activation energy of 4.02 eV and the Model 8 surface character, but the basic nodal symmetry requirement is satisfied
of 2.66 eV, both considerably higher than the Model 4 sites. by both these frontier orbitals.

Using the Method 2 chemical potentials, the order of the total ~ The molecular orbital interactions during the step-by-step
activation energy of the Model 4 surface (0.59 eV) and dissociation of a hydrogen molecule reveal why the arrange-
subsurface (0.84 eV) sites is interchanged. ments of atoms in the active sites are so important for this
For surface Model 4, the HH distance is 2.04 A after  process. The MO diagram (shown in Figure 5) provides a simple
chemisorption, and the hydrogen atoms are located above theschematic explanation for the reactivity of the Ti-doped
triangular hollow sites formed by one Ti and two Al atoms. A aluminum surfaces. The energies of the surface HOMO and
detailed description of this reaction and chemisorbed species isSLUMO cross over during the adduct formation. The most
provided in our previous work A Mulliken population analysis ~ interesting aspect of this result is the role of symmetry. The

antibondingo* orbital overlaps with the unreacted surface
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Figure 6. Distribution of Ti—Al distances fron a 1 pssimulation at 450
Figure 4. Arrangement of Ti atoms of the two Model 4 active sites (left K. The comparison with EXAFS distances is presented in the Discussion

frames): (a) surface and (b) subsurface. The corresponding surface LUMO section and listed in Table 4.
that forms an adduct with the incoming trholecule is also shown (right

frames). The surface atoms are scaled down for better visibility of subsurface dissociated hydrogen atoms can diffuse freely on the surface
layers, and the light gnd dark blue colors are indicative of different phases between adjacent triangular hollow sites consisting of two
of the molecular orbitals. . I . .
aluminum atoms and a titanium atom. Subsequent chemisorption
is therefore not completely inhibited by rigid bonds with the
aluminum or titanium atoms at the active site, although in the
short time period of our MD simulations, no occasional diffusion
to all aluminum triangular hollow sites was observed. The
chemisorbed species has a high barrier to diffusion to an all-Al
region on the surface<(1.57 eV), and the process is endothermic
by 0.62 eV. The calculated first coordination sphere of the Ti
Al distance distribution from the 450 K simulation data (Figure
6) appears to be the sum of at least four distributions with
maxima at 2.7H- 0.02, 2.79+ 0.02, 2.89+ 0.04, and 3.14t
0.2 A. The second set of distances around 4£10.02 comes
from the subsurface HAI distances. The poor thermal averag-
ing (1000 steps) is responsible for the noise in the Ali
distance distribution plot shown in Figure 6. We did not observe
any recombination of the hydride species or desorption of
molecular hydrogen. We anticipate this to be an unlikely

1
4.80

240 4.40 520

A

] scenario due to low hydride coverage and the endothermicity
of the process.
Experimental Verification of Structure and Reactivity.
The reverse reaction starting from the depleted material, NaH
Surface Surface-H, H, and Al, is enormously complicated to follow using X-ray

Figure 5. Molecular orbital diagram showing the symmetry controlled

€ absorption or diffraction or electron microscopy techniques. This
reaction of hydrogen atoms on a Al(001) surface.

is because of the highly disordered nature of the depleted
material and the very small particle size owing to the evolution
of hydrogen during the decomposition process. As the Ti atom
plays a vital role in making the reverse reaction occur, any study
of mechanism needs to separate the probable catalytic part
played by Ti atoms in this amorphous mix from other solid-
state reactions between the different metal hydrides. The
standard way of writing the multistep reverse reaction in the

LUMO in both the surface and subsurface sites because of the
opposite phases of the orbitals normal to the surface on the two
Ti atoms, and this eventually dissociates the-HH bond by
transferring electron density (formally the pair of electrons in
the unreacted surface HOMO) from the surface HOMO to the
stabilized MO formed from the surface LUMO ant{ orbitals.

The chemisorbed species has interesting bonding character

istics14 All calculations of energetics reported here, including
those of the chemisorbed species, correspond to 0 K. The
thermal diffusion of the energy-minimized chemisorbed hydride
species was examined using density functional molecular
dynamics (DFT-MD) simulations at 450 K of the Al(001)
supercell with the two dissociated hydride species. Starting from
the 0 K structure of the Hadduct, it was found that the

11410 J. AM. CHEM. SOC. = VOL. 128, NO. 35, 2006

presence of 24% Ti dopant is as follows:
(2a)
(2b)

3 NaH+ Al + 3 H,— NaAlH,
NayAlHg + 2 Al + 3 H,— 3 NaAlH,

The problem with this approach is the implicit assumption that

titanium can catalyze reactions in either of these two steps. This
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reaction can be rewritten in a way that separates the catalytic q I I o AH,
part of the reaction from the more well-known reactions of L v NaH
alanate formation from hydrides. Our previous calculations could O NagAlHg
not link any catalytic activity due to titanium in the sodium ov v V_NaAMH,

alanate or the cryolite phase. Similarly, the following model
reactions were explored experimentally to test the hypothesis
that the role of titanium is limited only to the formation of some
form of aluminum hydride:

AlH, + 3 NaH— Na,AlH (3a)
NayAlH ¢ + 2 AlH, — 3 NaAlH, (3b)

Intensity

The above reactions using bulk Adlducceeded without any
need of titanium doping or hydrogen gas to form sodium alanate.
This is demonstrated in Figure 7a, which shows the diffraction = v v -
pattern from a starting mixture of NaH and Ajithat was then o6 N/
subjected to ball milling for 18 h in an Ar atmosphere. The (a) k n _j JLJ fk%? %o
mechanochemical reaction producesAB ¢ (Figure 7b) and ' 5'0 e'o 7'0 slo
subsequently NaAlld (Figure 7c). In the reaction proposed

originally by Bogdanovic et ak3 the role of titanium was o _
Figure 7. X-ray diffraction from (a) NaH+ AlH3 as-received (patterns

defined I.oosely as promoting the reve.rse reactlor.]. The aboveare overlaid); (b) 3 NaH AlH3; mechanically alloyed 18 h; and (c) product
observation supported by our computational model indicates thatfrom (b) + 2AIH; mechanically alloyed 18 h.

the role of Ti can be limited to the very first step, i.e.,
catalytically promoting formation of hydrides of aluminum. It  for the phase shiftj(k), at the central and backscattering atoms.
may be further limited to simply catalyzing the dissociative The dominant peak at about 2.8 A is due to single scattering of
chemisorption of molecular hydrogen. the photoelectron by Al atoms. The more distant-Ti
EXAFS. The local atomic structure around the Ti atoms was neighbors are evident at about 3.8 A (corrected), though these
investigated in hydrogenated and dehydrogenated samples a&re obscured by multiple-scattering contributions to the EXAFS
dopant concentrations of 2 and 4 mol % using EXAFS. The signal. Similar EXAFS experiments on doped alanates have
following results were from samples after four hydrogenation/ shown mixed results. There is evidence that’A}34and TP6
dehydrogenation cycles under a hydrogen atmosphere using thetoms are nearest neighbors to the central Ti. This discrepancy
standard procedures for experimental data reduébidime k2- can be attributed to sample preparation. Previous studies have
weighted EXAFS K2 (k)) from the Ti-doped alanate and a dilute  shown that after ball milling, the Ti is in a mixed state of TiCl
Ti—Al alloy (Tioo0sAlo.92) are shown in Figure 8a. The Fourier and TiAlz and in a final state of Al after 4 cycles!® For
transform ofk?¢(K) is shown in Figure 8b, whereis corrected samples that were not cycled, or cycled only once, the Ti

26()
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Figure 8. (a)k?-weighted EXAFS data of a dilute FiAl alloy (Tio.0sAl0.92 and other 2-4% titanium-doped sodium alanate samples at the end of hydrogenation-
dehydrogenation cycles. (b) Fourier transform of kReveighted EXAFS data showing the local Ti coordination.
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(whereas\, = 2*N;), and one energy shifE. The 1S model
utilized the standard set of the structural parametr<DW,

N, and AE). The amplitudes and phase shifts were generated
by the FEFF7 cod#. Both models provide good agreemeRi-(
(2S)= 7.6 andR4(2S) = 6.0) for values ok < 8 A1, whereas
only the 2S model fits the data at highlker Therefore, two
different Ti—Al distances are present, suggesting a tetragonal
(14/mmm) local symmetry for the first shell.

The structural parameters, based on the tetragonal model, are
summarized in Table 3. The central Ti atom is coordinated by
a split shell of Al atoms at approximately 2.72 and 2.90 A,
consisting of 3.4 and 6.8 atoms, respectively. These coordination
numbers are reduced compared with the expected 4 and 8 from
perfect tetragonal symmetry. Similarly, the Ti neighbor at 3.8
A consists of only 2 atoms, which is approximately half the
expected value for th&4/mmmphase of TiAL. The reduced
coordination numbers suggest that the central Ti atom is located
on or near (within a monolayer) the surface.

The pair distribution function (corrected fork), shown in
Figure 9b) was calculated from the following equation:

Figure 10. (a) Dissociation and diffusion of the &y cluster on an Al- Ni

(001) surface showing formation of smaller fragments including a stable — (1 — B\ 2

AlH4 and AlHs cluster; (b) mean-square displacements of the fragments 9(n z 12 expl=(r = R)720/7] (4)
from a 10 ps Car-Parinello simulation of thesAb cluster on Al(001). The T (27)

AlH 4 cluster ultimately disintegrates into smaller fragments contributing to

the apparent saturation effect shown by the mean square displacement fogyhereN;, R;, ando; are the coordination number, distance, and

AlH. Debye-Waller factor for theith neighbor, respectively. The

remains in an intermediate state, possibly surrounded by Ti number of atoms in each shell is reflected in the integrated

atoms, which ultimately progresses to the more stabteATi intensity. The peak width represents the relative displacement

state with cycling. of the Ti—X pair. The small features around 1.8 A in the EXAFS
The k-weighted EXAFS from the F+Al pairs was isolated  signal (Figure 9b) may be indicative of four loosely bound H

through a back Fourier transform kospace (Figure 10a). The  atoms. However, it should be noted that due to the small cross

data were fit to two competing models using one-site (1S) and

two-site (2S) Ti-Al Gaussian pair distributions. The 2S model (35 vgﬁf(esigg'zM\}gF%%ceﬁ 3, BSolid State Physicsicademic Press: New

was further constrained to six structural parameters: short and(3s) Leon, A.; Kircher, O.; Rothe, J.: Fichtner, . Phys. Chem. B004 108

long Ti—Al distances R; andR,), two corresponding Debye 16372.

R g (37) Zabinsky, S. I.; Rehr, J. J.; Ankudinov, A.; Albers, R. C.; Eller, MPHys.
Waller (DW) factors, number of short-distance neighbgr) ( Rev. B: Condens. Matter Mater. Phy&995 52, 2995.
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Table 3. Local Structure Parameters for TiAlz and 2 Mol % Ti-Doped NaAlH4 Including Interatomic Distance (R), Debye—Waller Factor

(DW), and Coordination Number (N)2

NaAlH, + 2% Ti TiAl;
Al Al Ti Al Al Ti
R(A) 2.724+0.02 2.90+ 0.02 3.80£ 0.03 2.74+0.02 2.88+ 0.02 3.84+ 0.04
N 3.4+0.5 6.8+ 1.0 2.0+1.0 3.8+£04 7.6+1.0 4
DW x 103 A2 4.1+0.8 8.2+1.2 52+15 3.7£ 0.6 6.7+ 1.0 -

aAll values are based on model using a tetragonal unit cell in4fieammspace group (split Al shell). The fit is shown in Figure 9a

Table 4. Comparison of Distances? of Different Relevant
Arrangements from Experimental EXAFS and DFT Calculations?

Ti oxidation state’ Ti—Ti distance (A) Ti—Al distance (A)
condition  expt. theory  expt. theory expt. theory
hyd. 2.72 Model 2 2.69 Model 8
0.17 0.37 3.8 3.79 Model8 2.72 2.71 Model 4s
4.05 Model 3 2.76 Model 3,8
5.14 Model 4s 2.80 Model 4
5.43 Model4 2.90 2.89 Model 3,4,8
4.72 Model 4
dehy. 2.72 Model2 2.72 2.71 Model 4
0.36 0.52 3.8 3.79 Model 8 2.69 Model 8
4.43 Model 3 2.80 Model 3
5.17 Model4s 2.90 2.89 Model 3,4,8
5.40 Model 4 4.76 Model 4

aThe calculated distances are from the four overall most energetically
favorable sites: Model 4 surface, Model 4 subsurface, Model 8 surface

from EXAFS (Figure 9) and computational models. The surface
models are highly idealized (i.e., flat and periodic) compared
to many conceivable variations of the Al surface which include
different microfacets, vacancies, adatoms, steps, and edges, but
it is nevertheless important to look for features common to the
experimental and theoretical results and to attempt to understand
any discrepancies between them. The EXAFS model shows a
very high degree of disorder beyd# A in radial distance from

a Ti atom. Conversely, the periodic surface model is ordered
and the peak widths arise mainly through thermal vibrations
averaged over a very short period of time (1 ps) as calculated
from multiple trajectories of DFT-MD simulations of the surface
after chemisorption. With this caveat in mind, the simulated
and experimental distances are in generally good agreement (as
shown in Table 4). The difference between the intensities of

and Model 3 surface’ The distances for the hydrogenated sample in the the experimental and calculated distribution functions is at least

case of theory are from the unreacted surface, and the dehydrogenated
distances are from the surface with the chemisorbed hydrogen. Model Xs

means the subsurface site of Model X.

section of H, it is difficult to definitively determine the number
of H neighbors. A comparison of the experimental and the
theoretical pair distribution functions is shown as an inset in

Figure 9b. The differences in intensity can be attributed at least

in part to the fact that the DFT-MD simulations were carried
out for the hydrogenated Model 4 surface only, and the physical
material is a complex mixture of many such possible environ-

ments (as the calculated distances show in Table 4) including

regions that resemble the TiAdlloy locally.
4. Discussion

The above results illustrate the complicated way in which

In part the result of: (a) there being a significant difference
between the small simulated supercell vs. the highly disordered
depleted material with only regions of Ti-containing areas
resembling our model systems, and (b) our pdf being only from
a simulation of our chemisorbed Model 4 surface, one of the
many possible model systems we have studied. The distances
abowe 4 A listed in the Table 4 are hard to resolve in the
experimental data. The broad nature of the peaks between 4
and 6 A could simply be owing to broad and overlapping
intensities from similarly spaced FAl and Ti—Ti coordination
environments in the radial distribution plots (Figure 8).

The two sets of T+Al distances seen at 2.72 and 2.9 A are
possible from Model 4 (Figure 4) alone depending on the surface
or subsurface arrangement of Ti atoms. Surface Model 4

the reverse reaction, i.e., the hydrogen storage reaction, proceedgeconstructs to form the rhombus described before and prefers

The experimental results can be summarized as: (a) bulls AlH
will react with NaH to form sodium alanate and (b) Ti

environments detectable in EXAFS are all from the metallic
Al phase. The EXAFS results also provide the following
framework for theoretical modeling: (1) The Ti atoms are
located in the metallic Al phase and the—TAl coordination

a longer (2.89+ 0.3 A) Ti—Al distance compared to the
subsurface model (2.7t 0.3 A). The shorter distance can also
be from higher than 0.25 ML Ti coverage of aluminum surfaces,
as exhibited by Model 8. The FTi distances are more
complicated, as many of the FTi distances seen in the
computational models are in the region that is hard to refine

environment does not change during the hydrogenation reaction.from the EXAFS data. The only FTi distance seen in EXAFS

The plot in Figure 8 shows that there is a broad distribution of
distances in this highly disordered sample, and the overall Ti
Al and Ti—Ti distances do not show any significant shift during
the hydrogenationdehydrogenation cycles; (2) the catalytic

is 3.84 0.03 A. The calculated distances are 4.3 A for Model
3 followed by 4.9 A in the unreconstructed subsurface Model
4 (refer to Figure 3). The 3.8 0.03 A distance is only possible

if the 0.5 ML coverage (shown in Model 8) is present as a

effect of Ti can be limited to activating aluminum for hydrogen surface or subsurface phase. The question that remains harder
chemisorption, and perhaps catalyzing aluminum hydride for- to answer is: Which distance between Ti atoms is responsible
mation. The theoretical modeling adds further detail about the for catalyzing the chemisorption process? It is not possible to
arrangements that are possible for the Ti atoms. First, subsurfacedetermine the catalytic activity of a FiTi pair from EXAFS

Ti atom arrangements are thermodynamically favored in the results. The all-electron DFT results point to the importance of
absence of hydrogen. Interestingly, the chemisorbed species atodal symmetry and thus suggest that the arrangement of the
the Model 4 active sites makes the surface arrangement morepair of Ti atoms is critical. However, the doped aluminum
stable. It is important to compare the-TAl and Ti—Ti distances surface at 0.5 ML of Ti coverage, which has a-Tii distance

that are available from the pair distribution functions calculated of 3.8 A, has a higher activation barrier for hydrogen chemi-
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sorption compared to the 0.25 ML sites that satisfy the nodal confirmed the presence of Ali-intermetallics and indicated that
symmetry requirement discussed before. The EXAFS data showthe catalytic activity is lower with more ordered phases
that as much as 5675% of the Ti atoms can be located at the resembling TiA.38
short distance of 3.8 A in the dehydrogenated sample. Still, it Diffusion of Alane. Finally we can discuss the possible fate
is hard to conclude that the remainder of the Ti atoms will not of the surface hydride species (Alfthat manages to form on
find the thermodynamic minimum during multiple hydrogena- the aluminum surface. The diffusion of this aluminum hydride
tion—dehydrogenation cycles. (Please refer to the Figure S1 in species to the NaH phase represents the final piece of the puzzle
the Supporting Information, which shows the chemical potential that needs to fall into place. We have shown that bulk AIH
of all the model sites in the order of increasing stability in eV/ itself will form sodium alanate albeit slowly in a ball milling
atom.) experiment with NaH. At much lower temperatures, Reutt-
An important unresolved question (and one that is unlikely Robey et af! have experimentally showed the existence of alane
to have a unique answer) is: Which site is primarily responsible clusters when an Al(111) surface was exposed to atomic
for the chemisorption? In an attempt to answer this question, ahydrogen. All these molecular clusters such as #diHd AbHs
number of different possible environments were investigated, are stable in the gas phase. We therefore tried to answer the
and each was evaluated for viability as an active site accordingfollowing questions: (a) Are these clusters stable enough to
to the sum of its chemical potential (relative to the reference Survive at the operating temperature of the hydrogen storage
state corresponding to the most stable arrangement of thereactions? and (b) Is their diffusion rate sufficient to provide a
system) and its activation energy for dissociatively chemisorbing constant supply of reactants to the NaH grains? (Once the
molecular hydrogen (these sums are listed in Table 2). The clusters are delivered to NaH, nucleation of theNkl s phase
results suggest that the lowest-energy site may not be the mosghould be even easier than in our experimental setup, where
active site. For example, the 0.5 ML surface coverage by SOMe energy is required to break the bulk Aleitice.)
titanium (Model 8) is the most stable of the set of potential ~ We used CarParinello (CP) MD simulations as described
active sites we studied, but the sum of the chemical potential in the Theoretical Methods section to investigate different alane
(see Table 1) and the activation barrier (nearly 1.62 eV for the clusters placed on an Al(001) surface at different temperatures
surface site, higher still for the subsurface site) will place these @and at longer time and length scales than we could treat with
sites considerably higher in overall activation energy than the the  CASTEP program. The simulation results were then
best of the 0.25 ML sites. The Model 4 subsurface and surface analyzed for the stability and the diffusion rate of the clusters.
sites are more likely to be major participants in the chemisorp- The results indicate that the transport is unlikely to occur with
tion process. The scenario is further complicated by the the larger clusters, since bothaMs and AkHy break down to
stabilization of the surfaces by the presence of atomic hydrogenAlHs (and AlH, + H) on Al(001) as shown in Figure 10. The
in the system, especially during the hydrogenation reaction. It Smaller Al clusters, along with other fragments such as AlH
can change the ordering of stability of the active sites as well; AlH, and H, are stable in 200 and 400 K simulations. A single
the chemisorbed hydrogen atoms stabilize the titanium atomsAlHs cluster created by the breakup ofsAb was observed to
on the surface |ayer. For e)(a_rf"r_ﬂel a subsurface 3rd_nearest5UrVive thrOUgh three Sequentia' restarts of CPMD trajeCtOfieS
neighbor titanium-containing site is more stable by 0.43 ev/ Of 5—10 ps without further fragmentation. These CP results
atom compared to the analogous surface site. The surface sitdMPly that the aluminum species that carries the hydrogen is
gains ~0.59 eV in stability in the presence of chemisorbed Most likely the smaller clusters (AlHvherex < 3) with high
hydrogen atoms, whereas the subsurface site becomes less stabfiffusion rate driven by the thermal vibrations. Although first-
by ~0.26 eV. As a result, the presence of hydrogen atoms can pr|nC|pIes_ theory predicts st_ab_le cy_cllc hydrogen-c_:ontalnlng
possibly promote an exchange between surface aluminum atomg!USters in the gas phase, it is evident that Aliith an
and the subsurface titanium atoms. The overall picture is thus @PProximate diffusion rate of 3 10° cm/sec, is the most
highly dynamic, but the results of both Method 1 and Method probable clulster among thg a]anes for pa_rt|C|pat|on in t.he mass
2 calculations of the chemical potentials indicate that a transport. It is hard.to predict if thg fqrmatlon and the diffusion
significant role for Models 4 and 4s in the chemisorption process ©f the alane species are rate limiting. The low-temperature
is expected. At any point in time during the reaction, there are €XPeriments shoi that Al atoms are extracted preferentially
various nonequilibrium processes occurring. These include ffoM step edges and hence provide a clue about how an Al
surface/subsurface exchange, surface and bulk diffusion, phy-Surface can be etched away to form alane clusters. If the
sisorption, chemisorption, and nucleation of new phases, all of formation of alanes from aluminum surfaces starts from step

which can simultaneously contribute to the overall catalytic ©d9€s. it is likely that the control of surface morphology and
activity. particle size of the aluminum phase through optimization of

The comparison of the EXAFS and the theoretical interatomic Lﬁﬁgorr:esggt“;gsc&%md have a significantimpact on the rate
distances (Table 4) is problematic because the overlap of the '
2nd Ti—Al peak and higher-order HTi peaks in the radial 5. Conclusions
distribution function (5-6 A) makes it difficult to quantify the

coordination numbers at these sites. Our experimental resultsd Ehg compll_cat/edhlr:jorgamc _sohd;sta:je_ reac|t|on m;]/olwgg
indicate that with multiple cycling, the system becomes more ehydrogenation/rehydrogenation of sodium alanate has been

ordered, i.e., sites resembling Ti¥drrangements start forming stqdied using multiple complemgntary expgrimental and theo-
and reduce the catalytic activity of the system. Other experi- retical methods. The use of multiple techniques has led to the
mental evidence supporting that observation has started to COMQsa) o A G.: siil, H. A; Schwarz, M. A; Paulus, P.; Geerlings, J. J. C.
forward from some diffraction studies; Haiduc et al. also J. Alloys Compd2005 393 252.
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identification of important steps and has allowed each such step It is likely that in this dilute system with only-24 mol %
to be studied in isolation. The inclusion of theoretical results titanium, the chemistry is very much a local phenomenon
provides atomistic detail valuable for interpreting the experi- dominated by changes in the potential energy surface near the
mental results and aiding the analysis of the mechanism of thedilute or impurity atoms. This dilute nature of the sample may
chemical processes responsible for hydrogen storage in sodiunalso give rise to multiple sites that can simultaneously contribute
alanate. to the overall reactivity. The diffusion of aluminum hydride
Using the combined EXAFS and density functional theory clusters suggested here has yet to be observed experimentally,
techniques, we have attempted to investigate three issues thabut we have provided molecular-dynamics-based evidence in
are the most critical for understanding the hydrogen storage support of such a model. On the experimental side, we have
reactions: (a) the role of titanium in catalytic dissociative used AlH;to drive the reaction with a NaH lattice to form first
chemisorption of molecular hydrogetthe first step that allows  NasAlHe and then NaAlH without the use of titanium as a
this reaction to occur under relatively mild conditions; (b) the catalyst or the presence of molecular hydrogen. The focus of
structural details regarding the arrangement of probable activeour ongoing effort will be to identify the aluminum hydride
sites and the ordering of configurations with respect to the species responsible for mass transport using more direct methods
titanium—aluminum chemical potential landscape; and (c) the under controlled conditions.
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