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The nature of the active Ti species in Ti€loped NaAlH, a promising hydrogen storage material, was
studied as a function of the desorption temperature with Ti K-edge extended X-ray absorption fine structure
(EXAFS) spectroscopy, Ti K-edge X-ray absorption near-edge structure (XANES) spectroscopy, and X-ray
diffraction (XRD). In the freshly prepared sample, Ti was amorphous and surrounded by 4.8 Al atoms divided
between two shells at 2.71 and 2.89 A. In the next shell, 1.9 Ti atoms were detected at 3.52 A. It was
concluded that 30% of Ti was incorporated into the surface of Al crystallites and 70% of Ti occupied interstitials
in the NaAlH; lattice, possibly forming trimeric, triangular Ti entities. After hydrogen desorption at €25
NaAlH, decomposed and the FAl coordination number increased from 4.8 to 8.5. We propose that all Ti

is incorporated into the surface layer of the formed Al. After the material was heated ttC22be local
structure of Ti, as inferred from EXAFS and XANES spectroscopy, was identical to the local structure of a
TiAl ; alloy. However, the formed alloy was amorphous and was only detected in XRD by an increase of the
background intensity around the Al diffraction. These so-called “JidMisters” agglomerated in the heat
treatment to 475°C, forming crystalline TiAd. Earlier work has shown that increasing the desorption
temperature of NaAliHlowers the absorption rate and capacity of hydrogen in the next step. Thus, by comparing
our results with absorption properties published in the literature on similar samples, we could rank the activity
of the Ti for hydrogen absorption as Ti in the Al surfaeeTiAl; cluster > crystalline TiAk, therewith
indicating that Ti incorporated into the surface of Al is the most active for the absorption of hydrogen.

Introduction desorption and absorption. These unfavorable desorption and
Iabsorp'[ion rates can be improved by reducing the particle size
of the NaAlH;, to the nanometer ranger by adding a catalyst,

or example, TiC4 or titanium butoxide, to the alanaté:.1°
Generally, the most active catalyst is prepared by ball milling
NaAlH, with the TiCk,!° resulting in a reaction to form NacCl,

Al, and a reduced Ti entity as shown in reactioi! 4.

In the future new sustainable energy sources and carriers wil
be needed. Hydrogen is attractive as an energy carrier since i
has a high energy to mass ratio and produces water as its onl
waste product? Conventional storage technologies, such as gas
compression or cryogenic liquid, have limitations related to
safety aspects and low volumetric hydrogen densitfestoring
hydrogen by chemical bonding or physisorption may circumvent
these problems. Several storage media are considered, e.g.,
nanosized magnesium hydrifiphysisorption on carbot® and
sodium alanate (NaAll).2” Sodium alanate is promising since The correlation among the catalytic role, structure, and
its thermodynamic properties enable reversible storage of location of the Ti for (de)hydriding catalysis is not fully
hydrogen at low temperatures for on-board applications. understood, although it has been the subject of many investiga-
Hydrogen is desorbed in three steps (egs3)Lwith respec- tions in the past yeafs.28 A H,/D, scrambling study performed
tive equilibrium temperatures of 30, 110, and00°C at 1 bar by Schith et al. points out that the Ti after doping dissociates
of hydrogen pressure. The first two desorption temperatures hydrogen at room temperature, suggesting that one of the roles
are compatible with on-board storage and deliver a total of of the Ti catalyst might be to split hydrogéhAlternatively, it

TiCl; + 3NaAlH, — “Ti" + 3Al + 3NaCl+ 6H, (4)

5.6 wt % hydrogen storage capacity. is suggested that Ti facilitates migration of H via interstitials
or facilitates migration of metal atoms in the form of AlH
NaAlH, < */;NaAlH s + %Al + H, (1) units14151t has also been reported that the Ti does not solely
change the kinetics, but also alters the thermodynamics of the
NazAlH ;< 3NaH+ Al + 11/2H2 (2) Ti-doped NaAlH, systemt® The structure and catalytic cycle
of the active Ti species for these functions have not been
NaH< Na+ '/,H, () identified in these studies.

. . A variety of Ti species have been proposed or calculated to
The main hurdle to overcome for applying NaAllds a  be catalytically active. Some authors claim that Ti alloys with
hydrogen storage material is the slow kinetics for hydrogen Alasanamorphous species upon doping Ji@ih NaAlH,,%17-19
E— i AR o TeL30 while others observed the formation of metallic Ti clustérs.
»To whom correspondence should be addressed. o0 Jensen et al. claim on the basis of an IR spectroscopy study
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calculations show that Ti preferably substitutes Na tt&s3 oA A

or occupies interstitial positions in the NaAjHattice?* . . At

Contrarily, Lavvik and Opalka claim that Ti primarily moves A " o . . e 2 gpnars

to interfaces between Al and NaAjHgrain boundaries, or to § oA A Ak

defects in the NaAlg particles?® Alternatively, it is also i g a8 SALL25

reported that Ti on an Al surface might be the active Ti 1 ok & a,

entity 26-28 As LJL S 98 sAHA2S
Geerlings et al. showed that the rate of hydrogen reloading #

decreas_es with increasing temperature of the _preced_ing hydrogen g # p ah 4 B0 Sadetar

desorption step.Thus, by comparing the Ti species in the b

samples after different desorption temperatures, more informa- 25 35 45 55

tion might be obtained on the nature of the (in)active Ti species. 20/°

Tiwas mostly present as an amorphous phase, making analysisigure 1. XRD patterns of SAH-start, SAH-125, SAH-225, and SAH-
challenging with a single technique. Therefore, the structure of 475: (#) NaAlH, (a) Al, (a) NaCl, @) NaH, ©) NaAlH¢, (M) Na,
Ti-containing NaAlH, was characterized using extended X-ray (®) TiAls.

a_lbsorptlon fine structure (EXAFS) spectroscopy, X-ray absorp- TABLE 1: Input Parameters To Create FEFF-Calculated

tion near-edge structure (XANES) spectroscopy, and X-ray 1i_a| and Ti—Ti References

diffraction (XRD) in this paper. A structureactivity relationship

; ; ; ; ref o? Vil Vil
is proposed on the basis of the derived structure of Ti. compd S? 1GA2 eV ev potential

; i Ti—Al TiAl 3 0.72 15 11.3 1.0 HedinLungvist
Experimental Section Ti—Ti hcp Tifoil 0.60 0 8.6 1.0 HedirLunqvist

Sample Preparations.All sample preparations were per-
formed under a nitrogen or argon atmosphere in a glovebox calibrate the T+Ti calculated reference. The FEFF input
equipped with a circulation purifier. Chemical operations were parameters for the references are listed in Table 1.
conducted using Schlenk techniques. To prevent hydrogen Experimental data were fitted k¥ using the difference file
desorption and possible changes in the samples, transportatiofiechnique inR spacé at 3< k (A7) < 10 or 3< k (A% <
and storage were performed at8 or below under an inert 12 depending on the quality of the data. The quality of the fit
atmosphere. Commercially available NaAlitech. 90%, Sigma- ~ Wwas checked by applying', k% andk® weightings, ensuring
Aldrich) was purified and ball-milled with 10 mol % Tigby that the correct coordination number and Deby¢aller factor
the authors of ref 9 as described before. This sample is referred(Ao?) were fitted?3
to as “SAH-start”. This sample was split into three parts; the ~ Errors in the numerical values obtained by EXAFS data
respective parts were heated in Ar to 125, 225, and°€7®ith analysis are estimated to Be10% in the coordination number
a ramp of 5°C/min. The samples were kept at the final (N), £1% in the distanceR), +5% in the Debye-Waller factor
temperature until no detectable hydrogen desorption was (Ac?), and+10% for inner potential correctioH.
recorded by volumetric analysis. The samples are called “SAH-  XANES Spectroscopy XANES spectra were recorded from
125", “SAH-225", and “SAH-475", respectively. The XRD 4950 to 5050 eV with a step size of 0.3 eV. The position of the
diffraction patterns, curves of the first desorption step, and edge was set at the maximum of the first derivative (inflection
hydrogen storage capacities are identical to those reported in aoint) of the first rising edge. The spectra were normalized to
previous pape?. 5020 eV.

EXAFS Spectroscopy.X-ray absorption spectroscopy was XRD. X-ray diffraction patterns were recorded on a Pana-
performed on the Ti K-edge at station E4 of the DESY lytical X’pert Pro system using Curadiation. Samples were
ated at 4.4 GeV with a mean current of 120 mA, using a Si(111) Were collected in the rangey2= 15-85° with a step size of
double-crystal monochromator that was detuned to 80% to 0-033. Qualitative analysis was done by comparison with entries
suppress higher harmonics. Measurements were performed affom the ICDD PDF22000 database.

77 K in flowing He to exclude thermal decomposition of the
sample. The samples (11 mg of Ti-doped Napb# 6 mg of
TiAl 3) had a total absorption of 2.55 and were homogeneously  To confirm that our samples were identical to those described
diluted with 50 mg of BN, pressed into a pellet, mounted to in ref 9, an XRD study was carried out. Figure 1 shows the
the cell, and transferred to the beamline in a closed cell. XRD pattern of the materials after they were heated to different

Extraction of the EXAFS data from the measured absorption temperatures. Different possible phases were identified (NgAIH
data was performed with the XDAP progra@imThree scans NasAlHeg, Al, Na, NaCl, NaH, TiAk) and are indicated in the
were averaged, and the pre-edge background was approximatefigure. In SAH-start, NaAll, NaCl, and Al were detected. The
by a Victoreen function before subtractiéhThe position of latter two phases were expected on the basis of the doping
the edge energy was determined at the maximum of the first reaction (eq 4). After the material was heated to 125 the
derivative of the spectrum and was calibrated using a Ti foil as diffraction lines representing NaAlHdisappeared (Figure 1,

a reference in each scan. The spectrum was backgroundSAH-125), while those of NaCl, NaH, Al, and ¥slH¢ were
corrected by employing a cubic spline routiftéNormalization present. This is in line with the desorption reactions shown in
was performed by dividing the absorption spectrum by the height eqs 1 and 2. In SAH-225 only diffractions from NaH, Al, and
of the background 50 eV from the edge. NaCl were present, indicating that all hydrogen relating to

The Ti—Al backscattering amplitude and phase shift were reactions 1 and 2 was desorbed. After the hydrogen was
calculated using the FEFF 8.2 cddand calibrated using an  desorbed at 475C, Al, Na, NaCl, NaH, and TiA were
experimentally measured spectrum of TjAlt 77 K. EXAFS observed. The presence of Na indicates that at this high
spectroscopy of a Ti foil at room temperature was used to temperature NaH was partly dehydrogenated.

Results
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Figure 2. XRD Al diffraction lines for SAH-start, SAH-125, SAH-
225, and SAH-475.
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Figure 3. kP-weighted background-subtractg(k) of (a) SAH-start, ; 0.1+
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Titanium was only detectable as a crystalline phase in SAH-
475. Amorphous Ti species have been claimed to be indirectly 034
visible in XRD via the Al diffraction peak!81° Therefore, . . . .
the diffraction peak of Al metal is shown in detail in Figure 2. 0 1 2 3 4
An increase of the background was observed #®r=238.7— R/A
39.5 after the sample was heated to 226 (SAH-225), Figure 5. k?-weighted phase-uncorrected Fourier transform of SAH-

indicating the presence of an amorphous phase. In contrast, thestart (solid line) and the fitAk = 3—12 A-%, AR= 1.2-3.5 A) (dashed
materials after ball milling (SAH-start) and after desorption at line).
125°C (SAH-125) and 475C (SAH-475) did not show this
increase in background intensity.

To get more insight regarding the structure of the amorphous

TABLE 2: EXAFS Fits of SAH-start, SAH-125, SAH-225,
and SAH-475

Ti, the local structure of Ti was investigated with EXAFS A®l R Ej Kvariance
spectroscopy. The background-subtracted EXAFS géits,of name  shell atom N 10°A2 A eV imag abs
SAH-Start, SAH-125, SAH-225, and SAH-475 are shown in SAH-start 1  TiAl 23 0.04 271 -0.96 0.63 0.40
Figure 3. It can be seen that the quality of the data was good. % E:'%' ig g-g g-gg (l’-gg
Thek!-weighted Fourier-transformed data are shown in Figure saH.125 1 TiAl 3.9 020 276 —1.19 090 044
4 (top panel, magnitude; lower panel, imaginary part). From 2 Ti—-Al 46 020 292 023
i i iti i 3 Ti-Ti 13 270 349 430
the _chan_ges in the_ magnitude and the positions of the_ nodes Mo iiooe 1 TiaAl 48 010 573 153 036 023
the imaginary part it can pe conclgded that the chal environment 2 Ti-Al 7.8 082 284 497
around Ti changed significantly with the desorption temperature. 3 Ti-Ti 38 636 390 431
The fitted and raw data for SAH-start are shown in Figure 5. SAH-475 21 TT_':Q: g-g g-gg g-;g g% 0.43 0.27
Table 2 shows the fit parameters dfdvariances of SAH-start, 3 T:_Ti 38 325 384 544
SAH-125, SAH-225, SAH-475, and the reference EiAThe TiAl 3 1 Ti—-Al 40 000 273 —047 213 1.00
k2 variances were low and in the same range, indicating that 2 Ti—Al 80 153 2838 412
3 Ti-Ti 40 483 389 185

the fits were of comparable quality. For all measured samples,
Al always surrounded Ti in the first two coordination shells. In @ The number of independent parameters (Nyquist thedfengs
the third shell, Ti was found at a longer distance. The fit for 17, and the data were fitted with 12 parameters.

TiAl 3 exactly matches the known crystallographic datdi this

sample; i.e., Al is distributed in two shells located at 2.73 and  Taking into account thet10% error of the coordination
2.88 A with, respectively, four and eight Al atoms (please note number and the=1% error in distancé? the local environment
that the first Ti-Al shell was used to calibrate the -fAl of Ti in SAH-475 and SAH-225 was identical to that of Ti in
reference), and four Ti atoms were detected at 3.89 A. the reference sample Tiél
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SCHEME 1: (a) Structure of NaAlH 4110),
Ti foil (b) Interstitial Ti in NaAIlH 4, and (c) Two Ti Atoms
TiAl Added to Adjacent Interstitial Positions, Forming a

SAHATS Trimeric Triangular Entity 2
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Figure 6. XANES spectra of SAH-start, SAH-125, SAH-225, SAH- ‘.t
475, TiAls, and Ti foil. X

Absorbance

Ll

TABLE 3: Positions of Ti Edges in SAH-start, SAH-125, N o .
SAH-225, SAH-475, and TiAk kx L\X x X
edge edge
position (eV) position (eV) aKey: hydrogen, white; aluminum, red; sodium, blue; titanium,
SAH-start 4965.7 S_AH-475 4966.7 green.
SAH 225 29681 T o ‘4965 XRD (Figure 1) shows that in SAH-start NaAJHAI, and

NaCl are present as crystalline materials. Since Ti is inert toward
NaCl, Ti must have interacted with either Al or NaAJtbr
formed a separate Ti phase. Since fitting of one or both of the
first shells with Ti-Ti scattering (not shown) did not result in
satisfactory fits, it was concluded that no measurable concentra-
tion of Ti clusters was formed during doping. Thus, Ti must
have interacted with Al or NaAlld When Ti interacts with
NaAlH,, it has been reported that Ti can substitute fotNa23
or occupies an interstitial position among three AlHinits2*
In the case that Ti substitutes for Na, the resulting-Al
distance would be approximately 3.5 A, which is a distance
that was not observed for FiAl scattering in our EXAFS
analysis (Table 2). Therefore, we conclude that the Ti did not
substitute for Na to a measurable extent. When Ti is interstitial
in the NaAlH, lattice, the DFT-calculated HAIl distance is
approximately 2.6 &4 This distance is, within the error limits
of the calculation, similar to that found in our EXAFS analysis,
and interstitial Ti in NaAlH is a reasonable suggestion for a
hase present in SAH-start. Three aluminum atoms surrounded
he Ti in this species; thus, assuming that all Ti is interstitial,
the Ti—Al coordination number should be 3. Since the observed
Ti—Al coordination number is 4.8 (Table 2), Ti must also be
present in another phase as well with a higher coordination
Structure of Ti as a Function of the Desorption Temper- number. Two other locations for the Ti can be envisioned, i.e.,
ature. The position of the Ti absorption edge is affected by the on/in the Al phase or as a FiAl alloy. XRD (Figures 1 and 2)
oxidation state of Ti. When the formal oxidation state of Ti did not indicate that Ti formed a crystalline phase with Al; thus,
was zero, for instance, in Ti metal and TiAlhe edge positions  bulk alloying did not occur to a large extent. Chaudhuri et al.
were, respectively, at 4965.5 and 4966.7 eV (Table 3). After have calculated that a Ti capped by H atoms and incorporated
doping (SAH-start), the position of the Ti edge was at into the Al surface is stabR%.When Ti is incorporated into the
4965.7 eV, which was between that of T¢snd Ti (Figure 6 surface of Al metal, the FrAl distance is expected to be in
and Table 3). Thus, Ti had a (close to) zero oxidation state after the range of 2.72.9 A 26 These values agree with those found
doping, which is in agreement with the doping reaction 4. Linear in our EXAFS analysis (Table 2); therefore, we propose that
analysis methods did not indicate substantial @%) oxidation part of the Ti is located at the Al surface. When the Ti is
of the Ti. The XANES features of SAH-start and TiAlvere incorporated into a surface, the close-packed fcc structure of
different, indicating a different geometry and/or electronic state Al metal is 9 Al atoms around the Ti. On the basis of the use
for Ti in SAH-start compared to TiAl The structural differences  of fractional coordination numbers, it can be calculated that 30%
were further revealed by EXAFS spectroscopy. In SAH-start of the Ti resided in the Al surface with a coordination number
(Table 2) Tiwas surrounded by on average 2.3 and 2.5 Al atomsof 9 and 70% was located in an interstitial place in NaAIH
at 2.71 and 2.89 A in the two closest coordination shells. This with a coordination number of 3 ((0.% 3) + (0.3 x 9) =
is significantly lower than the FAl coordination number in 4.8).
TiAl 3, which was 4 in the first shell and 8 in the second The structure of the interstitial Ti during doping is schemati-
(Table 2 and ref 35). The structure of the subcoordinated Ti cally represented in Scheme 1. Scheme la shows the NaAIH
species in SAH-start will be discussed now. lattice; after ball milling TiC} reacts with NaAlH, forming

In contrast, the local structure of SAH-125 comprised in total
8.5 Al atoms in its first and second Al shells, 3.9 Al at 2.76 A
and 4.6 Al atoms at 2.92 A. Thus, the total coordination number
of the Al sphere (8.5) was significantly lower than in T{AIn
which 12 Al atoms surround Ti. In addition, the-TTi distance
in SAH-125 was 3.49 A, which is significantly shorter than the
Ti—Ti distance of 3.89 A in TiAl.

For the sample prior to hydrogen desorption (SAH-start), 2.3
Al atoms at 2.71 A and 2.5 Al atoms at 2.89 A surrounded Ti
in the first coordination sphere. The next sphere contained 1.9
Ti atoms at 3.49 A, which was approximately the same as in
SAH-125.

XANES spectra of SAH-start, SAH-125, SAH-225, SAH-
475, and TiAf are shown in Figure 6. It is observed that the
XANES spectra of TiAl, SAH-475, and SAH-225 are identical.

In contrast, the XANES spectra of SAH-start and SAH-125
show similar characteristics and differed from that of GiAl
The positions of the absorption edge for the measured sample
are listed in Table 3 and were between those of Ti-foil and sTiAl

Discussion
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SCHEME 2: (a) View Parallel to the (111) Al Surface
(Red) with Ti (Green) Incorporated into the Surface
Having a Distorted Local Structure® and (b) View
Parallel to the (111) Al Surface of Ti That Migrated from
the Surface into the Bulk, Forming a TiAlz Cluster?

aThe Ti in SAH-125 predominantly displayed this structUfEhis
resembles the composition of SAH-225.

NaCl and Al metal (eq 4). The formed NaCl and Al are excluded
from the picture to clarify the Ti occupying an interstitial site
in the NaAlH, lattice (Scheme 1b). EXAFS analysis of SAH-
start (Table 2) also shows that a—T¥i distance at 3.52 A was
present. This T+ Ti distance does not appear in Ti metal, any
titanium hydride phase, or Al alloy. In TiClg, the Ti—Ti
distance is 3.53 &® Thus, if the TiCk is present, T+Cl bonds

at 2.46 A must be detected too. Attempts to fit this distance
with an FEFF 8.2 calculated FiCl reference were not suc-
cessful. Moreover, an XPS depth profiling study indicates that
the TiCk is completely reduced after 30 min of ball millidg,

J. Phys. Chem. C, Vol. 111, No. 6, 2002801

When the hydrogen was desorbed at 225 it was found
that the local structures of SAH-225 and TiAlere the same
within the sensitivity of EXAFS spectroscopy (Table 2). This
was also confirmed by XANES spectroscopy (Figure 6), which
showed a high similarity of the spectra SAH-225 and FiAl
The diffraction line of crystalline TiAlwas not detected in XRD
(Figure 1), but the magnification of the Al diffraction
(Figure 2) shows that the background was increased frém 2
= 38.7 to 20 = 39.5. This indicates that an amorphous-Ti
Al alloy is formed and has been explained by the presence of
an intermetallic TiA} species by Geerlings et &lhus, the local
structure of Ti was identical to the local structure of TdAdnd
we suggest that TiAlclusters were formed at 22%. Thus,
between 125 and 2258, Ti had migrated from the Al surface
to the bulk of aluminum, which is visualized in Scheme 2.

When the desorption temperature was 415 the local
structure around Ti did not change significantly compared to
that after desorption at 228, as seen in Table 2. However,
XRD showed that a crystalline TiAklloy was formed at this
temperature (Figure 2). Thus, the TiAdlusters in SAH-225
had agglomerated to a crystalline TiAphase on going from
225 to 475°C.

Catalyst Deactivation. The XRD study reproduced the results
of Geerlings et al. (ref 9), indicating that the current samples
are identical to the ones used before. Their research indicated

whereas the samples investigated in the current study werethat the hydriding activity decreased with an increasing desorp-

milled for 1 h. Thus, TiG was most likely not present in SAH-
start.

tion temperature in the preceding step. The activity of the Ti
catalyst increased thus in the order SAH-1255AH-225 >

The distance between two interstitial spaces in an unperturbedsaH-475. In the most active sample (SAH-125), it was

NaAlH, lattice is 3.7 A. Thus, we hypothesize that the-Ti
distance found in EXAFS analysis originated from Ti atoms
occupying adjacent interstitial spaces in the NaAlkitice. The
observed coordination number ofITi is 1.9; thus, a trimeric
triangular Ti species occupying three neighboring interstitials

concluded in the preceding chapter that the majority of Ti was
incorporated into the Al surface having a distorted local
structure. Thus, we propose that this is the most active form of
Ti in the Ti-doped NaAlH. The Ti catalyst deactivated as the
Ti migrated into the Al metal, which occurred between 125 and

is proposed to explain these observations (Scheme 1c). Thep25°C (Scheme 2). The deactivation continued when the 3TiAl

deviation between interstitial distances in NaAl3.7 A) and
the interstitial TTi distance (3.5 A) found in EXAFS analysis
is possibly due to the fact that the presence of Ti atoms in
adjacent interstitial spaces distorts the local structure.
The evolution of the Ti species was further investigated after

hydrogen desorption at different temperatures. After desorption

at 125°C, the XRD pattern of SAH-125 revealed that NaH,
Al, NazAlH g, and NaCl were present (Figure 1), indicating that
NaAlH, was completely converted. In the starting material
(SAH-start), 70% of Ti was present in NaAlkhterstitials; thus,
the local structure of Ti must have been changed during
desorption since NaAlldwas absent in SAH-125. In the EXAFS
fits (Table 2) the total coordination number of the first two-Ti

Al shells increased from 4.8 to 8.5 (SAH-start to SAH-125).
The Ti—Al coordination of 8.5 in SAH-125 is very close to the
coordination number when Ti is substituted in the Al(111)
surface, in which Ti has 9 Al atoms in its coordination sphere

clusters agglomerated, forming crystalline T§Alhich occurred
between 225 and 478C. This decreases the dispersion of the
Ti catalyst, probably resulting in an impaired accessibility of
the Ti catalyst. Thus, the activity of the Ti catalyst can be
summarized in the following sequence:

Ti in the Al surface> TiAl ; cluster> crystalline TiAlL

Conclusions

In NaAlH, ball milled with TiCls, the majority (~70%) of
Ti occupied interstitial spaces in the NaAlHattice. The
remaining Ti was present at the surface of Al. After desorption
at 125°C the majority of Ti was present at the Al surface having
a distorted local structure, which appeared to be the most active
Ti species for hydriding catalysis of a desorbed NaAlAt
225°C, Ti migrated from the Al surface to the bulk, forming

(see Scheme 2a). The aluminum was present in two shellsamorphous TiAd clusters. This surface to bulk migration of the

around Ti, at distances of 2.76 and 2.92 A. In an ideal fcc lattice,
the Tiis only surrounded by a single-TAl shell. This indicates

Ti atoms was accompanied by a deactivation of the catalyst.
Subsequently, the TiAlclusters agglomerated during the heat

that the local structure was probably distorted with respect to treatment to 475C to crystalline TiAb, leading to a lower

the ideal fcc geometry. Thus, we conclude that the majority of
the Ti was present at the Al surface having a distorted local
structure after desorption at 12%&, which is schematically
shown in Scheme 2a.

The local structure of Tiin SAH-125 revealed a Ti at 3.49 A
(Table 2), whereas a Ti atom &3.8 A would be expected on
the basis of the structure of TiA¥® This led us to the
speculation that a distorted surface-HRil species was formed,
leading to a Ti atom in a contracted third shell.

dispersion of the Ti catalyst and consequently a lower hydriding
activity.
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