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The twice hydrogen (H) cycled planetary milled (PM) and cryo milled (CM) NaAlH4 + XTMCl3 (transition
metal (TM)=Ti, V, Fe) systems (x > 0.1) have been studied by high resolution synchrotron X-ray diffraction,
and high resolution transmission electron microscopy (TEM). Intense primary amorphous (a-) Al;_xTMx
halos are evident in diffraction data of PM samples for V and Fe, and in CM samples for Ti, V, and Fe. Weaker
primary amorphous Al;_Ti, halos are evident in PM samples for Ti. The Ti poor a-Al; _Tiy phase observed
for NaAlH4 +xTiCl3 (x>0.1) ranges in composition from a-Algs5Tii35 — a-Alg,Tig. High resolution TEM
studies of the Al;_,V, phases in the H cycled PM NaAlH,4 +0.1VCl; system demonstrates that a nanoscopic
composite morphology can exist between face centred cubic (fcc) crystalline (c-) Al;_xVy and a-Al;_,Vy
phases, with the c-Al; _,V/a-Al;_xVy composite embedded on the NaAlHy4 surface. The amorphous Al;_4Vy
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1. Introduction

The transition metal enhanced NaAlH4 system remains as the
prototypical example of catalysis of complex hydrides. Typically,
with the addition of a catalytic phase, the catalyst can be added
in increasing quantities with corresponding benefit to the sys-
tem until the catalytic function plateaus. Early studies of the
NaAlH,4 +xTiCl3 system showed that typical catalytic behavior is
observed, with hydrogenation rates increasing as a function of TiCl3
content [1-3], and the fastest rates being observed for 10 mol%
TiCl3 (ca. 31 wt.% H/hour for absorption [1]). Later studies have
shown that the hydrogenation rates for low mol% TiCl3 (2-4 mol%)
enhanced NaAlH4 can dramatically increase (up to ca. 27-65wt.%
H/hour for desorption [4,5]) if a pre-milling step utilizing Tetrahy-
drofuran is utilized. This suggests that poor mixing/distribution of
the TiCl3 additive occurs when only dry milling of NaAlHy4 +xTiCls
is performed. As such, it remains unclear if the typical catalytic
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behavior observed in the early studies [1-3] is an artifact of poor
mixing during the milling process. Further, the hydrogenation rate
can vary dramatically depending on the Ti-precursor, with 2 mol%
Ti(OBu)4 enhanced NaAlH4 displaying rapid kinetics (ca. 40 wt.%
H/hour [6]) immediately after milling, with no pre-treatment.
The milling atmosphere is also critical, with NaH + Al +0.02TiCl;3
milled under a hydrogen atmosphere displaying rapid hydrogena-
tion kinetics (ca. 120 wt.% H/hour) immediately [7]. Presently, no
study exists which follows the reduction process and observation
of the formation of Al;_,Tix phases as a function of TiCl3 content
which could explain the variation in hydrogenation rate for TiCl3
enhanced NaAlHg4.

In an attempt to understand the catalytic behaviour at high
mol% TiCls, several studies exist that have utilised TiCl3 rich sam-
ples in order to assist in the identification of Al;_,Tix species
that have formed after hydrogen cycling. In [8] it was estimated
from iterative quantitative analysis of synchrotron X-ray data that
over 80% of Ti atoms could be accounted for in a crystalline (c-
) AlgsTij5 phase in planetary milled (PM) and hydrogen cycled
NaAlH,4 +0.1TiCl3. No other crystalline Ti containing phases could
be observed in the diffraction data. This c-AlgsTi5 composition was
later confirmed by the known concentration dependent unit cell
parameters for Al;_,Tix (x<0.25)in [9,10], and verified by localised
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nano beam energy dispersive compositional analysis (EDS) and
high resolution TEM images of the surface regions of twice H cycled
NaAlH4 +0.1TiCl3 in [10]. For the NaAlH4 +xTiCl3 (x<0.05) sys-
tem, the Al;_,Tix species formed currently remain unidentified by
diffraction. However, the large difference in hydrogenation kinetics
between 0.9 and 9 mol% TiCl; enhanced NaAlH4 [1] suggests that
different Al;_,Tix species have formed, and at the 10 mol% TiCls
level, potentially up to 20%[8] of the originally added Ti atoms exist
in a non-crystalline state. An amorphous Al;_,Tix phase has been
suggested to exist in cooled vibration milled NaAlH,4 +0.1TiCls,
although d-spacings for the maxima of the primary halo and pos-
sible Al:Ti composition are not specified [11]. The observation that
the ‘broad reflection’ in [11] is centred in the range 20 = 40-41° (for
Cu Ko X-ray radiation) in-between Al (11 1) and Al (2 00) indicates
the ‘broad reflection’ is centred in the range 2.20-2.25 A, suggesting
a Ti poor amorphous Al;_,Tix (x<0.25) phase [12,13] for vibration
milled NaAlH4 +0.1TiCls.

The potential for an amorphous Ti poor Al;_,Tix phase in
10 mol% TiCl3 enhanced NaAlHy4 is also consistent with the stud-
ies in [14,15], which show the formation of a nanoscopic, surface
embedded, crystalline Al/Jamorphous AlsgTisg composite on the
surface of NaAlH4 after the completion of the NaAlH4 +0.1TiCls
milling process. The matching of the size range of the nano
Al (2-20nm) in PM NaAlH4 +0.1TiCl3 compared with c-AlgsTis
(4-25nm) in H cycled NaAlH4+0.1TiCl3 indicates that Ti dif-
fuses very locally from the amorphous AlsgTisg matrix into the
nanoscopic Al [10], subsequently forming nanoscopic crystalline
Al;_4Tix phases. For 10 mol% TiCl3 enhanced NaAlHy4, at least 80%
[8] of the Ti atoms diffuse out of the original a-Al5gTiso matrix to
form c-AlgsTiys, realising the potential for a residual Ti poor amor-
phous Al;_,Tix matrix, of as yet undetermined Al:Ti composition. In
this study, we aim to determine by high resolution synchrotron X-
ray diffraction and TEM the structural state the ca. 20% of ‘missing’
Ti atoms are in for the H cycled NaAlH,4 +0.1TiCl5 system. We also
study the formation of amorphous Al;_yFey and Al;_,Vx phases in
the 10 mol% FeCl3 and VCl3 enhanced NaAlH, systems for the pur-
pose of a morphological comparison to the TiCl; enhanced NaAlH,
system.

This paper is organised as follows: Section A analyses the reli-
ability of the d-spacing and crystallisation temperature of the
amorphous Aly_Tix phase in H cycled NaAIH4 +xTiCls, in order to
determine the unknown Al:Ti ratio. Section B discusses the Rietveld
methodology used to quantify the Al:Tiratio in the a-Al; _,Tix phase
in CM and H cycled NaAlH4 +0.1TiCl3. We also show high res-
olution TEM images of the amorphous Al;_,Vyx in H cycled PM
NaAlH4 +0.1VCls. Section C then utilises the same Rietveld method-
ology to model the a-Al;_,Tix phase in H cycled PM NaAlH4 + xTiCl3
(x>0.1) samples.

2. Experimental procedure

NaAlH4 was purchased from Albemarle Corporation (LOT NO.#:22470404-
01, >93% purity). All transition-metal-chloride precursors were purchased from
Sigma-Aldrich Chemicals Inc. (typically >99.99% purity). At all times, all powders
have been handled under inert Ar atmosphere in a dry glove box, with<1ppm
0, and H,0. Milled NaAlH4 +xTMCl, powders were prepared in 1g quantities in
a Fritsch P7 planetary mill, with ball to powder ratio (bpr) of 20:1, at 750 rpm for a
period of 1 h, and in 2 g quantities in a Spex 6750 Freezer mill, milled at intensity 15
for a period of 2 h, in a custom sealed stainless steel cryo vial, with a 32 g AISI440c
impactor. Milling was performed under Ar from the glove box. Hydrogen cycling
was performed in a Sieverts apparatus composed of commercial VCR components,
rated to 200 bar and 600 °C. Hydrogen compressibility was modelled with the most
accurate known equation of state [16], and a divided volume model was applied to
accurately account for the total amount of hydrogen in the system in the presence
of a temperature distribution [17]. Hydrogen cycling conditions were: absorption
at 140 °C under 150 bar system pressure, and desorption at 140 °C under ultra high
vacuum (<10-% mbar). Both absorption and desorption were carried out over 12h
time periods. Powders were studied in the fully absorbed state typically after 2
and 5 H cycles for diffraction measurements. Powder X-ray diffraction data were
recorded at the Swiss-Norwegian Beamline (SNBL) at the European Synchrotron

Radiation Facility (ESRF) in Grenoble, France. Samples were contained in rotating
0.8 mm boron-silica glass capillaries. High resolution data (Ad/d~3 x 10-4) was typ-
ically collected at 295 K between 5-35° 26, in steps of 0.003 to 0.030°, depending on
the sample broadening. A wavelength of 0.4998 A was obtained from a channel cut Si
(111) monochromator. Medium resolution (Ad/d~3 x 10-3) in situ annealing data
were also collected on a 2-D image plate (MAR345) over the 260 range 3-34° with step
size 0.015° and exposure time of 30s, and a wavelength of 0.7111 A. Synchrotron
X-ray diffraction patterns were analysed by the Rietveld method using RIETICA [18].
Diffraction lineshape profiles were fitted with a full Voigt function, with the instru-
mental shape determined by a NIST LaBg 660a lineshape standard, further annealed
to 1800°C. Transmission electron microscopy (TEM) was performed with a JEOL
2010F field emission gun operating at 200 kV, or with a Philips CM30 operating at
100-300kV. All TEM samples were loaded inside the glove box and transferred into
the column of the microscope by two different methods: (a) An oxygen tight transfer
cap was used, with the cap being removed inside a glove bag attached to the holder
entrance of the microscope. The glove bag was pumped and flushed with pure N, to
prevent sample oxidation. (b) A Gatan environmental cell TEM holder was used. A
vacuum gate valve on the environmental chamber allowed the sample to be with-
drawn and isolated in the chamber during transfer, which prevented contamination
or contact with air. Method (a) was most frequently used. Further details regarding
TEM measurements can be found in [19].

3. Results and discussion

3.1. A. The use of crystallisation temperature (Tcryse) and
d-spacing to determine the Al:Ti ratio of the amorphous Al; _xTix
phase in H cycled NaAlH4 + xTiCl3 samples

Fig. 1 presents a series of diffraction patterns for the twice H
cycled NaAlH4 +0.1TMCl, samples TM=Ti, V, and Fe, across the
most interesting range of d-spacing from 1.9 to 2.4 A. The data are
scaled to match the (11 1) NaCl intensity contribution. Very broad
peaks are evident for all samples except for PM NaAlH,4 +0.1TiCls,
with peak maximas occurring in the 2.04-2.21 A d-spacing range.
The broad peaks indicate either nanoscopic or amorphous Al; _,TMy
phases, dependent on the observation of further broad crystalline
reflections at other d-spacings.

For the Ti based system, the CM NaAlH,4 +0.1TiCl5 and H cycled
sample shows the most interesting feature, with an intense Al _,Tix
amorphous primary halo evident. The peak maxima is centered at
a d-spacing of ca. 2.21A, at the position that primary amorphous
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Fig. 1. Raw synchrotron X-ray data series from 1.9 to 2.4 A for the twice H cycled
NaAlH4 +0.1TMCl; system with TM=Ti, V, and Fe for PM samples, and Ti for CM
samples. The maxima of primary amorphous halos are evident for Al;_.Fe, at ca.
2.06 A, for Al;_xVy at ca. 2.19A, and for Al;_,Tiy at ca. 2.21A.
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Fig. 2. The strongest X-ray diffraction intensity of all known Al;_TiyH, phases
across the d-spacing range 2.18-2.38 A.

halos of binary Al;_4Tix (x<0.15) phases are typically centered
[12,13] (the halos for x>0.15 are centered at higher d-spacing, as
shown in Fig. 2). Shoulders are also present on the low d-spacing
side of the Al reflections, demonstrating that the sample contains
a mixture of c-Al;_,Tix+a-Al;_,Tix phases. Note that aside from
the high symmetry cubic c-Al;_,Tiyx phase (present as shoulders
on the Al) [10], there are no other visible Al;_,Tix crystalline con-
tributions to the data at other d-spacings, suggesting the broad
reflection at 2.21A is not from a nanocrystalline Al;_,Tiy phase.
The broad Aly_,Tix halo at 2.21A is so intense in the H cycled
CM NaAlH4 +0.1TiCl5 data, that if it were a c-Al;_,Tix phase, any
other reflections would easily be discerned in the data, and as they
are clearly not visible, we hereafter refer to the broad reflection
at 2.21A as a primary amorphous Aly_,Tix halo. This is further
supported by inspection of Fig. 2. c-TiygAl3g and c-TiggAlyy show
intensity maxima at d=2.21 and 2.20 A, however, if these phases
had formed during milling of NaAlH,4 +xTiCls, they would have
hydrided during the first thermal desorption or subsequent absorp-
tion, to distinctly higher d-spacings representing c-TiggAlgoH29 and
a-TizoAl3oH 08 at d=2.31 and 2.37 A, respectively [20].

The d-spacing maxima of the Al;_,Tix primary amorphous halo
is a very useful tool to estimate the unknown Al:Ti composition
of the a-Al;_,Tix phase in H cycled CM NaAlH4 +0.1TiCls. Fig. 2
shows the variation in d-spacing (2.18-2.38 A) of the strongest
X-ray diffracted intensity for all known crystalline and amorphous
Aly_,TiyHy, phases. These d-spacings have been interpolated as
accurately as possible from published diffraction data in the liter-
ature. This data is generally collected with Cu Ko X-ray radiation,
without specification of the zero point offset. As such, there is a
minor unknown degree of uncertainty in the estimation of each
d-spacing. c-Al to c-Al;5Tiys d-spacings are reported in [9], and c-Ti
to c-TiggAlyo (and their hydrides) are reported in [20]. Ordered c-
Al,Ti, c-Al5Tiy and c-Alq1Tis are reported in [21]. c-AlTi, a-Al5gTisg
and its hydride a-AlsgTisgH4q are reported in [22]. a-AlggTiqg is
reported in [13], a-AlgsTiy5 in [12], a-AlggTigg in [20], and a-AlsgTisg
in [12,22-25]. A review of all crystalline Al;_,Tix structures in the
most recently evaluated binary Al-Ti phase diagram can be found in
[26]. The hydride of a-Als5gTisq is reported as a-Alsg TisgH41 and does
not show any detectable shift in d-spacing of the primary halo in
the hydrogenated state. Pure TiH,_, phases show intensity maxima
at >2.5A. Sputter deposited and mechanically alloyed a-AlsoTisg
yield halo maximas that cover the d-spacing range 2.28-2.32A.
Without knowledge of the zero offsets, it remains unclear if this
halo maxima range is genuine, however, the difference in maxima
position between a-AlsgTisg and a-AlggTiig is quite distinct (as
shown in Fig. 2). Based on the d-spacing of the primary halo max-
ima and a potential £0.02 A range, we expect that the halo maxima
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Fig. 3. In situ annealing synchrotron X-ray data for twice H cycled CM
NaAlH4 +0.1TiCl; measured to 500°C. The amorphous Al;_,Tiy phase shows crys-
tallisation occurring in the 250-300°C range. Above 300°C, the c-AlgsTii4 phase
shows a clear shift to lower d-spacing with crystallisation of the ordered L1, Al3Ti
phase evident, with the (1 00) primitive reflection evident at ca. d=4.00 A. Splitting
into the tetragonal D0,, and D0,3 structures can also be clearly observed by 400°C.

we observe at 2.21A for twice H cycled CM NaAlH,4+0.1TiCl3
represents an amorphous composition a-Al;_,Tix (x<0.15). We
note also that the average figure of 2.30 A for the a-AlsgTisg halo
maxima is in excellent agreement with the strongly deviated syn-
chrotron X-ray background in CM NaAlH,4 +0.1TiCls. The presence
of the a-AlsgTisg phase is further supported by high resolution TEM
and Energy Dispersive X-ray Spectroscopy (EDS) compositional
analysis showing a-Alyg3Tisg; for the surface embedded nano
Al/a-Als5¢Tisg composite [14,15]. As such, we can also state that the
nanoscopic a-Al; _,Tix phases we observe embedded on the NaAIH,
surface display primary halo maxima in excellent agreement with
literature values for micron sized a-Al;_Tix phases.

Traditionally, the crystallisation temperature, Tcryst, of an amor-
phous phase has also served as a reliable indicator of the
elemental phase composition. Fig. 3 shows annealing diffrac-
tion data for a twice H cycled CM NaAlH4 +0.1TiCl3 sample. The
amorphous halo at d=2.30A is observed to crystallise in the
range Teyse=250-300°C, with a significant d-spacing shift of c-
Al;_,Tix occurring at 250°C. A mixture of DO, and D03 ordered
Al75Tips phases are observed at high temperature (>300°C).
The comprehensive high temperature study of Al;_,Tix phases
(AlgsTis to Aly5Tizs) in [9] demonstrates that if a D0,,/D0y3
mixture has formed at high temperature, it has crystallised
from a solid solution in the range AlggTiig to AlggTiyg. Reported
crystallisation temperatures of amorphous Al _,Tix phases are con-
tradictory, AlgoTi1g Teryst =307 °C, Algy Tig Teryse =277 °C (melt spins)
[13], AlsTi5o 500 °C < Teryse < 600 °C, Al75Tips 200 °C < Tepyse < 350 °C,
AlgsTiy5 Teryse =325 °C(co-deposited thin films) [12], with [13] indi-
cating a lowering of T¢ys with decreasing Ti content, and [12]
indicating the opposite trend. This difficulty in correctly extracting
the Al:Ti composition of the amorphous phase from crystallization
temperature measurements is further compounded by the depen-
dence of T¢rys: on heating rate, and some authors quoting Terys: at
the onset of crystallisation, or as a temperature range equal to the
width of the exothermic spike in DSC spectra.

In [12], a broad primary halo can be observed for the deposited
a-Aly_xTix compositions (on liquid nitrogen cooled substrates) in
the 15 to 60at.% Ti range. In general, the sputter deposit halos
appear very homogenous, while at short milling times (<100h),
mechanically alloyed samples can display mixtures of crystalline
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and amorphous components within the diffracted halo, such as for
a-AlsqTisg, as described in [27], where a Ti(Al) solid solution reflec-
tion can be observed as a satellite on the halo. At longer milling
times, the halos are homogenous [28]. No such satellites exist in
our data, neither in the milled or H cycled state, and our high
resolution TEM and compositional analysis indicates homogenous
a-Aly_,Tix phases [14,15]. Radiation induced amorphisation of a Ti
rich Al;gTiy; composition is reported in [29], but no amorphisa-
tion could be achieved for Al;gTio4. The X-ray absorption study in
[30] suggests an amorphous Al;5Tiy5 composition occurs for milled
NaAlH4 +0.02-0.04TiCls, however, a 3:1 amorphous Al:Ti compo-
sition is not plausible for a-Al;_,Tix phases based on literature
for micron sized phases [28,29]. Although there exist a significant
number of reports on synthesising Al;_,Tix intermetallic phases by
ball milling, none have reported the existence of amorphous phases
for x=0.25, even after 1000 h of ball milling [28], likely due to the
instability of the amorphous phase relative to the corresponding
crystalline composition, as can be observed in the binary Al-Ti ther-
modynamic phase diagram in [31]. The composition after milling
TiCl; with NaAlH,4 has been correctly determined as a-AlsgTisg for
CM NaAlH,4 +0.1TiCl5 in [14,15].

It is clear that, in general, it remains difficult to accurately deter-
mine elemental Al:Ti ratios in amorphous Al _,Tix (x <0.25) phases
based on reported crystallisation temperatures, and that we must
turn to other techniques to accurately quantify the Al:Ti ratio.
From our compositional EDS analysis of CM NaAlH4 +0.1TiCl3 in
[14,15], the surface embedded amorphous phase initially shows an
AlsoTisg composition. With the formation of the majority c-AlgsTiqs
phase occurring during H cycling at temperature [8,10], Ti must
be sourced from the a-AlsgTisg matrix, indicating that the amor-
phous matrix becomes Ti poor during thermal annealing/and or H
cycling, and we expect that the final composition of the amorphous
phase must be considerably Ti poor, based on the majority, >80%
of Ti atoms being accounted for in the c-AlgsTiy5 solid solution in
PM and H cycled NaAlH4+0.1TiClz in [8]. In addition, the 2.21 A
d-spacing of the primary halo maxima and the low crystallisation
temperature (of ca. 250-300°C in our annealing data in Fig. 3) for
the a-Al;_4Tix phase suggest an amorphous composition of at least
AlggTi1g based on reported crystallisation temperatures [13], and
of Ti compositions of <15 at.% based on the d-spacing of the pri-
mary halo maximum. This a-AlggTiqo to a-AlgsTi;5 range provides
an excellent starting point for the Quantitative Phase Analysis (QPA)
of diffraction data presented in the next section, and is indicative
of a Ti poor a-Aly_Tix (x<0.15) phase composition with a primary
halo maximum of 2.21 A in CM and H cycled NaAlH,4 +0.1TiCl5.

For a-Al,_,Tix phases, Fig. 2 shows an increasing d-spacing for
the halo maxima as a function of Ti content. However, it can be
noted that the a-AlggTiyg halo maxima [32] appears out of position,
at a higher than expected d-spacing of ca. 2.29 A. This discrepancy
can be attributed to the use of nitrogen gas during the sputtering
process of the a-AlggTiyg sample. It has long been known that large
amounts (up to 50 at.%) of N can be absorbed by Al;_,Tix (x<0.5)
phases when milled under a N, atmosphere [33], and as such, the
a-AlggTiyg composition reported [32] should be properly described
as a ternary nitride. While Ar is not absorbed in the same fashion
as N, it has been observed that increasing Ar pressure in sputter
deposited a-AlsgTisg can nucleate c-Ti(Al) solid solution satellite
reflections on the primary a-AlsoTisg halo [34], which is similar
to the short milling time samples in [27]. This raises the question
of whether the d-spacing halo maxima of the a-Al;_,Tix phases in
milled and H cycled NaAlH,4 +xTiCl; powders are shifted by the
absorption of gas phase impurities from the glove box atmosphere
(including minor ppm level impurities such as O, and H,0). We
note the following: (i) our EDS analysis on milled samplesin [14,15]
reveals no O signal of any significance when we focus the beam
directly on a-AlsgTisg in milled samples, or c-AlgsTiy5 in H cycled

samples [10], (ii) high resolution images of the a-AlsgTisg in [14,15]
do not reveal any nucleation of hexagonal Ti(Al) solid solutions
that could be induced from Ar contamination, and the a-AlsgTisg
phase appears homogenous, consistent with a homogenous single
phase halo in the synchrotron X-ray data, (iii) any O contamina-
tion that does occur appears to affect only the Na, resulting in
the formation of slightly sub-stoichiometric Na;0, [35], and (iv)
without the occurrence of milling atmosphere contamination, any
further possible contamination is irrelevant in the presence of high
purity hydrogen (99.9999%) used for H cycling. With no evidence
of contamination of the a-AlsgTisg phase after milling under glove
box Ar, and no evidence of Na;O, formation in our samples, we
proceed with the assumption that the amorphous Al;_,Tix phases
we observe are free of contaminants, and represent only binary
Aly_,Tix compositions.

3.2. B. Modelling of the primary amorphous Al;_,Tiy halo in
diffraction data from CM and H cycled NaAlH4 +0.1TiCls

The QPA analysis in [8] estimates that > 80% of Ti atoms can be
accounted forin PM and H cycled NaAlH4 + 0.1TiCl3 in the solid solu-
tion phase c-AlgsTiys. The 85:15 composition has been confirmed
by nano beam EDS analysis in [10]. Based on this QPA of all crys-
talline phases, there appears to be some ‘missing’ (non-crystalline)
Ti in TiCl3 rich PM samples. In light of the intense amorphous
Al;_4Tix halo observed in our CM and H cycled NaAlH,4 +0.1TiCl3
sample, we have the opportunity to perform quantitative Rietveld
analysis to determine the Al:Ti composition of the amorphous
Aly_,Tix phase, and to look for such phases containing the ‘missing’
Ti in PM samples. QPA of the CM and H cycled NaAlH4 +0.1TiCl3
sample utilises the method developed by Le Bail [36,37] for the
quantification of SiO, glasses, in which the primary amorphous halo
is represented by a model nanoscopic fcc phase during Rietveld
refinement. This methodology has proven as accurate as Monte
Carlo simulations of the amorphous component [37].

Fig. 4(a) and (b) shows a Rietveld fit to the CM and twice H
cycled NaAlHy4 +0.1TiCl3 sample. Fig. 4(b) is a zoomed image show-
ing the intense amorphous Al;_,Tix halo centered at 2.21A (ca.
13.04° 20 for A =0.4998 A). Although the c-Al;_,Tiy phase in the
CM data shows a broader peak shape than PM samples, it has a
unit cell dimension of 4.0305 A, yielding a c-AlgsTi;g composition
based on concentration dependent lattice parameters [9], almost
identical to the c-AlgsTi;5 composition observed in PM samples.
Our Rietveld methodology utilizes a 6 phase model with 5 known
phases (NaAlHg4, NasAlHg, Al, NaCl, and c-AlggTii4), to determine
the unknown Al:Ti ratio of the amorphous Al;_,Tix phase. As short
term cryo milling is in many cases the equivalent of up to hundreds
of hours of planetary milling, we also carefully checked for com-
pression of the Al unit cell dimension, as is observed in our 48 h PM
NaAlH,4 +0.1TiCl3 sample in [10]. No such compression is evident in
our CM data, indicating different nucleation processes for Alq_,Tix
phases at cryogenic temperatures. The Rietveld model is sensitive
to the Al:Ti ratio in the amorphous Al;_,Tix phase, and an incorrect
Al:Ti composition will yield a large overestimate of both the total
Al and Ti atom count.

Our testing methodology is as follows: (i) full pattern fits were
first conducted to determine the full 20 dependent lineshape
parameters of all crystalline phases, (ii) a starting background
was refined for the middle of the possible Al:Ti composition
range (x<0.25), a-Alg75Tij25, and tests were conducted with this
fixed background for all compositions tested, and then tests were
repeated with a refined background for all compositions (such tests
are necessary due to the very broad nature of the primary halo
and the direct correlation of its intensity with the placement of
the background), (iii) ‘half pattern tests (with shape parameters
from the full 20 range) were then conducted up to 14 degrees 26 to
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Fig. 4. (a) Final ‘1/2 pattern’ Rietveld fit to synchrotron X-ray diffraction data of
twice H cycled CM NaAlH4 +0.1TiCls. The dashed line shows the intensity contribu-
tion from the c-Alg4Ti; solid solution. (b) Zoomed image of (a) showing the maxima
of the intense amorphous halo centred at ca. 2.21 A (ca. 13.04° 26). The dashed line
shows the calculated intensity contribution from a-Algs5Ti13.5.

determine the final AlL:Ti ratio in the amorphous phase, as the fcc
model for the amorphous phase contributes intensity at (2 00) etc.,
where there is none, and the intensity contribution of the extremely
broad and weak secondary amorphous halo (maxima centered at
ca.d=1.35A), resulting in an increased background at higher 26, is
removed.

QPA of the total atom count of all atomic species (Na, Al, H,
Cl and Ti) in the H cycled CM NaAlH,4 +0.1TiCl3 sample tested all
possible Al:Ti compositions for the amorphous Al;_,Tiy phase.
The Al and Ti atom count for the a-Al;_,Tix phase are intrinsically
correlated in the refinement as they are present in the same struc-
ture, however, the unknown Al:Ti ratio is constrained by mixing
the Al and Ti on (000) of the fcc model for the a-Al;_,Tiy phase
such that the total occupancy n of the site is related by nj =n — np.
The final determination of the Al:Ti ratio for the a-Al;_,Tix phase
includes 100% of the unaccounted Ti atoms (Ti atoms not present
in crystalline phases) for an a-AlggsTij35 composition. In this
model of the a-Aly_,Tix phase, the total Al content is ca. 10% over-
estimated. The overcount of Al atoms can be removed by modeling
the amorphous phase as Algg5_xTii35. However, renormalization
of Algg5_xTi135 at 100% Al atoms yields a-Alg; Ti;g, which exists at
significantly higher d-spacing than observed in Fig. 4(b). As such,
renormalization of the Al count must be treated carefully, and an
incorrect Al:Ti composition can result in a-Al;_,Tix at an incorrect
d-spacing. The Na atom count is consistent at ca. 0.8 atoms, lower
than the expected 1.0 atoms. However, the NaAlH,4 phase fraction
is lower than expected, at ca. 1.5 mol%, and may artefactually affect
the total Na atom count. If this is not the true origin of the missing
ca. 0.2 Na atoms, then we must consider the dispersion of a small
fraction of Na to either the microstructure or as an amorphous

composition. All Cl atoms appear present at ca. 0.3 atoms for the
NaCl phase, indicating complete reduction has occurred. Accepting
the 10% Al overestimate and 20% Na underestimate as a mathe-
matical artifact of the modeling process of the amorphous Al _,Tix
phase, we report the amorphous Al:Ti ratio as a-Algg 5Ti135 in CM
and H cycled NaAlH4 +0.1TiCl;. We note that the a-AlggsTiiss
composition determined by QPA without renormalization falls
in the expected a-AlggTijo (by Teryst) to a-AlgsTiys (by d-spacing)
range determined in section A.

We have not been able to gain a high resolution TEM image that
shows the amorphous Al;_,Tix phase in H cycled NaAlH4 +xTiCl3
samples clearly, however, when we focus the electron beam
directly on c-Alg4Tiqg crystallites, the integrated electron diffrac-
tion pattern always shows the presence of the amorphous halo
at d=2.21A [19]. This suggests a complex local surface embedded
morphology between the c-Alg4Tijg and a-Algg 5Ti135 phases, and
it is likely that the c-Alg4Tii¢ phase morphologically covers the a-
Algg 5Tig3 5 phase. Final QPA of the diffraction data demonstrates the
a-Algg 5Ti135 phase holds ca. 71% of the originally added Ti atoms,
with the remaining 29% of Ti atoms bound within the c-Alg4Tig
solid solution. It should be emphasised that we never observe free
Ti (or TiHy ) in the CM samples, in our synchrotron X-ray data, or in
our localised integrated electron diffraction patterns. It is clear that
it is possible in the manner described above to account for 100% of
the original Ti added to H cycled CM NaAlHy4 +xTiCls.

For the H cycled VCl; and FeCl; enhanced NaAlH,4 systems, we
have been able to directly observe a-Al;_,Vy and a-Al;_,Fey phases
by TEM, corresponding to the primary halos observed in the syn-
chrotron X-ray data in Fig. 1. Inspection of Fig. 1 shows a broad
amorphous halo for the twice H cycled PM NaAlH4 +0.1FeCl3 sam-
ple. The maxima of the primary halo occurs at a d-spacing of ca.
2.060 A. It has been reported that a-Al;_,Fey phases will form with
as little as 5 at.% Fe [38,39]. Interpolation from published data (with
no knowledge of zero point offset) over a 15-42 at.% range of Fe con-
centration results in a d-spacing for the primary halo maximum of
2.055 A for15-17 at.% Fe [40],2.059 A for 25 at.% Fe [41],and 2.078 A
for 42 at.% Fe [42]. Notable asymmetry is evident on the primary
halos at shorter milling times due to unreacted Al, and as such, the
interpolated maxima quoted above may shift slightly upon com-
plete consumption of the Al. Based on the interpolated maxima, we
expect the primary halo we observe at ca. 2.060 A is representative
of a-Aly_xFex (x<0.25). For the twice H cycled PM NaAlH,4 + 0.1FeCl3
sample, the amorphous Al; _yFex phase contains all of the originally
added Fe (no other crystalline Fe containing phases are present),
and can be understood to be the dominant phase when inspect-
ing the thermodynamic binary Al-Fe phase diagram in [43], which
suggests the c-Al;_yFey solid solution is thermodynamically unsta-
ble with respect to the a-Al;_yxFex phase, an opposite trend to the
Al-Ti system [31]. High resolution images of the a-Al;_xFex phase
are shown in our earlier TEM studies in [19]. EDS directly on the
amorphous layer indicates ca. a-AlggFes4, while on an area contain-
ing nano Al crystallites, the average composition is ca. AlgsFeqs. A
similar Rietveld modeling process (to that utilized above) can be
carried out on the synchrotron X-ray data to determine the Al:Fe
ratio in the amorphous Al;_yFex phase. Final analysis indicates a-
Algg sFeq1.5, which is considerably Fe poorer than the composition
determined by EDS. However, the d-spacing of 2.060 A is very close
to the a-AlgsFe;5 composition reported at 2.055A in [40], and as
such, we expect that EDS measurements directly on the a-Al;_yFey
phase over several hundred particles will reveal a significant varia-
tion in a-Al;_yFex composition, which will likely average out to the
composition determined by QPA, and be in the vicinity of 15at.%
Fe.

We have also directly observed the amorphous Al;_,Vy phase in
twice H cycled PM NaAlH4 +0.1VCl3 by high resolution TEM, cor-
responding to the primary halo with maximum at ca. d=2.19A
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Amorpheus

Fig.5. Highresolution TEM image of the surface region of twice H cycled PM NaAlH,4 +0.1VCls. In(a),a ca. 12 nm c-Al; 4V, crystallite is embedded in a surrounding amorphous
a-Aly_xVy matrix, with an inverse Fourier transformed image shown in (b) to allow easier observation of the surrounding amorphous matrix. The sample edge is delineated

with a solid black line in (a).

in Fig. 1. Fig. 5(a) and (b) shows high resolution TEM images
of nanocrystalline Al;_,Vx particles embedded in an amorphous
Al _xVx matrix, on the surface of H cycled PM NaAlH4 +0.1VCls.
Fig. 5(b) is an inverse Fourier transform of the image in (a),
with the inelastic contribution filtered out. Local EDS on the
crystalline phase gives an average composition of ca. c-Al;gVsg,
while the amorphous phase ranges in composition from a-
{Al77Va3 <> AlggV31} by EDS. It initially appears that both the
amorphous and crystalline phases have an Al:V composition of ca.
70:30. It is stated in [44] that amorphous phases do not form for the
binary Al-V system, on the basis that only icosahedral quasicrys-
talline Al;_,xVx phases are observed to form at <18.at.% V content
for melt spun ribbons in [45] and [46]. As such, our observation
of amorphous Aly_,Vy appears to be unique, and we note that the
composition we observe is>18at.% V, and we do not observe 5-
fold symmetry in our electron diffraction data that would indicate
the phase is quasicrystalline. From the study of mechanically milled
Al;_,Vx powder mixtures in [47], no amorphous Al;_,V phases are
observed. Rather, single phase crystalline extended fcc Al(V) and
body centred cubic (bcc) V(Al) solid solutions are observed, with a
maximum single phase composition of AlggV;o reported for the fcc
solid solution, yielding a decrease of the lattice parameter ‘of the
order of 1%’ (the exact magnitude of the contraction is not specified)
compared to pure Al. The mechanical milling study in [47] indicates
the maximum solubility of V in fcc Al is ca. 10 at.%. Above 10at.%
V, multiple phases are observed. Indexing of the shoulders on the
low d-spacing side of Al reflections from our twice H cycled PM
NaAlH,4 +0.1VCl3 data yields an fcc cell with dimension a=4.0281A,
which is a contraction of 0.52% compared to the Al unit cell of
4.0490A, and is also a decrease that is ‘of the order of 1%". Early
reports on rapidly quenched binary A, _,Vx melts showed a contrac-
tion of the solid solution fcc unit cell of 0.10% for 0.65 at.% V in [48],
and a contraction of 0.17% for 1.81 at.% V in [49]. It is well known
that mechanical milling can achieve significantly higher super sat-
urated solid solutions for fcc Al;_yTMy phases, such as the case for
Ti [9]. From this perspective, it is not surprising to observe a com-
position of AlggV1p. As the exact unit cell dimension for c-AlggV1g
is specified only as a contraction ‘of the order of 1%’ in [47], and
as our indexed unit cell lies within this range, we assume a maxi-
mum c-AlggV1¢ composition in an A1 structure type. Rietveld QPA
modeling of our twice H cycled PM NaAlH4 +0.1VCl3 data with a
fixed c-AlggV19 composition to determine the unknown Al:V ratio
in the a-Aly_4Vx phase yields a-Al;;V,g, in excellent agreement

with the a-Al;gV3o determined by local EDS. This suggests that the
c-Al7gV3p composition determined by local EDS for the fcc solid
solution is an artifact, and it is highly likely that the EDS signal
primarily comes from the V rich amorphous matrix, and secondly
from the V-poor crystalline nanoparticles embedded within the
amorphous matrix. We note also that the c-AlggV1¢ phase is dis-
location free, in contrast to the high (1 1 0) edge dislocation density
of ca. 7.20 x 10'6/m? observed in the c-AlggTiq4 solid solution in
H cycled CM NaAlH,4 +0.1TiCl3 [10], likely because of its smaller
size <12 nm. All of the originally added V atoms are 100% accounted
for, and distributed across c-AlggV19:a-Al7,Vog as 13.5%:86.5%. Such
a broad Al;_,Vy halo (as shown at d=2.19 A in Fig. 1) has also been
observed in the PM LiAID4 +xVCl; system at a similar d-spacing
[50]. Only two of the known ordered Al-V intermetallics [51] pos-
sess the strongest diffracted X-ray intensity in the vicinity of 2.19 A,
AljoV with d=2.1859 A [52], and AlV; with d =2.2023 A [53]. How-
ever, strong reflections corresponding to these phases at other
d-spacings are not observed, and our direct high resolution TEM
images are compelling evidence for the formation of amorphous
Alq_4xVx. The fact that we have for the first time observed binary
amorphous Aly_,Vx phase may be related to its very small size, ca.
10nm, and the fact that it is well dispersed and present as isolated
particles that are embedded on the NaAlH,4 surface. Such small sizes
and an isolated morphology are not possible to achieve in rapidly
quenched melts (typically microns thick) or mechanically milled
powder samples.

The layered morphology between c-AlggV1g and a-Al;,V,g, and
the similar morphology for c-Al;_Tix/a-Al;_,Tix phases implied by
high resolution synchrotron X-ray data, high resolution TEM, and
integrated electron diffraction data demonstrates that localized
nano beam EDS on either the crystalline or amorphous Al;_yTMjy
phase may produce an artefactual Al:TM ratio that is dependent on
(a) the presence of one or both crystalline and amorphous Al; _,TMy
phases, (b) the relative thickness and hence contribution of each
phase, and (c) the number of c-Al;_yTMy/a-Al;_yTMy composites
that are observed. A large statistical sampling by localized nano
beam EDS is clearly necessary to obtain an average representative
Al:TM composition for points (a) to (c), and to obtain good agree-
ment for the a-Al;_yTMy composition determined by QPA from
the synchrotron X-ray data. For the particular case of amorphous
Al;_xFex where all Fe is present in the amorphous phase, we expect
that the average Al:Fe composition determined by QPA from the
synchrotron X-ray data is not affected by points (a) to (c). For the
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particular case of Ti where we have not been able to directly observe
the a-Al;_4Tix phase by high resolution TEM and obtain a large sta-
tistical sampling of the Al:Ti composition by localized nano beam
EDS, the use of d-spacing maxima (Fig. 2) and the known concen-
tration dependent unit cell dimensions for the fcc c-Aly_,Tix phase
[9] allows an accurate deduction of the unknown a-Al; _,Tix phase
composition by QPA of the synchrotron X-ray data. We note also
that the a-Algg5Ti35 composition determined without excess Al
renormalization is consistent with similar micron sized a-Al;_,Tix
phases displaying halo maxima in the vicinity of 2.21 A [12,13], as
shown in Fig. 2.

3.3. C. Amorphous and crystalline Al;_,Tix phases in PM and H
cycled NaAlH4 +xTiCl3 (x<0.15)

In this section, we focus on locating the ‘missing Ti’ in TiCl3 rich
H cycled PM NaAlH,4 +xTiCl3 samples (x> 0.1). With no Ti trapped in
any bulk NaAlH4 microstructure [14], no Ti solubility in the NaAlHy4
crystal structure [35,54] and all originally added Ti accountable
as a combination of crystalline and amorphous Aly_,Tix phases in
H cycled CM NaAlH,4 +0.1TiClz, we focus on the 2.21A region in
diffraction data to determine if a similar a-Al;_,Tix phase exists for
PM systems.

For both the CM and PM twice H cycled NaAIH, +0.1TiCl3 sam-
ples, we have not been able to obtain TEM images clearly locating
the amorphous Al;_Tix phase. It therefore remains unclear if the
crystalline and amorphous Al _,Tix phases are able to exist together
in a composite morphology, or if the phases are physically sepa-
rated (and we have missed observing isolated a-Al,_,Tix particles
due to a small statistical sampling). Considering the starting condi-
tions observed in milled samples where 2-20 nm Al is embedded
in an amorphous AlsTisg matrix embedded on the NaAlH,4 surface
[14], with local diffusion of Ti into the Al nano crystals form-
ing 4-25nm c-Al;_4Tix [10], a composite crystalline/amorphous
Al;_,Tiy morphology appears mechanically highly likely, similar
to the case for V described above in section B. As we have not
directly observed the a-Al;_,Tix phase by TEM, the most plausible
explanation of its location is that it lies morphologically behind the
c-Al_,Tiy phase, i.e., the a-Al;_,Tiy is located in-between NaAlH,4
and c-Aly_4Tix. In twice H cycled CM NaAlH4 +0.1TiCl3 samples,
localised integrated electron diffraction patterns (<150 nm selected
area aperture) always show the presence of the amorphous phase at
d=2.21A.Such integrated electron diffraction patterns appear very
similar to those described for our H cycled PM NaAlHy4 +0.1TiCl3
samples reported in [19]. It is clear that the ‘missing Ti’ in H
cycled PM NaAlH,4 +0.1TiCl3 samples is bound and present as amor-
phous Al;_,Tix. Out of 22 integrated electron diffraction patterns
from the twice H cycled PM NaAlH4 +0.1TiCl3 sample, we clearly
observe the amorphous Al;_,Tix primary halo 4 times. We expect
that the Ti poor amorphous Al;_,Tix composition has stabilized
after a few H cycles, as it can be observed in Fig. 6 that during
the 5th absorption of hydrogen by PM NaAlH,4 +0.1TiCls, the c-
AlgsTi15 does not change composition or phase proportion, nor does
it absorb hydrogen, indicating no further Ti is accepted from the
amorphous Al;_,Tix phase to build the fcc c-Al; _,Tix solid solution.
This has also been observed during the 4th dehydrogenation [55],
where no change in unit cell dimension of the c-AlgsTi;5 phase can
be discerned.

Close examination of the synchrotron X-ray diffraction pattern
for PM and twice H cycled NaAlH4 +0.1TiCl3 in Fig. 1 shows that
the low d-spacing tail of the c-AlgsTij5 solid solution is clearly
asymmetrically deviated around 2.21A, exactly where the pri-
mary halo of the amorphous phase is observed in our twice H
cycled CM NaAlH,4 +0.1TiCl3 sample. This feature is readily observ-
able when comparing it to data that has strong amorphous halos
at the same d-spacing. However, analyzing the PM and twice H
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Fig. 6. The d-spacing of the (111) X-ray reflection of the c-AlgsTi;s solid solu-
tion (indicated by the dashed line), empty, half-full, and full of H during the 5th
H absorption of PM NaAlH,4 +0.1TiCls.

cycled NaAlH,4 +0.1TiCl3 data on its own could easily overlook the
presence of the amorphous Aly_,Tix primary halo due to its low
intensity. The CM diffraction data is clearly beneficial in this respect,
as the a-Al; _4Tix primary halo is easily discernable. Fig. 7 compares
PM 5, 10 and 15 mol% TiCl; enhanced NaAlH, after two H cycles.
The a-Aly_Tix primary halo in H cycled PM NaAlH4 +0.15TiCl3 is
readily observable, indicating that the quantitative proportion of
the amorphous Al;_,Tix phase in PM samples increases as a func-
tion of Ti content. The same type of QPA testing model used in
section B has been used to study the Al:Ti ratios in the amorphous
Al;_,Tix phase in twice H cycled 5, 10, and 15 mol% TiCl3 enhanced
NaAlHg. In the initial calculated models, a strong residual under-
fit could be observed at ca. 2.30A, in the low d-spacing tail of the
c-AlgsTis phase. Such a d-spacing corresponds to a unit cell of
3.9663 A, consistent with the ordered L1, Al;Ti composition. Fig. 8
shows a multi-plot of the H cycled 15 mol% TiCl; enhanced NaAlHy4
synchrotron X-ray diffraction data, showing the calculation with
(a) C—A185Ti15 O[lly, (b) C—A185Ti]5 and L1, A13Tl only, (C) C—A185Ti]5
and a-Aly_4Tix only, and (d) c-AlgsTiy5 with a mixture of L1, Al5Ti
and a-Aly _4Tiy. Significant under-fit remains in the low d-spacing
tail of the c-AlgsTiy5 solid solution (ca. 12.53° 20) if the L1, AlsTi
phase is not included in the calculations.
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Fig.7. Synchrotron X-ray diffraction dataimmediately around the 2.21 A d-spacing,
showing twice H cycled 5%, 10%, and 15 mol% TiCl; enhanced NaAlH,4. The a-Al; _4Tiy
phase is clearly evident in the 15% sample, with a weaker halo evident at 10% TiCl3
additive level.
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Fig. 8. Multi-plot of synchrotron X-ray data demonstrating the intensity contri-
butions from c-AlgsTiys and c-Al;Ti required to produce an accurate model of the
primary amorphous Al; _,Tiyx halo in twice H cycled PM NaAlH, +0.15TiCls.

QPA of the 4 different models described above was performed
for both 10 and 15mol% TiCl; enhanced samples. By itself,
c-Algs5Tiy5 can account for 79% of the originally added Ti atoms
in PM and H cycled NaAlH4 +0.15TiCl3, and 92% of the originally
added Ti atoms in PM and H cycled NaAlH4 +0.1TiCls. It is clear
from our integrated electron diffraction patterns that a-Al;_,Tix
exists in our H cycled PM NaAlH4 +0.1TiCl3 sample [19], and the
same halo is evident with stronger intensity in the synchrotron
X-ray data for the 15 mol% TiCl; enhanced NaAlH4 sample in Fig. 7.
It is also likely by the misfit in our calculated diffraction patterns
atca. d=2.30A (ca. 12.50° 26 for A =0.5006 A in Fig. 8) that c-Al3Ti
is also present in our samples. We focused initially on our 15 mol%
TiCl; sample with the more intense amorphous halo. c-AlgsTiqs
and L1, Al3Ti together in the 15% TiCl3 sample can account for
100% of the originally added Ti atoms, however, it is clear that
the low d-spacing tail of the L1, Al3Ti phase struggles to fit the
intensity contribution of the primary halo centered at 2.21 A. The
3-phase model including c-AlgsTiis, c-Al3Ti, and a-Al;_,Tiy was
tested across the range 0 <x <25 at.% Ti to determine the unknown
Al:Ti ratio in the amorphous phase. The final composition range
determined of the amorphous phases for the 10 and 15 mol%
TiCl3 enhanced NaAlH4 samples are a-{AlggTi; <> Algg1Ti3 g}, and
a-{AlggTig < Algs,Tigg} respectively (including renormalization of
any excess Al). It appears likely that the a-Al;_,Tiy composition in
the 10 and 15 mol% samples is identical. The split of Ti atoms across
c-AlgsTiqs, c-AlsTi, and a-Aly_Tix is 59.3%;33.6%;7.1% for the 15%
TiCl3 sample, and 77.1%;19.2%;3.7% for the 10 mol% TiCl3 sample.
We note also that although we have modeled the c-Al3Ti phase
as an ordered L1, structure, this phase can also be found in the

disordered A1l structure type [10]. Without verification of the
existence of ordering reflections such as (100), which cannot be
observed at such a low intensity, either the L1, or A1 model can be
used, and both models contain an equivalent number of Ti atoms.
Little literature exists describing micron sized a-Al;_,Tiy phases
for<10at.% Ti, and [13] suggests the minimum Ti content for the
formation of a-Al;_,Tix phases from melt spins is 8-10at.%. On
this basis, the validity of <5at.% Ti a-Aly_4Tix phases in H cycled
NaAlH4 +xTiCls is unlikely, and it is clear that our QPA analysis (ca.
AlggTiy) is below the suggested limiting composition of amorphous
Alg>Tig. On the basis of [13], we then state that the a-Al;_,Tix
(x<0.15) phase in 10 and 15mol% TiCl3 enhanced NaAlH, is a
limiting a-Alg,Tig composition. Modeling the primary a-Al;_,Tix
halo as a-Alg,Tig changes the split of Ti atoms across c-AlgsTiys,
c-Al5Ti, and a-Alg,Tig only slightly to 55.9%;31.2%;12.9% for the
15 mol% TiCl3 sample, and 72.6%;18.7%;8.7% for the 10 mol% TiCl3
enhanced NaAlH,4 sample.

4. Conclusion

Amorphous, Ti poor, Al;_,Tix (x<0.15) phases can be observed
in the H cycled PM NaAlH4 +xTiCl3 system at rich TiCl3 con-
tents > 10 mol%. The Ti poor a-Al; _,Tix phase ranges in composition
from a-Algg5Tij35 — a-AlgyTig. While we have not been able to
directly observe the a-Al;_,Tix phase by high resolution TEM, it
always appears together with the fcc c-Al; _4Tix solid solution phase
in integrated electron diffraction patterns of the immediate sur-
face regions. Supporting evidence from the H cycled FeCl; and
VCl; enhanced NaAlH,4 systems shows that (i) amorphous Al;_,Fey
phases exist as 6-13 nm thick layers embedded on the NaAlHy4
surface, and (ii) small <12 nm AlggV1g crystallites are embedded
within an amorphous Al;;V,g matrix as a composite morphology
on the NaAlH, surface. Such features suggest that for the Ti sys-
tem, it is highly likely that a-Al;_,Tiy is covered by c-Al;_Tix in a
nanoscopic morphologically layered c-Al; _4Tix/a-Al; _xTix compos-
ite that is embedded on the NaAlH4 surface.
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