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ABSTRACT

Possibilities and limitations in using transmission electron microscopy to characterize pure NaAlH4 and
transition metal enhanced NaAlH,4 have been investigated in detail. NaAlHy is extremely sensitive to O,
and H;0 and must be handled under inert atmosphere at all times. Furthermore, it is highly unstable
under the electron beam and only basic techniques such as diffraction contrast imaging and selected
area diffraction that can be performed with a low flux electron beam can be used without the NaAlH,4
decomposing. By comparison, phases containing transition metal additive are very stable under the elec-
tron beam. The latter are investigated by a combination of high resolution imaging, electron diffraction
and spectroscopy to determine distribution, composition, crystal structure and defect content in ball
milled and hydrogen cycled, TiCl; and FeCl; enhanced NaAlH,. It is demonstrated that a large amount
of the added Ti or Fe is located at the surface of the NaAlH4 grains as a combination of crystalline and

amorphous Al;_xyTM, (TM =Ti, Fe) nanoparticles.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

A reliable method for reversible hydrogen storage is the key
requirement for onboard use of hydrogen in transportation appli-
cations. Among the various approaches for hydrogen storage,
complex hydrides are seen to be one of the most promising group
of materials [1]. Pure complex hydrides are not considered as viable
candidates for reversible hydrogen storage due to the high stability
of the materials at operating conditions for fuel cells, and lack of
H reversibility. However, in 1997 Bogdanovic and Schwickardi dis-
covered that adding transition metals, such as Ti, to NaAlH4 enabled
reversible hydrogen absorption at moderate temperatures [2]. In
addition, the kinetics of hydrogen reabsorption increased by sev-
eral orders of magnitude. A theoretical storage capacity of about
5.5 wt.% Hy can be reversibly released in a two step decomposition
forming NaH and Al as the final products:

3NaAlH4 < NasAlHg +2Al + 3H;(3.7 wt.%) 1)
Na3AlHg <> 3NaH + Al + 1.5H,(1.8 wt.%) 2)

Since the discovery of adding Ti to NaAlH,4, numerous research
groups have tried to optimize the parameters involved in reversible
hydrogen storage with respect to kinetics and storage capacity.
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However, further optimization depends on a thorough understand-
ing of one fundamental question: what are the state, location and
role of the added Ti during reversible hydrogen storage in NaAlH?
The efforts made to solve this question span over a wide range of
experimental techniques, including X-ray diffraction (XRD) [3-6],
neutron diffraction [7], infrared (IR) and Raman spectroscopy [8],
anelastic spectroscopy [9], differential scanning calorimetry (DSC)
[10,11], electron paramagnetic resonance (EPR) [12], X-ray absorp-
tion spectroscopy (XAS)[13-15], X-ray photoelectron spectroscopy
(XPS) [16-18], inelastic and quasielastic neutron scattering [19,20],
nuclear magnetic resonance (NMR) [21,22], muon spin rotation
(iSR) [23], scanning electron microscopy (SEM) [3,18,24], and
transmission electron microscopy (TEM) [24-29]. In addition,
numerous density functional theory (DFT) calculations have stud-
ied possible Ti substitution scenarios in the bulk and at the surface
of NaAlH,4 [30-38].

While interest has expanded to further complex hydride sys-
tems, it is clear that the fundamental principles of the hydrogen
storage behavior of these materials are still not fully understood,
particularly the role of added transition metal. In this context, the
NaAlH,4 system retains a fundamental interest as it is the most
extensively studied, possessing only moderate stability.

Despite the massive amount of work put into the understand-
ing of the catalytic effects of Ti, only a few conclusions have been
drawn. It has been verified, both theoretically [30] and experimen-
tally [5], that bulk substitution of Tiinto NaAlH,4 is very unlikely. It is
also clear, based on EPR [12], XPS [30] and XAS [15,26,39], that Ti is
largely reduced to a metallic, zero-valent state during ball milling.
However, any Ti containing phase is invisible to most experimen-
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Fig. 1. High resolution X-ray synchrotron diffraction pattern of NaAlH4 +0.1TiCl3 after two hydrogen cycles. Circles show the raw data, with the solid line showing the
Rietveld model calculation. The difference profile below the pattern shows the fit quality. Reflection markers from top to bottom show NaAlH4, Na3AlHg, Al, AlgsTi;s, NaCl

and Al3Ti. Quantitative proportions of each phase are given in Section 2.

tal techniques. A few X-ray diffraction studies [5,6,40-42] show
a shoulder on the high angle side of the Al reflections, which has
been ascribed to the presence of crystalline Al5Ti or Al;_Tix phases,
although these Al;_,Tix phases were not able to account for all of the
added Ti. Besides metallic Ti and TiCl3 additives, recent work has
shown the direct addition of nanoparticles of TiO, (10 nm x 40 nm)
[43], TiN (6 nm)[44], TiB; (15-60 nm) [44],and microscopic TiC [45]
to NaAlH,4 results in absorption/desorption kinetics at least as rapid
as TiCl3 additives. It is also observed by X-ray diffraction [43-45]
that no interaction of these stable Ti containing phases occurs with
NaAlH,, implying that the NaAlH,4/Ti containing phase interface is
the local structure of most interest in understanding the role of Ti
based additives in producing hydrogen reversible NaAlHy4. The local
morphology of how these additives are embedded in the surface of
the NaAlH4 grains is of fundamental interest, and the use of reliable
and informative techniques to study these surface morphologies
has been limited.

TEM is maybe the most versatile tool to characterize materi-
als at the nanoscale. Phases and their crystal structures, interfaces
and chemical compositions can potentially be analyzed down to
the atomic scale. However, two problems have limited the use of
TEM in the study of alanates, such as NaAlH,: (a) NaAlHy is highly
unstable under the electron beam, and (b) it is a challenge to trans-
port NaAlH, into the microscope without exposing the sample to
0, or H,0. In this work, the possibilities and limitations by using
TEM to characterize NaAlH,4 and Ti and Fe enhanced NaAlH4 are
carefully described. Moreover, it is shown how composition, crys-
tal structure and defects of the TM phases can be determined in
detail by a combination of several TEM techniques. While con-
tributing to the fundamental understanding of the NaAlH4-TM
systems, the methodology described is expected to be relevant to
studies of other hydrogen storage candidate materials and other
air-sensitive systems. Understanding the role of the TM is a poten-
tial key to destabilizing higher wt.% and more stable hydrogen
materials, such as for example LiBH4 with a theoretical H storage
capacity of 18.5wt.%.

2. Experimental

NaAlH4 was purchased from Albermarle Corporation (LOT NO. #:22470404-01,
>93% purity), and TiCl; and FeCl; were purchased from Sigma-Aldrich Chemicals

Inc. (>99.99% purities). The powders were always handled under inert atmosphere
in a dry Ar glove box. NaAlH4 powders, pure or mixed with TiCl; or FeCls, were
prepared in 1 g quantities in a Fritsch P7 planetary mill, with ball to powder ratio of
20:1, and milled at 750 rpm for a period of 1 h. Hydrogen cycled powders (typically
140°C/150bar aliquot) were prepared in a Sieverts apparatus rated to 200 bar and
600°C. Powders were removed after 2 or 5 H cycles for TiCl; and after 2 H cycles
for FeCls additives. All the studied materials were tetra hydrides, i.e. all materials
loaded into the microscope were fully charged with hydrogen, being on the left side
in Eq. (1). 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) were typically collected at 295K between
5 and 35° 26, in steps of 0.003-0.030°, depending on the sample broadening. A
wavelength of 0.4998 A was obtained from a channel cut Si(111) monochromator.
Typical X-ray synchrotron diffraction data of NaAlH4 +0.1TiCl; after two hydrogen
cycles is shown in Fig. 1. Quantitative phase analysis yields phase mol fractions as
NaAlH4:Na3zAlHg:Al:NaCl:AlgsTiy5:Al3Ti=8.5%:16.8%:7.5%:25.0%:40.1%:2.1%. These
phase mol fractions are consistent with those reported in [40] for NaAlH, + 0.1TiCl3
after three hydrogen cycles. These phase proportions represent the exact state of
the sample prior to TEM measurements.

Transmission electron microscopy was performed using a JEOL 2010F field emis-
sion microscope operating at 200 kV, or a Philips CM30 operating at 100-300 kV. All
TEM samples were dispersed on thin, holey carbon film coated Cu grids inside the
glove box and transferred into the column of the microscope by two different meth-
ods: (a) an oxygen tight transfer cover was used, with the cover being removed
inside a glove bag attached to the holder entrance of the microscope. The glove
bag was flushed with Ar (>99.999% purity) 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 withdrawn and isolated in the chamber during
transfer, which prevented contamination or contact with air. The cell was evacu-
ated by a turbomolecular-pump before being opened to the TEM vacuum. Electron
diffraction patterns were integrated using the ProcessDiffraction V_4.2.4 B software
package [46]. The inelastic background in the integrated diffraction patterns was
subtracted by a combination of a four parameters exponential decay function and a
third order polynomial.

3. Results and discussion
3.1. Decomposition and oxidation

NaAlHy is highly unstable under the electron beam, and this is
clearly demonstrated by Fig. 2a-d. Fig. 2a shows an agglomerate of
pure NaAlH, single crystals. These agglomerates decompose com-
pletely on a time scale of less than 5-30 s under a normal electron
flux, 200 keV electron beam. The decomposition time depends on
sample thickness, and on thicker sample areas it takes longer time
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Fig. 2. (a) An agglomerate of pure NaAlH,4 single crystals. (b) Diffraction pattern during electron beam induced decomposition, showing nucleation of both Na3AlHg and pure
Al. (c) The same agglomerate as (a), but after decomposition under the electron beam. The final product is small, ca. 40 nm crystallites of face centered cubic Al crystallites.
(d) The diffraction pattern corresponding to (c), showing only semi-continuous diffraction rings from Al. (e) The EDS spectrum from the decomposition product shown in (c).
Al is the only element present in the spectrum, in addition to the Cu peaks due to the Cu grid and the environment around the sample and detector.

than on thin areas to complete the decomposition. A diffraction pat-
tern recorded at the very beginning of the decomposition is shown
in Fig. 2b. This pattern is characterized by rings with almost homo-
geneous, continuous intensity, rather than discrete spots. The inner
ring is located at 2.70-2.75 A. Using the crystal structure data of a-
NasAlHg given by Ronnebro et al. [47], the strong (02 0),(112)and
(200) diffraction lines should be found at 2.76 A, 2.73 A and 2.70 A,
respectively. In a typical low resolution electron diffraction pattern,

these reflections form a single broad band of intensity. The remain-
ing, sharper rings are due to metallic Al. Further growth of Na3 AlHg
nuclei, as would be expected during the hydrogen cycling process
defined in Eq. (1), is bypassed by the evaporation of Na and H and
nucleation and growth of pure Al. From a thermodynamic point of
view, NaH is the most stable hydride of those involved in the hydro-
gen cycling process. However, a possible nucleation and growth of
NaH never occurs as both Na and H evaporate too rapidly from the
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Fig. 3. (a) NaAlH, agglomerate with Na-rich particles growing at the surface of NaAlH,4 grains due to electron beam decomposition. (b) The Na-rich composition of these
surface particles is demonstrated in the EDS spectrum from such a particle. (c) Example of an oxidized NaAlH, particle with different morphology and structure compared
to the pure NaAlH, agglomerate in Fig. 2(a). (d) EDS spectrum from a pure NaAlH4 agglomerate (solid line), similar to the one shown in Fig. 2(a), and a second spectrum from
an oxidized particle (dotted line), similar to the oxidized particle in (b). The two spectra are normalized with respect to the Al K peak.

sample under the electron beam. The final decomposition product
of the aggregate is shown in the bright field image in Fig. 2c. Mor-
phology, crystal structure and composition have changed during
the decomposition. Electron dispersive spectroscopy (EDS) (which
is insensitive to H) from the decomposition product is shown in
Fig. 2e. Except for the Cu peaks due to the Cu grid and the envi-
ronment around the sample and detector, only Al is present in the
spectrum. The diffraction pattern from the decomposition product
isshownin Fig. 2d. Diffraction from face centered cubic Al is the only
Bragg scattered intensity present. Based on the combination of EDS
and diffraction, one can conclude that all of the Na and H have evap-
orated during decomposition, and the product is an agglomerate of
Al crystallites with an average size of ca. 40 nm. Similar results were
reported as early as 1983 by Herley and Jones [48], on a pure NaAlH,4
single crystal. Fig. 3a shows a bright field image at the beginning
of the decomposition process. This image was acquired from a
different agglomerate than that shown in Fig. 2, but gives addi-
tional information to the decomposition process. Non-crystalline,
spherical particles grow at the surface of the NaAlH, crystals and
evaporate from the agglomerate during decomposition. In Fig. 3b,
only Na is seen in the EDS spectrum from these surface particles
(except for C due to the holey carbon film and the before mentioned
Cu peaks), they display homogeneous image contrast without any
diffraction, suggesting a non-crystalline character.

In an attempt to avoid rapid NaAlH4 decomposition, the electron
beam energy was reduced from 200 to 100 keV, and the sample was
cooled with liquid nitrogen. Very minor reduction of the decom-
position rate was achieved under these conditions, demonstrating
that the main cause of the decomposition is “knock on” damage
rather than heating. The use of a very low electron flux was the
only effective way to preserve the NaAlHg4.

Aside from the problem of decomposition under the electron
beam, oxidation during sample handling and transfer is a challenge
that must be addressed. An oxidized NaAlH4 particle is shown in
Fig. 3c. The morphology and crystal structure of this particle is very
different from the pure NaAlH,4 agglomerate shown in Fig. 2a, and
the stability under the electron beam is very good, in strong con-
trast with the alanate phases. Most of the Al and Na are bound
in the form of stable oxides. No decomposition could be observed
when focusing the beam onto the particle and EDS showed an aver-
age composition with more than 50 at.% of O, compared to small,
almost negligible O values when measured on particles such as the
NaAlH4 agglomerate shown in Fig. 2a. The low (typically close to
the detection limit of EDS) O content found in samples such as the
agglomerate in Fig. 2, appears to be negligible. However, even the
smallest amounts of O in the form of surface oxides might affect
both the storage capacity and the kinetics during hydrogen cycling.
Typical EDS spectra from oxidized and non-oxidized NaAlH4 parti-
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Fig. 4. (a) Diffraction pattern from a particle in NaAlH4 +0.1TiCls. (b) Dark field image of an agglomerate of grains. The dark field image was made with the Bragg scattered
Al;_xTiy diffraction spots inside the circular area marked on the diffraction pattern in (a). (c) Integrated diffraction patterns which shows that some areas have amorphous
Al;_,Tiy in addition to crystalline Aly_,Tiy. (d) In some parts of the material, Ti exists only in the form of crystalline Al;_,Tiy (x<0.25).

cles are shown in Fig. 3d. The particle shown in Fig. 3c was never
exposed directly to air, and the oxidation occurred due to storage
and preparation in a contaminated glove box with O, content in the
range 20-50 ppm. Comparison of Figs. 2a and 3¢ demonstrates the
importance of careful sample handling without any exposure to air.
Several previous TEM characterizations of alanate systems, such as
Refs. [24,27], are therefore of little value since both morphology
and O concentrations shown in these references are comparable to
the oxidized particle shown in Fig. 3c. TEM imaging and elemen-
tal mapping will therefore give information about the oxidation
products rather than the unmodified NaAlH,4 system.

The high oxygen sensitivity of NaAlH, means that all samples
must be stored and handled under conditions similar or better
than those inside an argon glove box with O, and H,O contents
of <1 ppm. Most frequently, a mobile glove bag was attached to the
microscope during sample transfer, method (a) as described in Sec-
tion 2. Even though this glove bag was emptied and flushed three
times with Ar before removing the sample cover, one might still
expect a higher oxygen partial pressure inside the glove bag com-
pared to the glove box. Method (b) the environmental cell sample
holder was also used to transfer samples. The latter technique guar-
antees that the sample is only exposed to the glove box atmosphere
or vacuum before examination. However, no difference in sample
quality could be observed between the two transfer techniques.
The atmosphere inside the glove bag was satisfactory to protect
the sample during the few seconds used to remove the cover and

load the sample into the high vacuum conditions in the column of
the TEM.

NaAlH4 decomposition is sometimes unavoidable and limits to
a high degree which kind of TEM techniques can be used with-
out destroying the sample. The very low electron flux required in
order to preserve the sample only allows normal bright and dark
field imaging and selected area diffraction (SAD) in combination
with long image exposure times in the order of tens of seconds. It is
an open question if sample decomposition was completely avoided
when applying these techniques, or only minimized. It was possible
to record diffraction patterns without contrast from Al or any inter-
mediate decomposition product. Still, a few Al crystallites away
from Bragg condition, or Na3AlHg and Al nuclei beyond the detec-
tion limit, could already be present in the sample. To some degree
it was also possible to perform semi-quantitative EDS composition
measurements. The following TEM settings were used on the JEOL
2010F to avoid decomposition (similar changes were made when
using the Philips CM30): the electron gun emission was reduced to
120 pA in combination with a small 20 wm condenser aperture and
a small 2.0 nm spot size. In addition, the illumination of the 2.0 nm
spot size beam was spread to further decrease the electron flux.
High resolution imaging of any hydride was not possible without
rapid decomposition of the sample. Scanning transmission elec-
tron microscopy (STEM) is a low electron dose technique compared
to normal TEM. However, medium and high resolution STEM also
gave a fast decomposition of the NaAlH4. STEM together with EDS or
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Fig. 5. (a) High resolution image of a surface embedded Al;_,Tiy crystallite in ball milled and five times H cycled NaAlHy4 +0.1TiCls. The left inset shows the Fourier transform
of the area inside the square box. The right inset shows the kept part of the Fourier transform used to create the filtered high resolution image. (b) Filtered high resolution
image corresponding to the area inside the square box in (a). An edge dislocation is highlighted by the circle. (c) EDS from the Al _Tiy crystallite in (a) (solid line) compared
with a spectrum (dotted line) from a larger, average part of the sample. The two spectra are normalized with respect to the Al K edge.

electron energy loss spectroscopy (EELS) can give two-dimensional
elemental maps with resolution down to the sub-nanometer length
scale. Even though such maps are projections convoluted with the
sample thickness, valuable information about the state and loca-
tion of the added transition metal could have been extracted if
they could have been acquired. However, all efforts to reduce the
electron flux in STEM were insufficient to prevent sample decom-
position. Several authors have presented elemental maps either by
the use of EDS [24,25,27] or EELS [49]. Again, it should be made clear
that these maps either give information about the decomposed
products or about oxides due to a partly oxidized sample.

3.2. The state and location of the added TM

So far we have considered pure NaAlH4. X-ray diffraction gives
the average diffraction intensity from a macroscopic sample. In the
case of NaAlHy4 +0.1TiCls, the diffractogram is a superposition of
several phases. Diffraction lines from minor Ti phases are there-
fore difficult to deconvolute from other, more intense lines and can
be difficult to detect above the background signal. TEM offers the
advantage that diffraction analysis can be obtained from specific,
nanoscale areas. Electron diffraction patterns can be compared with
the corresponding bright or dark field images, and combined with
EDS or EELS analysis. The diffraction pattern in Fig. 4a demonstrates
the situation in ball milled and twice H cycled NaAlH4 +0.1TiCls.
Diffraction from a large number of Al;_,Tix crystals is dominant

in the pattern. The dark field image in Fig. 4b is made with the
scattered intensity that falls inside the circular area marked in the
diffraction pattern in Fig. 4a. This scattered intensity comes mainly
from Al; _,Tix (x < 0.25), but also from pure Al [42]. Most of the small
crystallites that show bright contrast in the dark field image are
Aly_4Tix, but some are Al. The great advantage by TEM compared
to X-rays is that the diffraction signal can be correlated with a real
space image of the scattering object to determine morphology and
location. Moreover, EDS can be used to determine whether a spe-
cific crystallite is Al;_,Tiyx or pure Al. The dark field image in Fig. 4b
clearly shows that many of the Al;_,Tiy crystallites are located at
the surface of the NaAlH,4 grains. However, the sample is too thick
away from the edges of the agglomerate to give any contrast, and
many Aly_,Tix crystallites show contrast away from the projected
edge of the particle agglomerate in the thin areas. Since the image
is a projection parallel to the electron beam direction, one can-
not easily distinguish whether the crystallites which show contrast
away from the projected edge are embedded in the NaAlH4 bulk
or dispersed on the NaAlH4 surface. Furthermore, more detailed
examination of the agglomerate requires higher electron doses and
will start NaAlH4 decomposition, meaning that the exact location of
the Ti containing phases with respect to the NaAlHy, is lost. In order
to determine if all of the added Ti is located at the NaAlH4 surface,
or if some of the Ti is also embedded inside the NaAlH4 bulk, a
combinatory technique using TEM in combination with X-ray syn-
chrotron diffraction can be used. The NaAlH4 grain sizes can be
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Fig. 6. (a) High resolution image from a ball milled and twice H cycled NaAlH, +0.1FeCl; sample. A small crystallite of Al (or Al;_xFey) is embedded in an amorphous matrix
of Aly_xFey at the outer surface of a NaAlH4 crystal. (b) A strong, primary amorphous Al;_yFe, halo is evident in the diffraction pattern. (c) X-ray energy dispersive spectra
acquired from the amorphous region (solid line) and a crystalline region (dotted line). The two spectra are normalized with respect to the Al K peak.

extracted from the synchrotron line shapes and compared with the
external grain sizes measured from TEM. A perfect match between
the grain sizes found by the two techniques means that the indi-
vidual particles as measured by TEM are indeed pure NaAlH,4 single
crystals. However, if the X-ray coherence length gives a smaller
grain size than the average external particle size, as measured by
TEM, this implies the presence of a grain boundary network or the
presence of secondary phases embedded in the NaAlHy4 bulk.

In an X-ray diffraction pattern with high 26 resolution the pri-
mary amorphous halo, centered around 2.21 A [42,50] for Al;_,Tix
(x<0.25), becomes very broad. In addition, diffraction lines from
other phases are superimposed on the halo. Hence, the small amor-
phous fraction of Al;_,Tix present in TiCl3 enhanced NaAlH, is
practically impossible to detect with an ordinary laboratory X-ray
source, and still extremely difficult to detect with a high signal
to noise synchrotron source. However, with TEM one can collect
diffraction patterns from highly localized areas. The two integrated
diffraction patterns in Fig. 4c and d were acquired from about
100 nm in diameter areas close to the edge of a NaAlH, crystal. No
amorphous halo could be observed directly in either of the two orig-
inal, two-dimensional diffraction patterns. However, integration of
the patterns clearly shows the primary amorphous halo between
the Al;_,Tix/Al(200)and (11 1)Bragg reflections in pattern 3c. The
integrated pattern in Fig. 4d was acquired from a different part of
the sample and does not show the same amorphous intensity.

Even though NaAlH, decomposes under a moderate electron
flux, it should be emphasized that the various Ti (or TM) containing

phases are completely stable under the electron beam. The Al;_,Tix
phases can therefore be investigated in detail by high resolution
techniques, and EDS or EELS can verify that a crystallite is really
Al;_4Tix, and not pure Al after the reduction reaction during ball
milling or due to decomposition of NaAlH,. A high resolution image
of a typical surface Al;_,Tix crystallite is shown in Fig. 5. Lattice
fringes, corresponding to (11 1) planes, are visible in the image and
they extend out to the surface. Defects, such as edge dislocations,
may be of vital importance for the superior kinetics demonstrated
for Ti enhanced NaAlHy. The high resolution image in Fig. 5b is a
filtered image constructed purely by the elastic, Bragg scattered
intensity (right inset in Fig. 5a) in the Fourier transform image (left
inset in Fig. 5a). The inelastic scattering is filtered out in the real
space inverse Fourier transform image to better visualize lattice
and dislocations. Only line defects along one of the four individual
(111) directions are visible in each projection.

The solid line X-ray energy dispersive spectrum in Fig. 5c veri-
fies that the surface crystallite is Al;_,Tiy, and not pure Al. A dotted
line spectrum, acquired from a larger area representing more the
average composition of the sample, is included for comparison. The
Cu peak in the spectrum is due to the Cu grid and the environment
around the sample and detector. Likewise, the C peak is due to the
holey carbon film onto which the sample is dispersed. Further, it is
notable that the O peaks in the two spectra are negligible. Measure-
ments give an Al to Ti ratio corresponding to Aly g3 Tig 17. However,
the k-factor in the Cliff-Lorimer equation [51] was not determined
experimentally, and the thickness of the Al;_,Tix crystal was only
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estimated. The value of x, given by the EDS software, should there-
fore be treated semi-quantitative rather than quantitative. Several
spectra were acquired from different Al _,Tiyx surface crystals. The
value of x varied from 0.13 to 0.18. It is uncertain if these variations
are real or partly due to different analyzed thicknesses. In addition,
possible amorphous material, having a different composition than
the crystalline Al;_,Tix, might contribute to some of the spectra.
Finally, a slightly inaccurate k-factor would introduce a system-
atic error in the measured Al to Ti ratio. However, an approximate
value of 0.15 seems to be quite a reliable value, and is in excellent
agreement with the Alggs5Tig 15 composition determined by high
resolution X-ray synchrotron data [42].

The high resolution image in Fig. 6a is from the surface of a
NaAlH4 crystal in a ball milled and twice H cycled NaAlH4 + 0.1FeCl3
sample. The bulk NaAlH4 had decomposed before the image was
acquired, but the outermost layer is unaffected by the electron
beam. This layer, with a thickness ranging up to 20 nm, displays
mainly amorphous contrast in high resolution, but has a few, dis-
tributed crystalline particles embedded in the layer. A crystalline
particle is shown about 8 nm from the surface in Fig. 6a. The
accompanying diffraction pattern (Fig. 6b) has a strong primary
amorphous halo located between the Al(111) and (200) Bragg
diffraction spots, confirming that the layer is not a crystal oriented
away from Bragg condition. EDS analyses from the amorphous and
crystalline parts of Fig. 6a are shown in Fig. 6¢c. The composition
of the amorphous region (solid line) was found to be Algg7Feg 33,
and Alj g5Feq 15 was the measured composition when the beam was
centered onto the crystal (dotted line). Again, these compositions
should be treated semi-quantitative rather than exact. Since most
of the Fe is bound as amorphous Al;_yFey, it is likely that the crys-
talline part is pure Al due to decomposition of NaAlH, rather than
an Aly_xFey solid solution crystal. Having the crystal surrounded
by amorphous Al g7Feq 33, the EDS signal will be a combination of
contributions from the amorphous and the crystalline phases. EDS
analysis can then give an Al to Fe ratio of 85:15 even though the
crystal is pure Al. However, based on EDS, one cannot exclude that
the crystal contains some Fe. Small variations in the 2:1 Al to Fe
ratio were found when EDS was done on other amorphous parts in
the sample.

4. Conclusions

NaAlH, is extremely sensitive to oxidation and all sample han-
dling must be performed inside a dry Ar atmosphere having O, and
H,0 contents of less than 1 ppm. TEM investigations of oxidized
samples can lead to incorrect conclusions about sample chem-
istry and structure. NaAlH,4 is highly unstable under the electron
beam, and only techniques that can be performed with a low
electron flux can be used to avoid sample decomposition. Such
techniques include bright and dark field imaging at low magnifi-
cation and selected area diffraction. EDS can also be performed to
some degree. The NaAlH, decomposition sequence under the elec-
tron beam is different from the normal two step decomposition
giving Na3AlHg and NaH after the first and second decomposition,
respectively. While some Na3AlHg is observed, Na is lost directly
from the NaAlH4 under the electron beam. In situ observations of
the nucleation and diffusion processes involved in the two decom-
positions given in Egs. (1) and (2) are therefore impossible with
TEM.

Low magnification TEM in combination with synchrotron X-
ray diffraction can still be used to determine the location of all of
the Al;_4yTMy phases in the sample. Even though NaAlH4 decom-
poses under the electron beam, all TM containing phases are stable
and can be investigated with atomic resolution. Composition, and
both crystal and defect structure of the Al;_yTMy phases can be
determined by a combination of high resolution imaging, electron

diffraction and EDS or EELS. The interface between the alanate and
the different Al;_yTMjy phases is clearly important in TM enhanced
alanate systems, but cannot be investigated by TEM due to the rapid
decomposition of NaAlHg.
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