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ABSTRACT: We demonstrate that precession electron dif-
fraction at low-dose conditions can be successfully applied for
structure analysis of extremely electron-beam-sensitive materials.
Using LiBH, as a test material, complete structural information,
including the location of the H atoms, was obtained from
submicrometer-sized crystallites. This demonstrates for the first
time that, where conventional transmission electron microscopy
techniques fail, quantitative precession electron diffraction can
provide structural information from submicrometer particles of
such extremely electron-beam-sensitive materials as complex
lightweight hydrides. We expect the precession electron diffraction technique to be a useful tool for nanoscale investigations of
thermally unstable lightweight hydrogen-storage materials.

KEYWORDS: electron diffraction, precession, borohydride, LiBH,, electron microscopy

1. INTRODUCTION electron microscopy (TEM) is by far the best method to obtain
such structural and chemical information with a resolution

Hydrogen is one of the most promising mediums for
yoros b 8 down to the atomic level. However, the applicability of TEM to

ecologically clean energy storage and transportation. Complex ) ) ) ; i
hydrides of lightweight elements, such as NaAlH, and LiBH,, lightweight comple'x hydrides s ?ommgnly 'recogmzed as
are extensively discussed as materials for reversible hydrogen extremely challenging.  Although d1.rect Jmaging of the H
release/uptake." LiBH,, one of the lightest known complex atoms was dem9nstrated for YHZ’ t},us uhique exa'mple cannot
hydrides, contains 18.5 wt % hydrogen compared to 7.4 wt % in be correlated with the general situation in lightweight complex

NaAIH,. From this 18.5 wt %, only up to 5.6 wt % can be hydrides. YH, is known as one of the most thermodynamically
stable hydrides even under low pressures and shows moderate

stability toward electron-beam irradiation.’ The low thermal
stability (required for hydrogen-storage application) of other
lightweight metal hydrides drastically increases their decom-
position by electron-beam heating in the vacuum of the
microscope. Another important mechanism is the “knock-on”

extracted reversibly at reasonable temperatures. Although
LiBH, demonstrates a higher hydrogen content, it has an
unfavorable high thermal stability in the hydrogen-release
process.”> However, adding third components to the system in
order to improve the thermodynamic and/or kinetic aspects
shows promising results. For example, adding MgH, to LiBH, D g
decreases the enthalpy of the decomposition process by ~25 damage, ie., damage caused by high-energy electrons trans-
kJ/mol because of the formation of stable MgB, as a ferring their kinetic momentum to the nuclei, knocking them
byproduct.* Also, titanium-based species [Ti(O-butyl),, TiCl,, out of their site and creating a vacancy-interstitial pair. The
or titanium nanoparticles] used as catalysts provide an lower the atomic number of an element, the more prone it is to
enhancement of more than 1 order of magnitude on the “knock- on” damage. In combination with the low thermal
hydrogenation/dehydrogenation rate in NaAlH,> The clear stability, this makes the lightweight complex hydrides seemingly

tendency to depart from single-phase hydrides toward more hopeless objects for TEM investigations. Decreasing the kinetic
complex composite systems requires an understanding of the energy of the electrons by decreasing the operating accelerating
interactions between the constituents of such composites. voltage could be a solution, but for B atoms, the threshold of
Often these systems achieve extra benefit from the nanoscale the “knock-on” damage is below 80 kV, while for the lighter Li
mixing of the components;® therefore, spatially localized
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and H atoms, it drops below 60 kV, where commercial TEM
instruments do not yet operate.” Also, it was demonstrated that
lowering the accelerating voltage to 100 kV and cooling a
NaAIH, sample down to liquid-N, temperature do not improve
the stability under the electron beam.® Moreover, even though
lowering the voltage reduces the “knock-on” damage, it
increases the heating by the electron beam, which is equally
harmful for borohydrides during TEM observations. Lowering
the electron dose is suggested as the only solution,” but atomic-
scale imaging techniques such as high-resolution transmission
electron microscopy (HRTEM) and high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) require a high signal-to-noise ratio and cannot be
performed at the low-dose conditions necessary for lightweight
complex hydrides to survive. Thus, for example, on NaAIH,,
TEM images can only be taken at size scales that do not allow
the retrieval of any atomic-scale information.*"

When real-space imaging damages the material, working in
reciprocal space can offer a valuable alternative because electron
diffraction (ED) requires a significantly lower electron dose.
Selected-area electron diffraction (SAED) already provides
valuable crystallographic information (interplanar spacings, unit
cell, and space group), which can be used for phase
identification, but it is not applicable for solving the atomic
structure because of the intrinsic dynamic nature of the
electron—matter interaction. However, using precession elec-
tron diffraction (PED) significantly reduces the unwanted
intensity distortions from dynamic scattering by diminishing
the number of simultaneously excited diffracted beams.'' PED
was, for example, successfully applied for the crystal structure
determination of Li,CoPO,F, suffering from moderate beam
damage (HAADF-STEM and HRTEM images could also be
taken, but the material rapidly becomes amorphous under the
beam)."” To our knowledge, the smallest crystal used for PED
data collection, structure solution, and refinement was a
SrP;N;O nanorod with a size of 80 nm X 20 nm X 1000
nm."> Quantitative PED intensities can be collected from even
smaller crystals, as was demonstrated for the 3—5 nm
precipitates of Mg,Zng  Al,,, within an aluminum matrix.
However, the quality of these data is not superior, allowing
structure analysis with the Patterson method, but excluding
structure refinement.'"* PED patterns collected on the scale of
2—3 nm were used only for phase analysis (phase mapping)
based on a qualitative comparison of the experimental PED
pattern with a database containing sets of PED patterns of the
expected phases.”

In this paper, we demonstrate that when a low electron dose
(<5 e/A?) is ensured, the collection of a series of PED zone-axis
patterns is possible for LiBH, and that the diffracted intensities
can be used for structure solution and complete structure
refinement including determination of the positions of the H
atoms. To our knowledge, this is the first example of an ab
initio crystal structure determination of a lightweight hydride
from submicrometer-sized crystallites by ED.

2. EXPERIMENTAL SECTION

LiBH, of 95% purity (hydrogen basis) was purchased from Fluka and
used without additional purification. Synchrotron powder X-ray
diffraction (XRD) confirmed its single-phase character.

The samples for the PED investigation were prepared by crushing
LiBH, crystals under dry hexane and depositing a drop of the
suspension on a holey carbon grid mounted on a copper support. The
grid was then inserted into a TEM specimen holder. All operations
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were carried out in a glovebox with an argon atmosphere purified from
H,O0 and O,. The specimen holder was transported to the microscope
under an argon atmosphere. PED patterns were taken on a Phillips
CM20 microscope with a LaBg electron gun, equipped with a Spinning
Star precession instrument and a CCD camera. All patterns were taken
with a precession angle of 2.5°. Reflection intensities were extracted
and merged using ELD-TRIPLE.' Structure solution was performed
using direct methods with SIR2011."7 Structure refinement was
performed with JANA2006.'8

3. RESULTS

PED patterns of LiBH, were taken from many different
crystallites of submicrometer size. The crystals were all very
similar in size and in electron transparency, producing very low
contrast, so, initially, we assume that they are comparably thin.
All PED patterns were taken under the same experimental
conditions, with a completely spread beam (instrumental limit)
with 0.5 s exposure time, thus ensuring that all patterns were
made with equivalent exposures. Because the electron-beam
damage does not allow continuous operation on the same
crystallite, eight zone-axis patterns were obtained from eight
different crystallites (Figure 1, top). Indexing of the PED
patterns reveals an orthorhombic unit cell with approximate cell
parameters a = 7.2 A, b =44 A and ¢ = 6.8 A and hk0 (h = 2n)
and Okl (k + I = 2n) as the only reflection conditions, which
corresponds only to the extinction symbol Pn-a, with Pnma as
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Figure 1. Top: PED patterns of LiBH,. Bottom: intensity distribution
on the [110] PED pattern. Note the absence of the forbidden
reflections hkO (h # 2n) and 00! (I # 2n), demonstrating largely
kinematical diffraction.
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the most symmetric space group, in agreement with the room
temperature LiBH, structure determined by XRD."

The diffraction intensities were extracted from each PED
pattern. Although the extremely weak electron beam and short
exposure times yielded only a moderate signal-to-noise ratio,
the intensities of 411 reflections could be collected. The bottom
of Figure 1 demonstrates a typical intensity distribution,
showing that the intensities can be reliably quantified. The
kinematical character of the PED pattern is proven by the
absence of the kinematically forbidden reflections hkO (h # 2n)
and 00! (I # 2n). The correspondence between the diffracted
intensities and the Laue symmetry was verified by symmetry
averaging for every PED pattern, which leads to reliability
factors Ry, of 5—13% (listed in Table S1 in the Supporting
Information, together with the number of measured and
symmetry-unique reflections).

The reflections from different 2D patterns were merged into
one 3D set, assuming unit-scale factors due to equal beam
intensity and exposure time. For structure solution, this
assumption is valid because it has been shown in the literature
that, at this step, it is sufficient simply to partition the
reflections in three sets (strong, medium, and weak) to achieve
a valid solution;*® in the subsequent refinement, the scale
factors will be refinable parameters. The final set of 115 unique
observable reflections has been corrected with the geometrical
correction factor

2
g
&y (2R)
where g is the reciprocal lattice vector and R is the radius of the
Laue circle.”' The reflection list was used as input data for
direct methods (coverage: 53% of the expected reflections
above 1 A and 19% down to 0.5 A). Direct methods revealed
the correct positions of the Li and B atoms (Table S2 in the
Supporting Information) with Ry = 21.5%. The H atoms were
then located by defining rigid tetrahedra around the B atoms
with d(B—H) = 1.14 A and refining the x and y coordinates of
the center of the tetrahedron and the rotation angle normal to
the mirror plane (all other degrees of freedom are fixed by
symmetry). Together with the x and y coordinates of the Li
atoms and one overall atomic displacement parameter (ADP),
this gives a total of six variables. The refinement was performed
against 126 observed reflections [(sin 8)/1 < 0.6, i.e,, d > 0.83
A, 98 independent reflections] using separate refineable scale
factors for each PED pattern. This first refined model was
already close to the LiBH, structure from XRD, with the
principal discrepancy being an 11.2° rotation of the BH,
tetrahedra around the b axis with respect to the literature
structure.”® As a final step, the two-beam correction for

dynamical scattering was introduced using the Blackman
formula:**

C

‘geom

AS
CBIackman = Ag A ]0(2x) dx

where J; is the zero-order Bessel function, A, = 7t/&,, t is the
thickness of the crystallite, and &, ~ 1/IF,| is the extinction
distance for the reflection g with the structure factor F,. The
structure factors were calculated from the refined model,
assuming that it is already quite close to the real structure. The
reliability factors were calculated for different thicknesses of the
crystals, and the lowest R factor was achieved for an effective
thickness of 100 nm. The dynamical correction improved the
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reliability factor Rg to 18.9% and brought the rotation angle of
the BH, tetrahedra [7(2)°] closer to its nominal value (nearly
0°). The isotropic overall ADP was refined to 0.051(8) A% a
reasonable value for a structure consisting of such light
elements. The obtained atomic coordinates are very close to
those calculated from single-crystal XRD,'® powder synchro-
tron XRD,” and neutron powder diffraction (NPD) data™
(Table S2 in the Supporting Information) and provide
reasonable interatomic distances [Table S3 in the Supporting

Information, calculated with the unit cell parameters a
7.1900(7) A, b = 4.4447(4) A, and ¢ = 6.8135(7) A, obtained
from synchrotron powder XRD data at room temperature’>].
The correspondence between the experimental structure
amplitudes and the kinematically calculated amplitudes is
shown in Figure 2, top. The list of the observed and calculated
structure amplitudes is given in Table S4 in the Supporting
Information. The refined structure is shown in Figure 2,
bottom.
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Figure 2. Top: Plot of the kinematically calculated structure
amplitudes versus the experimental PED structure amplitudes after
correction with the Lorentz factor and Blackman formula. Bottom:
LiBH, structure as refined from the PED data.
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4. DISCUSSION

The LiBH, structure as refined from PED data demonstrates a
surprisingly good correspondence with the results from other
diffraction methods, especially taking into account the limited
amount of measured reflections and the low signal-to-noise
ratio. Even at such unfavorable experimental conditions, the
obtained reliability factor of ~19% is noticeably lower than the
R factors of 25—30% typically accepted for PED structure
refinements. Correcting for dynamic scattering improves the
results, but not drastically; structures containing only low Z
elements, such as lightweight complex hydrides, suffer much
less from dynamic scattering. In this paper, it is shown that
PED can be used directly for the crystal structure determination
of lightweight complex hydrides. Apart from the possibility of
determining structures from submicrometer areas, an additional
advantage of PED compared with XRD is the greater sensitivity
for locating the hydrogen positions. The electrostatic potential
in the center of an atom (as is relevant for PED) is proportional
to Z%%, while the electron density (as is relevant for XRD) is
proportional to Z'?°.** This means that the positions of light
elements in the presence of heavier ones are better detectable
from PED data than from XRD data. In the case of LiBH,, with
Z =3, 5,and 1 for Li, B, and H atoms, respectively, the contrast
ratio is w = (Zhght/Zheavy)o'7 = 0.38 for PED, whereas it is 0.18
for XRD. In PED experiments, the Fourier maps of the
scattering density might be deteriorated because of the
relatively low number of reflections, but using the rigid-body
approximation (especially for borohydrides) is a useful tool to
improve the precision of the location of the H atoms.

In conclusion, we have demonstrated that the low stability of
lightweight complex hydrides toward the electron beam is not
an obstacle for the collection of quantitative ED data. Even for
one of the lightest known complex hydrides LiBH,, a complete
structure solution can be performed using only PED data. With
this technique, the crystallographic and structural information
can be retrieved from submicrometer-sized particles. This
provides new possibilities for the structural investigation of
composite hydrogen-storage materials based on lightweight
complex hydrides. Until now, such studies were mostly limited
to elaborate studies by XRD and NPD.*
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Zone-axis patterns used for the collection of quantitative
diffraction data, their symmetry averaging reliability factors, and
number of reflections, relative atom coordinates of LiBH,
obtained in this work compared with literature data, selected
interatomic distances, and list of the observed F, and
kinematically calculated F; structure amplitudes used in the
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