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It is demonstrated that nanometre-sized particles of beryllium may be readily generated in situ
by the electron-beam induced decomposition of BeH, within a transmission electron
microscope. The particles, to a first approximation, are distributed around two well-defined
sizes, each size with its own distinct morphology: the first are hexagonal plates (approximately
1.5 um) and the second are slightly polygonized spheres of dimensions between 1 and 5 nm.
The morphological form of these particles is presented and discussed as well as the electron
energy loss spectrum and some high-resolution lattice images. The results are compared with

those obtained for other metal hydrides.

1. Introduction

We have previously examined, using transmission
electron microscopy (TEM), a variety of lightweight
metal hydrides including NaAiH, [1, 2], AlH; [3],
MgH, [4], ScH, [5] and CuH [6, 7]. Our aim in these
studies has been two-fold: firstly, to identify any addi-
tional (secondary) phases present in the hydrided ma-
terial, and secondly, for the pristine solid material, to
elucidate the nature of any crystal imperfections which
may be present and to determine their role, if any, in
the rclease (or uptake) of hydrogen gas. The studies
were particularly essential from the viewpoint of un-
derstanding the role of defects in such solids given
their potential use in the removal/uptake of hydrogen
gas in hydrogen storage and transportation systems.

It soon emerged, however, that lightweight metal
hydrides rapidly decompose as the direct result of
their electron-beam sensitivity, with simultaneous hy-
drogen gas evolution. Notwithstanding this beam sen-
sitivity, we were able to identify several types of
crystalline defects including twins, stacking faults and
grain boundaries, as well as the existence of secondary
phases in a variety of hydrides [8, 97].

Few studies have been made to date of the morpho-
logy of fine particles of beryllium apart from that of
work on beryllium smokes [10, 117, produced by
burning beryllium metal in xenon vapour and in
which micrometre-sized hexagonal platelets and poly-
gonized spheres of h ¢ p alpha-beryllium were pro-
duced. These were entirely of micrometre dimensions
and no nanometre-sized particles were examined.

In the study reported here the morphology and
microstructure of the particles which result from eiec-
tron-beam induced hydride decomposition are exam-
ined. We show that BeH,, like the previously studied
hydrides, generates ultra~fine particles of beryllium
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metal when subjected to intense electron irradiation.
High-resolution lattice images of the particles are
reported, together with electron energy loss (EEL)
spectra. The EEL data are compared with computed
and measured values for other hydrides and their
metallic decomposition products.

2. Experimental procedure

Beryllium hydride, BeH,, is difficult to prepare, not
obtainable directly from the combination of its ele-
ments and is sensitive to air. Very little is known about
its physical and chemical properties. The full crystal
structure has, however, been recently determined [12].
Material for our study was kindly supplied by Dr P. E.
Barry, Tritium Technology Section, Lawrence Liver-
more Laboratory. The purity, as reported, was 94.3%
BeH,, 2.3% beryllium metal with a mixture of BeO,
beryllium alkyls and beryllium alkoxides comprising
the remaining 3.4%. Samples were stored in the dark
under an atmosphere of helium.

Prior to investigation in the electron microscope the
material was ground and then transferred to a holey-
carbon specimen support grid using dry toluene, ether
or iso-pentane solvents, in which the hydride is in-
soluble. X-ray dispersive analysis confirmed that there
were no other major metallic impurities. TEM obser-
vations were made, at room temperature, using either
a JEOL 200CX TEMSCAN or a Phillips CM12
microscope with a Gatan PEELS attachment.

3. Results and discussion

3.1. Nature of the beam-induced
decomposition process

A micrograph of the pristine material with minimal
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Figure | As-received material, supported on the holey carbon film,
prior to beam decomposition. The material appears to consist of
aggregates approximately 0.1-15 pm in size.

beam exposure is shown in Fig. 1. The overall crystal-
lite sizes and their sensitivity to even minimal expos-
ure excluded any defect analysis on the as-received
material: similar comments have been made by pre-
vious workers [12]. This is not unexpected, as the
reported (thermal) decomposition temperature is
125°C. The sequence of events accompanying the
beam-induced decomposition are as follows [7].
When continuously exposed to a condensed beam, the
first noticeable effect is the rounding of crystal edges
suggestive of melting. The onset of decomposition
follows, detected by movement and shrinkage of the
individual crystallites (Stage I). On further exposure to
the beam, the melting process continues until eventu-
ally the material forms a molten bead (Stage I1) which
then decomposes and bubbles, depositing beryllium
crystallites and a fine dust (Stage III) over the holey-
carbon support. Deposition covers an area of the
support a distance of 1-10 um from the incident
beam. Decomposition often continues briefly after the
beam is removed, depositing additional fine particles
over the areas originally covered by the initial depos-
ition.

The residual bead, shown in Fig. 2, cannot be
further decomposed upon re-irradiation, implying
that the reactant hydride has been completely trans-
formed to beryllium metal. The residual solidified
bead appears at high magnification to consist of
crystalline plates packed together.

The fine particles generated from the decomposition
process (along with the larger hexagonal plates) are
shown in Fig. 3. The nanometre-sized particles of
beryllium appear as small dark regions on the back-
ground carbon. The larger well-defined hexagonal-
shaped plates seen in this micrograph range from
0.5-5 um in size.

3.2. Nature of the crystallites

Two distinct sizes of beryllium particles are observed,
similar to those reported previously by Fukano and
Nakao [10].

Figure 2 Residual bead generated after decomposition of the hy-
dride. Subsequent beam irradiation does not result in remelting of
the residue. The overall appearance is one of melting followed by
recrystallization.

Figure 3 Low-magnification photograph of the beam-induced
product resulting from irradiation of the molten beryllium hydride.
There is a range of particle sizes as well as various particle mor-
phologies.

3.2.1. Hexagonal platelets

The larger type are well-defined hexagonal platelets
and are illustrated in Fig. 4a. The associated diffrac-
tion pattern indicates that they are single crystal in
character, Fig. 4b. This would imply that the forma-
tion process is essentially one of homogeneous nucle-
ation and growth. However, because of the presence of
the product gas, heterogenous nucleation cannot be
entirely ruled out. The presence of such well-defined
particles would seem to indicate that the growth rate
and the rate of nucleation are equally fast, thus
enabling them to grow to their equilibrium shape in a
short time. Most likely they represent first-order hexa-
gonal plates, a common three-dimensional shape for
crystal habits in h ¢ p metals — more precisely a hexa-
gonal bipyramid bounded by {1011} and heavily
truncated by {0001} planes [11].

The platelets are very thin, approximately 100 nm,
and are ideal for EEL plasmon spectra measurements.
A typical EEL spectrum, taken in the diffraction mode
on the centre spot for a beryllium platelet, is shown in
Fig. 5. The plasmon peak position lies at 18.8 + 4 eV

1875



(b)

Figure 4 (a) High-magnification image of typical hexagonal plate-
lets of a-beryllium, and (b) a diffraction pattern of a hexagonal
platelet is also shown.

and compares well with other experimental values
varying from 19.0-18.5 eV and a theoretical value of
18.4 ¢V [13]. Comparison of these data with the
measured and theoretical values for all the hydrides
measured to date, and the single-crystal particles gen-
erated from their beam sensitive precursors, is given in
Table L.

Lattice imaging of these platelets produces images
of very uniform thickness and contrast (Fig. 6). High-
resolution images of this type prove that we are indeed
looking along a direction close to {<0001). It is also
interesting that, in almost all cases, the particles do not
overlap each other. This may be due to repulsive
(electrostatic) surface charge effects between the par-
ticles.

3.2.2. Nanometre-sized particles

In general, faulting in these crystallites is not often
observed. In the smaller polygonized-spherical par-
ticles, however, occasional faulted crystals are present,
for example, see Fig. 7a. (The apparent absence of
faulting in the ubiquitous hexagonal plates may be
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Figure 5 EEL spectrum for beryllium with loss peaks at multiples of
188 +4eV.

TABLE I Observed, calculated and previously reported volume
plasmon energies

System Volume plasmon energy (eV)
Observed [16] Reported [13] Calculated
(t4eV) [13,16]
Li from LiH 7.2 7.08-7.12 8.0
LiAlH, 6.9-77
Na from NaH 5.6-59 5.6-5.72 6.0
NaAlH, 54
NaBH, 54
Mg from MgH, 10.0-13.0 10.0-10.5 110
MgB, 11.0

Al from AlH, 153

Be from BeH, 18.8
(present work)

1492-1503  16.0
18.5-19.0 184

due to the faults lying parallel to the beam direction
and thus not imaged.) Other habits are also encoun-
tered in the nanometre-size range; for example, trun-
cated pyramids (Fig. 7b). These are similar to those
observed for zinc, cadmium and other hcp metals

[14].

3.2.3. Comparison with other hcp metals
The morphologies of magnesium particles generated
from magnesium hydride are similar to those observed
here for beryllium (Fig. 8a) [4]. Hexagonal platelets
are readily formed and the particles have the same
{000 1) axis parallel to the beam. The crystallites are
relatively thin, as evinced by the appearance of the
bend extinction contours (Fig. 8b). The comparable
size and shape of the magnesium and beryllium par-
ticles point to a similar growth process from their
corresponding hydrides.

Overall, our observations are comparable to those
made for dispersed particles generated from metallic
smokes using evaporation techniques [14]. However,
what is clear from our studies is that the use of



Figure 6 High-resolution image of beryllium microcrystals down (000 !> showing lattice fringes.
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Figure 7 (a) Overlap of two non-facetted particles with the possible presence of a low-angle grain boundary, and (b) nanometre-size particle of
beryllium approximately, 15 nm in size.

hydrides (and other beam-sensitive “binary” systems 3.2.4. Mechanism of particle formation

(e.g. azides) [ 7]) allows a facile and rapid procedure for The overall clectron-induced decomposition which
the generation of dispersed ultra-fine particles. The takes place is

particles can be generated as frequently as required,

instantly and reproducibly. As — B + Hy, (M
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Figure 8 (a) Low-magnification photograph of magnesium particles
generated from MgH, by a comparable beam-induced process with
(b) a higher magnification image of an individual crystallite.

where A is the hydride and B the resulting metal. This
may occur in at least two ways. First as a solid-to-
solid transformation (without melting) or second,
through a liquid intermediate, possibly through the
following stages:

Ag = Ay (Stage I) (2)
A(I) —-JTA + B]“) + HZ(g) (Stage II) (3)
[A + B], —~ B(S) + H,, (Stage III) (4)

Stages Il and III are rapid. A close experimental
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analogue of this process is electron hydrodynamic
atomization [15]. Within the electron microscope the
molten bead generates nanometre-sized crystallites as
a result of the dispersion of the metal by the product
gas. The nature of this hydride decomposition process
is of interest, because our results indicate that the
method provides a convenient and facile route to the
preparation of highly dispersed nanometre-sized met-
allic particles of beryllium from beryllium hydride.
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