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bstract

In this paper we report microstructural studies by transmission electron microscopy (TEM) of magnesium hydride nanocomposites produced
y ball milling. The work employed high angle annular dark field (HAADF) imaging, high resolution TEM (HRTEM), and electron energy loss
pectroscopy (EELS). MgH2 samples had been prepared by ball-milling with 17 wt% of Nb2O5. Samples milled for a short time (30 h) show a

ecrease in particle size in comparison to MgH2 milled alone for the same amount of time. After only 30 h milling, finely dispersed Nb2O5 was
etected within the MgH2 matrix. After milling for longer times (300 h) the amount of Nb2O5 dispersed within the Mg matrix increases. Analysis
f material that had been milled for 300 h and then subjected to hydrogen desorption by heating showed that MgH2 and Nb2O5 interact during the
hermal desorption forming both a partially reduced niobium oxide phase and a mixed Nb-Mg-O phase.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Magnesium hydride is a promising material for use in
ydrogen storage because of the high hydrogen uptake
7.6 wt%). However, relatively high temperatures are needed
uring the hydrogen absorption/desorption cycle and reaction
s slow, for example around 50 h are necessary to com-
letely transform magnesium into magnesium hydride at 350 ◦C
1].

In the last few years, high-energy ball milling [2] and the addi-
ion of transition-metal (TM) and transition metal oxide (TMO)
atalysts [3,4] have been used to improve the speed of reac-
ion. Even when milled by itself, magnesium hydride shows
mproved kinetics relative to unmilled material, as a result of a
article/crystallite size effect: a decrease of particle size leads to
higher surface area, i.e. more nucleation sites for the hydride

2]. Moreover during mechanical alloying the material is heav-
ly deformed introducing crystal defects such as dislocations,
tacking faults, vacancies and an increased number of grain

oundaries. These features enhance the diffusivity of hydrogen
nto the matrix [6]. It has been proposed that addition of TMs
uch as Ti and Nb make the hydrogenation/dehydrogenation pro-
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ess faster because these metals can form hydrides that act as a
ateway for hydrogen breaking/recombination at the Mg/MgH2
article surface respectively [3–5]. Additions of TMOs also
mprove the hydriding/dehydriding kinetics by enhancing H-
iffusion throughout the Mg matrix [4], and the hardness of the
MOs may help the particle size reduction process [7]. An addi-

ional factor is that the TMOs are cheaper than the corresponding
M and effective at lower levels of addition. The fastest kinet-

cs have been reported by Barkhordarian et al. who showed that
agnesium can absorb 7 wt.% of hydrogen in 1 min when pre-
illed with 0.5 mol% of Nb2O5 [8]. So far however the exact
echanism that leads to such fast kinetics is unknown, and the
icrostructural changes involved during absorption/desorption

ycles remain unclear.
X-ray diffraction methods have been the most widely used

echnique for studying the microstructural properties of both
ydride and catalysts [5], but transmission electron microscopy
TEM) is able to characterise the size and distribution of indi-
idual phases [9], and has been used successfully to study metal
ydrides [10–13]. Complex hydrides, such as LiAlH4 seem to
e stable under the electron beam [11] but Bokhonov et al. [10]
nd Herley and Jones [13] showed using electron diffraction that

n electron beam easily triggers decomposition of MgH2 in the
EM column.

In this paper we present results on the microstructure of a
gH2-Nb2O5 nanocomposite formed by ball-milling. HAADF,

mailto:m.porcu@tnw.tudelft.nl
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ness (t) and density (ρ) of the sample. The phase containing
the heavier element (Nb) gives the brighter contrast [14]. The
detector geometry and its position inside the TEM column pre-
vent Bragg-diffracted beams from being detected, thus forming a
42 M. Porcu et al. / Journal of Alloys

ELS, and HRTEM techniques have been used to analyze the
icrostructure with high spatial resolution.

. Experimental details

Powders of ball-milled MgH2 and Nb2O5 were supplied by GKSS Research
entre, Geesthacht, Germany). The powders were produced by milling together
ommercially available MgH2 (97% pure, the remaining being MgO and Mg)
nd Nb2O5 (99% pure) powders (both from Alfa Aesar) for either 30 or 300 h in
Fritsch P7 Planetary Mill. The ball-to-powder ratio (BPR) was 10. A portion
f the 300 h milled sample was subjected to thermal desorption by heating the
owders to 300 ◦C in 30 min under H2 pressure of 8 atm; then the vessel was
vacuated to start the desorption. This characterizes the material that would be
ubjected to rehydriding in practical hydrogen storage and produces samples
hat are not subject to decomposition during TEM observation.

Sample preparation was carried out inside a nitrogen glove box because of
he air-sensitive nature of the MgH2 powder. The powders were ground under
exane to create a suspension. A drop of solvent plus powder was placed on
n amorphous carbon film on a Cu TEM grid, then transferred into the TEM
olumn when solvent was still present on the grid, in order to minimise as much
s possible the exposure to air. This procedure reduces significantly the risk of
xidation. In any case small amounts of air during the milling process form a
ery thin layer of oxide that prevents further oxidation.

HRTEM, HAADF and EELS were carried out using a JEOL 3000F field-
mission gun (FEG) TEM (point resolution 0.16 nm) equipped with a Schottky
eld emitter and operated at 300 kV. This microscope is fitted with a Fischione
AADF detector that collects the high-angle inelastically scattered electrons to

orm an incoherent image in which the contrast is a function of atomic number,
(so-called ‘z-contrast’ images). The machine is also equipped with a Gatan

maging filter (GIF) and a 2k × 2k pixels 794IF/20 MegaScan CCD camera.
he GIF camera can be used for chemical analysis by acquiring a full EELS
pectrum across the CCD array at each point in the analysis; the spectra were
ollected in scanning TEM (STEM) mode.

Energy dispersive X-ray (EDX) analyses have been carried out on a ded-
cated VG HB501 FEG STEM operated at 100 kV, equipped with an Oxford
nstruments energy-dispersive X-ray spectrometer with a super atmospheric thin
indow.

. Results and discussion

.1. Effect of milling time

The structures reported here refer to the grain structure of
g, rather than MgH2 because, as previously reported [13],

n the TEM hydrogen atoms are knocked-out by the electron
eam leading to decomposition: several attempts were made
sing different voltages from 80 to 400 kV, but even at 80 kV
he decomposition time prevented high resolution micrographs
rom being recorded. At 400 kV, in spite of a smaller scattering
ross section than 80 kV, the decomposition proved even faster,

learly indicating a knock-on damage mechanism.

Table 1 reports structural data for Mg rather than MgH2 as the
atter decomposes quickly in the TEM column; however, since
he ring width in the diffraction patterns was found to be the

able 1
article size and crystallite size as a function of ball milling time (BM) in hours

30 h BM 30 h BM
Nb2O5

300 h BM
Nb2O5

g particle size (nm) 1000 (103) 750 (95) 650 (78)
g crystallite size (nm) 30 (12) 13 (8) 12 (6)

racketed figures indicate standard deviation.
Compounds 453 (2008) 341–346

ame for MgH2 before and Mg immediately after decomposi-
ion, the Mg grain size can be used to infer the MgH2 ones. It
eems reasonable that the Mg preserves the grain structure of the
riginal hydride. Preliminary examinations comparing MgH2
illed alone for 30 h with MgH2/Nb2O5 milled for the same time

labelled 30 h BM) showed only a slight decrease in MgH2 parti-
le size; such an effect has been attributed to the hardness of the
xide which assists cracking of the MgH2 particles into smaller
nes [7]. The particle size distribution of the hydride + catalyst
ample ranges from 1 �m to 100 nm and the average value is
50 ± 95 nm after 30 h, compared to 1 �m for the sample milled
or the same amount of time without catalyst. Note that each
article consists of an agglomerate of many nanoscale crystals
grains). Table 1 demonstrates also that the crystallite size of

gH2 has almost reached its minimum value after 30 h; longer
illing, i.e. 300 h, does not further reduce the crystallite size.
he values for crystallite size were measured by taking dark field
icrographs of Mg 1 0 0, 0 0 2 and 1 0 1 reflections; more than

00 crystallites have been used to calculate each average value.
The TEM bright field image seen in Fig. 1 shows the pres-

nce of dark particles embedded in the Mg matrix. These were
dentified as Nb2O5 by EDX analysis. Both Nb2O5 and MgH2
re brittle and during the milling process fragments of the more
rittle material (Nb2O5) become embedded in the less brittle
gH2 [6]. A HAADF image of Nb2O5 particles is shown in

ig. 2a and b. The bright contrast regions can be identified
s Nb2O5 particles, because the HAADF signal, generated by
nelastic scattering depends on the atomic number (z), thick-
Fig. 1. MgH2/Nb2O5 milled for 30 h. Bright field micrograph.
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cates the existence of three main types of Nb2O5 feature: large
particles (bigger than 200 nm in diameter) such as 1, small parti-
cles less than 200 nm fully embedded on the Mg matrix surface
ig. 2. MgH2/Nb2O5 milled for 30 h. HAADF micrograph of an embedded
b2O5 particle showing, in the enlarged image, the existence of a network of
hite features around the catalyst particle.

-contrast image virtually free from diffraction contrast effects.
n addition to the Nb2O5 particle, the enlarged image clearly
hows many smaller white features in the vicinity of the parti-
le. The shape of these features is such that thickness effects can
e discounted. We therefore believe that the contrast observed
n these features is due to Nb in some form at the Mg crystallite
rain boundaries. This is supported by EDX point analyses (the
robe diameter was 30 nm) that show Nb X-rays not only where
he Nb2O5 particles could be seen, but also where no individual
xide particles could be distinguished in the TEM images. Cal-
ulations from the EDX data show that the Nb level within the
g matrix is approximately 1 wt%. The minimum detectable
evel is about 0.3 wt%.
If the milling time is increased to 300 h, there is only a

light further decrease in Mg particle size as seen in Fig. 3
nd in Table 1, with the average particle size now being around

F
d
1
E

ig. 3. MgH2/Nb2O5 milled for 300 h. Bright field micrograph suggesting that
ost of the niobium oxide particles are embedded within the MgH2 matrix.

50 ± 78 nm (as compared to 750 nm after 30 h milling). The
ize distribution is still broad, with particles ranging from 100
o 2000 nm visible in the TEM images. This is consistent with a
ontinuous breaking and rewelding of the powder during the ball
illing process [6]. These results seem to show that the milling

rocess reduces particle size to an essentially constant diameter
fter not much more than 30 h.

The catalyst distribution after 300 h milling is more homo-
eneous than it was after only 30 h milling: the majority of
he oxide particles are reduced in size and embedded within
he hydride matrix. The HAADF image shown in Fig. 4 indi-
ig. 4. MgH2/Nb2O5 milled for 300 h. HAADF micrograph of MgH2 particle
emonstrating that Nb2O5 exists in two different size distributions, indicated by
and 2. Label 3 indicates bright Nb2O5 features. Labels A and B refer to the
ELS spectra shown in Fig 6.
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Fig. 6. (a and b) MgH2/Nb2O5 thermally desorbed. HAADF micrographs of
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ig. 5. MgH2/Nb2O5 milled for 300 h. EELS spectrum of (A) magnesium
ydride particle edge and (B) white features. The labels refer to Fig. 4.

labelled 2) and bright Nb-rich features (labelled 3) which appear
o be finely distributed within the hydride phase, but in partic-
lar delineate the edges of Mg crystallites in the matrix. As
reviously indicated, the position of the lines and the abrupt-
ess of the contrast is such that we do not believe it possible
or them to arise from a thickness effect. EDX elemental maps
or the sample milled for 300 h show that the amount of the
b-based phases within the Mg matrix is now ∼2 wt%. The

xperimental error (around 0.3 wt%) allows to say that there is
n increase of Nb-based compounds within the Mg matrix (from
to 2 wt%) due to the milling process and that the bright regions
re likely to be Nb-rich. These bright regions in the HAADF
mages identify areas of particular interest for study in greater
etail by HRTEM or EELS, which was subsequently able to con-
rm the identity of some of these features. The ability to select
uch areas for further study was a particular benefit of HAADF
maging.

The EELS experiments were focused on analysis of the low-
oss region of the spectrum (0–80 eV energy loss). The spectra
abelled A and B in Fig. 5 were collected at the points labelled A
nd B in Fig. 4. Low-loss spectra from pure Mg, Nb2O5 and Nb,
hough not shown here, were also collected for comparison with
pectra from our samples. At the Mg particle edge (spectrum A),
he Mg plasmon peak and the Mg L2,3 edge are clearly detected.
he peak at ∼10 eV is attributed to oxygen, as the oxygen K-
dge is also present at ∼530 eV (not shown in the figure). The
resence of oxygen comes from the powders themselves: X-ray
iffraction analyses of the commercial MgH2 powders detected
fine-grained MgO (3–4 wt%) [15]. In addition, a surface layer
f MgO may well come from the handling procedures [12].

Spectrum B, recorded on one of the bright line features,
onfirmed that these do indeed consist of Nb2O5; the low-loss
pectrum exhibits details that can be identified as corresponding
o Nb2O5 with both the characteristic plasmon peak and the N2–3
dge clearly detected. Because of the strong ionic character of
oth MgH2 and Nb2O5 it is possible for interaction to happen

uring the milling process, promoting diffusion through the Mg
atrix [16]. The finely dispersed Nb2O5 and its highly defective

tructure suggest firstly that it may provide easy pathways for
ydrogen atoms to diffuse towards the Mg particle core and sec-

i
H
t
t

a) bright rim around big Nb2O5 particles suggesting a new phase as HAADF
echnique does not depend on crystallographic orientations and of (b) small
b2O5 particles embedded within the magnesium matrix.

ndly that the area of catalyst surface available for the Mg/MgH2
eaction to occur is greatly increased by ball milling. We did not
etect the presence of any metallic niobium, as found elsewhere
17].

.2. Effects of annealing

The sample milled for 300 h was heated up to 300 ◦C under
hydrogen atmosphere; the hydrogen was then pumped out to

nitiate desorption. The HAADF image of a big catalyst particle
een in Fig. 6a reveals a bright rim all around the particle. This
annot be simple z-contrast because the particle itself contains
he heaviest element present: Nb. Particle edges are invariably
hinner with respect to the centre, so we would have expected to
ee a decrease in brightness at the particle edge unless there is a
hange in composition or structure near the surface. This layer
s therefore believed to be the result of the formation of a new
hase during the thermal desorption process. The corresponding
RTEM image, shown in Fig. 7, confirms the presence of a

urface layer. Whereas the 0.297 nm (3̄ 1 1) lattice fringes of
b2O5 were detected in the particle core (A), the surface layer

B) was identified as the MgNb2O3.67 phase, as already found
y [12], from measurement of the lattice fringe spacings and

nterplanar angles via a Fast Fourier Transform (FFT) of the
REM image. The presence of this phase could partially explain

he catalytic effect of Nb2O5, as these mixed oxides are known
o facilitate proton diffusion [18,19].
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ig. 7. MgH2/Nb2O5 thermally desorbed. HRTEM micrograph of the bright
im. FFT are also shown: (A) Nb2O5 particle core and (B) the surface layer.
FT demonstrate the existence of a new phase.

The effect of the desorption process on the smallest Nb2O5
articles embedded in the Mg matrix is different; the HAADF
mage (Fig. 6b) shows brightest contrast around the edges of the
mall Nb2O5 particles. Again the contrast change at the particle-
atrix boundary is too abrupt for a thickness effect to be the

rigin. HRTEM analysis carried out in the region where the
right contrast is seen demonstrates that Nb2O5 is still present
ithin the magnesium matrix (dark particle): indeed, lattice

ringes shown in Fig. 8a correspond exactly to (4 0 0) and (0 0 2)
b2O5. However in the Mg matrix surrounding the Nb2O5, a
ew partially-reduced Nb2O phase appears ((1 0 1) and (1 1 1)).
his behaviour of niobium oxide in the magnesium matrix could
e explained in these terms: the big particles (not embedded in
he specimen) will come into contact with MgO amongst the
urrounding Mg or MgH2 particles so can react to form Mg-
b-O phases, according to [18]. The finely dispersed Nb2O5,
owever, is in close contact with MgH2 so that heating can trig-
er its reduction. Indeed, in situ X-ray heating experiments have
hown that when an MgH2 sample is heated to the higher tem-
erature of 450 ◦C reflections appear arising from metallic Nb
17]. We have not observed any fully-reduced Nb in our samples
fter just a single dehydriding operation at 350 ◦C.

This indicates that during the desorption process Nb2O5 can
ndergo partial reduction by Mg or MgH2 to form reduced NbOx

hases, MgO being thermodynamically more stable than Nb2O5.
ndeed, work carried out in other laboratories has shown that
hen Nb2O5 is added to MgH2, increased levels of MgO can be
etected after H-desorption [20].

The HRTEM picture seen in Fig. 8b was recorded at the inter-

ace between an oxide particle and the Mg matrix, approximately
00 nm away from the embedded catalyst particle. It shows that
b2O5 has been transformed into MgNb2O3.67. This product
ust be formed from MgO and Nb2O5 without reduction. Lat-

a
i
t
t

acial region between Nb2O5 and white halos and (b) the interfacial region
etween white halos and magnesium matrix. These micrographs refer to label 1
nd 2 in Fig. 6b, respectively.

ice fringes for Mg are also detected, corresponding to the least
right regions of the HAADF image seen in Fig. 6b.

. Conclusions

TEM-based techniques have been able to characterise cat-
lyst structure and have clearly identified reactions between
gH2 and Nb2O5. HAADF is a valuable way to locate the

ighly dispersed oxide phases through z-contrast prior to closer
tudy using HRTEM. TEM examination showed that during the
illing process Nb2O5 particles are broken up, eventually end-

ng up mostly as small fragments embedded within the MgH2.
he smallest fragments probably adhere to the hydride grains
nd become embedded at grain boundaries when grains are
elded together into larger particles. This leads to a very fine
dditive dispersion placed on fast diffusion paths (boundaries). It
s clear that heating, even at relatively modest temperatures leads
o reactions between the two compounds, with partial reduc-
ion of Nb2O5 to Nb2O and production of MgO, yet unreduced
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b2O5 also survives, even in the smallest particles. Interdiffu-
ion of MgO (present in the hydride, or formed as above) and
b2O5 brings about formation of the mixed oxide MgNb2O3.67.
he exact role played by the various Nb species requires further
xploration.
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