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bstract

The microstructure of MgH2 with 1 mol% NbF5, prepared by high-energy ball milling (HEBM), was studied using high resolution transmission
lectron microscopy (HR-TEM) with an X-ray energy dispersive spectrometer (EDS) before and after hydrogen sorption cycles. The TEM samples

ere prepared without any air exposure by a novel, focused ion beam (FIB) system specially designed for highly air sensitive materials. During
EBM, the doping agent, NbF5, was distributed as an extremely thin, film-like, amorphous phase along the grain boundaries of the nanocrystalline
gH2. After 10 sorption cycles, amorphous Nb-F phase was transformed into crystalline Nb hydrides. It is believed that the Nb hydride played a

ecisive role in improving the sorption kinetics of MgH2.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Efficient and safe hydrogen storage is one of the key com-
onents of a practical hydrogen economy [1]. Due to its light
eight, low cost and excellent gravimetric and volumetric stor-

ge capacity, metal hydride is a promising alternative to the
hysical methods such as compression or liquefaction of hydro-
en. Among the various light metal hydrides, MgH2 is one of
he most promising for on-board applications because of its very
igh hydrogen capacity up to a theoretically limit of 7.6 wt%.
owever, the equilibrium dehydrogenation temperature is high,

t 290 ◦C under 1 bar of hydrogen, and the sorption kinetics are
nacceptably slow. These are the main obstacles to overcome
efore MgH2 can be seriously considered as one of the prac-
ical materials for high capacity, solid-state hydrogen storage

ystems.

Previous studies have shown that the hydrogen sorption prop-
rties of nanocrystalline MgH2 fabricated by high-energy ball
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illing (HEBM) are significantly improved [2,3]. Recently,
t has been reported that MgH2-5 at.%Nb nanocomposites
ave very fast hydrogen sorption kinetics [4–6] and that
gH2-5 at.%NbH nanocomposites exhibit enhanced hydrogen

esorption kinetics [7]. Checchetto et al. [8] suggested that the
atalytic action of Nb in the hydrogen sorption kinetics is con-
ected with the formation of nano-sized Nb clusters dispersed
n the MgH2 matrix. More recently, it has been shown that the
ddition of transition metal fluorides, such as FeF3 and NiF2,
mproves the hydrogen sorption kinetics of MgH2 [9–11]. We
ave recently found that the addition of a small amount of
bF5 significantly improves the sorption kinetics of MgH2 and
ave suggested that the extremely fine and surface oxide-free
b hydrides that are formed in situ during ball milling and/or
ydrogenation processes will act as an effective catalyst [12].

A number of transmission electron microscopy (TEM)
tudies have investigated the structure of catalysts in MgH2
6,8,13,14] and complex metal hydrides such as NaAlH4

15–17] and LiAlH4 [18], which are further promising candi-
ates for hydrogen storage materials. However, it is extremely
ifficult to prepare TEM samples due to the high air sensi-
ivity of these materials. Moreover, the observation areas are

mailto:jpahn@kist.re.kr
dx.doi.org/10.1016/j.jpowsour.2007.12.005
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imited to the particle edges, because powder samples have three-
imensional particle shapes. Focused ion beam (FIB) makes it
ossible to prepare uniformly thin TEM samples which have
wide observable area. By applying this method, we have

mproved the FIB system with an air-lock loading chamber to
repare TEM samples without any air exposure. Using analyti-
al TEM, we closely investigated the nature of NbF5 in MgH2,
hich may help in realizing the potential of MgH2 for practical
se in on-board hydrogen storage applications.

. Experimental

98% NbF5 and 98% MgH2 were purchased from Aldrich and
lfa Asear, respectively. One gram of MgH2 containing 1 mol%
f NbF5 was charged with ten 7.9 mm diameter Cr-steel balls into
70 ml hardened steel vial and milled for 15 min by a SPEX-

000 vibratory mill. All the sample handlings were done in a
love box under argon atmosphere. Both the oxygen and water
apor levels inside the glove box were kept below 1 ppm. The
hase composition of the as-milled sample was measured by an
-ray diffractometer (XRD, Bruker, D8 Advance) with Cu K�

adiation. A special air tight sample holder was used to prevent

ny possible reactions between the sample and air during XRD
easurement.
For the electron microscopy analysis, powder samples in a

love box were transferred into FIB using an attachable, air-lock

b
l
w
a

ig. 1. Sequence of cross-sectional TEM sample peparation by FIB: (a) deposition of
rradiation, (c) U-cut and lift-out of the membrane using a manipulating probe, and (d
ources 178 (2008) 373–378

oading chamber. As can be seen in Fig. 1, the cross-sectional
EM samples were obtained from the specific interest region
f both powders as-milled and after 10 sorption cycles by dual-
eam FIB (FEI, Nova 200). The Pt protective layer was deposited
n an NbF5-doped MgH2 particle with 2 �m thickness using
.1–0.3 nA ion beam currents (Fig. 1(a)) and the particle was
ectioned both front and back side by 30 keV Ga+ ions beam
Fig. 1(b)). A cross-sectional sample of 10 �m × 5 �m × 0.1 �m
as produced by the lift-out technique [19] and was attached

o a TEM Cu grid using a manipulating probe (100.7TM,
mniprobe) as can be seen in Fig. 1(c and d). Further thinning
f the lifted-out sample to electron transparency was performed
y milling parallel to the cross-sectional plane with low ion
eam currents (30–50 pA) down to a final sample thickness
f 50–90 nm. After final ion milling, the TEM sample was
ransferred back to the glove box, using the attachable air-lock
oading chamber, and placed in anhydrous toluene, with a rela-
ive evaporation rate of 6.1 (where ether = 1), as an air protective
ayer. The soaked TEM sample was loaded into a 200 keV
ransmission electron microscope (FEI, Tecnai F20) equipped
ith an X-ray energy dispersive spectrometer (EDS) without air

xposure. Scanning transmission electron microscope (STEM)

right field images were collected using a high-angle annu-
ar dark-field (HAADF) detector. Crystallographic information
as obtained by high resolution TEM (HR-TEM) micrographs

nd selected area electron diffraction (SAED) pattern, followed

Pt protective layer, (b) one side view of a thin membrane trenched by Ga+ ion
) attachment to a Cu grid for TEM observation.
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ig. 2. XRD patterns of MgH2 with 1 mol% NbF5: (a) as milled for 15 min and
b) after 10 hydrogen sorption cycles.

y analysis with the software package (Gatan, Digital Micro-
raph).

. Results and discussion

Fig. 2(a) shows the XRD pattern of MgH2 powder ball milled
or 15 min with 1 mol% NbF5. Both tetragonal �-MgH2 (PDF
o. 74-0934) and orthorhombic �-MgH2 (PDF No. 35-1184)
ere observed, together with small amounts of Mg and MgO,
hich were also detected in the as-received MgH2 (�-MgH2

etragonal structure). The estimated crystallite size of tetrago-
al �-MgH2 derived by the Scherrer’s formula [20] taking into
ccount the instrumental broadening was about 20 nm. The for-
ation of a highly reactive and protective MgF2 surface layer by
-treatment has been proposed for Mg-based alloys [21]. Also,

t has been recently suggested that a MgF2 surface layer, which
as a high affinity to hydrogen, and transition metal nanopar-

icles are produced by a displacement reaction between MgH2
nd transition metal fluoride catalyst during ball mill, and that
hese products activate the hydrogen desorption of MgH2 [9–11].
owever, the diffraction peaks of MgF2 and Nb phases were not

M
(
M
t

Fig. 3. SEM images of MgH2 with 1 mol% NbF5 catalyst: (a) as-m
ources 178 (2008) 373–378 375

learly detected in this XRD pattern due to their small volume
raction.

After 10 sorption cycles, we found tetragonal MgF2 (PDF
o. 72-2231) and broad �-NbH0.89 (PDF No. 07-0263) peaks

n the XRD pattern (Fig. 2(b)). It can be inferred that during
orption cycles a displacement reaction between MgH2 and Nb-

takes place producing MgF2 and a very fine Nb phase, and
hat through the hydrogen absorption process Nb is transformed
nto metastable �-NbH0.89 phase [22,23]. After 10 sorption
ycles, metastable �-MgH2 is transformed into stable tetrag-
nal �-MgH2 and the crystallite size of �-MgH2 increases to
100 nm.
SEM micrographs of both specimens, as-milled and after 10

orption cycles, are presented. As can be seen in Fig. 3(a), an
nlargement image of the as-milled MgH2 powders with 1 mol%
bF5 indicates that particles consist of smooth shapes and dense

urface with a broad particle size ranging from 15 to 50 �m. As
hown in Fig. 3(b), after 10 sorption cycles primary particles
ith 0.5–3 �m were observed and small pores were also gen-

rated between the aggregates of the primary particles. During
ydrogen desorption, MgH2 transforms into Mg and the unit cell
olume of MgH2 is reduced by 25% (unit cell volume of MgH2:
1.62 Å3 and Mg: 46.48 Å3). Therefore, the pore generation and
mall particles are attributed to the repeated volume shrinkage
nd expansion during sorption cycles.

Here, the microstructural and compositional characterization
f Nb fluoride can not be revealed because a large interaction
olume between electrons and samples in SEM. Therefore, the
verall chemical composition and the distribution of catalyst
hich is known as a key factor for the enhanced kinetics will be
iven clearly at Fig. 4 with a cross-sectional view by TEM.

Fig. 4(a) is a cross-sectional HAADF image of the as-milled
gH2 with 1 mol% NbF5 sample where a relatively heavy
eighted phase appears with bright contrast. Indexing of the
AED pattern (Fig. 4(b)) obtained from point 2 shows that
-MgH2 is the main crystalline phase and in particular, �-

gH2 phase is formed during HEBM. In the HR-TEM image

Fig. 4(c)), the measured crystallite size of the tetragonal �-
gH2 phase varies between 20 and 40 nm, which agrees with

he XRD analysis result (∼20 nm). The HR-TEM image also

illed for 15 min and (b) after 10 hydrogen sorption cycles.
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Fig. 4. (a) Cross-sectional HAADF-STEM image of as-milled MgH2 (gray color) with 1 mol% NbF5 (white color) after ball milling time of 15 min, (b) SAED
p regio
i e) poi

d
s
p
o
t
a

o
T

attern from point 2, (c) cross-sectional HR-TEM image of point 2 (NbF5 rich
nterface and nanocrystalline �-MgH2; and EDS spectra from (d) point 1, and (

emonstrates that the added catalyst NbF5 exists as amorphous
tructure. There was no evidence in the XRD pattern to sup-

ort the reaction between MgH2 and NbF5 for the production
f MgF2 (Fig. 2(a)). However, the SAED pattern (Fig. 4(b)) and
he HR-TEM image (Fig. 4(c)) reveal that the MgF2 phase with
cubic structure (PDF No. 38-0882) [24] was formed as a result

s
d
t
h

n) indicating a NbF5 amorphous layer, MgF2 cubic phase at the MgH2/NbF5

nt 2.

f the local reaction at the MgH2/NbF5 interface during HEBM.
his cubic MgF2 phase is known to be stable under the high pres-

ure and temperature condition which can be locally developed
uring HEBM. As previously reported [21], MgF2 is believed
o improve the initial activation of NbF5-doped MgH2 in the
ydrogen desorption process. Fig. 4(d and e) show EDS spectra
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rom points 1 and 2, and their quantitative chemical composition
n the inset tables. It can be inferred that MgH2 particles (point
) with size range about 200–500 nm are surrounded by the Nb-

layer of 10–30 nm thickness (point 2). It means that the Nb-F

atalyst with a network structure made lots of interface between
ne MgH2 matrix and thin film-like Nb-F catalyst achieved by
EBM. It is suggested that these morphologies lead to the sig-

m
i
p
a

ig. 5. (a) Cross-sectional HAADF-STEM image of MgH2 with 1 mol% NbF5 after 10
ayer (white color), (b) SAED pattern from point 2, (c) cross-sectional HR-TEM imag
nd crystalline �-MgH2; and EDS spectra from (d) point 1, and (e) point 2.
ources 178 (2008) 373–378 377

ificant improvement in the hydrogen sorption kinetics of the
bF5-doped MgH2.
The microstructure and chemical composition of the speci-
en after 10 sorption cycles are analyzed in Fig. 5. As presented
n Fig. 5(a), the bright contrast phase, which is indicated by
oint 2, was well distributed as thin layers along grain bound-
ries with a thickness of 10–30 nm. From the SAED pattern

hydrogen sorption cycles showing MgH2 particles (gray color) and Nb hydride
e of point 2 (Nb hydride rich region) indicating a Nb hydride (�-NbH0.89) layer
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Fig. 5(b)) and the HR-TEM image (Fig. 5(c)) at point 2, the
right thin layer along the grain boundaries was identified as a
-NbH0.89 crystalline phase. It is well known that Nb can dis-
olve a considerable amount of hydrogen (up to [H]/[Nb] = 2)
nd that a large variety of different phases can form [25]. More-
ver, hydrogen diffuses rapidly in Nb metal [26]. Therefore, it
s believed that the Nb crystalline layer on the surface of the

gH2 particles effectively releases and uptakes hydrogen gas
uring the hydrogen sorption process and ultimately improves
he hydrogen sorption kinetics of MgH2. In addition, the layer
eems to act as an impediment to the MgH2 particle growth.
rom the EDS spectra of point 1 and 2 (Fig. 5(d and e)), it can
e inferred that some of the F element originating from Nb-F
s dissolved into the MgH2 structure during the sorption cycles.
ecent studies have shown that F ion is soluble in some alkali
etal hydrides [27,28]. Over saturated F is likely to form the
gF2 tetragonal phase in the MgH2 matrix (as can be seen

n Fig. 2(b)). Before and after hydrogen sorption cycles, the
ocal atomic ratio of Mg/F and Nb/F at the each region (see
he inset tables in Fig. 4(d and e) and Figs. 5(d and e)) also
roves the migration of F to the MgH2 matrix and the SAED
attern (Fig. 5(b)) supports the formation of tetragonal MgF2.
his unique microstructure, consisting of an in situ formed Nb

ayer (Nb hydrides at the absorption state) and MgF2 phases
cubic and tetragonal) during ball milling and/or hydrogenation
rocesses, might play a crucial role in improving the sorption
inetics of MgH2.

. Conclusion

In summary, the TEM analyses of the composite MgH2-
mol% NbF5 prepared by ball milling indicated the presence
f a Nb hydride film layer on the surface of the MgH2 parti-
les and of a MgF2 phase in the MgH2 matrix. The Nb hydride
ayer would be responsible of the improvement of the H sorp-
ion kinetics of MgH2. This hydride coating was also believed to
uppress the grain growth of nanocrystalline MgH2 quite effec-
ively and thus maintain its initial catalytic activity throughout
epeated hydrogen sorption cycles. The MgF2 byproduct formed
y fluorine transfer reaction during ball milling and hydrogen
orption cycles was decisive for initial activation of the hydrogen
esorption of MgH2.
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