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Abstract

Microstructure of MmNj s(CoAlMn), s/Mg (here Mm denotes La-rich mischmetal) multi-layer hydrogen storage thin films prepared by
direct current magnetron sputtering was investigated by cross-sectional transmission electron microscopy (XTEM). It was shown that the
MmMs5 layers are composed of two regions: an amorphous region with a thickneséroh at the bottom of the layers and a randomly
orientated nanocrystallite region on the top of the amorphous region and the Mg layers consist of typical columnar crystallite with their [0 0 1]
direction nearly parallel to the growth direction. The mechanism for the formation of the above microstructure characteristics in the multi-
layer thin films has been proposed. Based on the microstructure feature of the multi-layer films, mechanism for the apparent improvement of
hydrogen absorption/desorption kinetics was discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and non-metals (e.g. Ce, Ti, Nb, Fe, Co, Ni, Cand&#L1];
(i) mixtures of non-metal and metfl2]; (iii) 3d transition
In past several decades, tremendous effort has been madmetal oxides (e.g. Ti@) V205 and MnQ) [13,14] (iv) hy-
to develop hydrogen storage alloys for its key roles in clean drogen storage alloys with superior kinetic properftl€s16]
energy systems. Mg-base alloys have been considered a#t has been shown that the kinetics of Mg-base alloy was
candidates with significant potentials for its high hydrogen improved owing to the addition of catalytic additives. The
storage capacity up to 7.6 mass%. However, hydrogena-improvement is enhanced by combining the nanocrystalline
tion/dehydrogenation kinetics of Mg-base alloys is gener- structure formation together with the addition of catalytic
ally poor and high temperature-673K) is necessary for  additives.
dehydrogenation process. Great effort has been made in Film deposition is also an important way of synthesizing
past decades to overcome those drawbacks and substamanostructured Mg-base alloys. In the same time, catalytic
tial progress has been achieved by using different methods,additives can be incorporated into the film to form compos-
such as alloying elements additifh,2] mechanical alloy- ite. Chen et al[17] reported that an amorphous MgNi1 o
ing (MA) [3,4], surface modificatiorf5] and forming non- film can absorb and desorb hydrogen under 3.3 MPaaitH
equilibrium microstructurd6,7] including nanocrystalline  150°C. It was reporte(18] that the Pd/Mg/Pd films can ab-
and amorphous have been investigated. Recently, adding catsorb and desorb hydrogen at T@and its hydrogen storage
alytic additives either by MA and film deposit method has at- capacity reachesto 5 mass%. However, due to the high cost of
tracted great attention. The additives added includes (i) metalsPd, alternative catalytic components, such as rare earth alloys,
are worth of consideration. The authors of the present article
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thin films could absorb hydrogen at 473 K and desorb hy-
drogen completely at 523K. It is worth emphasizing that _
multi-layer film is suitable for investigating the effect of mi-

crostructure and combination of components for those fea-
tures can be well controlled and characterized by deposition
process and microstructure analysis, respectively. The pur- MmM,
pose of the present paper was to characterize the microstruc- '
ture of MMMs/Mg multi-layer thin films in detail by trans-
mission electron microscopy and to explain the reason for
the improvement of hydrogen absorption/desoption proper- MmM,
ties achieved in this multi-layer film system.

Mg
2. Experiments MmM,

MmMs/Mg multi-layer thin films were deposited onto Si substrate

a (00 1) Si wafer by direct current magnetron sputtering us- S
ing an Edwards Coating System (Model E306A). Two sput- —
tering targets were used with one being Mmilloy pre-
pared by induction melting under the protection of pure argon Fig. 1. XTEM image of the MmM/Mg multi-layers film obtained by mag-
and the other being bulk Mg with a 99.99% purity. The base netron sputtering.
pressure in the working chamber wasc30~°Pa and the
working pressure in the chamber was maintained a constant
value of 14 x 10~1 Pa during the deposition. The applied interfaces. Detail TEM and HRTEM observations described
power was 250 W. The deposition rate was monitored by Ed- below show that the Mg layer and the Mrgllayer have their
wards FTM5 thickness monitor. During the deposition pro- own specific microstructure feature.
cess, the MmM and Mg targets were alternatively sputtered
to form the MmM; and Mg layers alternatively. Seven-layer 3.2. Microstructure of the MmMs layer
films were prepared with the starting and finishing layers are
the MmMs.The structural and compositional investigation The MmMs layers in the multi-layer film were grown on
of cross-sectional specimens (XTEM) was carried out using two different bases: one is on the single crystal (0 0 1) Siwafer
a Philips CM12 TEM and a JEOL 3000F TEM equipped with and the other is on the as-deposited Mg layer. HRTEM ob-
an energy dispersive X-ray spectrometer (EDX). The probe servation shows that the microstructure of the Mgnlislyer
size of the electron beam for performing EDX analysis could deposited on Si base and Mg base is not apparently different.
be as small as 0.5nm in diameter. Fig. 2 shows the interface region between the Mglslyer

and the Mg layer. As demonstratedrig. 2(a) a thin amor-

phous layer about 4 nm thick is on the Mg layer. EDX analy-

3. Results and discussion sis of the thin amorphous layer proved its composition being
consistent with the MmMlalloy, meaning that the amorphous
3.1. General morphology of the thin film was initially formed during the deposition of the MmNayer

on the Mg layer. With further growth, the amorphous phase

Fig. 1is a bright field XTEM image of the MmNKIMg changes to a crystalline phase. The electron diffraction pat-
multi-layer film. It shows that the total film thickness is terntaken from the crystalline region is inserted in the up-left
3100 nm with the thickness of Mg layer and the MmM  corner ofFig. 2 Indexing of the electron diffraction pattern
layer being 500 and 400 nm, respectively. The thickness of confirms that the crystalline phase has the GaSltucture.
each layer was accurately controlled and the thickness of theThe continuity of the diffraction halos reveals that the grain
whole layers is homogeneous. The Mg layer and the MmM  size of the crystalline phase is rather small and they have been
layer are bonded well and the interfaces are sharp and cleanestimated to be about 3—10 nm using HRTEM. Our extensive
No other phases have been observed along the interface reTEM investigation suggests that, once the nanocrystalline
gions, implying that there was no reaction between Mg and grains are formed, the rest of the Mmgigrowth would keep
MmM s during the deposition process. This is different to the this fashion to the end of the layer growth.
situation in the process of mechanical alloying of Mg and  As well known, amorphous Mmbjis easily formed when
MmMs, where a solid-state reaction takes place between Mgit is rapidly solidified. It is noted in the present case that the
and MmMs. However, careful observation of the interface Mg layer was completely cold before the deposition process
shows that the interfaces are not awfully flat and small fluc- because that there is an interrupt between the depositing of
tuation, which is indicated by the arrow in figure, exist along different layers and the substrate was cooled by the cyclic
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Fig. 2. HRTEM image of MmM layers deposited on the as-deposited Mg
layer with the SADP inserted on the up-left corner. The SADP corresponds
to CaCuy structure.

water throughout the deposition process. When the growth
of the Mg layer was finished and before the growth of the
MmMs5 layer was started, the temperature of the substrate
was decreased during the interrupt. As a result, the deposited
material should experience a rapid cooling and consequently 4 20mm

form an amorphous layer at the initial stage of the deposition e

of the MmMs film. With further growth of the MmM film,

the substrate has become warm due to the non-stead thermdii9- 3: TEM images of the Mg layers showing the columnar crystal: (a)
state processing condition and the initially formed amor- Ezgz’:e(\)lfdtll’:?:egi,o (Iz)n?r?;l:&egdclrr;:ti?ﬁnd (c) composite electron diffraction
phous layer also acting as a thermal barrier to the substrate
cooling. Therefore, the formation of the crystalline MM
phase could not be suppressed and crystalline Mmistlei layer, showing clearly that the Mg layer is composed of two
is formed on the surface of the amorphous layer. Since theregions: one is a randomly orientated nanocrystalline region
cooling rate in the deposition process is rather high, the of about 50 nm thick formed at the bottom of Mg layer, im-
nucleation rate of the crystalline phase is high and its growth Plying that, at the beginning of the Mg layer growth on top
rate is low. Furthermore, the complicated composition of Of the MmMs layer, nanocrystalline Mg is formed and the
the MmMs alloy makes the atomic re-configuration difficult ~ rest of the Mg layer is bundles of nearly parallelled colum-
to take place, because a long-range diffusion is needed fornar Mg crystallites with the width of about 100 nm. The long
the growth of a crystalline phase. Therefore, Mgystal axis direction of the columnar crystal is parallel to the [00 1]
nuclei formed in the MmM layer is difficult to grow, and orientation of the Mg. It means that the growth direction of
consequently, nanocrystalline structure is formed. The fact Mg crystals is [0 0 1].

that the microstructure of the Mmgvlayer deposited on the Although large-angle grain boundaries between colum-
top of the Mg layer is the same as that deposited on the Sinar crystallites can also be observed occasionally, the [001]
substrate reveals that the microstructure of the depositedorientations of columnar crystallites are generally randomly
MmMs |ayer is main|y dependent upon the substrate deviated from each other in a range of small angles in most
temperature, regardless of the nature of the substrate, sucl§asesFig. 3(c)is a composite electron diffraction pattern

as composition and structure. of three columnar crystals. [0 0 1] diffraction patterns of all
the three crystals can be seen but they are not coincident.
3.3. The Mg layer deposited onto the MmMs layer This means that those three columnar crystals are not in

strictly the same orientation. The orientation between neigh-
Fig. 3(a and bxshows the bright field and the dark field boring columnar crystals was estimated by nanobeam elec-
images taken from a Mg layer deposited on the top of M\nM  tron diffraction. Many measurements have been made and the
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experiment shows that orientation difference is less thén 10

For example, the angle between the (00 1) planes of the two

columnar crystallites, as indicated by A and BFig. 3(b)
is about 3. It should be mentioned that the grain boundary is

not a symmetric tilted type in all the cases observed. There-

fore, it is impossible to obtain a clear HRTEM image of the
boundary of the two neighboring crystallites while keep the
(001) planes of the both crystallites parallel to the incident
electron beam.

3.4. Mechanism for the improvement of hydrogen
absorption kinetic in the Mg/MmMs multi-layer film

Since the amount of the film obtained in this work is small
and very difficult to peel off from the substrate, it is difficult to

make PCI measurements for the as prepared film. However,

the hydriding/dehydriding of the MmBMg multi-layer thin
films can be preliminarily examined by measuring the XRD
pattern of the film when subjected to hydrogenation and de-
hydrogenation under different conditiofsg. 4(a—c)s XRD
pattern of MmM;/Mg multi-layer thin film after hydrogena-
tion under 2MPa at 200 and 25Q for 2h and dehydro-
genation at 250C for 1 h. As shown irFig. 4(a) diffraction
peaks of both Mg and MgHappear in the XRD patterns,
which indicate that part of the Mg in the film was hydro-
genated at 200C. The relative intensity of the MgHpeaks

in Fig. 4(b)is much stronger than thatlig. 4(a)and the peak
intensity of Mg is very small. This result means that most of
Mg was hydrogenated at the temperature of Z50But the
hydrogenation of Mg film was still not fully completed at
250°C. It should also be pointed out that no apparent peak

of MgH» was observed when hydrogenation temperature was

below 150°C. Fig. 4(c)is the XRD pattern of the MmMiIMg
multi-layer thin film after dehydrogenation at 250 for 1 h.
There is no MgH peak left and only Mg peaks are observed,
which shows that Mghl could completely decompose un-
der these conditions. Comparifgg. 4(b)and(c), it is noted

nlMg A MgH,

relative intensity

T T T T T
45 50
26, deg.
Fig. 4. XRD patterns of MmM/Mg multi-layer thin film (a) after hydro-

genation under 2 MPa at 20CQ for 2 h, (b) after hydrogenation under 2 MPa
at 250°C for 2 h and (c) dehydrogenation at 28D for 1 h.

L.Z. Ouyang et al. / Journal of Alloys and Compounds 404—406 (2005) 485—489

HH H.H HH HH HH HH
H
H H H H H H H A-MmMs
HY [H HY|H HY |H C-Mg
¢ » H ’ 5 H
H [H H |H ¢ H |H
[001]mg
H |[H H |H H
H/\H H [NH H NH N-Mg
H H H H N -MmMs
H H H H H H H A-MmMs

Fig. 5. Schematic diagram of hydrogenation process of Mfivid multi-
layer films: N-MmMs, A-MmMs, C-Mg and N-Mg indicate for nanocrys-
talline MmMs, amorphous MmM, columnar Mg crystallites and nanocrys-
talline Mg, respectively.

that the (1 @ 3) peak of Mg in the XRD patterns of the as-
deposited film has disappeared and the {Dpand (1 1)
diffraction peaks of Mg have appeared after hydrogenation
and dehydrogenation process. This result implies that re-
crystallization of the as-deposited Mg crystalline microstruc-
ture took place after the hydrogenation and dehydrogenation
process.

The improvement in kinetic properties must be related
to the microstructure feature of the multi-layer film. A pos-
sible mechanism for the improvement of hydrogen absorp-
tion/desorption has been proposed as the schematic illustra-
tion given inFig. 5 When the film is ready to absorb hy-
drogen, the MmM layer on the surface of the film easily ab-
sorbs hydrogen for the hydrogen absorption kinetic of My4nM
is very good. Then, the Mg adjacent to the MmNayer
should be easily hydrogenated because that the ¢ ptMse
may catalyze the hydrogenation reaction of Mg in mecha-
nism of autocatalysigL5] or “cooperative phenomend7].

On the other hand, the boundaries between the columnar
crystallites of Mg provide many fast diffusion channels for
hydrogen to diffuse into the interior of the Mg layer. Fur-
thermore, the diffusion channels give the gateway through
which hydrogen could diffuse along the substrate plane of
Mg, close packed (001) plane, thus avoiding the hydro-
gen to diffuse through the closest packed plane of magne-
sium. Therefore, the hydrogenation kinetics of Mg could be
improved. Vice verse, the dehydrogenation reaction is the
reverse process of hydrogenation. The mechanism of im-
proving diffusion and reaction kinetics described above is
still valid. It is interesting to note that, in this experiment,
no thin film was peeled off from the substrate after hydro-
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genation and dehydrogenation cycles. This implies that the 50401015 and by Ministry of Science and Technology of
strain along the direction parallel to the substrate plane is notChina under Grant No. 2002CCA02300.
very high, which might be related to the columnar structure

of the Mg film, and the bonding between substrate and the
film is good. References
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