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Abstract: In spite of their favourable chemical characterstiusing AB5 alloys as fixed

bed for hydrogen storage devices requires propenagenent of a number of
technological aspects. Among these, the mechasiighllity of metal particle grains under
hydrogen cycling and the overall thermal conduttieif the material bed constitute crucial
features. We developed by High Energy Ball MilliIHEBM a mechanically stable silica-
based AB5 composite with enhanced thermal condtictiHere, focusing on the

material’s physical-chemical properties, we repam the silica-AB5 composite

development and characterization. Particularly, stedied the material consolidation
process, the resulting composite morphology andsifsgem behaviour under hydrogen
loading/unloading cycling.
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1. Introduction

Hydrogen is a combustible gas that can play aegi@trole in the development of the future
sustainable world. When available, renewable eneagybe utilized to produce hydrogen and the gas
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storage permits its successive utilization to poedenergy when any sustainable source is accessible
Easy and safe storage of hydrogen can be obtaipedversible chemisorption into alloys to form
hydride compounds. Storage and recovery of hydrogenand from metal hydrides will permit to
overcome the discontinuous characteristic of remdsvaenergetic supplies and will allow the
possibility to conceive a C&emission free new energetic paradigm. Thus, hyeliagjorage in metal
alloys constitutes an affordable solution in depilg and managing a fully sustainable energetiegys

Several intermetallic systems can be utilized idrlding reactions. Among these, the AB5 systems,
such as LaNibased alloys are today considered the strongess @m particular for stationary
applications. In fact, even if the maximum amouhtthe incorporated hydrogen does not exceed
values around 1.5% weight, the large volumetricsitgrof the stored hydrogen, the chemical stability
of the metal compound and the hydrogen pressw@oat temperature make this class of materials an
attractive solution for safe hydrogen storage.

In spite of the favourable chemical characteriséghbibited by the AB5 alloys, their use as fixed
bed in a hydrogen storage device requires furtimarovements of some other properties. Among
these, the mechanical stability of metal particigirgs under hydrogen cycling and the overall thérma
conductivity of the active material bed are crudthnological aspects. In fact, the large molar
volumes variation exhibited by the,Hbaded and unloaded phases [1,2] produces a relevatal
particle pulverization phenomenon. The main detnitakeffects due to decrepitating particles consist
in impediment to hydrogen diffusion, alloy loss éytrapment of tiny particles in device accessories,
increase of alloy deterioration by the feed gasurtigs and rapid plugging of dust filters. This
represents a serious obstacle limiting the efficyenf the hydride-based storage device. Different
approaches to prevent pulverization phenomena bgpsulating the alloy particles within various
media (copper, phenolic resins and polymers) haenlproposed [3-7]. In particular, the use of a
porous silica or polymeric matrix appears a regagmlution [8—12].

We previously demonstrated that the solid-state MEBchnique [13] could be successfully used
to develop a mechanically stable silica-based caigp@ossessing enhanced thermal conductivity by
embedding metal and graphite particles in a posdicg matrix [12].

In this paper, we report on silica-based compai@teelopment and characterization, focusing on the
material physical-chemical properties. By develgpa simplified system that does not contain the
graphite filler minor component, we studied thecadmetal consolidation process, the resulting
composite morphology, and the system behaviourumgirogen loading/unloading cycling.

2. Materials and Methods
2.1. Composite Preparation

The preparation of the silica-AB5 composite matesias carried out via the following actions: (i)
mechanical pulverization of the AB5 hydriding alioy) preparation of the silica-AB5 blends by
thorough mixing of the powders by a second millireptment, and (iii) blend consolidation by cold
uniaxial compression and successive thermal tregtme

The selected active metal was an AB5 alloy, derifredn the intermetallic compound Lad\i
specifically the Hy-Stor 208 by Ergenics. The noahicomposition of the alloy (henceforth referred to
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as LaNi) is MmNi, sAlp s, where Mm stands for a Misch-Metal. Chemical asiglgonducted on the
mixture of lanthanides gave the following compasiti Lanthanum ~34%, Cerium ~49%,
Neodymium ~13% and Praseodymium4%. This alloy was chosen due to its stability unde
hydrogenation/dehydrogenation cycles. Moreoveryatgstance to oxidation phenomena, which has
been verified up to 130 °C, permitted easy handtih¢he material through the ball milling process
treatments. The Lallifresh samples were mechanically treated to bremkdbe metal particles into
powder, of 10-100 m diameter. The milling was conducted by means bigh energetic mill, the
SPEX 8000 M. The stainless steel vials were fileith LaNis together with stainless steel balls
(@ 8 mm). The vial volume was 60 &nthe metal to balls weight ratio was 1 to 10. Unttese
conditions the LaNiwas milled for 15 min under vacuum.

The pyrogenic silica T30 (henceforth referred aS,5isupplied by the Wacker Chemie AG, was
used as embedding matrix. The Si@minal surface area was 308 The fresh Si@samples were
vacuum milled in order to promote an easy handbfchighly dispersed powder (SPEX 8000M
apparatus, 8 mm balls diameter, material: ballglteiatio of 1:10, 2 min milling time).

The metal-silica (henceforth referred as LaSiIO,) blend was obtained by mixing previously
treated metal powder and pyrogenic silica in a @@@ume ratio, corresponding to 70:30 weight ratio
The mixture was mechanically treated (SPEX 8000 aagtus, 5 mm balls diameter, material:balls
weight ratio of 1:10, 15 min milling time). For cqarative purposes a pure Si€ample was treated
under identical conditions.

The milled LaN-SiO, powder mixture was shaped into cylindrical pelletslO mm diameter by
means of a uniaxial hydraulic press. The powderpsasnwere inserted in a die-set equipped with a
vacuum outlet. The powder was consolidated thratgh-by-step increasing of the applied pressure
up to about 2.5 tons/émThe consolidation was carried out at room tentpeeawhile removing the
die-set to minimize the residual air content andlitain compact pellets of about 5 mm height.

A consolidated Si@comparative pellet sample was obtained by an iclErireatment sequence. It
is worth noting that the silica ball milling preeastment was crucial to allow the consolidation in
pellets (non pre-treated samples presented a nuoflfierctures along the direction orthogonal to the
pressure axis).

After selecting the appropriate temperature byrttargravimetric analysis (TGA) as reported in
the following, both the Si©@and LaNi-SiO, pellet samples were thermally treated (2 h) under
argon atmosphere.

2.2. Characterization Techniques

Microstructural characterization of the samples pagormed by X-ray Diffraction (XRD), using a
Seifert-PAD VI diffractometer equipped with Md radiation and a LiF monochromator on the
diffracted beam.

The TGA was performed using a Perkin-Elmer Pyrigsrbond apparatus. Measurements were
carried out under argon atmosphere at 5 °C/minirigpedte.

The morphology of the LaiSiO, blend samples were studied by Scanning Electracrddcopy
(SEM) analyses performed using a high resolutiorfSEHM LEO 1530 instrument.
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Nitrogen adsorption isotherms at 77 K were measarethe powder and consolidated samples by
using a Quantachrome Nova 2200e volumetric devite Brunauer-Emmet-Teller, BET [14], the
Dubinin-Raducekevic, DR [15], andplot [16] methods were applied to the collectethda

Thermal Programmed Desorption (TPD) measuremente vperformed in a Micromeritics
TPD/TPR apparatus, operating ia 3% vol)/Argon flux (40 mL/min).

Thermal characteristics of the hydrogenation/debgenation processes were determined by the
High Pressure Differential Scanning Calorimetry {BBC) technique using a Perkin Elmer DSC7
apparatus (10 °C/min heating rate; 10-150 °C teatpe¥ range). By using the High Pressure
accessory the DSC measurements were performedstacd hydrogen pressure (10 bar).

3. Results and Discussion
3.1. Material Processing
In Figure 1, a view of the starting and processatenals is shown.

Figure 1. A view of the starting and processed materialerinetallic alloy: §) after cast;
(b) after 15 min HEBM processing. Pyrogenic silica} &s received;d) after HEBM
processing;d) Consolidated composite sample.

a

In Figure 2, the XRD patterns of the LaNiefore and after 15 min blending with pyrogenicai
are reported. In both, only the patterns of theuies of the metal phase are evident. An evaluatfon
crystallite size—as performed by the Sherrer law—twan (101) isolated peak gave about 20 nm for
both the unblended and blended alloys. The blenlynignilling process did not promote the formation
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of any new phase. The applied milling conditiomsparticular the low milling time (2 min), prevedte
the occurrence of unwanted mechanochemical effglcty so that silica just acts as an inert
dispersion media.

Figure 2. X-ray Diffraction (XRD) patterns of:d) LaNis powder after 15 min high energy
ball milling under vacuumj) LaNis-SiO, blend after 15 min milling.
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The thermal behaviour of the silica powder wasoled by TGA analysis in order to study the
particle reticulation by condensation of surfacdéarsl groups. In Figure 3, the obtained
thermogravimetric curve is reported. The first miass immediately starts with the heating process.
It can be assigned to surface bonded water desor@tarting from about 150 °C, a second water loss
process appears with a maximum rate around 300'A@. process is due to interparticular siloxane
bridge formation. Pyrogenic silica nanoparticles aranged in aggregates in the 200-500 nm ra@je [1
The start of water loss is due to the formationnefv siloxane bridges between nanoparticles, as
sketched in the simplified scheme reported in Fegdr The interparticles condensation through
siloxane bridge formation continues within the raB@0—800 °C with an almost constant rate.
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Figure 3. Thermogravimetric analysis performed on pyrogenilicas under argon
atmosphere (5 °C/min).
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Figure 4. A representation of inter-particles condensationugh siloxane bridge formation.
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Figure 5. XRD patterns of LaNtSiO,lz00 cOMposite.
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On the basis of these results, the temperatur@®@ was chosen to perform the annealing of the
LaNis-SiO, blend under Argon atmosphere.

The XRD spectrum of the consolidated composite k&\D,|s00 is reported in Figure 5. Again, the
growth of new crystalline phases possibly inducgdhe thermal treatment is not detectable and the
crystallite dimensions of the LafNalloy remained unchanged. A more evident halo afgueat low
angles, typical of amorphous compounds.

3.2. Morphological Characterizations

SEM images of the consolidated sample are reparieffigure 6. The microscopy analysis
demonstrates the porous surface of the composiie metal particles uniformly embedded within the
matrix (see the backscattered image in the inset).

Figure 6. SEM image of the LaMiSiO,|z00 composite. The inset shows the image acquired
in the backscattered mode.
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In Figure 7 the nitrogen adsorption isotherms olgdifor the Si@ powder at 77 K, the Lahli
powder, the consolidated pure silica matrix at 300and the LaNtSiOolzo0 are reported. In Table 1,
data resulting from isotherm analyses are sumntdr2sg applying the BET equation, the surface area
(Ssev) Of pristine pyrogenic silica resulted 245/gy corresponding to an average equivalent spHerica
diameterd 10 nm (the overall powder surface is consideredth&s sum of single spherical
particle surfaces).
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Figure 7. Normalized nitrogen adsorption isotherms at 77 K f@) LaNis-SiOylzo0;
(b) LaNis powder; €) SiOs00 consolidated sampled) SiO,. Vo4 are: @) 12 cnig;
(b) 3.6 cni/g; (c) 70 cni/g; (d) 84.6 cni/g.
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Table 1. Samples surfaceS( pores dimensionLg) and equivalent particle diametet) (
resulting from nitrogen adsorption analysis.

SeET -plot Sext DR Method

(Mg (M%)  Swm¥g)  Le(m) d(nm)
Sio, 245 - - - 10
(SiOs)lsoc 65 82 16
LaNis 0.5 - - - 1500
LaNi5-Si02|30c --- 17 17 1.6 ---

The effect of the network formation on sample stefarea and pore size can be deduced from the
annealed silica pellet analysis. The obtained eoth (see Figure 7c) falls in type | IUPAC
classification [16], which is typical of microporewsystems. The evidenced microporosity is mainly
brought by the silica phase and especially by ésgdual internal void volume of the aggregates. By
applying the DR analysis to the $[§d, data, a microporous surfac®f) of 82 nf/g and an average
pore dimensioh, 1.6 nm (slit-like shape model) result. The extesuaface &) was evaluated by
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using the -plot method, obtaining a dimension 65 nf/g, the total surface are&d) being
~147 nflg. The decrease of the total surface from 245brif/g due to the heating treatment, as well
as the presence of micropores, indicate that caadem occurred among the silica particles. The
LaNis isotherm (type 1) exhibits a very low surface arser~0.5 nf/g), corresponding to particles
with an equivalent spherical diametkof 1.5 m.
Analysis of the final composite LaNBiO;,|300 isotherm (type | + II), performed by using DR and

-plot methods, gives 17 #g for the microporesurface, pore sizel.6 nm, 18 rfig external surface
and a total surface area of 35/gy a value very close to the one resulting fromTBfaboration. It is
worthy to note that both the annealed samples @#-8M,jz00 and SiQJzog) possess identical pore size,
a consequence of the identical reticulation phemumeThe measure8, (35 nf/g) is lower than the
expected area as can be calculated by linear catndyinof total surfaces of single components of the
blend ¢50 nf/g by considering LaNi/SiO, mass ratio). The observed decrease in surfacecarea
arise from the interpenetration of alloy particie® silica aggregate structure. However, the s@fa
area loss can also derive from metal-silica adleesiterfaces growth, due to the formation of metal
silicate compounds, as reported in the followingageaph. The observed amorphous signal increase
after thermal treatment supports the latter hypshisee Figures 5 and 2b).

3.3. Material Behaviour to the Hydrogen AdsorptDesorption Process

In Figure 8, low H pressure (0.03 atm) TPD/TPR analysis of lsaBI0, composite in comparison
with LaNis powder are reported. The hydrogenation kineticewslsignificant differences. The
hydrogenation rate of the LajNsiO, sample is clearly faster than that of pure Lsadlioy, since the
signal areas represent the total amount of chebesogas comparable. The faster kinetics of the
composite cannot simply be derived from microstritedt and morphological features of the metallic
phase, as the pure alloy is processed in veryaimily. A possible explanation can be found in the
nucleation of oxides and silicates during the cédating thermal treatment of the composite.

Figure 8. Activation by low H pressure (0.03 atm) of LajN6iO, composite and LaNi
powder. The TPD/TPR analysis shows theaHsorption isotherms at 100 °C.
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Indirect evidence of the formation of oxidised nmhetampounds, not detected in the XRD
diffractograms (see Figure 5), is given by the TerProgrammed Desorption (TPD) analysis of a
simple compressed powder mixture in pure argon.flmx Figure 9 the gas evolution from the
LaNis-SiO, substrate is reported. The TPD signal is formedway different contributions. The first
one corresponds to desorption of non bonded wader §ilica, while the second one, starting at about
150 °C up to the end of the analysis, corresponthydrogen emission.

As compacted pure silica can desorb only waterrdgeh necessarily derives from metal oxidation,
due to the water. Condensation of silanol grougeiim siloxane bridges can promote metal oxidation
according to the following reaction (1, 2, 3):

2M + H,O M>O+H, (l)
OM + 2SiOH  M,O+SiOSi+h @)
OM +2SiOH  2MOSi +h @3)

Silicate formation reactions (3), in particularygs a substantial contribution to the surface area
decrease evidenced by the &isorption analysis (see Table 1).

Figure 9. Thermal Programmed Desorption (TPD) analysis of ik&NO,|300. The signal
consists in a low temperature (<300 °C) water ffollowed by a consistent Hlow.

As reported by Uchida [19] the;Hlissociation in atomic form is a fundamental dapthe hydride
phase formation. The process is strongly accel@érajethe presence of surface oxides and by the
porosity brought by the incorporation of the porsiiga aggregates, which facilitates the diffusain
the hydrogen inside the mix.

Results of HPDSC measurements performed on thestSilkb|z00 pellet at 10 atm KHpressure, are
reported in Figure 10. The obtained thermogramsatioshow significant differences concerning the
adsorption-desorption temperatures. The curvesivelto the hydrogenation (exothermic signal) and
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dehydrogenation (endothermic signal) for L&NiO,|300 sShow a maximum in heat evolution at 40 °C
and 80 °C for the adsorption and desorption reasficespectively. In comparison with data obtained
for a pure LaNj sample, no differences in the peak temperaturgegalvere found. However, the total
amount of the measured heat fluxes (both in th@rgésen and adsorption stages), are lower than
expected (86.6 JAgs.93 J/g in the desorption stage and 90.2v3/§9 J/g in the adsorption stage for
LaNis-SiO.lz00 and LaNi, respectively).

Figure 10. HPDSC analysis of the consolidated L&SiO,|300 composite. Each thermal
trace consists of perfectly overlapped 4 run sggnal

Since the obtained value is directly dependentheneixchanged hydrogen amount, a reduction of
the storage capability of the alloy in the compmssample should be observed. The amount of
hydrogen absorbed by the embedded metal was estnt@be around 93% with respect to the LaNi
one. The lower hydrogen storage capability obserfggdthe LaNs-SiOsz00 confirms the above
reported hypothesis about the formation of oxide sihcate nuclei on the metallic surface.

After 40 hydrogenation-dehydrogenation cycles tragemal showed no visible morphological and
structural modifications. In Figure 11 the SEM asa shows that the silica matrix suitably act@aas
dimensional stabilizer. The metallic particles sg@pears to be in the same range as the prepared
material (1-1.5 m) and the observed particle fractures were weitained within the silica matrix.
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Figure 11.Pictures of LaNtSiO,lzgocomposite pellet after 40 hydrogenation/dehydrot@ama
cycles (pH = 10 bar). In the inset, a fractured metal parisifixed in the bed.

4. Conclusions

A dimensionally stable composite material formed.alis alloy particles embedded in pyrogenic
silica matrix has been realized by mechanical tneat of a Mish-metal based alloy and fumed silica
dry powders, followed by uniaxial cold pressing d@melrmal treatment at 300 °C.

The alloy particles are homogenously disperseché dbtained microporous silica matrix. The
study of the first hydrogenation step (activati@a)yried out by the TPR method has shown higher
hydrogenation kinetics for the composite materiaghwespect to the free milled alloy powder,
probably due to the formation of oxide and silicatelei on the LaNiparticles surface during the heat
treatment. In addition to the beneficial effecthytlrogenation kinetics, the so-formed oxidized plsas
are also responsible for a total amount of exchauyelrogen reduction (93% of the expected storage
capacity). The silica matrix flawlessly containg tbhuttered fine particles and ball milling représe
an effective solid-state method for the preparatibporous silica embedded solid alloy particles.
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