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ABSTRACT

The formation of ultra-small Mg-based particles e@onfined into the mesopores of a carbon template
was studied byn situ synchrotron diffraction. Either Mili or Mg;NiH, nanoparticles can be directly
formed starting from separate Ni and Mgspecies by tuning the Hbressure. Both ultra-small i
and MgNiH4 nanoparticles (~4 nm) are extremely stable agamatiescence during hydrogen sorption
cycling and prolonged exposure to high temperaasreompared to Mg and MgHhhanoparticles that
show severe coalescence under same experimentitions. The structural transition reported in bulk
Mg.NiH,4 from high temperature cubic to low temperature aafinic structure is no longer observed
for the nanoconfined particles. Hydrogen absorptiesorption in nanosized MNi is reversible and
desorption kinetics from MiliH, proceeds very quickly (~5 min) even at 483 K. @& tontrary, the
thermodynamics properties are not altered by narfowament. This study opens new routes for
successful nanoconfinement of stoichiometric hyaekiohto the pores of carbon hosts along with abett

understanding of nanochemistry.

KEYWORDS: nanoconfinement, hydrogen storage, corpietal hydride, size effect, synchrotron X-

ray diffraction

1. Introduction
Downsizing and nanoconfinement are very attracsitrategies for improving the hydrogen sorption
properties of metal hydridé$.Among them, Mgt has many advantages as hydrogen storage material.
Mg is a cheap and abundant metal that offers hpgttiic (7.6 wt.% H) and volumetric (10%:4.™)
hydrogen storage capacitiésiowever, the main drawbacks of Mgldre slow kinetics of hydrogen
sorption and high thermodynamic stability. Nanoaagrinent holds promise to adjust thermodynamics,
improve kinetics and reversibility of hydrogen simp.*® At the nanoscale, the thermodynamic stability
of hydrides is significantly influenced by the saoé energy.Kinetics of sorption can be improved by

shorter hydrogen diffusion paths in nanosized lighi Indeed, the desorption kinetics of nanosized



MgH. were reported to be much faster and the desorpémperature lower than bulk hydrig@.
Thermodynamic changes of Mgldue to nanoconfinement have recently been claitedthermore,
nanoconfinement can offer an interesting approadiabilize nanoparticles against coalescence glurin
exposure to high temperature and hydrogen absartgésorption cycling.

Although hydrogen sorption properties of Mgeimbedded into different carbon scaffolds have been
largely reported;” very scarce studies have been done on nanoconfittebased intermetallics. A
previous publication detailed favorable hydrogersadption properties for MgNixHy nanocrystals
supported in carbotf. The samples were prepared by Mg melt infiltraiiographitic carbon (500 frgf

1) onto which Ni nanoparticles have been first dépds The samples were multiphased and showed
complex desorption behaviors. Undoubtedly, the gnagon of nanoconfined Mge3metal-H complex
hydrides (MgNiH4, Mg,CoHs or MgFeHs) directly into nanopores of supporting host is eryv
challenging synthetic work that might explain thmited number of publications on this subject.

The objective of this work is to investigate newntketic routes to form complex MgiH4 hydride
directly in the pores of a templated carbon hastnfnanoscaled Ni and MgHThe hydrogen sorption
properties of nanoconfined MNiH, hydride were determined by situ andex situ characterization
techniques. To our knowledge, this is the firstorégd work on nanoconfined MN§iH4 where kinetics,

thermodynamics and reversibility data were obtained

2. Experimental details
a. Hybrid synthesis
The hybrid material was prepared following threepst carbon template (CT) is produced first by
nanocasting, Ni nanopatrticles are then preformerl@T’s porosity and finally Mgkinanoparticles are
added into the pores of Ni-containing CT. The astsysized hybrid consists of a dispersion of bath N
and MgH nanoparticles embedded within the pores of CT.
The mesoporous CT was obtained by a replica meathtloe SBA-15 silica. Synthesis details of SBA-

15, mesoporous CT and corresponding textural ptieseare given elsewhet&® The CT displays a



hexagonal arrangement of carbon tubes with a vesl} erganized mesoporosity of 3-4 nm. The
synthesis of Ni nanoparticles was performed bynaipient wetness methddThe CT in powder form
was impregnated with a solution of Ni(N@6HO dissolved in pure water and the mix was stircd f
several hours followed by drying in air at 340 Keavight. The metal ions were reduced by heating the
dried powder in a Ar/kiflow (0.5 L-miri*) at 573 K for 3 hours. The sample was degasseerund
secondary vacuum and further manipulated withouegposure. The last step of the synthesis is the
formation of Mgh nanopatrticles by impregnation with an organomietallecursor (BeMg in heptane
1.0 M commercially available from Sigma Aldrich)llaved by hydrogenation (5 MPa, 423 K). This
synthesis step was described in detail elsewhere.

b. Characterization
The chemical composition of the as-synthesizediiyas determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES). Besidesc#tbon host (80 wt.%), it contains 13.2 wt.% Mg
and 6.8 wt.% Ni, respectively, corresponding to Mg, ¢Ni stoichiometry. This composition is higher
than 2:1 that corresponds to our synthetic objecfMgNiH,). An excess of Mg has been used to
directly compare the behavior of pairs of nano-sgge¢Mg/MgH, and MgNi/Mg2NiH,4) within the
pores of the same hybrid material under identicgpleemental conditions. Moreover, small Mg loss
may also occur by inevitable oxidation.
Microstructural analyses were performed dxysitu Transmission Electron Microscopy (TEM-Tecnai
F20 with a Field Emission Gun 200 kV, punctual fegon 0.24 nm and Energy Filtering GIF). A
special Gatan air-tight sample holder was usedséonple preparation inside a glove box and sample
transfer. The sample holder was cooled down to K1® avoid sample decomposition by beam
irradiation in the microscope. The analysis of saV@EM images allowed a statistical calculation of
the average particle size.
In situ synchrotron X-ray diffraction (XRD) experimentsviedbeen undertaken on the ID15b beam line
at ESRF in Grenoble (France). A monochromatic madan energy of 90 keV and a pixium area

detector have been used allowing high brillianterswavelength (0.14239 A) and very fast recording



of XRD patterns. A specially designed high pressamé high temperature device was used as sample
environment allowing controlled heating under hygno pressure. Rietveld refinements of XRD
patterns have been done using the FullProf progatetermine the crystalline parameters and the
phase evolution as function of temperature/hydrogessure or time. The average crystallite size of
different phases was determined from the Lorentziamponent of the “Thompson-Cox-Hastings
pseudo-Voigt” profile shape function, as describeswhere®
The hydrogen desorption properties have been stumlighermal desorption spectroscopy (TDS) using
a homemade instrument detailed in a previous répditie sample was loaded without air exposure and
the H partial pressure was recorded while applying sttt temperature rate of 10 K-miffom 300
to 700-750 K.
Differential scanning calorimetric (DSC) experimehtave been performed under hydrogen atmosphere
with the help of a Setaram Sensys Evo instrumeunipegd with a high accuracy 3D Calvet sensor. The
sample was loaded without air exposure and a contgmperature ramp of 5 K-miiffrom 300 to 673
K was applied.

3. Results
A HAADF-STEM image of the as-synthesized samplehiswn in Figure 1. It shows both Ni and MgH
crystalline nanoparticles homogeneously disperséal the porosity of the CT (XRD pattern at the
bottom of Figure 2). Clear identification of Ni aiiyH, nanopatrticles is not possible from the STEM

image. The nanopatrticles sizes span between 2kandhlirrespective to their nature.

Figure 1. HAADF-STEM image of the as-synthesizetgia.



Four in situ synchrotron XRD experiments have been performedeurdifferent temperature and
hydrogen pressure conditions. The first two studiiage been done starting from the as-synthesized
hybrid whereas the last two from the hydrogenatedpde (523 K and 0.57 MPaH

(1) the as-synthesized hybrid was studied undé BlBa H pressure with a constant heating ramp of 2
K-min™,

(2) another portion of the as-synthesized hybrid we&asured under 2 MPa pressure with a constant
heating ramp of 2 K-mih

(3) the hydrogenated sample was studied duringsargtion pressure-composition-isotherm at 523 K
in the pressure range from 0.57 down to 0.01 MPa,

(4) the hydrogenated sample was followed durinothesrmal dehydrogenation/hydrogenation cycling at
523 K and 483 K.

Evolution of the diffraction patterns during thesfi experiment are shown in figure 2 (left). The
corresponding phase variatiomsrsus temperature, as determined from Rietveld refindsjeare
plotted (Figure 2 — right). The CT shows very brpaaks due to its weak crystalline organizatiore Th
diffraction peaks from CT and Ni overlap formindpead peak at@®~ 4°. Close to 570 K the width of
this peak enlarges. This has been accounted by itatoon that is unfortunately unavoidable under
our experimental conditions. However, the intensitythis peak remains stable showing that no more
oxidation process occurs afterward.

Both Ni (cubicFm3m; a = 3.54 + 0.01 A at 350 K) and MgHtetragonalP4,/mnm; a = 4.518 +
0.007 A,c = 3.019 + 0.007 A at 350 K) crystalline phasesm@esent in the sample at 350 K, with 29
and 71 wt.% for Ni and Mg}l respectively. The percentage values are obtamegtecting the CT
contribution to the diffraction patterns and arggood agreement with the ICP-OES result. The aeerag

crystallite sizes of Ni and MgHphases are 3 and 8 nm, respectively.
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Figure 2.In situ XRD pattern evolution of as-synthesized hybridft{lend corresponding phase

variations (right) during heating from 350 to 62Gith 2 K-miri* under 0.56 MPa of H

Ni amount slightly decreases with temperature fr86® to 550 K and then completely vanishes
between 550 and 570 K. Above this temperature tiesg MgNi (hexagonalP6,22 a; a = 4.266 +
0.013 A,c = 13.46 + 0.06 A at 600 K) forms and its amountstantly increases with temperature
before stabilizing beyond 610 K (Figure 2 — rigi#t).the same time, the Mghphase starts to decrease
at 590 K and completely disappears at 610 K. Pugeidformed by hydrogen desorption from MgH
above 600 K. At 620 K, beside the CT phase, thepgaontains 57 and 43 wt.% of M¢j and Mg
crystalline phases and the average crystallitessre 10 and 200 nm, respectively.

The secondn situ XRD experiment was done starting from another iporof the as-synthesized
sample under higher hydrogen pressure: 2 MPa (Ei§u left). A constant temperature ramp of 2

K-min from 300 to 660 K was applied. The correspondihgse variations are shown in Figure 3

(right).
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Figure 3.In situ XRD patterns of as-synthesized hybrid (left) and@sponding phase evolution (right)

during heating from 300 to 660 K with 2 K-rffimnder 2 MPa bl

The Ni amount is almost constant between 300 afdk4fllowed by a slight decrease up to 570 K. At
this temperature, the hydride phase;Migl, (cubic Fm3m; a = 6.52 + 0.05 A at 570 K) forms and its
amount significantly increases with temperaturthatexpense of both Ni and Mglghases. At 630 K,
Ni completely disappears whereas Mgitiabilizes at 21 wt.%. The phase Mg, represents 79 wt.%

at 660 K.

The average crystallite sizes of pAiH, and MgH hydride phases have been derived from the line

widths and their thermal variations are shown guFe 4.

® MgH, J
1004 ¢ MgNiH,

10- J“‘
° e o e o000

Particle size (nm)

300 350 400 450 500 550 600 650
Temperature (K)

Figure 4. Thermal variation of the average crysgeabizes of MgNiH, and MgH during heating with

2 K-min* from 300 to 660 K under 2 MPa ofH



The average size of MiiH4 nanoparticles is constant around 10 nm over thelavdomain of
existence (570 — 660 K), while the average sizBIgH, drastically grows from 8 nm at 570 K to 200
nm at 660 K.

Previous to the third and forilm situ XRD measurements, the hybrid was hydrogenatedl&sne:
firstly, the MgNi and Mg phases were formed at 523 K and lowpkessure (0.04 MPa). Secondly,
these phases were hydrogenated under 0.57 MPpréssure at 523 K. The hydrogenated hybrid
contains MgNiH, and MgH crystalline phases.

During the thirdin situ XRD measurement, a desorption pressure-composgatherm was performed
step by step at constant temperature (523 K) inptfessure range from 0.57 to 0.01 MPa on the
hydrogenated hybrid (Figure 5 — left). From the XR&itern analysis, the desorption PCT curve could
be calculated giving the equilibrium pressueesus the hydrogen content (H/M) in M§iH,4 (Figure 5

—right). All data points are collected at equiliion pressure.
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Figure 5.1n situ XRD patterns collected during the PCT desorptiorb28 K on the hydrogenated

hybrid (left) and calculated desorption PCT for osined MgNiH 4 (right).

When decreasing the pressure from 0.57 down td1@.2, no hydrogen desorption occurs for MiH 4
and MgH (Figure 5 — left). However, in the pressure ra@de — 0.07 MPa, MiNiH, starts to desorb
hydrogen forming MgNi (Figure 5 — right). The MdNiH, phase completely transforms into M at

0.05 MPa H pressure. For Mgkl the hydrogen desorption occurs only below 0.0&aM®nally, at 0.01



MPa, the crystalline phases are /Mg Mg and some remaining MgHthe kinetics of desorption are
too slow at this temperature to fully desorb thydiide). The desorption plateau pressure fopNiig 4

is rather sloppy and is comprised between 0.1 abid MPa at 523 K.

The fourth in situ synchrotron XRD experiment studies the isothermgalicg behavior of the
hydrogenated hybrid. The hydrogenation was realized described previously. Four
desorption/absorption cycles were performed bychwig the hydrogen pressure between 0.03 and 0.57
MPa at 523 K followed by two cycles at 483 K (Figus). The absorption/desorption in iy is
completely reversible under these conditions, wheatéhe temperature. The sample was finally cooled
down to 300 K under 0.57 MPa. At this temperattine, crystalline phases observed (top pattern in
Figure 6) are MgNiH, and Mgh. Small traces of pure Mg could be as well notiddd;NiH, retains

the high temperature cubic crystalline structutd{cFm3m).

@ Mg,Ni + Mg = MgH, ® Mg,NiH,
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Figure 6.In situ XRD patterns of hydrogenated hybrid during cyclatdp23 and 483 K by switching the
hydrogen pressure between 0.03 and 0.57 MPa. Thibdy a and d stand for absorption and

desorption, respectively. The pattern on top wasrded at 300 K under 0.57 MPa of.H

The hydrogen sorption kinetics of M{gj improves with cycling. The time to complete theaction

decreases from ~17 min for the first cycle to ~% for further cycling, regardless the temperatiites

1C



average particle size of MNdiH,4 is constant at 10 nm upon cycling, whereas thaligifl, increases up
to around 200 nm.
The cycled sample (containing both MigH, and Mgh crystalline phases at room temperature) was

analyzed by TEM (Figure 7).

Figure 7. Dark field TEM image of cycled hybrid.

The dark field images clearly show small nanopkesievell dispersed within the CT as well as larger
nanoparticles (white circle in Figure 7). The ageraize of the small nanoparticles is approximadely
nm, as determined by TEM analysis.

The hydrogen sorption properties of as-synthesfeggstalline phases: MgH+ Ni) and hydrogenated
(0.57 MPa of H and 523 K; crystalline phases: MgH Mg;NiH,4) hybrids have been studied by TDS
and DSC measurements.

Figure 8 shows the hydrogen TDS spectra of as-sgitld and hydrogenated samples recorded with a
temperature ramp of 10 K-minOnly one broad desorption peak with a maximu®0éx K is observed

for the as-synthesized sample whereas the hydrtggersample exhibits two narrower peaks with

maxima located at 460 and 580 K.
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Figure 8. TDS spectra of the as-synthesized antblggmated hybrids (temperature rate 10 K:thin

DSC measurements were performed on the as-syntkdesimd hydrogenated samples by heating up to
670 K at 5 K-mift (Figure 9). The as-synthesized sample was measmdet high (2 MPa) and low (<
0.1 MPa) H pressure. The hydrogenated sample was measurent lovd H, pressure only (< 0.1

MPa).

as synthesized : <0,1 MPa H,

as synthesized : 2 MPa H,

hydrogenated : < 0,1 MPa H,

Heat flow (a.u.)

EXO

!

4(IJO 4I50 5(I)0 5I50 6(I)0 GéO
Temperature (K)

Figure 9. DSC measurements of the as-synthesizgdhyairogenated hybrid under different hydrogen

pressures with a temperature ramp of 5 K:min

The as-synthesized shows an endothermic peak atk6a®low H pressure (black curve) and an
exothermic peak at 633 K under high pressure (uedeg. Two endothermic peaks at 527 and 609 K are

noticed for the hydrogenated sample (blue curve).
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4. Discussion
a. Synthetic reactions
The as-synthesized hybrid was prepared in two sfeply, Ni nanoparticles were formed into the CT
pores and secondly, Mghhanoparticles were added. TEM images clearly ptbaeboth Ni and Mgh
nanoparticles are homogeneously distributed inideporosity of CT (Figure 1). However, formation
of nanoparticles at the external surface of thedamnot be excluded. The nanoparticles sizes range
between 2 and 10 nm, whatever the nature of naticlpar
The reactivity of these crystalline phases has Iséafied byin situ synchrotron XRD (Figures 2 and 3)
under different K pressure and a constant temperature ramp (2 K)moth Ni (cubicFm3m) and
MgH. (tetragonaP4,/mnm) crystalline phases are initially present. Theaitu study demonstrates that
Ni and MgH nanopatrticles start to react at 570 K to formegitthe MgNi phase (Figure 2) or the
Mg-NiH4 hydride (Figure 3), depending on the applied ptessure and in agreement with the
equilibrium pressure expected for the systemMNig.NiH 4 at this temperature. The reaction pathway
under 0.56 MPa Kpressure is illustrated in Figure 2 and Equation 1
Ni+ (2+x)MgH, » Mg,Ni + xMg + (2+ x)H, T (Equation 1)
wherex stands for the excess amount of Mg to that neéalethe synthesis of stoichiometric Myj.
The temperature domain for this reaction spansdmtvb70 and 620 K. Starting from 570 K, both Ni
and MgH amounts decrease and Mg is formed (Figure 2 - right). Two possible inteediate
mechanisms may account for this reaction: eitheHpdesorbs hydrogen forming Mg that directly
reacts with Ni to produce MNi or MgH, reacts with Ni forming MgNiH4, which is unstable under
these conditions and instantly desorbs hydrogefolbiying MgNi. The intermediate reactions occur
simultaneously and no experimental evidence wasddo discriminate between these two possible
mechanisms.
Under 2 MPa of K pressure, the reaction pathway can be summarigeldgbation 2 according to
Figure 3.

Ni+ (2 +x)MgH, - Mg,NiH, + xMgH, (Equation 2)
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This reaction begins at 570 K when, both Ni and Mg@Hases start to vanish simultaneously forming
directly the MgNiH4 hydride (cubicFm3m). This reaction is a solid/solid reaction and staghen all

Ni is consumed. The final sample contains bothNig, and MgH hydrides.

DSC measurements confirm that the as-synthesizbddhgeacts differently depending on the applied
H, pressure (Figure 9). At low pressure, only oneo#mermic peak is noticed at 612 K. As stated
before, two possible intermediate mechanisms majagxthe formation of MgNi from initial MgH
and Ni. These intermediate reactions occur simatiasly therefore, a clear explanation of the unique
endothermic peak is not straightforward. Moreotee, heats of endothermic desorption of MdFH 4
kJ-mol* Hy)'" and MgNiH, (-64 kJ-mol H,)'® are much larger than that of exothermic ;Mg
formation (-13 kJ-mai)*°. Consequently, an endothermic feature is expeictdnt observed, whatever
the intermediate pathway.

On the contrary, under higher; Hbressure, an exothermic peak is observed at 63®itkput any
endothermic peak that might suggest hydrogen deésorfrom MgH,. This corroborates with our
proposed mechanism for a solid/solid reaction betwglgH: and Ni to form MgNiH4 hydride under
higher K pressure (Equation 2). However, the DSC reacgamperature range (600 — 660 K) is slightly
higher that then situ XRD (570 — 630 K) but such temperature shift is surprising when switching
from one instrument and technique to another.

To produce stoichiometric bulky M§iH,4 hydride, the common method is the hydrogenatiothef
intermetallic compound Mdjli. The latter one can be prepared at high temperdiy many different
method such as induction meltffigmechanical alloying, combustion synthesisor melt spinning’.
Owing to slow kinetics at moderate temperature, mlblications report hydrogenation at high
temperature (473 - 623 KJ.Reactive ball milling (under Hgas pressure) can also be used to prepare
the hydride MgNiH, from pure element$:® Starting from Mg and Ni nanoparticles, Shao et al.
synthesized the Mijli phase by heating under different gas atmospffeneis,Ni phase was obtained

from Mg (500 nm) and Ni (30 nm) nanoparticles un8e¥Pa of H pressure at 553 K, which is in
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disagreement with our findings and the thermodycgmoperties of MgNiH4. At 570 K and 2 MPa H
pressure, our results show the direct formatiolg@iNiH,4 hydride.
To our knowledge, this is the first report on thernfation at moderate temperature of either
intermetallic MgNi compound or complex MiliH, hydride starting from separate Ni and MgH
nanopatrticles by tuning the,hpressure. At low pressure (< 0.5 MPa), the int¢éaihe Mg,Ni phase is
formed. At high pressure (2 MPa), the hydride,Migi, phase is synthesized through a single solid-
solid reaction.

b. Pressure-composition-isotherm at 523 K
The desorption PCT curve of nanosized,Migi, derived from XRD analysis at 523 K (Figure 5 -
right) shows a sloppy plateau pressure betweendn@70.1 MPa typical for metallic nanoparticiés.
The plateau domain is in good agreement with tls®giion plateau pressure of bulk MigH, at this
temperature (0.09 MPa at 523 ¥)This indicates that the thermodynamic propertiesamoconfined
Mg:NiH, are preserved. This not surprising since modificabf the thermodynamic properties is
predicted by theory for particles smaller than 2inrthe closely related Mg-H systeth.

c. Cycling behavior
Six desorption/absorption cycles of hydrogenateoridyhave been performed at 523 K and 483 K by
varying the gas pressure between 0.03 and 0.57(MBare 6). The desorption/absorption in MgH 4
is completely reversible under these conditionsatetvier the temperature. Moreover, the hydrogen
sorption kinetics improve by cycling. The complegaction occurs in ~17 min for the first cycle and
decreases to ~5 min for further cycling, regardteesemperature.
The hydrogenated sample was finally cooled dow8@0 K under 0.57 MPa (Figure 6 - top). Is it
known that bulk MgNiH, undergoes an polymorphic phase transition at 51fiokh a cubic high
temperature structure (HT) to a monoclinic distitmwv temperature modification (LTJ.Surprisingly,
nanosized MgNiH, (~4 nm by TEM analysis) does not show any phaaesition upon cooling and
preserves the HT cubic structure at room tempegat@revious studies on bulk M¢iH, (LT) have

established that the compression under 1.3 to P& iGduces the transformation from LT structure int
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the pseudo-cubic HT form at room temperafldré This similarity suggests a nanosized / nanocodfine
effect in the MgNiH,4 hydride. At nanoscale, thermodynamic descriptiamsintake into account the
interfacial energy or surface energy that contebuas an induced additional pressure increasingly
important with decreasing the particle siz&his effect has been quantified for carbon phasgrdm at
nanoscale and predicts, for example, an additipnessure of 2 GPa for nanocrystals with 4 nm
radius®® To our knowledge, this is the first report of anasized induced effect on the structural
properties of a Mg-based hydride.

d. Particle size variation
The particle size thermal variation upon heatindarr2 MPa (Figure 4) provides evidence of different
behaviors between MYyiH, and MgH phases. The latter one preserves a constant pasize (~ 8 nm)
up to 570 K but it steadily increases above thigperature reaching 200 nm at 660 K. In contrast, th
particle size of MgNiH, at 570 K is constant (~10 nm) over the whole tenapee domain. Pure Mg
nanoparticles also easily agglomerates as obselwedg both low H pressure measurement (firat
situ XRD experiment) and hydrogenation/dehydrogenatimiing experiments at 523 K (fourth situ
XRD experiment). Moreovergx situ TEM images after cycling (Figure 7) clearly showadl
nanoparticles well dispersed within the CT as wslthe presence of larger nanoparticles. The ledier
be unambiguously attributed to the Mgphase and the small ones to JMiH,, as proven byn situ
XRD. TEM analysis demonstrates that the averagediMgNiH, is ~4 nm after cycling. This value is
two times lower than the one obtained from XRD (+if). This discrepancy might come from the
XRD particle size analysis. Consistent resultsodtained by direct TEM observation.
The average size of MyiH4 nanopatrticles is 4 nm, which is in very good agreet with the mean
pore size of the CT host, proving an effective mamfinement of MgNiH .
Obviously, the coalescence of nanoparticles oceeing easily for Mg/MgH, whereas MgNi/Mg2,NiH4
nanoparticles are stable upon prolonged exposure tegh temperature and
hydrogenation/dehydrogenation cycling. This prothet Mg/MgH: has a significant mobility at high

temperature, whereas it possesses lower diffuswitgn alloyed with heavier metal such as, Ni. This
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may be understood in term of weight of involvedmats, since the diffusion rate is proportionaie
square of inversed mass of species. The high ol Mg/MgH, might also explain the high
reactivity with Ni forming either MgNi or Mg;NiH,4 phases.
Generally, Mg-based nanopatrticles agglomerate duyrtling and heating at high temperature, which
worsen the hydrogen sorption propertiésTherefore, stabilization of Mg-based nanoparticiss
nanoconfinement is compulsory for an efficient atggr device. However, reports on the stability of
nanoconfined particles against coalescence aresgange. In this context, the present results arg v
promising and provide evidences for an effectivaatanfinement of MgNiH4 within the CT with a
very good stability during cycling and exposurédigh temperature.

e. Hydrogen desorption properties
The as-synthesized sample contains a mixture ohiMdi MgH nanoparticles showing one single
desorption peak in the TDS spectrum (Figure 8) ¢batesponds to the dissociation of MgHhe peak
shape and the maximum temperature of the desormater(~600 K) are in agreement with our previous
results obtained on Mgrhanoparticles embedded into €T.
The hydrogenated hybrid (0.57 MPa, 523 K) contaws hydrides MgNiH4, and Mgh. Consequently,
two peaks are noticed in the TDS spectrum with maxat 460 and 580 K corresponding to desorption
from Mg:NiH, and MgH, respectively. DSC measurement on the hydrogersaetple confirms the
two-step desorption though two endothermic maxilaese peaks are slightly shifted to higher
temperature (527 and 609 K) as compared to TDS umement (460 and 580 K). This discrepancy
might be explained by different temperature ram@ Kimin* for TDS and 5 K-mitifor DSC) and
environment (high vacuum and low hydrogen prestnr@DS and DSC, respectively).
The TDS desorption peak from our nanosize:MNig, occurs at lower temperature (460 K) than bulk
Mg2NiH4 (500 K, 5 K-mift)* or MawxNixHy nanocrystals (10-30 nm) supported on carbon (4600
5 K-minY)!®. This clearly points out an enhancement of theomg®mn kinetics of MgNiH, by
nanoconfinement into the mesopores of CT. Moredherhydrogen desorption of Mgltakes place at

580 K, which is lower temperature than the as-ssgited sample. A cooperative effect of MdH4
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might explain the faster desorption from MgHiespite the coalescence of MgHanoparticles by
exposure to high temperature during cycling.

5. Conclusions
Starting from individual Ni and MgHnanopatrticles, this study reports on the formaidreither
intermetallic MgNi or complex MgNiH,4 hydride by tuning the Hpressure at moderate temperature.
At low pressure (< 0.5 MPa), the intermetallic Mg phase is formed. At high pressure (2 MPa), the
stoichiometric MgNiH, hydride is synthesized in a single step from thiial MgH, and Ni
nanoparticles.
The average particle size is around 4 nm for bothNWMand MgNiH,4 nanoparticles, whereas the Mg
and MgH nanoparticles coalesce into large aggregates @®@onm at high temperature. This result
proves a higher mobility of Mg/Mglkpecies as compared to My Mg,NiH 4.
The polymorphic transition from cubic HT to monoaod LT structures is suppressed in MgH 4,
which remains in the HT cubic structure at 300 KisTis the first report of a nanosized and/or
nanoconfinement effect on the crystalline structfr®g,NiH .
Hydrogen absorption/desorption in nanoconfinedMNigs reversible and proceeds rapidly even at 483
K (~ 5min). The hydrogen desorption kinetics froemasized MgNiH, is enhanced as compared to
other Mg_.xNixHy nanocrystals supported on carbon.
Both MgNi and MgNiH, nanoparticles are extremely stable against coahesc during sorption
cycling and exposure to high temperature confirmanguccessful nanoconfinement into the pores of
CT. Moreover, the average size of these nanopastmbrresponds exactly to the pore size of tenglate
carbon host. These results open a promising rauteffective nanoconfinement of complex metallic

hydrides within the porosity of carbon nanostruesur
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