Metal-Microwave Plasma interaction for Hydrogen Storage
First evidence of the Ni hydride formation in
low temperature Ar/H,-plasma
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1- Objectives and innovative feature of the work
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Objectlves and mnovatlve feature of the work

=>» Proof of concept for efficient, fast and reversible cyclic hydrogen storage
= Ambient conditions

=MW plasma process : H-ions/metal interaction Volume Mass
density density
: : : (9.L7) (W)
=» Storage in the solid state chemical routes
(metal hydrides): H; gaz 62 100
y . ) _ (700 bars)
-> H!gher volume density H, liquide 71 100
=>» Higher security LaNigH, 123 1 4
TiVCrH, 205 3,5
MgH, 106 7,6
LiBH, 122 18,3

=> Nickel :
=>» Not used for high pressure process (> 0.5 Gpa)
=>» Hydrides near to atm : hydrogen plasma

> Abundant’ Cheap metal P. De Rango et Al., Techniques de I'lngénieur IN170 (2013)

R. Zacharia et Al., J. Nanomaterials (2015)
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Formation of nickel hydrides in

245 700 50 0a-100 177 reactive plasmas
as de’;j)sited M. Quaasl, H. Wulffl’*, 0. Ivanovaz, C. A. Helm?
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=>» Previous study : 20 nm thick nickel films
=» Our objective : Nickel pellet (store large amount of H)

=>» Difficulty of bulk material : Traps density and H diffusion in volume
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Ni pellet with nanograins. Ni pellet with nanograins.
Densification <50% Densification : 87%

High specific surface Mecanically steady
Mecanically unsteady (crumbly)  Risk of grain size enlargement
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Nanopowders

sintered

Hydrogen plasma 4

Implantation area

Ni Bulk

=» H diffusion
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Traps induced / 1 &

Nanopowders compacted

=» H diffusion

=>» H traps: interstitials sites + vacancies
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. interstitials sites + GB + Triple junction
=>» H traps: interstitials sites + intrinsic traps
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2- Nickel nanopowders synthesis
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| N|ckeI nanopowders syntheS|s Polyol process

= High crystalline quality
Mechanical stirrer = Aggregation degree control

= Shape control

= Size control

Cooling )
thermocouple
[ — 1-2 propandiol (reducing power)
— Tetrahydrated Nickel acetate (precursor)
} — NaOH
' — Sodium borohydride (reducing additive)
Baloon heater_’ |_ — Polyvinylpyrrolidone (dispersing additive)

Temperature : 180°C ( 10°C/mn)
Lift support —)

M. Srisudha et al., Nano Vision 37 (2012) 37
K.J. Carroll et al., J. Phys. Chem. C 115 (2011) 2656
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N|ckeI nanopowders synthesns ‘ characterlzatlon

XRD patterns of nickel powder
=
s
(.
—
=y
7]
S
= Analysis in volume (Bragg-Brentano 6-8
— configuration)
40 | 60 | 80 | 100 | 120
20 (degrees)

Rietveld refinement analyze : fcc nickel (ICDD n°98-004-3397) a = 3.531
Scherrer crystallltes average size : 3 nm.
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=>»Average particle diameter : 8 nm
=>HRTEM FFT analysis : isotropic in shape polycrystalline particles
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‘ N|ckeI nanopowders synthesns characterlzatlon
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=>Primary partlcles 3 nm
=> (hkl) reticular distances of pure fcc Ni
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Outline

3- Preliminary results : Hydrogen implantation
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| Prellmmary results : H |mplantat'|on in compacted nanopowders

Coaxial cable
H,/Ar MicroWave generator
gas mixture Circulator 2.45 GHz

+ water charge
P,=180 W

cross-shaped vessel

I d=2cm
5
P = 3 mbarrlasma = 2
Pumping ( —— _ S=13 CM Quartz windows
system _— .
- Similar to Plasma Immersion lon
Implantation process

Sample
Holder
(cathode)

Twater =15°C

1=65mA — | =3.1x10%°H.m2.s71

i Biased voltage
Water outl Water in g V = —SOV, Eions = 50elV
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Why E;pns = 50eV ?

Prellmmary results : H |mplantat|on in compacted nanopowders
Implantation Implantation Implantation

> Eions (eV)

Defects (vacancies)

E = (Mion +MNi)2Esublim E _ (Mion +MNi)2Edisplac
P 4Mjon X Mp; def AM; o0 XMy

Esput (EV) Edef (EV)

Ni/H* 52 519
Ni/H3* 19 185
Ni/Ar* 4 36

=> Intrinsic traps + additional traps with Ar*
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Exposed face
Non-exposed face

- MW power : 180 W

- P =3 mbar

— Exposition time : 6h
-T'=3.1x10°H.m 2,571

Intensityl/ 2 (a. u.)

40 | 60 80 | 100
26 (degrees)
= Hexagonal Niy,H structure (ICDD n° 98-020-0593) in volume.
2Ni+ H - Ni,H
. Ni;H - NiH + Ni
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Intensity (u.a)

Prellmmary results : H implantation in compacted nanopowders
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Preliminary results : H |mplantat|on in bqu nlckel
=> 1D Model HIIPC (Hydrogen Isotopes Inventory Processes Code)

=» H diffusion in pores and GB not taken into account

aC (z £)

=D6[ ]”( o - ZaCt(zt)

. . . (

=» Coupled kinetic equations 3C.(2,1)

solved by finite differences ) at
r=1-R)hp(z) aCi(z, t) _
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Prellmmary results : H |mplantét|on in bulk nlckel

; o | H Depth profiles for solute and
: e+ trapped hydrogen
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=>» Feasibility to store hydrogen in volume at low temperature by MW plasma
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Prellmmary results : H |mpléntat|on in bqu n|ckel

; o | H Depth profiles for solute and
: e+ trapped hydrogen
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=> H desorption at low heating
-> nghllghts of the reversible hydrogen storage near to ambient conditions
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Outline

4- Summary and Perspectives
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Summary

= Synthesis of compacted Ni pellet with nanograins
=>» Experimental evidence of the Ni hydrides formation
=» Numerical evidence of hydrogen volume storage at low temperature

=>» Hydrogen desorption possibility at low heating : cyclic hydrogen storage near to
ambient conditions

Perspectives
= Thermal Desorption Spectroscopy to determine hydrogen stored and traps energies
=>» Experimental and numerical tests in Ni nanopowders sintered
=>» Short-circuit diffusion inside grains boundaries and triple junctions
=» Mechanical defects creation to ihncrease trap density
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Promotion / Emulation
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