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Metal-Microwave Plasma interaction for Hydrogen Storage
First evidence of the Ni hydride formation in

low temperature Ar/H2-plasma
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Objectives and innovative feature of the work

èStorage in the solid state chemical routes 
(metal hydrides):

èHigher volume density
èHigher security

P. De Rango et Al., Techniques de l’Ingénieur IN170 (2013) 
R. Zacharia et Al., J. Nanomaterials (2015) 

èNickel :  
èNot used for high pressure process (> 0.5 Gpa)
è Hydrides near to atm : hydrogen plasma
è Abundant, cheap metal
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  INNOVATION

 

2. Description technique
de l’innovation

 

2.1 Hydrure de magnésium nanostructuré

 

L’hydrure de magnésium MgH

 

2

 

, de structure quadratique
type rutile [3], figure parmi les hydrures réversibles les plus
légers, avec une capacité massique de 7,6 %, correspondant à
une densité énergétique de 2,4 kWh/kg. Le magnésium est
par ailleurs un élément abondant, bon marché, recyclable et
biocompatible. Il constitue donc un matériau de choix pour le
stockage réversible de l’hydrogène à pression modérée. Le
magnésium présente néanmoins deux inconvénients auxquels
nous avons dû remédier : les cinétiques d’absorption et de
désorption de l’hydrogène sont très lentes (plusieurs
heures) [3] et la thermodynamique impose de travailler
au-dessus de 300 

 

o

 

C et aussi de savoir gérer les échanges
thermiques liés à une forte enthalpie de réaction [4] [5].

La cinétique de sorption de l’hydrogène est une propriété
extrinsèque, très fortement dépendante de la microstructure
du matériau. De nombreuses investigations du procédé de
cobroyage de poudres de MgH

 

2

 

 avec des métaux de transition
(vanadium, niobium...) ou des composés de métaux de tran-
sition (alliages, oxydes, fluorures) ont été menées dans le but
d’en améliorer les cinétiques de réaction [6] [7] [8] [9] [10]
[11] [12] [13] [14] [15]. À l’Institut Néel, l’optimisation du
procédé a permis de développer des poudres composites très
réactives, capables d’absorber l’hydrogène dès 150 

 

o

 

C, et en
quelques minutes à 300 

 

o

 

C [16] [17]. À l’issue du cobroyage,
les particules de poudre sont constituées d’une multitude de
cristallites nanométriques favorisant une diffusion rapide de
l’hydrogène (figure 

 

4

 

). Les particules d’additif se trouvent
réparties à la surface des grains d’hydrure. Les cinétiques
d’absorption mesurées à 240 

 

o

 

C, après cobroyage et pour
différents taux de vanadium confirment l’efficacité des additifs
introduits en faible proportion (figure 

 

5

 

).

Le rôle initiateur des métaux de transition a été directement
mis en évidence 

 

in situ

 

 à l’Institut Laue Langevin (ILL) par dif-
fraction neutronique [16]. Une poudre d’hydrure de magnésium
cobroyée avec 5 % atomique de niobium a été préalablement
désorbée, puis des diagrammes de diffraction ont été enregis-
trés successivement au cours d’une réaction d’absorption sous
20 bars de deutérium (l’isotope deutérium est employé en subs-
titution de l’hydrogène dont la très forte diffusion incohérente
est rédhibitoire en neutronique). Les enregistrements présentés

dans la figure 

 

6

 

 montrent que le niobium forme très rapidement
un deutérure NbD

 

0,75

 

, tandis que le magnésium métallique
reste la phase majoritaire. Le deutérure de magnésium MgD

 

2

 

commence tout juste à se former en fin d’enregistrement et
n’apparaît donc que dans une seconde étape. L’additif favorise
la dissociation puis la diffusion de l’hydrogène à l’intérieur des
grains de magnésium (figure 

 

7

 

).

 

Tableau 1 – Performances de stockage
de l’hydrogène comprimé, liquide ou sous forme 

d’hydrures métalliques

 

Forme
de

stockage

Densité 
volumique 

 

(kgH

 

2

 

/m

 

3

 

)

 

Densité
gravi-

métrique

 

(% massique)

 

Densité 
énergétique 

 

(kWh/kg)

 

H

 

2

 

 gaz 
(700 bars)

 

62 100 33,3

 

H

 

2

 

 liquide

 

71 100 33,3

 

LaNi

 

5

 

H

 

6

 

123 1,4 0,47

 

TiVCrH

 

x

 

205 3,5 1,16

 

MgH

 

2

 

106 7,6 2,4

 

LiBH

 

4

 

122 18,3 6,1

 

Figure 4 – Microstructure nanostructurée observée
en microscopie électronique à transmission à l’issue
du cobroyage d’une poudre d’hydrure de magnésium

Figure 5 – Cinétiques d’absorption de l’hydrogène mesurées 
après cobroyage, pour des taux de vanadium incorporé compris 
entre 0 et 7 % atomique (la capacité maximale de stockage
est réduite par l’addition du métal de transition)
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èProof of concept for efficient, fast and reversible cyclic hydrogen storage 
èAmbient conditions
èMW plasma process : H-ions/metal interaction
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Formation of nickel hydrides in
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Abstract. 20 nm thick nickel films were exposed to argon�hydrogen microwave plasma
using different negative bias voltages to study the hydride formation. The formed nickel
hydride films were investigated by grazing incidence X-ray diffractometry (GIXD) to control
the phase formation. Thickness and density were determined by X-ray reflectometry (XR).
The effect of hydrogen plasma depends on the applied negative bias voltage. Without exter-
nal bias voltage no chemical reaction occurs. At negative substrate voltages (-10 V,-25 V, -
50 V, -75 V) a hexagonal Ni2H phase is formed in a first quick reaction step. In subsequent
plasma chemical reactions this Ni2H is transformed into cubic NiH. The reaction rate of the
NiH formation increases with increasing negative bias voltage. The kinetic processes are
discussed using a modified isoconversional kinetic analysis which confirms competitive
reactions during the NiH formation.

Introduction
Since many years various metal-hydride systems have been studied. Metal hydrides find a
wide range of applications of which the most prominent is the reversible hydrogen storage.
This is of great importance in view of possible future hydrogen economy in which hydrogen
would replace fossil fuels as an energy carrier. Most binary metal hydrides are synthesized
by a solid gas reaction between the metal and hydrogen. While some metals and intermetallic
compounds easily take up hydrogen, other form hydrides only under high hydrogen pressure
up to 109 Pa. Nickel forms hydrides only under high hydrogen pressure ( > 0.5 GPa) [1,2].
The p-T phase diagram of Ni-H in temperatures up to 630 K and pressures up to 1.8 GPa of
gaseous hydrogen was given by Ponyatovskiis group [1]. With rising temperature the differ-
ence between the formation and decomposition pressure decreases and disappears at T = 540
K. The decomposition pressure at room temperature is ≤ 0.3 GPa. The nickel hydrides
formed at high pressures were shown to have close-packed metal sublattices with f.c.c. struc-
tures, in which hydrogen occupies octahedral interstitial positions. Irodova et al. [3] con-
firmed the existence of NiHx with x= 1.05 and ao = 3.740 Å by neutron diffraction at T =
120 K. Oesterreicher et al. [4] describe high pressure formed nickel hydrides NiHx with x =

Z. Kristallogr. Suppl. 30 (2009) 243

oxygen plasma. Ar/O2 plasma causes besides the formation of NiO a shrinking of the Ni unit
cell which can be explained by the formation of vacancies activated by ion bombardment [9].
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Figure 1. Results of hydrogen plasma treatment.

Ar/H2-plasma treatment with applied negative bias voltage changes the metallic nickel films
into a hexagonal Ni2Hx phase. Figure 2 shows part of the X-ray patterns of films treated at
different bias voltages. Independent of the used bias voltage the phase transformation takes
place during the first 15 minutes of plasma exposure. Increasing bias (-10 V to -50 V) de-
creases drastically the intensity of the Ni2Hx 002 reflections. The X-ray pattern of the -25 V
sample corresponds to the crystal structure of Ni2H described by Khodyrev et al. [6].The
calculated density is 7.45 g·cm-3. However, XR measurements of the plasma treated hexago-
nal Ni2Hx phase results in densities of about 8.2 g·cm-3 and 8.91 g·cm-3 for the as deposited
nickel films (identically with the density of bulk nickel). The film thicknesses grow about 20
% independent on the bias voltage. The volume of unit cells keeps constant in the margin of
error at about 26.2 Å3. The measured density of the plasma treated nickel hydrides is signifi-
cantly higher than the calculated value for Ni2H [6] and the calculated density of h.c.p. nickel
[7,8]. The measured density of the h.c.p. Ni2Hx can be explained using the following assump-
tions. The f.c.c. Ni (a0
positions change to

= 3.524 Å) is transformed into in a triple hexagonal cell. The atomic

Ni (3) 2/3 1/3 2/3 SOF = 1

Ni (1) 0 0 0 SOF = 1
Ni (2) 1/3 2/3 1/3 SOF = 1

with Z = 3, a0 = 2.411 Å, c0 = 6.103 Å and VUC = 32.817 Å3. This is in agreement with the
space group P3m1 (No. 156) (Wyckoff 1a, 1b, 1c). Replacing 80 % of the Ni (1) position by

Objectives and innovative feature of the work
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account, the composition of the f.c.c nickel hydride can be specified from the unit cell vol-
umes as NiH0.73. This value corresponds to the high pressure phases described in [4].
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Figure 3a. Decomposition rate of Ni2H Figure 3b. Change in phase composition
(defined as the normalized integral intensity during plasma exposure at
of Ni2H 100 reflection) at different bias voltages. bias voltage of -75V.

The macroscopic kinetics of these processes shown in figure 3b is complex as it includes
information about simultaneously occurring multiple steps as demonstrated in the following
chemical equations:

Ni2H*
2 Ni + HP

Ni2H Ni2H (Ni2H*) Ni + NiH

HP

and
Ni2H*

2 Ni + HP
Ni2H Ni2H (Ni2H*) Ni + NiH

HP

and

Isoconversional methods [11] allow complex (i.e. multi step) processes to be detected via a
variation of the activation energy EA with α (extend of conversion). Conversely, independ-
ence of EA on α is a sign of a single-step process. From the diffractometry measurements α
can be calculated from the integral intensity of Ni2Hx reflection at the time t divided by the
maximum Ni2Hx intensity (see also figure 3a). In the classical isoconversional analysis α is
measured time dependent at different temperatures T and EA is determined with respect to
equation (1)

In plasma chemical processes bias voltages Ubias influence the energy flux to the substrate.
Hence we can take bias voltage analogue to the temperature in the classical isoconversional
theory. Therefore, the slope from ln(t) vs.Ubias with t the time necessary to reach a certain
value of α corresponds to a �plasma activation energy� EA(plasma). As shown in figure 4 the
activation energy depends on the conversion rate that means the kinetics of the NiH0.73 for-
mation results from a competition reaction.
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è Previous study : 20 nm thick nickel films

è Our objective : Nickel pellet (store large amount of H)

è Difficulty of bulk material : Traps density and H diffusion in volume
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Sintering

cv

Ni Nanopowders

Ni pellet with nanograins. 
Densification : 87%

Mecanically steady
Risk of grain size enlargement

Ni pellet with nanograins. 
Densification <50%

High specific surface
Mecanically unsteady (crumbly)

Compaction
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èH diffusion : interstitials sites + GB + Triple junction
èH traps: interstitials sites + intrinsic traps

!",!$" , !%" , &'"

Hydrogen plasma

Traps induced
in implantation area

Intrinsic traps

Implantation area

Ni Bulk

Nanopowders compacted

Nanopowders 
sintered

èH diffusion : interstitials sites + pores (no GB)
èH traps: interstitials sites + vacancies

H
H
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Outline

1- Objectives and innovative feature of the work

2- Nickel nanopowders synthesis

3- Preliminary results : Hydrogen implantation

4- Summary and Perspectives
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Baloon heater

Lift support

Cooling

thermocouple

Mechanical stirrer

Temperature : 180°C ( 10°C/mn)

M. Srisudha et al., Nano Vision 37 (2012) 37 
K.J. Carroll et al., J. Phys. Chem. C 115 (2011) 2656  

§ High crystalline quality
§ Aggregation degree control 
§ Shape control
§ Size control

Nickel nanopowders synthesis : Polyol process

‒ 1-2 propandiol (reducing power)

‒ Tetrahydrated Nickel acetate (precursor)

‒ NaOH

‒ Sodium borohydride (reducing additive)

‒ Polyvinylpyrrolidone (dispersing additive)
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Nickel nanopowders synthesis : characterization
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In
te

ns
ity

1/
2  (

a. 
u.

)
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Rietveld refinement analyze : fcc nickel (ICDD n°98-004-3397) a = 3.531
Scherrer crystallites average size : 3 nm.

XRD patterns of nickel powder

Analysis in volume (Bragg-Brentano θ-θ
configuration)

(111)

(200)

(220)
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Nickel nanopowders synthesis : characterization

a)

50 nm

èAverage particle diameter : 8 nm
èHRTEM FFT analysis : isotropic in shape polycrystalline particles

5 nm

b)TEM micrograph
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Nickel nanopowders synthesis : characterization

5 nm

c)

1.76 Å 
(200)

èPrimary particles : 3 nm
è(hkl) reticular distances of pure fcc Ni  

Electron diffraction patternTEM micrograph



13/25
Michaël Redolfi – LABEX SEAM Workshop – Paris, November 13th

Outline

1- Objectives and innovative feature of the work

2- Nickel nanopowders synthesis

3- Preliminary results : Hydrogen implantation

4- Summary and Perspectives



14/25
Michaël Redolfi – LABEX SEAM Workshop – Paris, November 13th

Pu = 180 W

Γ = 3.1×10()*.+,(. -,.

Preliminary results : H implantation in compacted nanopowders
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Similar to Plasma Immersion Ion
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Preliminary results : H implantation in compacted nanopowders
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Preliminary results : H implantation in compacted nanopowders

è Intrinsic traps + additional traps with Ar+
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èHexagonal Ni2H structure (ICDD n° 98-020-0593) in volume.
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Preliminary results : H implantation in compacted nanopowders

‒ MW power : 180 W 
‒ P = 3 mbar
‒ Exposition time : 6h
‒ Γ = 3.1×10'/%.01'. 213

10 tons
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Preliminary results : H implantation in compacted nanopowders
Before hydriding After hydriding

Single-phase material
Well crystallized
Ni fcc

Two-phase material

Ni fcc Ni2H 
Hexagonal

w% : 77 w%: 23 
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è 1D Model HIIPC (Hydrogen Isotopes Inventory Processes Code)

èH diffusion in pores and GB not taken into account

èCoupled kinetic equations

solved by finite differences
!"#(%, ')

!'
= *!

[!"#(%, ')!% ]

!%
+ Γ %, ' −0

1

!"21(%, ')
!'

!"21(%, ')
!'

= 321 1 −
"21 %, '
52678

"# %, ' − 39
1 "21(%, ')

D; (<=/?) EA(eV) ETraps (eV) Traps density

6.4×10GH 0.42 0.997 (IJ)
0.867 (I=)

0,09510-3 (IJ)
0,15.10-3 (I=)

* = *;exp
−NO
PQ

S. Chaofeng et al., Nuclear Fusion 52 (2012) 043003.
A. McNabb et al., Trans. Metallurgical Soc. AIME 227 (1963) 618.

A.Winkler et al., Surface science 118 (1982) 19.
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résultat obtenu par A.WINKLER et K.D.RENDULIC[13], cela aussi apporte des bases de donnée qu’on 
a utilisée pour valide notre simulation numérique. On voit bien il existe 2 pièges dans leur échantillon 
utilise pour l’expérimental 𝛽1et 𝛽2. C’est-à-dire les atomes peuvent être absorbes dans deux types de 
pièges.  

 
Figure 6 Température désorption spectroscopie pour 𝐻2 sur Ni(111) après adsorption de 140 K. Le paramètre est l’exposer 

de l’hydrogène [13]. 

1.4  L’application sous la condition réacteur CASIMIR 

L’objectif final est de trouver les meilleurs paramètres d’exposition au plasma pour stoker l’hydrogène 
et capable appliquer en expérimental réel. Pour atteindre l’expérimental, on doit utiliser un réacteur 
CASIMIR (Chemical Ablation, Sputtering, Ionization, Multiwall Interaction and Redeposition), 
l’originale de cette système est un système haut fréquence microonde décharger système avec des 
sources haut densité plasma en grand volume[14], le figure 8 montre générale du système réacteur 
CASIMIR. Le réacteur va utiliser essentiellement pour étudier la désorption de l’hydrogène dans notre 
matériau après exposition au plasma. Pour bien correspond à la condition sous réacteur CASIMIR, dans 
le simulation numérique CASIMIR, il faut on  régler ses 2 facteurs décisifs les même conditions : le flux 
de plasma 1020𝐻/𝑚2/𝑠, l’énergie d’ions 20 eV. 

 
Figure 7 Système réacteur CASIMIR [14] 

 

Bibliographical data

TDS

R = 1 − S R;T %

DLattice Vacancies
+ dislocations

Preliminary results : H implantation in bulk nickel
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Preliminary results : H implantation in bulk nickel

èFeasibility to store hydrogen in volume at low temperature by MW plasma

H Depth profiles for solute and 
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Preliminary results : H implantation in bulk nickel

èH desorption at low heating
èHighlights of the reversible hydrogen storage near to ambient conditions

H Depth profiles for solute and 
trapped hydrogen
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Outline

1- Objectives and innovative feature of the work

2- Nickel nanopowders synthesis

3- Preliminary results : Hydrogen implantation

4- Summary and Perspectives
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Summary
èSynthesis of compacted Ni pellet with nanograins

èExperimental evidence of the Ni hydrides formation

èNumerical evidence of hydrogen volume storage at low temperature

èHydrogen desorption possibility at low heating : cyclic hydrogen storage near to
ambient conditions

èThermal Desorption Spectroscopy to determine hydrogen stored and traps energies

èExperimental and numerical tests in Ni nanopowders sintered

èShort-circuit diffusion inside grains boundaries and triple junctions

èMechanical defects creation to increase trap density

Perspectives
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Promotion / Emulation

èScientific paper being written. Acknowledgments : “Financial support through Labex
SEAM (Science and Engineering for advanced Materials and Devices),
ANR 11 LABX 086, ANR 11 IDEX 05 02.

è 16th International Conference on Plasma Surface Engineering
September 17-21, 2018, Garmisch-Paternkirchen, Germany (Oral)

èSPS 2017 : Journées Nationales sur le Frittage par Courant Pulsé
October 5-6, 2017, Villetaneuse, France (Poster)

è “TOMENHY” project. ANR AAP 2019. LSPM – ITODYS – Louis Néel Institute.
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