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Number of articles published during the last years
2000-2017 having “hydrogen storage” and the “name”
of the respective compound. Source: SCOPUS
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TWO EARLIER PUBLISHED REVIEWS .
BASED ON THE WORK OF IEA TASK32

Appl. PRys, A (2006) 12297
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IN¥ITED PAFER

Review of magnesium hydride-based materials: development

and optimisation

10, Crivla' < B, Dam® « K, ¥, Denys™ « ML Doraheim® < 1, M, Gran® -
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© Springer-Verlag Berlim Heidelberg X016

Almtract  Magnesum hydesde bos Been siuied exien-
avely for applications as a hydrogen siorage  material
owing o the Favourble cost and high gravimetric and
volumetric hydrogen densities. However, its high enthalpy
of decomposition necessites high working tempermsures
for hydmopgen desorprion while the slow rates for some
proceses such as hydrogen diffusion through the bulk
creale challempes for large-scale implememation. The
present paper reviews [undamentals of e Mg-H system
and ooks at the recent advances in the optimisation of
magnesium hydride s a hydrogen stomge material through
the use of camlytic additives, incorporation of defects and
m understanding of the mabe-limiting processes  during
ghsorption and desonprion

=L, .f.llllll.'.'lI =V, AL Yarive

A4

I Introduction

Magnesum hydride (MgH;) continues o be imvesti gated as
a poiential hydrgen storage material doe o the moderaiedy
high gravimetric amd wolumetric hydrogen density  of
Pa=T6wt% H and py = 110 g HA, In addition, this
light meral is cheap and virmeally limitess, e, oocurs o an
extent of (k13 wi'h n sea water and 176 w1% in the canh
sl

However, there are practical impediments to large-scale
implementation of Mg ;-based hydrogen siorage sysiems
a5 the Mg—H system has unfavourable thermodynamics and
slow kinetics for Hy uptake and release, The thermody-
namics dictases that relatively high semperatures must be

Appl. Phas. A (2016} 122:85
[ 0, 1EHTT Fl I 39 -0 0 -

Applied Physics A

Materiaks Science & Processing

@ Crosshiark

INVITED PAPER

Mg-based compounds for hydrogen and energy storage

1. Urivella® « K. V. Denys® = AL Dornheim® = 5. FelderhofT™ « 1, M. Grani® -
1. Huot* = T. K. Jensen” = P, de Jongh® -« M. Latroche' « G, 5, Walker® «

C. ). Webh” - V. A, Yartys®
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Alstract
mterest  as

Magnesium-hased alloys attract

osl-eflicient hydrogen  stomge
allowing the combination of high gravimetric stomge
capacity of hydrogen with fast rates of hydrogen uptake
and release and pronounced destabilization of the metal-
hvidrogen bonding in comparson with binary Mg=H sys-

srgruficant
miaterials

tems In this review, vanous Eroups o m:LFrkckium SO
pounds are considered. including (1) RE-Mg-Ni hydndes
(RE=La Pr. Ndp; (2) Mg alloys with p-ehemenis
(X = 5L Ge, Sn, and Al and (1) magnesiom alloys with

d-elements (T Fe, Co, Ni, Cuw £n, Pd). The hydrogens-
tion=dspropon knation=desorplion=recombi nation process
in the Mg-based alloys (LaMg 2, LaMg Ni) and unassally
high-pressure hydrides synthesized at pressures exceeding
100 MPa (MgMizHy) and stabilized by Ni-H bonding ane
also dsussed. The paper reviews interrelabions between
the propertes of the Mg-based hydrides and p<T conditions
of the metal-hydrogen interactions, chemical composition
of the initial alloys, their crysial sinactures, and
microstnuctural state,

>120 REFERENCES IN SCOPUS (2016-2018)
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Mg-H and Mg-D systems

'
SYNTHESIS: DIRECT — 200 bar H, + 570 °C—-60 % (1951)
PYROLYSIS OF ETHYL MAGNESIUM HALIDE (1912)

Flat plateaux; No hysteresis; AHyes = 75 kJ/molH,

Small homogeneity ranges of o ASdes = 135 J/molH,/K

and B, isotope effect MgH, 1bar @ 277°C
10 bar @ 370 °C

220 4 T=560 OC (Hz)

e MgH, ELF
180 : 5
160 | . D

140_- | T=510 °C (D,) H =

120 /!
100 |/

P [atm]

T=510 °C (H,)

60:: } T=470°C (H,) J Strong covalent contribution
“ T=440°C (H) | to Mg-H bonding
oo o2 04 0a 08 1o 12 14 16 18 20 J.C. Crivello, Appl. Phys. A:

H (D) / Mg Materials Science and Processing
Stampfer J.F.et al. in 1960: 122 (2) (2016) : 97, pp. 1-20

° J Amer Chem Soc 82 (1960) 3504
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ABUNDANCE

Mg ALLOYS Mg: LOW DENSITY

AFFORDABLE PRICE

HIGH H CAPACITY, 7.6 wt.%H
T

H STORAGE BATTERY ELECTRODE ALLOYS

HEAT STORAGE

EFFECT OF MAGNESIUM ON THE STRUCTURE,
THERMODYNAMICS AND KINETICS

OF THE METAL-HYDROGEN INTERACTIONS

I F‘- Institute for Energy Technology



TOPICS OF REVIEW PAPER

- HISTORICAL OVERVIEW

- NANOSTRUCTURED MgH,

- MA @ RBM. MECHANOCHEMISTRY of Mg in H,

- CATALYSIS OF DE/HYDRIDING

- DESTABILISATION of MgH,

- Mg-H SYSTEM AT HIGH PRESSURES. THEORY AND
EXPERIMENTS

- NEW TERNARY Mg CONTAINING H STORAGE MATERIALS

- NON DIRECT THERMAL DESORPTION

- CYCLING of MgH,

- MAGNESIUM COMPOUNDS FOR THERMAL ENERGY

STORAGE
- SYSTEM DEVELOPMENT
- SUMMARY, OUTLOOK AND FUTURE PROSPECTS
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EFFECT OF MAGNESIUM ON

STRUCTURE AND BONDING
IN MULTICOMPONENT HYDRIDES

(a) Mg substitution of Rare Earth metals;

(a) Mg as an individual component of ternary
intermetallics;

(a) Mg forms Mg?* ions while transition metals
Ni, Co, Fe form compex anions [NiH,]*, [CoH:]*
and [FeH.]*

@
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Effect of Mg = La substitution
LaNi,=> LaMg,Nig

La 1.87 A
Mg 1.60 A

Volume of structure fragments

In Las ,Mg,NigVvs. LaNi,

"'o r(La)=1.87 A o] =
ol I’(Mg) 1.60 A : \\\::A\"“~A
54 LaNi* “e -
x ° .
I - \.\\ S o
Lo | ; _ NN
9 O < 104 AN ‘e
® unit cell \'\\
' =] | m AB slab
Jo ®1 | a AB, slab e
Qo MgNi, *;
. . 00 05 10 15 20
Mg subslitutes La exclusively Mg at./f.u.

In the AB, layers. Significant shrinking
Qf both AB, and AB; layers

Yartys, Denys, 2016

IFe



THERMODYNAMICS

of La,, Mg, Niy;-H, SYSTEMS

._._._.—.-._..8

y . !
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14 A o— .
001 ﬁr@/ La,MgNi,
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Abs-des igcavtlYgr%ls at 20°C

Van't Hoff plots

100+

0] & —° 0 3 :
_A,A__—A——A—A—A:AF—AA_:A ]
1 A TNA—L . 10+

1E3] | o.1-;

2.8 3.2 3.6 4.0 4.4
1000/T, K*

Yartys, Denys, 2016

Dramatic change of H, pressures, from 0.05 to 150 bar
when Mg content changes fromx =1tox =2
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TERNARY Mg-CONTAINING INTERMETALLIC o
HYDRIDES: LaMgPdH,

o

H
—

=
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%‘Ef x_:\ﬁ éﬁl Ce . A B00°C cycle 5 g | | | L
00 05 10 15 20 25 AN A e
7rN . AI # Hydrogen content [HLaMgPd] Tompurshe (]
: ype I. JACOB, Ben-Gurion University, MH2018
4h T i
20 == "
§ 04 M-H(6K) M-H(2c) ' §

J.-C. CRIVELLO, ICMPE/CNRS, 2018
f.'
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MIXED TRANSITION-METAL COMPLEX Mg-BASED HYDRIDES
0 WO Tt @ *

N N

2N m*_ @h MgoNigsCOosHs g

J. Barale, S.Deledda, E.M. Dematteis,
M.H. Sgrby, M. Baricco, B.C. Hauback,
to be submitted.

Yu Verbovytskyy, J. Zhang F. Cuevas,
V. Paul-Boncour, |. Zavaliy. JALCOM
645 (2015) S408.

Mg, i,

Tetrahedral Square pyramidal 5 Octahedral
, _\JgiH4]4‘ o [CoH,]* o [FeHgl*
_o-
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EASY HYDROGENATION AND MgH,

DECOMPOSITION

CATALYSIS
Catalytic effect is related to:

(1) Type of additive having specific catalytic influence
(2) Particle size and distribution of catalyst
(3) Structural stability of catalyst during
hydrogenation-dehydrogenation cycling
CATALYSERS: carbon materials, metals and

intermetallics, transition-metal compounds (oxides,
halides, hydrides, carbides, nitrides, and fluorides)

| Mg-Ti, Mg-C and Mg-Ti-C
o




Mg-Ti

Mg-T|-C o

Mg, .Ti, , +5%C (-2%)

!T (-42%)

oo 6020300560?'0809 100 110
o 3 6 9 12 15 Cycle

354

Reacted Fraction MgH, - Mg

t (min)

H desorption from Effect of Mg with  Mg90Ti10 + 5% C

(1-y)MgH2-TiH2 m\;\ilg?é?:;gg:p'c Outstanging cycling

nanocomposites @ high thermal perfomance

573 K30 % TiH, conductivity + fastH 6 wt.% H

4wt.% H diffusion. Lototsky, Yartys
Cuevas, Latroche, Rabkin, JHE, 2016 2018 (JMC A, 2018)

2017
. 2018 (IJHE)
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MECHANISM

CARBON

- : ¢ Hydrogen
R @ Magnesium
My GNS

TITANIUM o, /|

i\*.

i

» 2 _.,.
®

o MIN ZHU, HUI WANG, 2018
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HYDROGEN
TRANSFER
TO Mg

DECREASED
ACTIVATION
ENERGY OF
HYDROGEN
DESORPTION
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DESTABILISATION OF MgH,
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POLYMORPHIC MODIFICATIONS OF MgH,

ﬁ' FESz

T Pbﬂ‘z

Mg-H BONDING in MgH,

calculated - this work

2000

1700

1400 -

1100 +

T (K)

800 -

500 -

O presence PbO, - [Bopa9]
106]
aj08]

®  calculated - [Mos11]
P> eq. TiO,/PbO, - this work

O presence Pb

Bourgeois,
Crivello,

200

formation

decomposition
—r—r

0.0 20x10° 4.0x10°

- T T T
s.0x10°

- .” F (Pa)

B.Ox10" 1.0x10"™ 1.2x10" 1.4x10"

o Joubert (2018)
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EXPERIMENTAL STUDIES OF Mg-H SYSTEM AT HIGH
PRESSURES (600 kBar)

1200 T T T T T T Y T @ 1
Oz
O ~+ 3 3
1000 | 4
Q A d& ® ® § X «—sy Bastide
<+ a—y Bortz
¢ y—« Bastide
800 | J «—y Morivaki
X & o>y Vajeeston
X @ w«ry Vajeeston calc
" 600%¢ ==ie»y Moser cale
400 -
- L 4
200 L -
0 L—eo
0 5 6

P, GPa

"Toroid"-type assembly  Cal|

"Lentil™-

chomoer g BE o

e AT A S Antonovy,
Tou. " -~ m = Kuzivnikov
chamber Hwﬁgiﬁfw - ( 2018)
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van ‘t Hoff plots calculated data for Mg-based nanomaterials

High ratio A/V between the total interface area (4) and
volume (V) is a distinct feature

650 600 550 500 '(K)4s0 400 350
" S N — ?4.4;1:;.5.1 a
10’ r\\“ ®-71.2{1296|b BULK Mg (a)
; : 53.3;11?.2 c
al " 63.5(118.4|d
10°F A ®-68.1/119 |e NANOMATERIALS:
= 10- - A 749134 |1
E 10" b ; - ®-70 129 |g :
= ; L 45 |84 |h Smallest size:
~, 5 1 < L 53 (108 |i
T 10° o Te. B
o ] - - 1o "0 " Thin film 2 nm (j)
10-1 . % : .m‘ﬂ.‘_‘. .
T : , ; e ¢ Nanocrystallites 2 nm (b)
Y Mg 3 nm NPs in carbon

16 18 20 22 24 26 28
1000/T (1000/K)
L. Pasquini, P de Jongh, 2018

scafolds (c)

STRONG HYSTERESIS IN MANY CASES —>  Peq = (Pabs * Pdes) >
o Ped chows only small changes compared to bulk Mg
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Particles of less than 1.3 nm are required

to have considerable shifts in the equilibrium
temperature during decomposition of MgH,

30 — ;

T T T
500 550 600 650 700
Temperature (K)

Calculated driving forces for hydrogen absorption/desorption in Mg as
a function of temperature and pressure.

Control over backpressure of hydrogen required during kinetics
measurements,

| M. Baricco, 2018
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NON DIRECT THERMAL DESORPTION METHODS =

@
A : —0.21 N 1
:__HSU - E o
s | 0.1
: |
B
o 0 mechanical
< stimulus
e a1 M PR | e a1 PR S L.
115 120 125 130 135
' B I f(S)
~S0F < mechanical stimulus }E
= I
< |
o 1
g : /7 Nucleation and growth
£ ' Deformation of u-Mg phase
-} .
| | 1 1 1 I
120 130 140 150 160 l?U
t(s)

Mechanical bias has been applied to drive tribochemical decomposition under mechanical
icro-deformation of MgH, . MgH, decomposition occurs by an instantaneous (t ~ s) non-

thermal H-release at RT during mechanical treatment

R. Nevshupa JR Ares, J.F. Fernandez, A. del Campo, E. Roman. Tribochemical Decomposition of
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IMPROVING CYCLE LIFE
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MAGNESIUM HYDRIDE AS A POWDER: CYCLING
PROPERTIES - GOAL: HIGH POROSITY GIVES BETTE’R
KINETICS AND THERMAL PROPERTIES  Expanding

structure

places

additional
Upper Vessel stresses on
Copper Gasket the walls of
A reactors and

Sample initial _impede

fill level -
- the material
Lower Vessel —

kinetics
50 CYCLES @ 400 °C FORM




THERMAL STORAGE
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Demonstration of Heat Storage using Mg,FeH,

at T = 500 °C

2Mg + Fe +3 H, X

" Mg,FeH, AH = 77 kJ mol1H,

Moken ol exi NaNOz:KNOz

Malten salt entry

Mg;FeH; Parameters:
'Iirzw Fe— 4.5 I
"Pamgre= 1083 g/l
"Mopg.re= 3830 g
I.::{Hz. el 2 %
"my,= 234 g
'm-thHE= 5084 q
*AfH= 77.2 kJ.l'n'u::'I,.,2
Lt — k'wh

heat storage unit

H. in and out

B. Urbanczyk & &, Int. J. Mydrogens Enegy, 2017, 42, 13818,

MFL tir Kohlenforschumg | Michasl Felderhiolff | poage 1



H STORAGE SYSTEMS
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MgH2 BASE

D H STORAGE @ McPhy °

Modular
Mg hydrides discs

Modular standard
cartridge

» 45g eq 0.5m°
of H

o Metallurgical
process

Change phase material
CPM

« Casting
process

» Futectic
Magnesium
zinc alloys

» 100 discs

e/ types
assuming
different
sorption
kinetics

»4/5 kg of H,

Container with CPM

Michel Jehan, Daniel Fruchart, JALCOM 580 (2013) S343

,."
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2 s 15 Helmholtz-Zentrum
- - i 11s Geesthacht
MgH2 l LIBH4 tank deSIQnS Centre for Materials and (nastal Research

* 1st generation high temperature tank:
tube and shell design

* Due to filtering system, phase separation
happened; temperature limitations

* 2nd generation: large diameter,
designed for heat transfer studies

= 3rd generation: under
testing; improved
temperature
homogeinity. To be
coupled to SOFC.

» Highest gravimetric capacity : factor 5 x over room temperature hydrides
*  Low pressure (below 50 bar), operational temperature: > 300 °C 1

ose Bellosta von Colbe, Giovanni Capurso, Martin Dornheim
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OUTLOOK o

We review a field of magnesium-based materials, including alloys,
compounds and composites. This is expected to bring new important
developments resulting in important applications.

This review contains a broad variety of topics of fundamental and
applied studies of magnesium based systems and a review of the
frontiers of both experimental and theoretical research.

Currently, magnesium-based materials attract much attention in
hydrogen storage, are used for storage of concentrated solar heat with
high energy densities and in metal hydride batteries.

Furthermore, In future, novel types of magnesium batteries may replace
the currently very successful lithium batteries. This clearly highlights
the relevance of continuing research and developments within the area
of magnesium based materials.
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