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Summary
Complex hydrides as hydrogen storage materials x
High gravimetric hydrogen density .\<.
Slow hydrogen absorption and desorption reaction kinetics ¢

It is necessary to understand the reaction for improvement of the reaction.
However, it had been unclarified yet...

In this presentation,
we show hydrogen absorption and desorption reaction of a complex hydride
LaMg,NiH, viewed from the crystal structure and the vibrational dynamics

Intermetallic . Interstitial hydride Intermediate hydride . Complex hydride
LaMg,Ni LaMg,NiH; 5 LaMg,NiH, ¢ LaMg,NiH;
M
La J

NiH, unit  NiH; unit
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Outline

Introduction

» Hydrides for hydrogen storage materials
» General hydrogenation process of a complex hydride
» A complex hydride LaMg,NiH,

Methods

» Neutron diffraction and inelastic neutron scattering experiments

Results
» Hydrogen absorption reaction of LaMg,NiH,
investigated by neutron diffraction and inelastic neutron scattering
» Hydrogen desorption reaction of LaMg,NiH,
investigated by neutron diffraction and inelastic neutron scattering

Conclusions



Rannarch

IMR

TOHOKU UMIVERSITY

Institute for Materials Research, Tohoku University

Volumetric & gravimetric hydrogen densities
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density: Sg em” 2gem” | g em” 0.7 ¢ em”
_Higher volumetric & gravimetric densities
BaReH, .. = . - .
2o e Vet than liquid H, and pressurized H,
B S0t Low LI
| JaBH
LaNisH MoH ; 2 H, chemisorbed
300K 2bar ity A Cghlyg on carbon
eTitl, ;  MENi = LiH o, i L °
10 K. 1.5 ba -‘} I " A ! A l ‘l.*“ ( HJ
K, KBH, LiAlH, CHy '@ i
400 & bp 2. K
Liquid H, at 20.3 K .
500 1 DS H, physisorbed
T T 120 on carbon
Ol . ., Pressurized H, gas
‘..-‘:.:.5.0 G TP .:r
T 20
20 . 2043
-13 %l

10 15 20 25
gravimetric H, density [mass%]

A. Zuttel, Mater. Today 6, 24 (2003).
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Interstitial hydrides and complex hydrides

Examples Advantages Disadvantages

Interstitial Low hydrogen
hydride Fast reaction density
(hydrogen in kinetics LaNizH; :
interstitial sites) 1.4 mass%
Na* /
Com_plex © 2‘\ High hydrogen
hydrides y )
® density .
AJH b Slow reaction
(covalently IARLE _ kinetics
AP N NaAlH,:
bonded Foonee 7 5 massY
hydrogen) " ® ' °

NaAlH,

G. Lartigue et al., J. Less-Common Met. 129, 65 (1987).
M.R. Hartman et al., Solid State Chem. 180, 1298 (2007).
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General formation process of complex hydrides

NaAlH, < 1/3NaAlH; + 2/3AI + H, <« NaH + Al + 1/2H,

e ] Ael~
x| . ve¢
&> 6k
X o
e m‘ﬁw\*"

(A, [AIHJ*-

Large rearrangements of atomic positions (crystal structure)

=> It is difficulty in understanding of formation process
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Hydrogenation process of LaMg,Ni

LaMg,Ni (Metal) | > LaMg,NiH- (Insulator)
3+ 2+ i 4- -
<200 °C (La°*, Mg?*, [NiH,]*, 3 X H")
Orthorhombic = 1.0 MPa of H, Monoclinic
(@a=4.227 A, b =10.303 A, (@a=13.979 A, b =4.703 A,
¢ =8.360 A) c=16.025 A, B =125.240 °)

G. Renaudin et al., J. Alloys Compd. 350, 145 (2003).
K. Yvon et al., Phys Rev. Lett. 94, 066403 (2005).



IEIEE IMR ctocu university J-PARC Symposium 2019

"\.-f
Ressarch  [nstitute for Materials Research, Tohoku University
I

Hydrogenation process of LaMg,Ni

Intermetallic | > Complex hydride
LaMg,Ni LaMg,NiH,

Mg?*

Maintaining of metal atomic frameworks

G. Renaudin et al., J. Alloys Compd. 350, 145 (2003).
K. Yvon et al., Phys Rev. Lett. 94, 066403 (2005).
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Objective

Clarification of hydrogen absorption and desorption
reactions of a complex hydride LaMg,NiH, viewed
from the crystal structure and vibrational dynamics

Crystal structure:

» Observation of crystal structure changes during hydrogen absorption and
desorption processes of LaMg,NiD-, by neutron diffraction

Vibrational dynamics:

» Observation of hydrogen vibration on an intermediate hydride LaMg,NiH,; and
LaMg,NiH- by inelastic neutron scattering
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Neutron diffraction

Sample : LaMg,Ni

Instrument . High Intensity Total Diffractometer NOVA
(MLF, J-PARC, Japan)

Condition : <450 K, <5 MPa

Main analysis : Rietveld method (GSAS)

Inelastic neutron scattering (INS)

Sample : LaMg,NiH,
LaMg,NiH, ¢ L
Instrument : Vibrational spectrometer VISION
(SNS, Oak Ridge National Laboratory, USA) !il
Condition : <600 K under vacuum )

VISION
Main analysis : INS simulation (aCLIMAX)



zé::gz IMR TOHOKU UNIVERSITY J'PARC SympOSIUm 2019

terials Research, Tohoku University

Hydrogen absorption process of LaMg,NiH,
studied by neutron diffraction
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Neutron diffraction under D, pressure at RT

LaMg,NiD,

- /\ New phase

D, pressure (MPa)

4.340 LaMg,NiD; (Complex hydride)
1.170

0.460 ﬁ

0.240

0.150

0.070 New phase

Intensity (a.u.)

0.010
0.001

LaMg,NiD, o5 (Interstitial hydride)

: : < 0.001 MPa ﬁ

~ JLLaMgZNi LaMg,Ni (Intermetallic)

I I [
3.60 3.80 4.00 4.20 4.40
d-space (A)

T. Sato et al., Int. J. Hydrogen Energy 42, 22449 (2017).
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Intensity (a.u.)

New phase
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New phase

T. Sato et al., Int. J. Hydrogen Energy 42, 22449 (2017).
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R,, = 0.065

Black : Obs.
Red : Calc.
i 5 Blue : Diff.

Intensity (a.u.)

LaMQZNiD4,6 L T T TN S T T T A R S B Lo
LaMgZNiD7 L T T I W R I B |

T T T T T

1.0 2.0 3.0 4.0 5.0 6.0
d-spacing (A)

Intermediate hydride: LaMg,NiD,
with a monoclinic unit cell

K. Miwa, T. Sato et al., J. Phys. Chem. C 120, 5926 (2016).

J-PARC Symposium 2019

New phase (LaMg,NiD, )

Crystal system Monoclinic

Space group
a (A)
b (A)
c (A)
B (°)
V(A)
Z

P2,/m
8.59236(6)
7.99549(4)
6.09887(4)
99.3178(6)

413.46

4
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New phase (LaMg,NiD, ()

LaMg,NiD, ¢ LaMg,NiD,
La—D: 1.986—2.442 A La—D: 2.333 — 2.593 A
Mg-D: 1.795-2.294 A Mg-D: 1.823 — 2.645 A
Mg D (T-site) | > b~ Mg’

AN

i NiD,, NiD3 units ) '
1 @ i
. ‘e !
: @ . I

. . : k .lQ-kL : I > . .
Ni—D distances | '® ® Ni—D distances

4

1.469-1.769 A Mo - 1.484-1.632 A
Precursors of [NiD,]*
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Formation process of LaMg,NiH- (crystal structure)
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LaMg,NiD,

- /\ NN,

D, pressure (MPa)

4.340 _ _

1.170 LaMg,NiD, (Complex hydride)
0.460

0.240

0.150 ﬁ

8838 LaMg,NiD, ; (Intermediate hydride)

Intensity (a.u.)

0.001 ﬁ

LaMg,NiD, 5 (Interstitial hydride)

< 0.001 MPa ﬁ

LaMg,Ni (Intermetallic)

I I I
3.60 3.80 4.00 4.20 4.40

d—space (A) T. Sato et al., Int. J. Hydrogen Energy 42, 22449 (2017).
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Hydrogen absorption reaction of LaMg,NiH,
studied by inelastic neutron scattering
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Inelastic neutron scattering spectrum of LaMg,NiH,
: Black : Expt.
LaMg.NiH; Red : Calc. (Total)
Cyan : Calc. (Fund.)
— Total
>
S
> . . .
_E -~ Lib.  Bending Stretching
g == H (INiH]*)
- < Trans. 5
H (H)
0 400 800 1200 1600 2000
Wavenumber (cm-1)
Translational mode Libration mode Bending mode  Stretching mode

T. Sato et al., Inorg. Chem. 57, 867 (2018) .
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Inelastic neutron scattering spectrum of LaMg,NiH, ¢

J-PARC Symposium 2019

: Black : Expt.
LaMgNiF; Red : Calc. (Total)
Cyan : Calc. (Fund.)
g Total
)
8
= Lib.  Bending Stretching
2 Trans. -~
2 H ([NiH,]*)
- < Trans. S
H (H)
LaMg,NiH, ¢
- Total
5
8 .
.| Trans. _  Deformation Stretching _
=l = H (NiH,)
g Trans. Deformation = Stretching
=y . \ / g H (NiH,)
< Trans. S
H (T-site) NiH, unit ~ NiH3 unit
0 400 800 1200 1600 2000

Wavenumber (cm-1)

T. Sato et al., Inorg. Chem. 57, 867 (2018) .
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Wavenumber range for H in T-site in LaMg,NiH,

H- (LaMg,NiH,)

H (T-site LaMg,NiH, ¢) Intermediate range

M between H- and

interstitial H

Interstitial H (Ti,,Cr,,V75Mo05)

NiH, unit  NiH; unit

200 400 600 800 1000 1200 1400
Wavenumber (cm-1)

T. Sato et al., Inorg. Chem. 57, 867 (2018) .
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Conclusion (Hydrogen absorption reaction)

H, absorption reaction of a complex hydride LaMg,NiH,
Crystal structure:

Intermetallic . Interstitial hydride Intermediate hydride . Complex hydride
LaMg,Ni LaMg,NiH; 5 LaMg,NiH, ¢ LaMg,NiH;
Mg H (T-site) Mg?*  n-

Lad* &

NiH, unit  NiH; unit [NiH,]*-

Vibrational dynamics:

NiH, and NiH; units :lack of librational modes
H in T-site in LaMg,NiH, ¢ :Intermediate wavenumber range between
H- in LaMg,NiH, and hydrogen in interstitial hydrides

=> H in LaMg,NiH, s exhibited intermediate states
between H in complex hydrides and interstitial hydrides
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Hydrogen desorption reaction of LaMg,NiH,
studied by neutron diffraction
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Hydrogen desorption reaction of LaMg,NiH,

5 °C/min Vv : LaH,

Ar flow (150 ml/min) O : Mg,Ni

\ \ S \ \ v |
Q 0.0 1 LaMg;NiH-- ‘567 K -
7))
S 0.5 3 v 673K
E/ 1.0 - 2 mass% ) ] (After TG)
o Py
o =
@ -1.5 - -2
5 3
I O I P Y S - £ _
S LaMg,NiH, LaMg,NiH,
§ 2 5 +|— LaH, + Mg,Ni + 5/2H, (g)1 - (Before TG)

_3.0 I I I I I I I I I I
300 350 400 450 500 550600650 15 20 25 30 35
Temperature (K) 20 (degree)

LaMg,NiH, — LaH, + Mg,Ni + 5/2H, (g)1 (approx. 2 mass%)
T. Sato et al., ChemPhysChem 20, 1392 (2019) .
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Neutron diffraction of LaMg,NiH-, (10-450 K)

Intensity (a.u.) +

Intensity (a.u.)

450 K
Temp.
10 K

At high Q region, broadening of the Bragg peaks
T. Sato et al., ChemPhysChem 20, 1392 (2019) .
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Temperature dependences of U, , for each element

ISO

5 ] -
Larger temperature
dependences in Dcov- ¢
4 . i
. Thermal vibration ¢
<L ¢
‘é 3 ) -
D" DCOV
X |8 e
S 2- i
CDD_ @ e 0 % g i i
T1 Ni s s * i
g s & o °
g |\/|g s ®
ks La ® i Local atomic arrangements
0 100 200 300 400 500 around [NiD,]*- and D-

Temperature (K)

Temperature dependences of U, for each element
T. Sato et al., ChemPhysChem 20, 1392 (2019) .
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Hydrogen desorption reaction of LaMg,NiH,
studied by inelastic neutron scattering
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Inelastic neutron scattering of LaMg,NiH (5 K)

V\zfg
; X

[NiH, ]+~ H-Ni-H
Libration Bending

Stretchlng
A

H- translatlon
N —— A

'd A\

*
' .
------

—] Translation

—

Intensity

0 500 1000 1500 2000
Wavenumber (cm=1)

T. Sato et al., Inorg. Chem. 57, 867 (2018) .
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Inelastic neutron scattering of LaMg,NiH, (5-600 K)

[NiH ]~ H-Ni-H

Libration Bending
A A

Ni—H
Stretching

S5
S
> 5 K
)
§ Temp.
=

600 K

0 500 1000 1500 2000

Wavenumber (cm=1)
Weakening of chemical bonds around [NiH,]J* and H-
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Inelastic neutron scattering of LaMg,NiH- (5—600 K)

[NiH, %
Libration

Intensity (a.u.)

300 400 500 600 700
Wavenumber (cm1)

Larger Deov- vibration leads to hydrogen release reaction
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Inelastic neutron scattering of LaMg,NiH- (5—-600 K)
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Mg
“ [NiH,]4-
‘V Libration / 600 K
« .
D8 L 5K
“
.
330 3.1 5
g Similar to U, of Do o \E
o 3.2 $ 3.0 ® =
(@) | c
C @ — o
By @ > =
2 3.1 $ 295 —
O Q
S $ $ 3
| 3.0$ &3 28 3
X Orange : D8—Mg N | | | | |
29 Gray :D8la | = 300 400 500 600 700
0 100 200 300 400 500 Wavenumber (cm-1)

Temperature (K) T. Sato et al., ChemPhysChem 20, 1392 (2019) .
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Conclusion (Hydrogen desorption reaction)
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H, desorption reaction of a complex hydrlde LaMgleH

Crystal structure: Deov.
» Atomic displacement U, of H®V is larger than 5‘; , i
that ot H-. s ;
» Interatomic distances of La—Hc": and Mg—Hcov >,
were elongated related with U, of HeoV., x | D-
= u . 8 o o @ g 8 g i i
Vibrational dynamics: Tyt e
[ ]

» Libration mode of [NiH,]4- at approx. 400 cm™"
was clearly softened.

» The softening of Libration mode of [NiH/]*
was related with large changes of U, and
interatomic distances related with Heov.,

=> Weakening of chemical bonds around Heov:
is trigger for the H, desorption reaction of
LaMg,NiH;.

Intensity (a.u.)

Wavenumber (cm~1)
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