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J Complex hydrides as hydrogen storage materials

J Hydrogen dynamics in Li,(BH,)(NH,), studied by QENS

J Mg(BH,), based solid state ion conductors

J Summary
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Hydrogen storage
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Energy and hydrogen storage

L{ H, storage | Complex hydrides
* jonic compounds

= gsolid state reaction to release and

| l
q Physical based ’ L{ Material based ] reabsorb H2
|

| l r(‘ _F(( . Na* [AlIH,]
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NaAlH, ¢ 1/3 NaAlHg +2/3A1+H, 3.7 wt% H,
& NaH + Al + 3/2 H, 1.8 wt% H,

Bogdanovi¢, B. et al Journal of alloys and compounds 253 (1997): 1-9.
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Energy and hydrogen storage

H, storage
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Lohstroh, W. et al. ChemPhysChem
11.4 (2010): 789-792.
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wt.% H2 desorbed

Nitrogen based hydrogen storage materials

= 6 Mg(NH,),+ 12 LiH — 3Li,Mg,(NH);+ 3 LiNH, + 3LiH+9H,

5.6 wt% H, ~39kJ/molH,

[11 W. Luo and E.R6énnebro, J. Alloys Compd 404-406 (2005) 392
[2] Leng, Haiyan Y., et al. The Journal of Physical Chemistry B 108.26 (2004): 8763-8765

[3] Nakamori, Y. et al. Journal of Power Sources 138.1-2 (2004): 309-312. 19 f i j ] ".I'
[4] Weidner, E., et al., The Journal of Physical Chemistry C 113.35 (2009): 15772-15777. B "ﬂ— —— A
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[5] M. Aoki et al., J. Alloys Compd. (2006) doi:
10.1016/j.jallcom.2006.11.141
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Mg(NH,), - x LiH - LIiBH,— improved kinetics

» 6 Mg(NH,),+ 9 LiH + LiBH, <— 3 Li,Mg,(NH),& Li,(BH,)(NH.),

[1] Hu, J. et al., Dalton Trans., 2010, 39, 9100-9107

[2] Wang, H. et al., Advanced Energy Materials (2017), DOI: (10.1002/aenm.201602456)
[3] Gizer, G. et al. International Journal of Hydrogen Energy 44.23 (2019): 11920-11929.
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Li,(BH,)(NH,),

= 3 LiNH, + 1 LiBH, (ball milled

= P02.1 (PETRA
[ll, DESY)

= A=0.206A

» p(H,)=3bar

= - Liy(BH;)(NH,);
T, ot > 500 K (DSC 493 K)

= Recrystallisation to a-phase + LiNH,

Aslan, Neslihan, et al. Advanced Engineering Materials 23.11 (2021): 2100620.

Li,BN;D,, (/213) a (A) = 10.5846(2) A (@ 5 K)
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Wu, Hui, et al. Chemistry of Materials 20.4
(2008): 1245-1247.
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Hydrogen dynamics — Quasielastic scattering

do 1 Oinc Ocoh
__ (deE’) = aky |\ Lr Sme(Q) |5 Sen( @)
uclide Gecoh Ginc
H 1.75 80.26 /
Mg 3.63 | 0.08 oc self correlation
7L 0.45 | 0.78 function
"B 5.56 0.21
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Hydrogen dynamics — Quasielastic scattering
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Li,(BH,)(NH,) — QENS

= Fully protonated — BH, and NH, entities
= p(H,)=3bar
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Li,(BH,)(NH,) — QENS

95 peV resolution

= 372K,1.3 A"
Total fit
-8 function
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10007 K71 Materials 23.11 (2021): 2100620,
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Li,(BH4)(NH,) above 500 K

24 peV resolution

» Long range diffusive motion of hydrogen
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Partial Deuteration

= Li,(BH)(ND,), = Li,(BDJ(NH,),
10 F T T T T T T T & T T T T T 10 3 T T T T T T T T
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7/ §
NEUTRONS
FOR SOCIETY

ING6 Sharp

Energy transfer [meV]

= QENS below T, originates mainly from
BH, entities

= Temperature dependence varies for the
two partially deuterated samples

N. Aslan et al. (2021)
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Intensity

Partial Deuteration

Temperature dependence
10— — 19 .
5 _ . 300K 18
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1L e« 505K [ Prnas ]
i § o ¢ — — ~Resolution 16 B,
Q =1.2 A ‘| ‘ 15 [
0.1 = 14]
2 13} _ _
0.01 £ 12| ——Liu(BH,)(ND,); .
11 | ——Lif(BD,)(NH,)3 \l
10 -,\ ]
0.001 pa ¢ AL . . ! gl \ g ]
“e3 . .o [ V. ]
SRR X .. 81 'IFWS' at1.1 A
1E-4 . . . | . L l . ) . ) 1’E so=Omg— o/o._.o—o/c’—o—o—o—o—-o—ozowooooogffo—ww (
-2 -1.5 -1 -0.5 0 0.5 1 1.5 0 300 : 350 ' 400 : 450 : 500 :
Energy transfer [meV] Tmelt
T[K]

= Liy(BDy(NH));
long range diffusion above T,,,
= Li(BH,)(ND,),
gradual transition
long range diffusion starting around 470 K

N. Aslan et al. (2021)
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Diffusivity

H - 1 3 I ' I ' I ' I ' I ' I ' I ' I ' I ' I ' I E
6 Mg(NHz)Z +9 LiH + L’BH4 ] B Li4(BH4)(NH2)3: BH4/(NH2) self diffusion coefficient ]
0.1 < O Li4(BH4)(NH2)3: Li from conductivity (Nernst Einstein) =
3 H LiBH4: BH4 in LiBH4
0.01 + O LiBH4: Li from Nernst Einstein 2
@ 0.001 - 1
@ 1E4Y mBHA gy !
N i ]
£ 1E-5- -
] — 3 H4/NH2, this stud ]
3 Li,Mg,(NH); + 0 1e6 ] BN The Y ]
i EBH4/NH2
Li,(BH,)(NH,); + 9 H, :
1E-7 1 i
1E-8 Sl .
Temperature (K) E E
550 500 450 400 350 300 ] .
100 E LI T T Tn; T T T T T T 1E‘9'§ .BH4 OI—I '§
_— d A i melt
TE el | 1E-10 r r 1 ' 1+ I 1 1 * T " 1T * T * T " 1
O 102k 14 16 1.8 2 22 24 26 28 3 3.2 34
2h Li,(BH,)(NH,) -1
g 109 | 1000/T [K™']
B iy )
= 10 ¥ L (BHO(NH); [1] Matsuo, M. et al, Advanced Energy Materials 1.2 (2011): 161-172.
E 10° F [2] Martelli, P. et al., The Journal of Physical Chemistry A 114.37
. (2010): 10117-10121,
Rl [3] Burankova, T. et al., The Journal of Physical Chemistry C 121.33
W 107 k (2017): 17693-17702.
Al ot o : [4] Borgschulte, A., et al. , Physical Chemistry Chemical Physics 12.19
0" 78 20 22 24 26 28 30 32 34 (2010): 5061-5066.

1000/T (K1) [5] M. Matsuo et al., Appl. Phys. Lett. 91 (2007): 224103.
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Hydrogen Mobility and lonic Conductivity —
Mg(BH,), as solid state ion conductor

« High gravimetric Mg(BH,), Mg?* conductivity in Mg(BH,),

0 °
149 Wt /0 H2 a1) 800 400 Temperat::sroe s 70 30 1
107 ¥ T T T —¢ 10°
* rich structural phase diagramm (e.g. 0% A et 1AZL0 (PO, 10°
10° 0°
‘ ‘ 4 ] rs(PO,)s Mg(en);(BH,), >
Mg(BH,),: o, B, B', 1. &, €, 3) I . i
. . . 8 ., Mg(BH,)(NH,) o
* potential solid state ion conductors — 3z * )
s W

high cation mobility concurrent with £ .’ B Nl

O : *
. 10'1°-é \ 10—10
BH, dynamics 0" A e
107 4 Ny 107
10" l : I v T v T ' T —-10"

1.0 1.5 2.0 25 3.0

1000/T (K-')

Elsa Roedermn et al., Scientific Reports 7, 46189 (2017)
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Mg(BH,), : a-, B- and y- polyihorph

Low temperature o - Mg(BH,), Precusor for

@ Mg2+
conductors

o+

Porous (low temperature)

y - Mg(BH,),

hexagonal P6,22

Cell volume: 3434 A3

6 non-eq. BH, positions
Contains voids (37 A3)

D000

High temperature 3 - Mg(BH,),

d Orthorhombic Fddd

3 Cell volume: 7543 A3

d 5 non-eq BH, positions

O Anomalous thermal expansions

d Cubic la-3d
O Cell volume: 3912.57 A3
d 1 non-eq BH, positions

Filinchuk Y. et al, Chem. Mater. 2009, 21, 925-933
Filinchuk Y. et al, Angew. Chem. Int. Ed. 2011, 50, 11162-11166
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v- Mg(BH,),: as received and ball milled

after ball milling:
-  XRD - no long range order
- recrystallization around 373 K

amnaratiira

T
IThHipciauic l[\]

Mass (TG) [%]

323 373 423 473 523 573
T Ed T b T L T - T b T hd ] bl T T T T 100
i ’ Model y-Mg(BH,), -
e 05 -
\g ‘R 96
ST £ ﬁ‘\ ) § 94
> S o
K7) cvo “ﬁ"&# 4 .g.
§ [ || XX XK 1 < %2
= | i ) .
. H~ \
p Y, i . N 3 \ 90
- * —_——— 1 0.0 M f\/\‘\\ ‘ 88
= . e e ived Mg(BH \'
ball milled Mg(BH,), - amorphous P S \‘
2 4 4)2
- as- recelved Mg(BH - v-phase . . I fexo 86
A A _04 . N N . N 1 L 1 1
1.o 15 20 25 30 35 40 45 50 100 150 200 250 300
QIA " Temperature [°C]
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v- Mg(BH,),: as received and ball milled

. Mg-H Mg-B H-H Mg-Hi B-Bi Mg-Mg
i BH | iBHi r
Pi i iHHi
o [} i
e b 3
ﬁ 'g F
© ®©
z z EE
A s ball milled Mg(BH,),
as-received Mg(BH,),
I ! I ! T T T T T T I: T T T I T T T _1 v i%
2 4 6 8 10 12 14 16 18 20 2

r[A]

PDF: Mg-B-H building blocks remain intact

M. Heere et al. Sci Rep 10, 9080 (2020).
10.1038/s41598-020-65857-6
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v- Mg(BH,),: as received and ball milled

I ' I ' I ' I ' I ' I

10 4 ' -
] o ball milled ]
® asreceived
res (3.5K)
14 -
1 T=310K
Q=135A"

S(Q,AE) [arb. units]

AE [meV]

- Rotational jump diffusion of
BH4 entities

T1/2
- Fraction of hindered rotations, p

T; [ps]

T[K]

500 455 417 385 357 333 312 294

100 5

10 o

T

T T T

T T T T T

1st heat

— ©

® , ® ball milled
B , B asreceived

100 5

10

2nd heat .

® , ® ball milled
© , O asreceived

26 28 3 32 34

T T T T T

1000/ T [K"]
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v- Mg(BH,),: as received and ball milled

1 T T I i I :' I: 13 T 1 T N T .'%' T
(a) : I I 124 o ball milled ' :
g : : 114 ® v-Mg(BH,), as received E E )
0.8 - 5 I - o p-MoEH), o
: | | 1.0 3 o — Mg(BH,), : | | E
. : : 0.9 : ' ' .
0.6 4 ¢ ge | | - o | | LA
= : 07 S -3 0)
e o : : N\? 0.6 - : ! 4
' | | , ! T
0.4 - . I I - 054 : i i
g I 04§ &=+ °-- %M
: : 0.3 - - i E e-phase E p'-phase
. ! ! gE‘ ' 1 |
0.2 9 1st heat : | | . 02 . .
@ ball milled : ! ! 0.1 - y-phase " yphase | |
O as received f : : 00— Ibm"a:r‘orﬁ’h I S S
1 4 T . T . T : ,: - 300 320 340 360 380 400 420 440 460 480 500
(b) : | | , Temperature [K]
l oy v e B
0.8 4 ! ! -
' | |
g g o
0.6 - ! ! ]
= 7-Mg(BH,), ? L
04 ® ballmiled ®o : : _
’ O as received ‘ : :
D | |
0.2 a-Mg(BH,), e . ; i
) O B-Mg(BH,), ! !
| |
| |
0 - - | o N ane & & -
300 350 400 450 500
Temperature [K]
06.10.2022 Wiebke Lohstroh | ESS - ILL usermeeting

)



Heinz Maier-Leibnitz Heinz Maier-Leibnitz Zentrum

..
FRM II
Forschungs-Neutronenquelle M LZ

v- Mg(BH,),: as received and ball milled

1 T T ™ T ¥ m
(a) ; [ [
a ! | |
0.8 : i i -
] o ! ! o
. : . ! : T( C)
0.6 § 5 ! ! 7 < 120 100 80 60 40 20
o : : : E T T T T T T
04 L ! O 1010 crystallization
| o 2
: : 1011
0.2 9 1stheat | \ 7 E
® ball milled | | >
O as received : ! ! ] 1012 ~
14 T T T ' I [ i 1 o .\
Q . = o
' v B c 10 N \-
0.8 - : : . o) ®
g E E 3 104 —M— ball milled-Mg(BH,),
0.6 - E E | = —@— as received-Mg(BH,),
1 1 1 1 1 1 || | |
Q  { yMgEH, . o ] O 24 26 28 30 32 34
® ball milled o | : -1
0.4 4 (u] a: ré?:leie\)/ed : a ! ! N 1 OOOIT [K ]
a-Mg(BH,), e -
029 o pwmeeH), o i
04 - . ; . 3 - e
300 350 400 450 500

Temperature [K]

06.10.2022 Wiebke Lohstroh | ESS - ILL usermeeting 2q



FRM II
=, B, Forschungs-Neutronenquelle MLZ

Heinz Maier-Leibnitz Heinz Maier-Leibnitz Zentrum

Thanks to

Michael Heere A\‘(IT

A n n a_ L e n a H a n Se n Karlsruhe Institute of Technology

J.-M- Zanotti NEVTRONS
Neslihan Aslan I
Sebastian Busch NMULULZ SeyedHosein Payandeh
A. Kuznetsova @ Empa
Gokhan Gizer Magnus H. Sarby

Claudio Pistidda Bjgrn C. Hauback

Martin Dornheim 2N -
Martin Miller IFC

Thank you !

06.10.2022 Wiebke Lohstroh | ESS - ILL usermeeting 2%



