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fun materials for mobile hydrogen storage

= |ntroduction
» Synthesis methods of borohydrides and deuterides

» Thermal decomposition and reversibility of
borohydrides and borohydride compounds

» Determination of the stability of borohydrides and
borohydride compounds

» Crystal structure of borohydrides
» |Instruments and measuring methods

= Conclusion
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Intro 4 &
8 FuncHy
functional materials for mobile hydrogen storage
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A. Ziittel, Materials today 6, 18 (2003) é *;i;;*;;?gg,,



Mg(BH,), and Ca(BH,), TRE FunCHy

Karlsruhe Institute of Technology functional Is for mobile hydrog

Direct wet chemical synthesis of c8:8-
SIT 1

MH, + 2Et,N-BH, "% M(BH,), + 2Et,;N, M = Ca, Mg

6000 — 70 —

‘ Calciumborohydride Ca(BH,), ‘ ] v(B-H) v(B-H)
60 stretching/ﬂ I bending
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Synthesis of partially deuterated borohydrides, :8:8:

_\\J(IT M(BH,D,_ ), with M = Li, Na, Mg, Ca, as potential 55?5 :FuncH Y

structural probes for hydrogen storage materials Bciom el for mollis dice

Direct wet chemical synthesis: M(H.D,..), + n Et;N-B(H,.D,); 2> M(BH,D,,), +n Et;N

NaBH,

v(B-D)
stretching

v(B-D)
bending

NaBHD, o

X |NaBDH
3
= BH, BHD;" BD,
= B-H 2290 (A,) | 2283 (A)
2 stretch. | 2283 (T,)
|(_E modes
B-D 1695 (T,) 1695 (T,)
stretch. 1639 (A,) 1639 (A,)
modes
v(B-H) v(B-H) Def9r- 1239 (E) 1065 (E) 877 (E)
stretching bending mation 1123 (T,) | 864 (E) 852 (T,)
— T T T T T T T T T T T T T 1 modes 859 (A)
3000 2700 2400 2100 1800 1500 1200 900 600

Wavenumber [cm'] FT-IR

H. Hagemann, V. D’Anna, P. Carbonniere, E. G. Bardaji and M. Fichtner, /v
J. Phys. Chem. A, 113, 2009, 13932. 7 HELMHOLTZ
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-
| Effect of the Additives in the Formation of :$:3
1 ETL Mg(BH,), by Metathesis Reaction 818 FuncHy

functional Is for mobile

2LiBH, + MgCl, — Mg(BH,), + 2LiCl

2LiBH,+MgCl, were milled in 10bar H, for 12h with and without the presence of 1% molar
ratio of three different additives.
Formation of Mg(BH,), was confirmed by Raman and XRD

N 1 N 1 N 1 N 1 N 1 N 1 N 1 N
100.0 —— Without additive

—TiCl,

- —TiF,
99.0- ScCl,

98.5 1
98.0 +

97.5

Weight %

97.0

96.5 -

96.0

L) l L) l L) l L) l L) l L) l L) l L)
100 150 200 250 300 350 400
Temperature (°C)

Results indicated that reaction’s yield decreased in all cases except for ScCls. 7 nemnovrz
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EMPA° Synthesis of LiBH, from the elements g-;z FuncHy

Materials Science & Technology functional materials for mobile hydrogen storage

= Synthesis of LiBH, and LiBD, from the elements
Li (0.2 g)+B (0.2 9) LiB; + x Li Li,Bg + X Li

stoichiometric ratio Li/B = 1.6

ooooo:::::::::: 330°C> 450 °C> 323233323
0000000000
OO0 OO0 Ar 80 Ar 0000000000
00000 00000 0000000000
RT RT RT
150 bar H, 150 bar H, 150 bar H,
700°C 700°C 700°C
LiBH, + x LiH LiBH, + x LiH LiBH, + x LiH
B: *LiB,: **Li,Bg:
= Strong crystalline lattice » Interstitial solution of Liin B = New phase formation
» Cage like structure of boron » Expanded and stressed B lattice = H, absorption already
= strong H, absorption step at = Decripitation of B particles at 550°C
melting point of LiH (689 °C) = H, absorption already at 550°C

*Meden et al, J. Phys. Chem. (1995) 99, 4252, **Ernst et al, J. Electrochem. Soc. (1982) 129, 1513
O. Friedrichs et al. Acta Materialia 56, 949 (2008) 7 neLmnovrz
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SKIT

Karlsruhe Institute of Technology

Thermal decomposition behaviour of

Mg(BH,),

.huFuncHy

functional materials for mobile hydrogen storage

TGA-MS-DTA
2.5 K/min, He

Mass loss (%)

-14
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DTA Intensity (arb. units)

1 1 1

H, Intensity(arb. units)

0

N. Hanada, K. Chlopek, Ch. Frommen, W. Lohstroh, M. Fichtner, J. Mater. Chem., 2008, 18, 2611.
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EMPAQ Reversibility of LiBH, - FuncHy

°9:02
Materials Science & Technology functional Is for mobile hydrog:
3 B " =
40x10"1 1551 ' — Temperature 600
. 5 — Pressure
‘ ‘ 150 ! [P
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w (LiBH,, LiH) o 1454 : %
g wesa T 2 ] L300 £
+e + E 1401 : 2
307 | * | : 200 O
1354 :Step 1 : Step 2
: I 100
130-| T T T T T T
. desorbed LiBH, 0O 200 400 600 800 1000 1200
) (LiH) Time [min.]
C . .
3 . = absorption at 600 °C and 155 bar of H, for 200 min.
S,
Z 207 L#L—"J-JL = Cooling down to room temperature (0.5 °C/min.)
C .
g 8- -3.0
= — Desorbed H,
= 3 = H, Flow Lo 5
£ 81
2 5. 20 T
= 2
104 f4' 1.9 @
= 3
£ 3 10 2
g .
2 2
\ o 0.5
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Angle 26 [°] /.-
Ph. Mauron et al., Phys Chem B 112, 906 (2008) 7 neLmnovrz
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Reversibility studies on the Li-Al-B-H :8:8:
SIT

* 900
system :3::FuncHy
2LIBH, + Al - 2LiH + AlB, + 3H, Cycling: 2.2 LiBH, + LiAlH, + 0.1 TiF,
(theoret. 8.6 mass% H)
thermod. T (1 bar H,) =130 C (CALPHAD) Hydrogen? T P
] 1tDes. 7.5 wt% 623 K 0.9 bar
! * LiBH‘ ¥ Al .
| AIB, ALiAM 15t Abs. - 573 K 100 bar
= i‘ v O LiH 2 Des. 3 wt% 623 K 0.9 bar
‘e | as milled -
= : | ; v 2" Abs. 1.3 wt% 518 K 100 bar
S et W o A Ax
— y 3d9Des. 1.2wt% 623 K 0.9 bar
~—| dehyd.
% (b) \ : v 39 Abs.  3.5wt% 563 K 100 bar
: ¥
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o Y
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4 T y T ¥ T v T T T T T ¥ th o
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S.Jin, J. Shim, Y. Cho, K. Yi, O. Zabara and M. Fichtner, Scripta Materialia, 58, 2008, 963. /’f’: HELMHOLTZ

| ASSOCIATION

e ———— e —



*@02

functional materials for mobile hydrogen storage

EMPA° Dynamic pcT system §°§ FuncHy

Materials Science & Technology

= Principle of the dynamic pcT system

s I A T

p [bar]

@ Flow Controler @ “
pahs <t l

a’ A ‘. 1
o® 4y ® j ——=
~ 7
H2 Vacuum 6% . ! v . ,
0.0 0.2 0.4 0.6 0.8 1.0
e O i~
® » Ap is a function of flow / kinetics

» Reaction always goes in one direction !

heated
sample

pcT-Instrument with small internal volume (~3 cm3)

for precise measurements of small sample amounts

M. Bielmann et al. Rev Sci Inst 80, 083901 (2009) # wewwnourz
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EMPAQ Stability of LiBH, # FuncHy

Materials Science & Technology functional materials for mobile hydrogen storage

= pcT-measurements of the desorption of LiBH, — LiH + B + 3/2 H, (13.9 wt%)

2 24
10 1 10 - . N
. ] Extrapolation to equilibrium
. 7.
o o] at a flow of 0 sccm.
4 o
31 3
o o
S —
2 11 2
o o 11
(O a 31.
6 7 '
51 flow=0.1 sccm 61 flow=1sccm 2 \\o
44 5
3 — T=517°C 4 —T=517C | & ¢
— T=491°C 3 — I=491°C | 3 o
] — T=466°C — T1=466°C 1o |¢
— T=445°C 2 — T=445°C | £ 145
— T=424°C — T=424°C S
014 — T=403°C — T=403°C 295 X T=491°C O T=424°C
] 0.1 3]0 4 T=466°C Vv T=403°C
O 1 2 3 4 5 6 7 8 0 2 4 6 8 10 0.0 0.5 10 15 2.0
H, [Weight%] H, [weight%)] H,-Flow [sccm]
Ph. Mauron et al., Phys Chem B 112, 906 (2008) # wewwnourz
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EMPAQ Stability of LiBH, - FuncHy

*@02

functional Is for mobile hydrog

Materials Science & Technology

= Van 't Hoff plot for the desorption of LiBH, — LiH + B + 3/2 H, (13.9 wt%)

Temperature [°C]

525 500 475 450 425 400 375
3.0 -20
TPD measurement:

% maximum of desorption

2.5
A % onset of desorption -10
201 o
i -5
15 B
£1.07 B
3 L c
£051 >3
£ g
0.0 -1 fim N

pcT measurements:
054 ¢ flow=2sccm

A flow =1 sccm -0.5
-1.0 flow = 0.1 sccm -0.4
B extrapolation to equilibrium (flow = %sccm) -0.3
-1.54 A
1.25 1.30 1.35 1.40 1.45 1.50 1.55 1.60
1/T [1000/K]

Pqu AH 1 AS AH=-74 kJ mol' H
== 7" ) 2 | T, =370°C
[ Po) R T R AS=-115J mol Hy K1 | °

Ph. Mauron et al., Phys Chem B 112, 906 (2008) 4 "I‘i'ég‘u"é?n'ﬂgu
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EMPA° Stability of NaBH, and LiBH,-CeH, §°§ FuncHy

*@02

functional Is for mobile hydrog

Materials Science & Technology

» pcT of desorption of = pcT of desorption of
NaBH, — 17/20Na+1/20Na;B,,+2H, (10.6 wt%)  6LiBH,+CeH, — CeBg+6LiH+10H, (7.4 wt%)*
Temperature [°C] Temperature [°C]
725 700 675 650 625 600 575 550 525 500 475 450 425 400 375
304 ] 1 1 1 1 | | | 5.0 1 1 1 1 1 1 1
6 LiBH, + CeH
2.5 4.5+ ¢ 2 - 100
- 10
201 T _ 401 -50
g g g
8 15 S 8 3540 flow=0.1scem 5 5
= T = A flow = 0.3 sccm =
T 104 = " 304 ¢ flow=10.6sccm | 50 3
o flow = 2 scem | ' Il extrapolation to equilibrium (flow = 0 sccm) g
054 £ flow=1sccm i
flow = 0.5 sccm “° \ w - 10
| { lation t ilibri flow =0 .
0od ™. extrapolation to equilibrium (ow sccm) o L1 2ol LiBH, é
T T T T T T T

1.I00 1.2)5 1.I10 1.I15 1.I20 1.I25 1.25 1.30 1.35 1.40 1.45 1.50 1.55
1/T [1000/K] 1/T [1000/K]
AH=-108 kd mol' H AH=-58 kd mol'' H
e 33 et vy e | T =534 °C H=-S8kimoltH, g =236°C
S=-133 J mol' H, K A.S=-114 J mol' H, K

*S.-A. Jin et al. Phys Chem C 112 (2008)

P. Martelli, submitted to Phys Chem B (2010) Ph. Mauron et al., to be submitted ']i;;‘;;?;{;u




S\CIT fcxss EMPAQ  Structure of B-Ca(BD,), ifif: : FuncHy

Karlsruhe Institute of Technology e oo Tom e ey Materials Science & Technology functional materials for mobile hydrogen storage

= Neutrons (beta phase, 480K) = Synchrotron (beta phase, 480K)
3
100x107 (a) - Observed Bragg pos. Ca(BD,), B-phase (b)
Calculated Bragg pos. MgD, 3
s —— Difference Bragg pos. Ca,Mg;D,, 300x10° -
| = Excluded region Bragg pos. CaD,
60 |- i Bragg pos. Ca(BD,), y-phase
@ ' Bragg pos. MgB, ’é“ 200
h r e g
2 | " !gli > Ill & l Fnd Iy
g 5% i ﬁ‘ E 100
- Om | -III | A w IIIII IHII l|||l| IIIJIIII IIIIIII tllllllllillll Iklullll | III 1 ||1[Il B 0 } k. N P |:| || (I |||||| |||||J|| PO TTIm || SLTRRNT N0 e
L I I B Ill :”llllllll[lllI I"III I::l“l‘l'llllllll!lllllITIIIIIII IIIIRIII IIII IIII IIII l“ III nn HI"”H | | ' I' I 'r “ ' I || | I |||III Il Wl |:| | I III:I |I||.l||| ] ] Illll; Il lll:ll:lll ]
204 (| Ili I IIIIIIII IIII--IIJII-II- I-I_.n-l-ﬁ_ NI l-l .,‘l e “' |‘||[ IIllll IIII] .II.IIIIIIII“IIIII-Illlllﬂulglllaum :H;Iml i tllllll
Ll .I I 10 .; I.'. | | | 'IOO " I i o .I i 1
-40 ‘_—mm"l“n{{w‘-\fﬂf\(";\" \ i 1 1 1 D B T T B T S T
20 40 60 80 100 120 140 160 10 20 30 40 50 60
20 (%) 20(°)
= Ab initio calculation (lowest energy for #84) = Exp. results from combined refinement (#84)
o o Space Group P4>/m (no. 84); Z =2
V k { site xla v/b e Bie, (A?)
E Experimental; 7 = 480 K;: a = 6.9468(1) A, ¢ = 4.3661(1) A
0 . Ca/2c 0.5 0 0.5 3.9(2)
B/4j 0.302(4) 0.200(5) 0 3.3(4)
& q D1/4j 0.295(8) 0.347(9) 0 11.0(11)
0 D2/4j 0.468(7) 0.185(5) 0 11.0(11)
L t-— D3/8k 0.226(5) 0.161(5) 0.800(6) 11.0(11)
F. Buchter et al., Phys Chem B 112, 8042 (2008) # wewwnourz
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SICIT Mckss EMPAQ  structure of y-Ca(BD,), ‘4 FuncHy

= Neutrons (gamma phase, 300K) = Exp. results from combined refinement (#61)
100x1 0_{ = ; = Observed
a) | :%fr'ﬁl:.ifi Experimental; 7 = 300 K; a = 13.0584(8) 13., b = 8.3881(4) A,
80+ + | Ca(BD,), -phase c = 7.5107(4) A, Pbca (#61)
~ _T | C:a{BD_I}_, B-phase
) I R | CaDuy e e ¥ yib de B (A)
p g A ' : 276
E 40_‘“4“*;&}5 Mard U Ao A Cw’SL‘ 0.6276(7) 0.379( l_] 0.366(1) 2.7(2)
- L0 BT WL R DN R O A R R A (O 0 WY giﬁ; . gggz(? 32}12(?2} giﬁg(?)z 411‘8(?
20—' |I I||'|II ||||”||1I |'|'|”||”||||=||||l||'t'|”|||l| ||”|||||"||| I|||||||”|||||||||||I||I||||||||u"”||||||"|||'|'||}|"|||1”||||||”|f1'|||I |I ¢ - (7) 344(10) 348(12) 9(7)
R L T LU AT U L UL e LR R e D12/8¢ 0.265(6) 0.347(12) 0.596(12) 4.9(7)
S S e D13/8¢c 0.237(6) 0.535(9) 0.473(13) 4.9(7)
2'0 4'0 6'0 g'n ”'m ,;0 20 () D14/8c 0.136(7) 0.368(10) 0.480(10) 4.9(7)
B2/8c 0.503(3) 0.842(5) 0.817(6) 1.6(7)
D21/8c¢ 0.524(6) 0.688(9) 0.798(11) 4.9(7)
* Synchrotron (gamma phase, 300K) D22/8c  0409(6)  0.867(13)  0814(12)  4.9(7)
m“mj'h) I . D23/8¢ 0.542(6) 0.862(10) 0.956(12) 4.9(7)
'"*"’8: B D24/8¢ 0.542(7) 0.921(10) 0.708(12) 4.9(7)
8f z o i
g O .y .
Jd < i g ! i = Ab initio calc. (lowest E, highest Sym. for #61)
2 20U MoA M
= T O U
g { l ti H 10 12 14 16 20(%)
R 3 5
0'!_J| [ AT (T TV R T VR AL RELN
I I EET Y U S, g i N L
I P 11l e 1 Fmw e o o W P r POy e i
.l I Y T T (R T O T W TV o B I [T
10 20 30 m 50

26 (%)
F. Buchter et al., Phys Chem C 113, 17223 (2009) 4 "l’i';g‘u"r':?h'ﬂgrq



. Developing Novel Characterization Techniques :8:8:
T S In-situ Raman Cell 18:8: FuncHy

In-situ Raman measurements of Mg(BH,),+2LiCl heating up to 360°C in Ar atmosphere

| ) | ) | ) | ) | /Y | ) | ) | ) | ) |

] . ——360°C
1360°C | 280°C
1" 195°C
—125°C
] 2275 | ——25°C

280 °C

] 2300
1195°C ‘A Raman Cell:

] P = vac - 200bar
_:'25/09“_ T= up to 400°C

25 °C Bending band Stretching band

1 Mg(BH,), Mg(BH,),

- 1 - 1T 1T 1T 7/—— 71T 17 " 1T - 17
600 800 1000 1200 14002000 2100 2200 2300 2400 2500

Raman Shift (cm™)

Stretching mode shift to the left hand due to the anharmonic effect and finally it
disappears due to the decomposition of Mg(BH,), # weLmmovrz
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EMPA° High-pressure DSC

Materials Science & Technology

:aaFuncHy

functional materials for mobile hydrogen storage

= Drawing of high-pressure (200 bar) DSC = LaNisHg as reference material (T=60 °C)
1.2
0 2 Absorption — 50 sccm
' Water cooling 1.0 — 30 sccm
r | — 10 sccm
s ? Isolation 08-
s F Furnace g
1 o © 0.6
N - Sample holder %
y o T 44
1 = Air / liquid N, cooling 0.
4 i Silver cylinders 0.2+
M~ | /7’
H — Heat flow path 0.0-
® | | H— /,Sz Temperature sensors (Pt 100) 0
® 8
H : -29
3 0 Desorption
TsaeT O Absorption
TRPeE _30_D
T -
AH,, . = -32.3 kJ/mol H, £ 311
=3 o ©) o)
AH,. = -31.3 kJ/mol H, T :
-324
Literature™:
AH,, . =-(32.1 + 0.1) kd/mol H, 334, , , , ,
10 20 30 40 50
AH [kJ/mol H,]
*W.N. Hubbard, Chem Thermodynamics 15, 785 (1983) f
Ph. Mauron et al. Rev Sci Inst 80, 083901 (2009), 7 HELMHOLTZ
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EMPAQ

Materials Science & Technology

High-pressure XRD Cell

* 900
e@e®e
@902

functional

FuncHy

Is for mobile hydrog

» Foto of HP-XRD Cell in XRD hutch (200 bar)

T[°C] 600
500
400
300
200

100

Ph. Mauron et al. to be submitted to Rev Sci Inst
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= Desorption of MgH, at 320 °C
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S A
ummary :$:3: FuncHy

functional materials for mobile hydrogen storage

Borohydrides and deuterides were successfully synthesized with different methods:
- wet chemical method (Mg(BH,),, Ca(BH,), and deuterides)

- metathesis reaction (Mg(BH,),, Ca(BH,), and deuterides)

- directly from the elements and indirectly via LiB5 and Li,Bg (LiBH,, LiBD,)

The desorption of LiBH,, MgBH, and CaBH , was investigated
The reversibility of LiBH,, LiBH, + Al has been shown

The Stability of different borohydrides and a borohydride metal hydride system was
determined by dynamical pcT (LiBH,, NaBH,, LiBH, + CeH.,)

The crystal structure of 3- and y-Ca(BH,), was determined

A high pressure in-situ Raman- and XRD cell and a high pressure DSC were
constructed

ﬁ HELMHOLTZ
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