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The Requirements

Property Target

Gravimetric storage density > 6.5 %

Volumetric storage density > 6.5 %

De-/rehydrogenation kinetics Dehydrogenation <3 h
Rehydrogenation <5 min

Rehydrogenation pressure <5 MPa

Equilibrium pressure Around 0.1 MPa near room temperature

Enthalpic effects As low as possible (boundary condition

reversibility at room temperature)

Safety As high as possible, i.e. no ignition on
exposure to air or water

Cycle stability > 500

Memory effect Ideally absent

Price As low as possible (rough guideline: 100
€/kg H,)

F. Schuith et al., Chem.Commun. 2249 (2004)
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NEYN[o) Na AlH,

B.C. Hauback et al., J.Alloys and Comp. 358, 142 (2003) E. Rénnebro et al. J. Alloys and Comp. (2000), 299, 101



The doping procedure

Ti-compound

e From solution

NaAlH, in Toluene

e By ball-milling




e 10 kg Ti-doped NaAIlH, prepared
e 4x 2.5kg batches

e Used as storage material for
thermochemical heat storage for
Stirling motor



Hydrogenation during ball milling

H, (80 bar)
NaH + Al + TiCl; (cat.) > Ti:NaAlH,

BVC-BA-049 Pressure
milling under 80 bar H pressure Tem P erature

t [min]

J.M. Bellosta von Colbe et al., submitted



12th cycle

40

t [min]

J.M. Bellosta von Colbe et al., submitted
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Catalyst systems investigated

e Titanium compounds
» Titaniumalkoxides
» Titaniumhalogenides
» Titanium colloids

» Titanium and titanium alloys
e Various transition and rare earth elements
e Carbon

e Diamond



Catalysts for the NaAlH, system:
Rehydrogenation
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New Systems
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Very high capacity: 4.9 % for ScCl,
Good kinetics at 50 bar: 2 % in 10 min, 3.9 % in 3h

B. Bogdanovic et al., submitted
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IFT (k)

/\_~ after ball-milling
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M. Felderhoff et al. Phys.Chem.Chem.Phys. 6,4369 (2004)



XANES spectra

2.0 Bgfter ball milling after cycling -

All samples rather similar

| gy
”

N, S 1 Ti zerovalent

Spectra resemble TiAlj

normalized absorption

Ti predominantly in
Al-environment
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photon energy (eV)



Status of the system during cycling

3 NaAIH, + TiCl, —Ti + 3NaCl + 3Al +6 H,
After ball milling

” o NaCl

Dehydrogenatlon

O AITI
Hydrogenatlon

Dehydrogenatlon

o NaCl

Q NaAlH, with Na,AlH, core



One role of titanium: H, dissociation

e DFT calculations point toward Ti/Al on surface as site for N
hydrogen dissociation (S. Chaudhuri, J.T. Muckerman,
J.Phys.Chem.B. 109, 6952 (2005))

e Confirmed by isotope exchange experiments

=3/A

ion current m/e

0] 1000 2000 3000
time/s

J.M. Bellosta von Colbe et al., submitted



Quantification

= DJ/HD
—— HDequilibrium simulation

Data: Data1_C

Model: HDequilibrium

Chi*2 = 0.18985

a 5.6985 +0.13609

b 1237.05968 +34.94772
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Analysis reveals that bulk hydrogen from alanate
participates in exchange reaction

J.M. Bellosta von Colbe et al., submitted



Mass transfer

e Still an open issue

e Surface and bulk diffusion of alanates has been
suggested

e Alanes have also been suggested as
Intermediates, as well as a Na,AlH; species
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Mg(AlH,),

Structurally described (THF-adducts and neat compound) by
the group of Fichtner (J.Alloys and Comp. 345, 286 (2002))

Synthesized by metathesis of alanate precursors with
magnesium halides in solvents

Alternative: Ball milling of NaAIH, or LiAIH, with MgCl,
(M.Mamatha et al., J.Alloys and Comp., in press)

Titanium catalyzes decomposition as for NaAlH,

Thermodynamics unfavorable for hydrogen storage



Other alanates

e K,NaAlH, Poster by Hauback et al.
e Solvent free metathesis via ball milling
NaAlH, + metal halide ===> NaCl + metal alanate

Mg(AlH,), (+NacCl)

lendothermic

DSC: none of the
three alanates useful
for storage

Ca(AlH,), (+NaCl)

LiMg(AIH,), (+LiCl)

120 170 220 270 320 270 420
T/°C

M. Mamatha et al., J.Alloys and Comp., in press
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Perspectives

e The NaAlH, system is almost optimized, heat
management seems to be limiting factor

e Low pressure rehydrogenation still an issue

e Other studied alanates thermodynamically
unfavorable

e Titanium catalysis works for other alanates

e There is a wealth of alanates which has not been
Investigated yet
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The ,, materials landscape”
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Hydrolytic routes: Hydrogen on
demand™

NaBH, +2H,0 —— 4H,+NaBO, 10.8%

H,
25wt.%
NaBH, | NaBO,
n [R50 Cat. in H,O
2 9% NaOH 2

Advantages: Liquid fuel like conventional
no risk in absence of catalyst D)

MILLENNIUM '
; lZZl-Ilb




Problems with Hydrolytic Storage

e Modules have to be exchanged (solid)
e Quite difficult control problems (solid)

e Not very energy efficient
» production of alkali metals

» or production of metal hydrides
e Expensive, even if prices would drop

e Probably applications only in high-end niches
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NaAlH, as storage material

e Problem: NaAlH, is normally not reversible
e Solution: Catalysis of de-/rehydrogenation via metal doping

B. Bogdanovic, M. Schwickardi, J.Alloy Compd. 253-254, 1 (1996)



Choice of dopants
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G. Sandrock et al. J.Alloy Compd. 339, 299 (2002)
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What happens during ball-milling?

350

10[0

250

200

3 NaAlH, + TiCl, —>Ti + 3NaCl + 3Al +6 H, |

4 mol% Ti, big ball

.................................................... 6m0| H2 for 4% T|
4 mol% Ti, small ball

an/ snffasssssssusnssssssEEpEEEEEEEEEEEEEEEEEEEEEEEEEEEEED 6mo| H2 for 2% TI
2 mol% Ti, small ball

0 2 4 6 8 10 12 14 16 18
t[h]
B. Bogdanovic et al. J.Alloy Compd. 370, 104 (2004)
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Lessons learned

Ti in all samples in essentially
identical environment

J\M " no oxidic environment, but
—  first coordination sphere like

FT (k)|

|

0 > Ti-metal
‘/\/‘\
2 Ay (0]
——A&z
(0]
-2 0
4 6 8 10 12 14 16 2 4 6

k, At r, A



What is the atom in the first
coordination shell?

Ti-2 4mol % TiCl; doped NaAlH, dehyd.

4 6 8 10 12 14 0 1 2 3 4
2 ” )
1
1
fit with Ti-Al >%€o
fit with Ti-Ti .
-2

6 8 10 12 14 0 1 2 3 4
photoelectron k@A) distance (A)

‘ the differentiation between these two contributions is impossible



78%Al, 1.4%Ti, 15%Na

M. Felderhoff et al. Phys.Chem.Chem.Phys. 6,4369 (2004)



The decomposition process

3 NaAlIH, — Na,AlH; + 2 Al + 3H, — 3 NaH + 3 Al + 4.5 H,

200
180 | ~~>Q NaH, Al
160 | ‘i //‘ r'“‘et
H |
— | 5 ; NasAlHsg
O' 140 s
s ; NaAIH
% 120 |7 7 Na3A|H6,A| ‘
£ 100 | /S |
Q. :
5 80 Na3AIH6,AI ....................................
I LUy 800 0 -800 -1600
(610) ‘ (ppm)
40
20 L Hydrogenation always incomplete!
0

B. Bogdanovic et al. J.Alloy Compd. 350, 246 (2003)



What happens during doping?

. . Ether, -110 °C i )
TiCl, + 4 LiAlH, o > [Ti(AIH,),] + 4 LiCl

E. Wiberg, R. Usén, Z. Naturforsch., 1951, 6b, 392-393. v 1-3daysrt
Ti + 4 Al + 8 H,

ball-milling, 10 min

TiCl, + 4 LiAlH, > Ti + 4Al + 8H, + 4LiCl
v

V.K. Pecharsky et al., J. Alloys Comp., 2001, 329, 108-114 TiA|3 + Al

ball-milling

TiCl; + 3 NaAlH, > Ti + 3Al + 3NaCl + 3H,

— . [TiAH)]
T TiAl, + 3NaCl + 6 H,

E.H. Majzoub, K.J. Gross, J. Alloys. Comp. 2003, 356-357, 363-367




Highly dispersed amorphous Ti after
doping

o N v [4-787] Al
% [65-429] Al Ti
o [5-628] Na Cl

. * Heated at 850°C

.

Heated at 400°C
“"AW

I -
o

Heated at 200°C

Ball milling 3h,
Extraction of solid with THF

2000 240 28.0 320 36.0 40.0 440 48.0 52.0 2Theta
C. Weidenthaler et al. Phys.Chem.Chem.Phys. 5, 5149 (2003)



First indication for alloy formation at
200°C

Al-reflection at 38.5° 20 at RT

after heating to 200 °C

|:> TiAl; at higher temperatures



Action of the catalyst

=3/A

ion current m/e

H/D-exchange at RT

D, dosing

blank

1000 2000 3000
time/s



Improved system: storage capacity

e TiN-nanoparticles are surprisingly good
catalysts with high cycle stability

6,00% .
Coll. Ti
SO nano-TIN
4,00%
3,00%
2,00% Rehydrog. at
A: 105°C/140 bar
1,00% | B: 170°C/130 bar
C: 100°C/50 bar
0,00%

10 11 12 13 14 15
CCCAAC

CBCCCHB




The catalyst Nano-TiN

200°C 300°C 600°C

Ticl, , —— TICLN, ,—— TINCl —— TIN
NH; NH; NH;
A2 350
cms3g

300 |
e S, = 230 m2g!
200 A
150 -

100

50

(0] 0,2 0,4 0,6 0,8 1
P/P,

S. Kaskel et al., J. Mater. Chem. 2003, DOI:10.1039



Improved system: kinetics

.

‘o

TiBr, - 2THF + K[BEt,H] —> @i @

. b
100
S g0 Ti-colloid
(b)
=
© 60-
o\o I
¢ 40- Ti(Obu),
o
2 20
T
0) I I I I
0 20 40 60 80
time [min]

B. Bogdanovic et al. Adv.Mater. 15, 1012 (2003) and DE-A-10163697.0



Direct Synthesis

simultaneous measurement of pressure
and temperature during the milling
process and wireless data transmittance

Advantages

observation of start and end of the
hydrogenation process

extremly homogenous distribution of the
catalyst - fast kinetics!!

preparation of new materials
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Cycle Stability

Automated apparatus cycle test, Chemetall NaslH, + TICL (2 mole®) milled at ZOZ

Increase in T from 120 to 150 °C
at P =100 bar

s
I
X
-+
2.
==
=
Q
0]
O
3
O

"means incomplete hydrogenation

30 40 50 50 70 80

Cycle number




Carbon aerogel

temperature

encapsulated

non encapsulated

2 4 6 8 10

time [h]

12



Safety problems appear to be
manageable

NaAlH, after
switching from
argon to Air




State-of-the-art systems

Hyrogenation temperature ~ 127 °C

p [bar]

0 10 20 30 40 50 60 70 80

90 100 110
time [min]



Mild conditions

Hydrogenation between 120- 126 °C

AN

0 20 40 60 80 100 120
time [min]
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Other Alanates

6
weight percent hydrogen

G.J. Thomas



Other alanates?

e Other alanates: Mg(AlH,), LIMg(AlH,),...
e Synthesized in our laboratory by various pathways

Ball milling

MgCl, + 2 NaAlH,
MgCl, + 2 LiAIH,

Mg(AIH,), + 2NaCl
~ Mg(AlH,), + 2LICl

Ball milling

Et,0
Mg(AIH,), + 2 NaCl - Mg(AIH,), - Et,0

Soxhlet

l 60°C

Mg(AIH,),



Mg(AlH,),
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XRD

According to M. Fichtner et al.,
J.Alloys and Compounds 345, 286 (2002)
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Mg(AlH,), as storage material?

e AH; around 0 kJ/mol 9

e But titanium catalyzes hydrogen release!

MgCl, + 2NaAIH, =—==="3% MgH, + 2Al + 3H,™+ 2NaCl

< NaCl
A Al

@ MgH 2

o)

80 100 120

Hydrogen evolved during milling XRD after milling



XRD measurements Ca(AlH,),

CaCl, + 2 NaAlH, _Ballmiling  Ca(AIH,), + 2NaCl
CaCl, + 2 LiAIH, 2™ ca(AlH,), + 2LiCl

A

100.01

A # Unidentified
A LiCl
® NacCl

80.01

A

Relative Intensity (%)

0.0~
20.0 30.0 40.0 50.0 60.0 2Theta



Thermovolumetric measurements

250°C
Ca(AlH,), + 2NaCl > CaH, + 2Al + 3H, T+ 2NaCl
250°C
Ca(AlH,), + 2LiCl > CaH, + 2Al + 3H, T+ 2LiCl
Expected: 3.0 wt% Expected: 3.3 wt%
Found :2.9wt% Found : 3.0 wt%
3,0 300 35 300
2,5 o590 3P 250
02’0 200 °F 200
% 2,0
1.5 150 150
1,6
1,0 100 100
1,0
0,5 5 ok 50
oh
0 20 40 60 80 100 120 190 0 20 40 60 80 100 120 140
time in min time in min

Thermal dissociation of Ca(AlH,), -2NaCl mixture Thermal dissociation of Ca(AlH,), -2LiCl mixture



Summary and Outlook

. <100
Titanium catalyzed hydrogen storage o
iIn NaAlH, at present most advanced < 80+ Ti-colloid
reversible solution IS
o\o 60'
Changes of the system during cycling & !

beginning to be understood

So far no other promising alanate 0
identified

Innovation potential in improved
catalysts, hydrides with higher
storage capacity



Possible Search Methodology: High
Throughput Experimentation

* Prepare metal/catalyst
library in inert atmosphere

 EXxpose to hydrogen

* Record thermal signature
with thermography

* Integrate to obtain
estimate on enthalpy

Courtesy of J. Klein/A. Haas/S. Schunk, hte AG




More Common Light Metal Hydrides

Hydride

LiH
NaH
BeH,
MgH,
AlH,
LIAIH,
LIBH,
NEVA I
NaBH,

theo. Capacity/%

12.5
4.2
18.2
7.6
10.0
10.5
18.3
7.4
10.6

AG(298)/kIJmol-t

-70
-33
+20 (?)
-36
+15 (?)
-60 (?)
-143.5
(+4)
-123.8



Hydrolytic One-Way Processes

e Either alkali metals or better metal hydrides are
hydrolyzed with water

NaH + H,0 —» NaOH + H,

e Alkali metal or hydride has to be packaged

e Process is irreversible under consumer
conditions, thus only one-way



Reaction theoretical wt % H:
evolved from reactants
(hydride + water)
LiH + H;O — LIOH + H;

CaH; + 2H,0 — Ca(OH); + 2 H,

LiAlHy + 4 H,O — LiOH + AI{OH), + 4 H;

£

LiBH; + 4 H,O — LIOH + H:BO3; + 4 H;

NaAlH,; + 4 H,O — NaOH + AI(OH), + 4 H;

£

NaBH,; + 4 H.O — NaOH + H3;BOj; + 4 H3

“

Release from: - solid hydrides
- stabilized solutions

D. Browning, http://www.h2net.org.uk/PDFs/Stor2000/H2nettalk_Nov00.pdf



Na + H,0 — NaOH + % H,

NaH + H,O — NaOH + H,

Na-balls coated with polyethylene which are broken under water for

hydrolysis
http://www.powerball.net



Complex boron hydrides

e In principle more attractive due to higher storage
capacity

e More conventional ones are too stable
e So far no catalysis reported

e Question of boron hydride (volatile) release
unclear



How to search for new hydrides?

e Look for right enthalpic effect initially

e Entropy of decomposition reaction dominated by
formation of gaseous H, (AS - 298K = 39 kJ/mol H,)

e For AG=0at 298 K = AH =40 kJ/mol H,)

— Look for hydrides with moderately
negative heat of formation



Following gas evolutin during ball
milling

RILLIMG %181 - DETAIL
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. The tip of the thermocouple
Courtterweight reaches the wall of the milling vial.
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Two-channel Fitter element
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T Hydrogen vernt

Millirgy wisl

Courteryyeight (see detai)

Gas hurette
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Temperature measuring & é ;-’;
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State of the catalyst

Framework substitution model

(a) undoped

kwi
0’0

Na'
AlH,

vacancy

D. Sun et al. J.Alloy Compd. 337, L8 (2002)

Low crystal-chemical probability

3 NaAlH, + TiCl,==% Ti + 3 NaCl + 3 Al +6 H,
3501

300
250 1
—200 1

E
=150
100 1
50 1

i, big ball

6 mol H, for 2% Ti
2 mol% Ti, small ball

O 2 4 6 8 10 12 14 16 18
t[h]

There is no high valency titanium



Status of Ti-doped NaAlH,

e Possibility of reversible storage capacity around
5 wt% has been demonstrated

e Rehydrogenation in less than 10 minutes has
been achieved at around 100 bar

e Rehydrogenation pressure still too high (2.5 h at
61 to 45 bar)

e Catalyst improvement still seems possible
e Safety Issues need to be addressed

e Cost issues of catalysts need to be addressed
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