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Outline

@ Why hydrogen economy?

@ Hydrogen storage requirements/challenges
@ Ways to store hydrogen

@ Nanoscale effects on hydrogen storage
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Energy Challenges: Climate Change
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Hydrogen Economy

Production

Biomass

Hydro
Wind
Solar
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Natural
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With Carbon Sequestration

Storage

Use
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HIGH EFFICIENC
& RELIABILITY

ZERO/NEAR ZERO
EMISSIONS

Distributed
Generation

From Patrovic & Milliken (2003) and James Wang

. . Sandia National Laboratories
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Hydrogen: A National Initiative

“Tonight I'm proposing $1.2 billion in research fund Ing so
that America can lead the world in developing clean :
hydrogen-powered automobiles... With a new national
commitment, our scientists and engineers will overc ome
obstacles to taking these cars from laboratory to
showroom, so that the first car driven by a child b orn
today could be powered by hydrogen, and pollution-f ree.”
President Bush, State-of the-Union Address,
January 28, 2003
"America is addicted to oil, which is often importe
unstable parts of the world,*”
“The best way to break this addiction is through
technology..”
“..better batteries for hybrid and electric cars, an
pollution-free cars that run on hydrogen’
President Bush, State-of the-Union Address,
January 31, 2006

NanoEngineering Group



Ways to Store Hydrogen
@ Compressed gas
@ Liquid hydrogen
@ Condensed state

‘ @ Volumetric density
Gravimetric density

9
Key Issues @ Kinetics
@ Heat transfer
@ Efficiency
@ Reversibility
.

Operation temperature

NanoEngineering Group



How large of a gas tank do you want?

Volume Comparisons for 4 kg Vehicular H , Storage

Figure 1 Volume of 4 kg of
hydrogen compacted in different
ways, with size relative to the size of
a car. (Image of car courtesy of
Toyota press information, 33rd
Tokyo Motor Show, 1999.)

Schlapbach & Ziittel, Nature, 15 Nov. 2001
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DOE Targets

Table 1 FreedomO AR Hyvdrogen Stornze Svstem Targets

Tarveted Factor

specific energy (MI/kg)
Hydrogen (wia)
Enerey density (ML
Swstem cost (5 ke system) &
Ciperating temperature (07 -2/
Cwvele hife-time (absorption/desorpiion cveles) UL
. P
Delhvery pressure (bar) . 2,

Flow rate (g/5)

| ransient response (5) ). 0.

Retuelmg rate (ke Ha/ian) 35 1.

*Source: NMalhiken (2003,
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Compressed Hydrogen Gas

* Type IV all-composite tanks are available at 5000 p  si (350 bar)
e 10,000 psi tanks being developed

NanoEngineering Group



Liquid Hydrogen Storag

7

Liquefied Air

Ambient Air

Linde Tank, GM From Patrovic & Milliken (2003)

Equilibrium temperature at 1 bar for liquid hydrogen is ~20 K.
Estimated storage densities’

Berry (1998) 4.4 MJ/liter
Dillon (1997) 4.2 MJ/liter
Klos (1998) 5.6 MJ/liter
Issues with this approach are:
— dormancy

— energy cost of liquifaction.

1 J. Pettersson and O Hjortsherg, KFB-Meddelande 1999:27 —IiT



Hydrogen Storage in Condensed States
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Potential Elements
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Element choices to store H limited
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Hydrogen Density of Materials
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Desired binding energy range

300+

GAS INTERFACE METAL
Potential energy for 2H+M
200+
molecular and -
atomic hydrogen ‘Tg
- £ 100
absorption 2 endothermic
s activated \+ /\/\/\/\
- . H, + M _
(' Desirable range /\/\/\/\
o _ physisorbed
. of bl{]glgg E?/erglles: chemisorbed axtiarivic
S ) Mo -100- |
gz L (0_1 -0.6 eV) J. E.Lennard-Jones, Trans. FaradaySoc. 28 (1932),pp. 333.
S > «—d 2H
§".
AlH, MgH,, TiH, LiH H-I H-jH H-ci3 H-l)H
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Physisorption Chemisorption

High temperature
Atomic H
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Physisorption

e Langmuir Isotherm
_ _Kp
1+ Kp

_ Molecules Adsorbed
Number of Adsorption Site

E 2 10* 410 6 10* 8 10* 110°
K |:| T ~1/2 eXp k PRESSURE

B Assumption: Monolayer coverage

NanoEngineering Group 15 |||II-
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Research Directions

@ Increasing surface area
@ Increasing binding energy

NanoEngineering Group



Increasing Surface Area
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MOF: Rosi et al., Science, 2003
Roswell et al., JACS, 2004
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Increasing Binding Energy

http://www.wag.caltech.edu/f e T
uelcells/index.html
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Chemisorption

HYDRIDES Material H, [mass%]  Tg,. [°C] 1 bar

LaNisH, 1.49 15

Metal hydrides L e e 0
ZrH, 2.16
TiCr, gHy 5 2.43

MgH,, AlR; Mg,NiH, 3.62 300
VH, 3.81 -10,

XAIH,, XBH, TiH, 3.98 780
NaH 4.20 430
CaH 4.79 1000

-NH,, =NH LizNﬁ + LiH 5.50 600
LiNH, + LiH 6.50 300

Ho+ and Ho- NaAIH, 7.46 30, 120
MgH, 7.66 320
AlH, 10.07 <RT
LIAIH, 10.62 -93
NaBH, 10.66 620
LiH 12.86 900
Al(BH,), 16.90 <100
NH, 17.75 -32

Nan A. Zuttel LiBH, 18.51 230 — i



Classification

@ Metal hydrides: MgH,
@ Complex hydrides: NaAlH,
@ Chemical hydrides: LiBH4, NH;BH,

NanoEngineering Group



The Hydrogen Bottleneck

DOE goal Chemical
(2015) hydride

Storage wt. % 9%
Storage vol. % 81 kg/m3

Reversibility 1500 cycles Limited
(cycle)

System storage $2/kWh $50/kWh $18/kWh
cost

Fueling time 30 s/kg-H,
(reaction kinetics)

Operating -40 - 60 °C
temperature

Operating <100 atm. \ /
pressure

JoAnn Milliken (2002)
NanoEngineering Group i




PcT Relation

a-Phase: Solid Solution

MH (0<x<0.1)

X

1024 28 32 36

7' 10 k")

3-Phase: Hydride Phase

MH XxX={1,2,3,...}

X

From A. Zuttel
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Thermodynamics

ea® % 0
o v @

L MR XN T

Sissssins

Sesassses  Equilibrium AG =0

AG=0=A r“+R-T-ln(iJ
Po

AG'=-R-T- ln(‘l—)] = AH"~T-A8" Van't Hoff equation
Az)(]'

p AH’ 1 AS’
In| — |= ——— —+
P, R T R

for p = pg = ig ‘ decomposition temperature

NanoEngineering Group 24



Stability of Hydrides

T [°C] Tdec
700 5{?0 390 200 1|50 100 50

“
Mg,FeH, Na,AlHg NaAlH, .

L.aNi, .—11.-; a\lu-’%lil

20 25
10/T[K]

Thermodynamic Equilibrium __
NanoEngineering Group 75 A —7gidi il




Energy Barrier

“Energy

Energy
Barrier

Separation

Thermodynamically Favorable Does Not Mean Kinetical |y Favorable

NanoEngineering Group |||II-



Reversible Metal Hydride System

Sum 5000X Sum 5000X

Sodium alanate doped with Ti is a reversible material hydrogen storage approach.

3NaAlH, —Na,AlH, + 2Al + 3H,—» 3NaH + Al + 3/2H,
3.7 Wt% 1.8 Wt%

L ow hydrogen capacity and slow kinetics are issues

NanoEngineering Group 27




System destabilization

Forming new alloys *Reduce energy (temperature) needed to liberate

Dehydrogenated
— M 2H, T R

Alloy

State

ENERGY

r MH + XA Hydrogenated
State

Gregory L. Olson DOE 2005 Hydrogen Program Annual Review

Doping with a catalyst

*Reduces the activation energy.
*Allows both exothermic and
endothermic reactions to happen at
lower temperature.

Hydrogen Desorbed [ wt.% ]

H, by forming dehydrogenated alloy

*System cycles between the hydrogen-containing
State state and the metal alloy instead of the pure metal
*Reduced energy demand means lower

—— MA,+112H, penydrogenated temperature for hydrogen release.

Mechanically Doped NaAIH ,

Ti (Mechanically Doped)
Szt T (Solution Doped) gjr‘"ﬂjv AN

Frnnandhnnnng Undoped

100 150 200
Temperature [ °C ]
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DESTABILISATION OF MgH,
25LiH+Si — Li,.Si+ 1.25H, 2 MgH, + Si —» Mg,Si + 2H,

x (HiLi, ;Si)

0.0 0.5 1.0 1.5 2.0 25
T T T T . T T T T I T L] T L] T T T L] T 'I' T T ':, é T T 8 :- Trr | Trruw I L B '| rorrida ] TTrTT '| TT I—.I-I.-l I_ I_'.| -| I_: 300
0E mee b3 E N
| —=- absorption | . o ﬂ':l] .
— | ~— desorption o 4 250 -
3 3 ~6F ] g
— e F (d) 3
a b - 200
o ' 198
3 o f ] -
0.1 - 3 E
a : 24F 2MgH,+Si 1505
a : gt 1 1003
0.01 . “E o
_||g|]j||||.|||,||.|_|_|JIJ|_||I||lllllllllllllllllllllllII‘II: E_ " e 50
0 1 2 3 4 5 :
Weight Percent 0k 0
0 2 4 6
F Trrrj|rrrr|rrrr [T T rrTT |: Time {h]"}
0 L Upper plateau & 3
3 1 [@AH,B {b) MgH,/Si
g Lower plateau E
2F 3 =] A+H; Dehydrogenated 0 3 Mg+H,
£ 3 state: AH large, (7.6 wt. %)
3 3 Pe low

1 |>
i |8 T ABu*Hy Stabiized (Aloy) | 389 kJimol T 2Ma:Si+H,

BE = x=1.5, absorpllan, AH = -106.5 kdimal-H, | = . state: AH smaller r(5.0wt %)

3 * x= 1.5 desorplion. AH = -120.7 kdlimel-H; | w ' P, higher :

- o x={04-0.5 absarption, AH =-119.3I:menl-l-!? E [ eq L]

Pure LiH ® x=0.4-0.5, desorption, AH = -120.0 kl/mol-H; | . :36.4 kJimol

8E — Pure LiH, AH = -180.1 kJfmal-H, 3 ' :

S e TP EPEPP TPEPEPEPIE PRPRPEP : —LLAHE+xBHydrogenzted5tate .75_3kamoluMgHz+1j2Si
1.20 1.25 1.30 1.35 1.40 1.45 1.50

10007 (K A. Zuttel

Ref.: J. J. Vajo, F. Mertens, C. C. Ahn, R. C. Bowman Jr, B. Fultz, J. Phys. Chem. B 108 {2004), 13977-13883
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Imide (NH) and Amide (NH ,)

First step: LiNH, + LiH 4= Li,NH + H, (6.55% @ 300C,latm.)

O-o :@—Q—}g:@—ee—e

Second: Li,NH + LiH 4= Li,N + H, (5% @ 300c 0.05atm)
= Release temperature too high and low release pressure.

0e 900 = D0 o

3 600y
Partial Mg substitution reduces release E 500_

temperature = :
. - 400
Li,  Mg,NH, 2 ¢
a o———
0 10 20 30 40 __
NanoEngineeringGroup — — 30 _ Mg Concent. x _lllll




Chemical Hydrides

Hydrolysis:
XH, +nH,O0=nH,+ X(OH),
(e.g. NaBH,, LiH)

Dehydrogenation:
H X---YH_= nH, + XY

(e.g. decalin -> naphthalene)

Dehydrocoupling:
XH +YH_ =nH,+XY
(e.g. NH, + BH,)

New compositions and pathways

Each reaction family has numerous  Paciiic Northwesl
opportunities

National Laboratory

)peraterl by Battelle for the
LS. Department of Energy




Irreversible Chemical Hydrides

NaBH, + 2H,0 - NaBO, + 4H,

2LiH + 2H,0 - 2LiOH + 2H,

* Hydrogen capacity is high at around 10 wt% hydrogen
» Dehydrogenation kinetics are fast.
* Reactions are irreversible on-board vehicle.

2Na + 2H,0 - 2NaOH + H,

NanoEngineering Group




Fueling Cycle

Fuel (NaBH,)

L

Borohydride
Production

Service Station

Fuel Cell
Vehicle

From DOE BES Hydrogen Report

NanoEngineering Group




Calculated enthalpies of hydrogenation as a
function of fused aromatic structure
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N-Ethylcarbazole (Air Products, Inc.)
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Metal ammine complexes

_‘\n. \\ 1x10°

Mg(NH,).Cl, (8) — MgCL (s)}+ 6NH {g)

om
=

—
L]

i
=

e
|

Crravimetric Volumetric
H, density H, density/
("o Hal (kg m3)

NH_ desorption rate [mol/s]
Accumulated NH, capacity
[mal NH_ / mal MgCl ]

Ma{NH3)sCla g ] 110 -
Ca(NH;3):Cl, 9.7 120 : o

Temperalure [K]

@ Mg(NH,),Cl, = MgCl, + 6NH; (9.1%) @ T <620K
@ Ammonia is toxic
@ Can be used in high T solid oxide fuel cells.
@ High temperature of hydrogen release
2NH; — 3H,+ N, @ ~600K

Christensen et al ] Mater Chem ?3%0'—') 15 4106-4108
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Thermal Management

* Hyriding reaction:
~1 MW for 5 min.
Nanostructured

materials impair heat
transfer

e Temperature rise
suppresses hydriding
reaction ¥ {8
-Typical hydrlde Elneér; et. al., Int. J. Hydrogen
conductivity: k~0.1 /AR (he) e S
W/m-K
Conductive foams, Expanded Graphite
fins and meshes Compacts

See: Zhang et. al., J. Heat Transfer, 127 (2005) 1391-1399

NanoEngineering Group |I|II-




Benefits of Nanostructures

@ Increase kinetics: diffusion time ~ radius square/diffusivity
@ Possibility of co-existence of chemi- and physi-sorption
@ Possibility of changing thermodynamic properties

e Yang’'s Equation:

_ 20 «— Surface Tension
B— P =

I' «<— Radius

e Kelvin Theory:

» For multiphase system, transition

temperature, equilibrium pressure

and enthalpy of reaction change

with radius.

For hydride, we can expect similar

dependence in release temperature,

equilibrium pressure and enthalpy of

formation. —
NanoEngineering Group 38 i




Simultaneous Physisorption and Chemisorption

target material

MgNi:ISiO2 sorption |
MgNi:SIO, desorption
MgNi:SIO, sorption (7 days)
MgNi:S O, desorption (7 days)
SO, sorption

SO, desorption

';f

@
=5
—
£
Q
-
©
+—
Q.
>
=
Qo
(o)
o
S
o
)
<

pressure (bar)

S.Mao, LBNL
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Size Effects on Thermodynamic Properties

Assuming the following reaction
M+H, - MH,

@ At nanoscale, surface and size
affect reaction enthalpy.

= Increase the surface to
volume ratio.

Increase adsorption sites d
to low coordination surface
atoms.

Lower binding energy in
small metallic clusters.

ue

Bulk molar free energy of formation

AG = AG, + RT In(-

ay Ry,

)

Van't Hoff relation

AH

_AS,

InP% = —-2
" RT

R

Nanoparticle molar free energy of
formation

3\/MAM—>MH (ylr)

AG(r) = AG, (r) + RT In(—2uH )
cMEn

+

[

(AT (7 (r)[

VMH

Vi

2/3
] - yM (r)) + Eadsoption

NanoEngineering Group
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Modeling DFT Results

Estimated change in internal energy

. during Mg hydration reaction
@ If internal energy dependence on = g , ok . .
radius is all contained in the 2 € e - o9 o -a
surface energy term E N y
S VAWA (y,r) &8
— M™M - MH ! = o
AE(F) - AEBulk + quJE 40¢ 1
r E o o @ DFT calculation by Wagemans
O i = Estimated energy based on surface tension
>.= 20+ -
o
by ) G'J 9
@ Following Tolman’s work, surface ¢ %
tension is allowed to vary with © 2 4 '
radius g2
A =5 _200 1|0 2|0 3|0 4|0 5|0 60
&) i :
A — 0 Number of particles in clusters
DFT values of internal energy
1+ — calculated by Wagemans et al.
I J.Am. Chem. Soc. 2005, 127

NanoEngineering Group a1 |I|II-



Enthalpy of Reaction

Predicted enthalpy of formation as

a function of radius in MgH2 system
+ 3\/MAMAMH _ASO -45 : : ; ;

rRT R <l

-95¢ Enthalpy of reaction for bulk:
-72.5kJ/mol

60t

-B5¢

>
=2
{8
=
-
C
@
| -
L
o
=

70t

of formation In kilojoules (kJ)

-75

0 1 7 3 4
Nanoparticle radius in nancmeters (nm)

« Nanoparticles with positive A will have

Lower equilibrium temperature
Less heat release during hydrogenation

NanoEngineering Group
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Improving sorptions properties with nanotechnology

BEHAVIOR OF
NANOSTRUCTURED/NANOCOMPOSITE
HYDRIDES
Zaluska et al., Appl. Phys. A 72 (2001) 157-165 (review paper)

Absorption Kinetics Desorption temperature

dH/dt (arb. units), endo »

polycrystalline

_.--'—'__I | 1 1 i !
20 40 80 80 100 150 200 250 300
t{min) temperature °C

Thehl_ourllk hydride sorption rate is prohibitively sma Il and releas e temperature is
too high.

Reducing grain and particle size increases kinetics and uptake.

Surface energies and material properties at nanosca le offer ways to tune the
energetics of absorption and desorption.

NanoEngineering Group 43 |||II-




Nanoscafolding to improve kinetics and change
thermodynamics: Borazane (NH,.BH

@ Nanoscaffolding improves
Kinetics and reduces enthalpy
of formation (catalytic effect)
Reduces emmissions of
unwanted chemicals
& o I

neat AB
- AB:SBA-15

relative

yield borazine

@ Scaffolding decreases H wt-% mje =80
by half.

@ Reversibility is still an issue

NanoEngineering Group T. Autrey et al.. Angew. Chem. Int%2d. 2005, 44, 3578 —3582.



Mass and Heat Transfer

Hydriding/dehydriding
» Diffusion limited hydride Nanoscale Reaction

reaction. heat transfer

\
] ] H, mass
Optimal pore and particle diffusion

sizes: balance pore diffusion
and_dlffusmn in the_soll_d Nanostrctured
particle to control kinetics. material

The strongly exothermic hydriding
reaction increases the sample’s
temperature which reduces the reaction
rate or even stops the reaction altogether.

[N
o
w

[N
o
N

Rapid hydriding reaction thus requires
effective heat removal solution.

®
K, e EXPERIMENTAL

F ™ K., EXPERIMENTAL SipsGes
X BULK ALLOY (300K,

Nanostructures usually have poor heat
transfer characteristics. Therefore, we

need to balance mass diffusion kinetics , P=05 ]
WI th heat transfer. | Cross-Plane ~—__ Lines—Fitting with Chen’s Model

FEEFE BT B T T T N
120 160 200 240 280 I I I N —
TEMPERATURE (K II
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e |
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Summary

- Key ISSUES: volumetric and gravimetric density.

@ Thermodynamics: sorption/desorption temperature.
@ Kinetics, mass and heat transfer: pumping time
@ Reversibllity: cycling time

@ Nanoscale effects on storage density,
thermodynamics, kinetics, and heat transfer

NanoEngineering Group



