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Hydrogen: A National Initiative

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




2003: Basic Research Hydrogen Workshop Report

_ . “Bridging the gaps that separate the hydrogen- and fossil-fuel based
- Basic HE'SBEFGII NEB“S’ ml,'m-e | economies in cost, performance, and reliability goes far beyond
S HytrogenEconomyss n

~ incremental advances in the present state of the art. Rather,
fundamental breakthroughs are needed in the understanding and

- control of chemical and physical processes involved in the production,
storage, and use of hydrogen. Of particular importance is the need to

Heportiofithe

Basic Eneroy ' __ understand the atomic and molecular processes that occur at the

Sciences Workshop

o X interface of hydrogen with materials in order to develop new materials
o d i ior! suitable for use in a hydrogen economy. New materials are needed for
Siaraz, el Ugs ' membranes, catalysts, and fuel cell assemblies that perform at much
el higher levels, at much lower cost, and with much longer lifetimes. Such
breakthroughs will require revolutionary, not evolutionary, advances.
Discovery of new materials, new chemical processes, and new
synthesis techniques that leapfrog technical barriers is required. This
kind of progress can be achieved only with highly innovative, basic

research.”

Chair: Mildred Dresselhaus, MIT
Co-Chairs George Crabtree, Argonne National Laboratory, Michelle Buchanan, Oak Ridge National Laboratory
Dates: May 13-15, 2003



Hydrogen Studies
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THE HYDROGEN ECONOMY: OPPORTUNITIES,

COSTS, BARRIERS AND R&D NEEDS
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The Hydrogen Economy

Ieases omorgy sxglosively in hoat on

It the fuel cell is to become the mndom steam engine, basic  pines ar quictly in fusl eells to produce

research must provide

water as its P Hydrogen

materials, and design to make a tlydrogon-baud energy s abundant and generously distrib

system a vibrant and competitive force.

George W. Crabtres, Mildrad 5. Dresselnaus.
and Michelle V. Buchanan

Ginee the industral evelution began i the Tith c.
tury, fasil fuels in the form of eaal, oil, and natural gas
have powered the technalogy and transpartation netwarks
{hat drive soristy. But continuing ta pawer the werld from
fosail fucls threatens our anorgy supply and puts enor-
‘mous strains on the enviranment. The warld's demand for
energy is projested to double by 2050 in responss 0 papu
latian grovwth and the industrialization f doveloping coun
tries The supply of fassil fuels is limited, with restrictive
shortages of ail and gas projoctod tn noour within aur life-
tames (soe the artiele by Paul Weisz in PHYSICS Tonay,
July 2004, page 47). Global oil and gas reserves are can-
contrated in a fow rogions of the world, while demand 1=
srrowing everypwhers; as o ronlt, 2 socure supgly is i
crennngly difficult to assure. Marcaver, the use of fossi]
fuole puts nur own health at risk through the chemical and
particulate pollution it ereates. Carbon ditsads and ather
greenhouse gas emissians that are associated with global
warming threaten the stability of Earth's climatn.

A roplacement for fossil fusle will not appear
avernight. Extensive R&D) is required before alternative
saurces can supply enorgy 1n quantities and at costs com
pettive with fassal fucls, and making those alternative

uted througheut the warld withaut re-

gard for national houndaries; using it

ta ereate o hydrgen econamy—a fu

ture energy system hased an hydrngen

and eloetricity—anly requires techna]

oy, mot political aceess.

Althaugh in many ways hydsogen

in an attractive replacoment far fossi]

fuele, it does ot oceur in nature as the fuel H. Rather, it
occurs in chemical compounds ke water ar hydracarhans
that must be chemcally transformed o yield H,. Hydro.
gon, like clectricity. is a carrior of energy, and bke elec
tricity, it must bo produced from o natural rosurce. At
present, mast of the world's hydmgen is producsd fram
natural gas by a process called steam reforming, Howover,
praducing hydrogen fram fassil Fuels would rob the hydro-
e economy of much of its raisan d'étre: Stenm reforming
does not reduce the use of fossil fuels but rather shifis
them fram end use to an earlier production step; and it still
releases carhon £ the envimnment in the farm of (0,
Thus, to achieve the bansfits of the hydrogen econamy, we
must ultimately produce hydrogen fram non-fossil ro-
saurces, such as water, using a renawable anergy souree
Figure 1 depicts the hydrogen econamy as  notwark
composed af thrsa functional steps: production, starags,
and use. There are bame tochnical means to achieve each
af these steps, but none of them ean et campete with fos
sil fuels in cost, performance, or rehability. Even when
using the cheapest production method—steam reforming.
of methano—hydrogen is stil] four times the cost of gasn.
line far the aqulv\lrm amount of energy. And production
from methane does not reduce fassil fuel use ar CU, emis

saurces available will itself
ing the propar peonomic infrastructure. Eorit th steps
takes time, hut greater giobal investment n R&D will
mast likely hasten the pace of ccomamie change. Although
it is impassible o prodict when the fossil fuel supply will
fall shart of domand ar when global warming will became
acule, the present trand of yearly increases in fossil fucl
e shortens our window of opportunity far a managed
transition te alternative energy sourees,

Hydrogen as energy carrier

e pramising allernative to fassil fusls is hydragen® (see
the articlo by Joan Ogdon, Prvics Tonay, April 2002,
paze 631, Through its rraction with axygen, hydragen re.

[ t-m'. Erabirea is.a physicst i the maferisls science dhision

Laborafory n Tennessze.

185204 A Wt of irncs, $0031-9528- BATE BT

sian, Hydragan can be stored in pressurized gas cantnin.
era v 08 & Hepuid i) espogans eeotainers, bt ot o dan
sities that wauld allaw for practical applications—driving
a ear up t0 500 kilometers on a single tank, far example
Tydrogen can be converted i eloctricity in fuel colls, but
the productian enst of prototype fuel colls remains high:
39080 per kilowatt of power produced for pratatype fuel
cells imass preduction eould reduce this est by a factor of
16 ar more|, compared with 30 per kilowatt for gasoline
engines

The gap batwesn the present state of the art in hy
Litgin pebdaction, stocigs. and naa and tHAtsged EEh
enmpetitive hydrogen ceonomy s tan wide to bridge in in
cremental advances. It will take fundamental break
throughs of the kind that coma anly from basie rescarch,

Beyond reforming

The US Dopartment of Energy estimates that by 2040 cars.
and light trucks powored by fuel colls will roquire abeut
150 megatans per yoar of hydrogen.” The US currently pro-

| duces about 9 megatons per year, almost all of st by re-

forming natural gas. The challenge is to find inexpensive

December 2004 Prysics Today 39

G. W. Crabtree, M. S. Dresselhaus,
M. V. Buchanan

Physics Today 57(12), 39-44, 2004

Other hydrogen studies reach similar conclusions

http://www.physicstoday.org/vol-57/iss-12/p39.html



Why Nanostructural materials are important
for
energy-based applications

* New desirable properties are available at the _
nanoscale but not found in conventional 3D materials
e.g., higher diffusion coefficient to promote hydrogen
release

* Higher surface area — promotes catalytic interactions

 Independent control of nanomaterials parameters
which are interdependent for 3D materials.



millions $/ year

Context — Nanotechnology in the World
Government investments 1997-2005
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The Worldwatch Institute, State of the World 2006: a Worldwatch
Institute report on progress toward a sustainable society.




Moore’s Law for semiconductor electronics

soon, all microchips will be nanoscale devices
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CONCLUSION: Moore’s law continues for this decade regarding future size, device
performance and cost for semiconductor electronics industry.

Semiconductor Research Corporation



Extension of Moore’s Law to
the Energy Industry

— Moore’s law has for many years been
working to set goals for electronics,
opto-electronics, and magnetics
Industries.

— We now need to apply Moore’s law to
set goals for the energy Iindustry.



Moore’s law for Solid-State Lighting at Half the Energy
Consumption as for Conventional Lighting
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Emerging Nanotechnologies will further
Increase Solid State Lighting energy efficiency
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Photonic Crystal LEDs

Patterning of LEDs with 2D photonic
lattices could force all emission to be
normal to the surface and could
double the efficiency of LEDs.

(J. Weirer et al., APL 84, 3885,
(2004))

PL { abt=arplion {arb. ursls

"|.':..-. I5 nnr.l‘l' [rem

Nanocrystalline Quantum Dots as
Phosphor Alternatives

Nanoscale dimensions of the quantum dots
allow for an efficiency of more than 50%
and also output tunable in wavelength.

(M. Achermann et al., Nature 429, 642,

(2004))



Discovery of Ultra-Efficient Carrier Multiplication
In Semiconductor Nanocrystals

» Observation of more than 6 e-h pairs produced by 1 photon
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... but electricity was not discovered via incremental improvements to the candle
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Hydrogen as an Energy Carrier
The Technology Gaps

SOI&S automotive
i fuel cells
hydro
consumer
electronics

stationary
electricity/heat
generation

nuclear/solar

thermochemical gas or

cycles

Bio- and fossil fuel
bioinspired reforming

hydride
storage

(production ] { storage ] [use(infuel ceIIs)]

4.4 MJ/L (Gas, 10,000 psi)
8.4 MJ/L (LH2) $200-3000/kW

l Gap 1 Gap 1 Gap

150M tons/yr 9.7 MJ/L $30/kW
(Light Cars and Trucks in 2040) (2015 FreedomCAR (Internal Combustion
Target) Engine)

OM tons/yr



Fossil Fuel Reforming in Hydrogen Production

. For the next decade or more, hydrogen will mainly be produced using fossil
fuel feedstocks.

. Development of efficient inexpensive catalysts will be key.

. Modeling and simulation will play a significant role.
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Inspired by quantum chemical calculations, Ni surface-

alloyed with Au (black) on the left is used to reduce

carbon poisoning of catalyst, as verified experimentally
on the right.




Catalysts: Predicting Catalysts for Hydrogen Production, Storage or Fuel-Cell Utilization

Theoretical calculation of molecular hydrogen
undergoing dissociation over near-surface alloys.
= Small purple spheres: hydrogen
= Blue spheres: platinum atoms
= Red spheres: nickel atoms
= Bicolor blue and red spheres: platinum atoms
whose electronic properties have been dramatically
altered by the underlying nickel.

= There is a need for low-temperature, highly
efficient and durable catalysts for large scale
hydrogen production.

= New catalyst structures and compositions are
now being predicted a priori using quantum
chemistry and molecular dynamics.

= Single metallic layers of one metal embedded
within a matrix of another metal produce low-
energy hydrogen scission and recombination.

= Nickel within platinum can attach atomic
hydrogen weakly like copper and gold, while
dissociating molecular hydrogen rapidly like
platinum and rhodium.

= This study may lead to breakthroughs in
hydrogen production, storage and combustion

in fuel cells.
J. Zhang, et al, Angew. Chem. Int Ed. 44, 2132 (2005)



Solar Hydrogen Production: The Search for the Ideal Mixed-Metal Oxide Photoelectrode

\F

Fe L‘E&.WF; @

Ink jet patterning of metal oxides

Operational cell for P
.~ Hydrogen

solar water splitting = |
;. ~—Electrolyte
Yy
o
7 e
" |ptypefimE~1.4 eV

S

-Gap for electrolyte flow

N n-type film E;~2.5 eV

G.S. Herman and B.A. Parkinson, Chem. of Materials 17, 4318 (2005)
«|

Solar water splitting by semiconductor
electrodes is the ideal method for production of
hydrogen fuel.

A novel high-throughput search seeks to find a
semiconductor with the band gap of 1.6eV to 2.0
eV needed for simultaneous hydrogen and
oxygen evolution.

This search seeks compound metal oxides for
water splitting that contain up to four different
metals. Some metals provide structure and
stability, some the color of light absorption, and
others provide charge compensation and
recombination suppression.

The high throughput search is made possible
with the use of a three-cartridge ink jet printer
where the cartridges are filled with different
metal nitrate precursor solutions.

A triangular pattern with all possible variations of
the three metal inks is printed on a conductive
glass where each position contains a different
combination of metals.

The triangle is scanned point by point with a
laser to assess the potential of each combination
for water splitting.



High Throughput Combinatorial Screening

Combinatorial Materials Screening

Materials Series Process vs. Parallel Process
Fab r | Catl O n (one at a time) (up to a thousand at a time)

Proof of concept R,

High throughput combinatorial screening methods
are widely applicable for optimizing alloying of
nanostructures for enhancing specific properties

Science 268, 1738 (1995).



Bio-Inspired Processes: Effects of structure truncation on Oxygen Tolerance of Hydrogenase

Bacterial Truncated Bacterial Algal
(Genetically Modified)

100

Bacterial & Truncated Bacterial

Hz Activity

=
T

Algal

Ol ||||||||||||||||||||||||||||||
0 20 40 60 80 100 120
0O, Exposure (sec)

P. W. King, et al, Proc. SPIE Vol. 6340, 63400Y (2006)

= Large scale production of hydrogen by

mimicking the processes used either in algae
or in bacteria.

[FeFe]-hydrogenase from bacterium is >100
times more tolerant of oxygen than algal
enzyme.

Natural hydrogenases (e.g., bacterial enzyme)
are typically not robust enough to operate
under non-biological conditions.

A truncated bacterial enzyme with a simpler
structure has been developed and exhibits
oxygen tolerance similar to natural systems.

Subtle structural differences between truncated
bacterial and algal enzymes provide important
insights into the origins of oxygen-tolerance.

Simplified and robust synthetic mimics of
bacterial hydrogenase are essential for the
development of a commercial hydrogen-
producing system that is cost effective,
scalable to large production, non-polluting, and
self-sustaining.



Hydrogen Storage

Current Technology for automotive applications
» Tanks for gaseous or liquid hydrogen storage.
* Progress demonstrated in solid state storage materials.
System Requirements
» Compact, light-weight, affordable storage.
« System requirements set for FreedomCAR: 4.5 wt% hydrogen for 2005,
9 wt% hydrogen for 2015.
* No current storage system or material meets all targets.
30

|
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Ways to Store Hydrogen

e Compressed gas
e Liquid hydrogen
 Condensed state

| S S

Volumetric density

Gravimetric density

Kinetics, release temperature
Refueling rate and Heat transfer
Energy efficiency

Reversiblility

Cost



U.S. DOE Targets

Table 1 FreedomOC AR Hydrogen Storage Svstem Targets

largeted Factor 2005 2010 2015
Pspecific energy (MI/kg) 5.4 1.2 108
Hydrogen (wt%o) 1.5 6.0 Q.U
plnerey density (MJI/L) L3 5.4 9.72
System cost (S'kg/system) 9 G 3
Operating temperature {(“C) =20/50 -20/50 =20/50
Cwvele hife-time (absorpton/desorption cveles) 500 1,000 1,500
Flow rate (g/3) 3 ] 3
Delivery pressure (bar) 2.5 2.5 2.5
| ransient response (s) 0.5 0.5 0.5
Refueling rate (kg Ha/min) 0.5 1.5 2.0

* Source: Milliken (2003,



Hydrogen Storage Optlons

Metal/complex
hydrides:

= Slow kinetics

= Heat

management
iIssues

= High release
temperature

Chemical
hydrides:

A Not
reversible
(on-board)

H, volume density (kg/m3)

150 ~

Lal

¢
100 4

50 A

Ni

T|H1_7

MgzNH4: MgH, *LiNH,(2)
5H6 Mg(NH;)sCl,*

I
|
TiH, | AlH,

|
|
|
|
I | |
, NBH,

: CH, (liq.)

LiBH 4 (lig.

I LP{IH N 4NH A
I 4 C,H0

IAB: SBAF15 e 2015 DOE system targets K

| ¢ H (liq.)

hite mon

Adsotbed on gr

5 10 15 20 25 100
H, mass density (%)

Carbon structures:

= Low temperature

= Too low wt. % for 2015

= Low energy barrier for hydrogen release
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Hydrogen Storage in Condensed
States
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Physisorption Chemisorption
Adsorption on Surface Absorption into Matter



Chemisorption Categories

* Metal hydrides: MgH,
 Complex hydrides: NaAlH,
e Chemical hydrides: LiBH,, NH;BH,




Nature of Hydrogen Bonding

* Physisorption: Hydrogen binds in molecular
form with a binding energy of the order of a few ~a0k
meV’s/ H, molecule — Binding is too weak and '
hydrogen desorbs at low temperatures.

« Chemisorption: Hydrogen binds dissociatively
with a binding energy of the order of 2 — 4 eV/H,
molecule — Binding is too strong and hydrogen
desorbs at high temperatures.

 |deal Hydrogen bonding: Binding should be
intermediate between physisorption and
chemisorption with a binding energy in the range
of 0.2 to 1.0 eV/H, molecule . Hydrogen can then
be stored reversibly at near ambient
thermodynamic conditions.




Desired bind_ing energy range

molecular and atomic | 2H+M
hydrogen absorption |
l i
g
Activated reaction increases = 100 _
. x, endothermic
release temperature if no .- /\/\/\/\
= acivaie
catalysts are used - ol Hz M
4 ] N\ physisorbed /\/\/\/\
D?Slr_able range | chemisorbed exothermic
of binding energies: -100- |
10-60 kJ/mol o
G (0.1-0.6 eV) ) J. E.Lennard-Jones, Trans. FaradaySoc. 28 (1932),pp. 333.
2H
AlH, MgH, TiH, T T H-iH H-c:i3 H-i)H
] I ] ] 1
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High temperature
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Metal ammine complexes

1x107
MQ[NHS}SCIE (5) —» I"u'lg'[:l2 (s)+ E“rI"~IH3fg}
E 5 7 E" __..":1:-
= 8x107F -
E 152 3
-] =
E og10°F |
5 Z E
=1 =
= 5 ] 3 --I:I--'.I IM
E 4x10 %;l z
Gravimetric Yolumetric ;.-. — 2 E E
H, density H. density/ 5 E =
2 h J = =
(% Ha) (kg m3) 210 41
]"vIgH‘fH;,‘ng:lg | 110 0 | | 0
Ca(NH;)5Cl, 9.7 120 300 400 500 600

Temperature [K]

Mg(NH,).Cl, = MgCl, + 6NH, (9.1%) @ T <620K

NH, can be used in high T solid oxide fuel cells.
High temperature of hydrogen release

2NH; — 3H,+ N, @ ~600K
Technology being developed for battery applications

Christensen et al., J. Mater. Chem., 2005, 15, 4106-4108



Imide (NH) and Amide (NH.,)

First step: LiNH, + LiH 4= Li,NH + H, (6.55% @ 300C,1atm.)

Q-9+m—ﬂ—> + 0@

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

too low
+
< 600

=
Partial Mg substitution reduces release  § °% ¢
' ' 400
temperlijl'turl\(iI US|\||r|]—|g an alloying approach 2 +
I
192 A 300,020 30 40
Mg Concent. x

S. Orimo et al., Appl. Phys. A:Materials Science & Processing, Vol 79, No 7, p. 1765 - 1767.



Improving sorption properties with
nanotechnology

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

 The bulk hydride sorption
rate is prohibitively small and
release temperature is too
high.

* Poor heat transfer leads to
process interruption.

* Reducing grain and particle

Absorption kinetics

Desorption temperature

size increases kinetics and [
hydrogen uptake. : MuoNily
£ nano/
polycrystalline %
<100 nm T : . . - ) u
P el — ¥ ey e
H )
'y 2 ol
m @ *Increased porosity and smaller size increase
AN ‘® diffusion rate.
S~ - eSurface energies and materials properties at
Long H-diffusion Short H-diffusion .
Ariin2eu (ak distances in nanoscale offer ways to tune the energetics of
: nanoparticles: fasr . .
reduced H-exchange rate nydrogen exchange | @DSOrption and desorption to reduce release

@ 2003 HRL Laboratories, LLC. All Rights Reserved

temperature and to speed up release process.



Hydrogen Storage: Chemistry and Nanoscience

NH,BH, (NH,BH,), + H, (NHBH), + H,

WD .o it B o
N 4 e ¢ & 8 — g ©
%;‘Q& “}i{;ﬁ ,, AE ~ + 8.8 %%% AE ~-3.2 &w;\f ?
A R kealimole B B B keal/mole SR
o (Flas - 120°C -~ 12000 SO”d

| 1{.’}3 ‘5’" solid
39 5 \J],‘& [ > 129% mass released as H, } [ Stable, non-toxic ]

simulation: ~ thermo-neutral

Ammonia Borane

solid: di-hydrogen bonds Temperature (C)
80 70 60 50
101 T T 1 T
nano-phase trapping
NH,BH; in mesoporous silica = \-\-\.\
= 102 in mesoporous -
SBA-15 £ silica
£
release rate increased i
- i S 103 free -
1-2 orders of magnitude < NH.BH,
undesirable borazine H, release rate
issues: eliminated 1041 I I I
nanophase mechanism 2.80 2.90 3.00 3.10
1000/T (KL

reversibility
Gutowska, Autrey et al. ,Angew. Chem. Int. Ed. 2005, 44, 3578 —3582.




Van't Hoff plots

At constant temperature, a change
in free energy obeys

dG =VdP

H H P
G" =Gy +RT In(—

)
0
Where P_=1atm is the pressure at

which the standard free energy G, is
measured.

For a hydriding reaction we get

AG reaction _ AGgeaction _RT |n PH2

In equilibrium the change in free
energy is O

AGoreaction ~RT |n(|:)e§2)
AH reaction AS reaction
0

— 0 — In PeHz
RT R |

Temperature (°C)
400 300 200 100
]

100

—_
o

Dissociation Pressure (bar)

01

1000/T(K")

Van't Hoff plot showing dissociation pressure and temperature of
various hydrides (Source: Bogdanovic and Sandrick 2002)

The slope of a plot of In(P,,) as a
function of 1/RT gives the enthalpy of
the reaction and the entropy change
IS given by the intersection with the
ordinate axis.



Size Effects on Thermodynamic Properties

Assuming the following reaction _
Bulk molar free energy of formation

M +H, — MH, -
AG = AG, + RT In(—MH)

a, P
* At the nanoscale, the surface energy M H,

becomes important and it modifies Van't Hoff relation
the free energy.
 If the surface energy term A is Inpee = AHs _ AS,
positive, enthalpy of formation will be H: — RT R

reduced for smaller particles.

Nanoparticle molar free energy of

_ formation
Van't Hoff plot for a model MH,, hydride
MH
VAN'T HOFF PLOT: AG(r) =AG,(N+RTInC 5 -)
InP Decreasing — 2
- . +3\/MA(7/Mg’7MgH2’r)
r
Nanoscale Van't Hoff relation
1T In p:q:AHo+3VMA_ASo
> RT rRT R




Hydrogen Storage: Atomistic Transport Mechanisms in Reversible Complex Metal

Hydrides

Molecular orbital model of the Ti-doped Al surface with hydrogen. The
model shows the highest occupied molecular orbital (HOMO)
configuration after the H, adsorption and dissociation.

= Titanium-doped sodium alanate (NaAlH,) is one
complex hydride material storing hydrogen reversibly
at moderate temperature and pressure.

= Key: Hydrogenation (“fueling”) reaction to NaAIH,
© Di-hydrogen (H2) adsorption & dissociation
® Formation & diffusion of mobile surface
species
© Solid state reaction with sodium hydride
(NaH).

=Key step in the hydrogenation of NaAlH, identified

= Theory shows that a specific Ti:Al complex near the
(001) surface of Al in the hydrogen-depleted storage
material dissociates di-hydrogen (H,) to atomic-H,
part @ (above)

= This finding is an important step toward
understanding how Ti catalysts enable fast hydrogen
uptake and release in NaAlH,.



Transition Metal decorated Organic Complexes

Some new approaches for designing molecules with high
capacity and suitable binding energy.

0.77A

TiC,H, (H,): TiCH: (H,), TICgHg (H,);

9.09 6.61 2.21

Avg. BE: 0.55eV

“Hydrogen Storage and the 18 electron rule”, B. Kiran, A. K. Kandalam, and P. Jena
J. Chem. Phys. 124, 224703 (2006)



Summary of strategies to reduce

release temperature
Destabilize materials by forming ternary,
guaternary and higher order alloys
Doping to destabilize materials

Ball milling of hydride or other methods to
create nanoparticles

Use of catalysts
Use of templates



Thermal Management

e Forming hydride is
exothermic:

~1 MW for 5 min.

 Temperature rise
suppresses hydriding
reaction

«For typical hydrides the *
thermal conductivity is:

Bl i
Klein et. al., Int. J. Hydrogen

k~0.1 W/m-K Energy 29 (2003) 1503-1511
*Nanostructured Make composites by

materials impair heat adding carbon foams, Expanded Graphite

transfer fins and meshes and Compacts

carbon nanotubes to
hydrides to increase
thermal conductivity.

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



Conclusions on Hydrogen Storage

Nanostructures are key to improved
performance — but it isn’t easy

Key Issue: Sufficiently high volumetric, gravimetric hydrogen
capacity (DOE 2015)

- Some candidate materials have been identified

Thermodynamics:
— Control of sorption/desorption temperature and reversibility are needed
— Release temperature ~350K is desired

Kinetics
— Release rate should be fast enough and controlled
— Strategies have been identified and progress has been made

Thermal management mass and heat transfer
— Minimize heat release and temperature rise during hydriding
— Increase thermal conductivity of hydrogen storage material
— Some strategies have been identified

High energy efficiency and safety are prime considerations



Membranes: Micro- and Nano-Patterning Boost Power Qutput and Miniaturization of Fuel Cells

Fuel Cells: 2H,, O, — 2H, O + electrical power + heat

Oxygen

Membrane conducts protons from anode to cathode

0.50

0454 = MNewPEM
o Nafion

0.404
0.351
0.30

0.254

a (Slem)

0.20
0.15

0.10 4

0.051

0.00 T T T T T T T
20 30 40 50 60 70 80
Temperature (‘C)

New “liquid PEMs” have higher
acid content and therefore higher
conductivity than Nafion™

250

T T T T
= patterned (3*3*1.9 um)

flat il
200

150

100

Power Density (mW/cm2)

T T T T T T T T
100 200 300 400 500 600 TOO 800 SO0

Current Density (mAfem’)

Lithographically patterned “liquid PEMs”
lead to higher surface area of the
membrane and the catalyst, and therefore,
to higher power density of fuel cell

Traditional fuel cell proton exchange membranes
(PEMs) such as Nafion™ | the current gold standard,
have limitations:
= Have lower-than-desirable conductivity
= Require high humidity for optimal operation, which
reduces durability

= Difficult to process, requiring high temperature melt
extrusion, followed by exhaustive hydrolysis

= Has smooth surfaces and thus low active surface
areas

Advance in Photochemically cured “liquid PEMS” :
= Liquid precursors converted directly into membranes

= Can be cured into any desired shape including very
thin films

= Can be chemically cross-linked
Enables higher acid content
~ 250% increase in conductivity demonstrated

Results in higher durability and better performance at
lower humidity

= Can be patterned into high-surface area PEMs by soft
lithography and micro-molding techniques
~ 200% increase in power density
Could lead to significant size/weight reduction

Z. Zhou et. al., J. A.C.S. B128 (2006) 12963



Energy & Nanostructured
Materials:
Scientific Challenges
In the Hydrogen Economy

e Overview of nanostructured materials

« Overview of the hydrogen initiative and of
the role that nanoscience and
nanotechnology might play

e Concluding Remarks



Energy Payoff

Summary:. Research for Short-term
Showstoppers and Long-term Grand

Challenges
spli‘r‘rD

water

fuel cell
operation

solid state
storage

Short-term: Incremental
advances via basic research and
technology development

Longer-term: Breakthrough
technologies via new materials and
catalysts, bio-mimetics, nanoscale

architectures, and more.

combustion in

ges/lue \ heat engines

storage

fossil fuel
reforming

Evolution of a Hydrogen Economy



Concluding Remarks

Hydrogen is likely to be one of a mix of future
sustainable energy conversion technologies

New materials and nanoscience discoveries are
necessary to its development

Strong interplay between basic and applied
sciences Is key to success

Interdisciplinary approaches, and coupling
theory/experiment are vital

Working with industry at all stages is a key factor




The END
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