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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




Demographic Expansion
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@The World Energy Demand Challenge
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Projections of world energy demand by Energy Information Administration

• units are Terawatt-yrs of energy, equivalent to continuous use, day and night, of power over one year

• industrial countries use about half the world’s energy

• US about half industrial countries

• developing countries responsible for largest growth, nearly equal to industrial countries in 2025

• EIA projections are consistent with other studies, notably Hoffert 

• fuel mix is 85% fossil, 39% oil

• mix is projected to be approximately constant to 2025, with gas surpassing coal by 2025, oil remaining at 39% 




'I%e Challenge of Fossil Fuel Supply and Security

When Will Production Peak?

-

beyond the peak N

World Qil A0 . , ,
;50 T Production A orventional off 22; E%oc;\dgl new geopolmcql relationships
ST \ ol sands ' Y alternative fuels
B30L  rimate recivery: e ::> unconventional oil
3000 Bbbl ! % break even ~ $30-40 / bbl
0r | 50% more CO,/qgallon gasoline
0} g \ %

1900 1950 2000 2050 2100
EIA:  http://tonto.eia.doe.gov/FTPROOT/ 79% 67 % -

presentations/long_term_supply/index.htm 800 - —— T 20
T Reserves —
R. Kerr, Science 310, 1106 (2005) 700 77} B Production |~ [ggggg et =
E B Consumption 40 =
2 600 —--------- - - =
World Oil Reserves/Consumption N Ml w &
2001 TRELUBEEESESEISEE. R 2
E 3001 -- .o 20 E
. . . Baoq-- - E
uneven distribution 10 F
. 100 - ------ 27 B @ = &
= Insecure access o ) L,
u.s. OPEC Rest of World

OPEC: Venezuela, Iran, Iraq, Kuwait, Qatar, Saudi Arabia,
http://www.eere.energy.gov/vehiclesandfuels/facts/2004/fcvt_fotw336.shtml United Arab Emirates, Algeria, Libya, Nigeria, and Indonesia


Presenter
Presentation Notes
• two challenges of fossil fuel: finite supply and atmospheric contamination

• the curve of world oil production tells us a lot about the fossil fuel economy

• it began about 1900 and reached its stride at mid-century

• the oil shortage of the mid 70s and the high oil prices around 1980 stimulated a downturn in production/use

• the first fossil fuel challenge is the finite supply of oil

• the question is not when will the supply run out, but when it will fall short of demand

• historically and in the near future, supply meets demand and the curve of production is also the curve of demand

• at some time, production will peak, while demand continues to rise.  This marks a transition  point in the oil economy when chronic  shortages occur, prices rise, and the world market could become qualitatively different.  This is the “Hubbert’s peak” that some analysts think will drive major revisions of our cultural expectations for energy and especially transportation.

• the graphs shows two projections of the EIA for oil production: satisfy demand until 2016 and  have face moderate shortages after, or satisfy demand until 2037 and face more severe shortages after.  Since reserves are fixed, we are faced with this devil’s dilemma. 

• the projections show in either case that by 2050 we will be producing less oil than we are now, less than half of demand. That will be  major change in our energy economy, as other sources of energy fill the gap or as we simply live with less energy.

• these projections do not take into account the effect of rising prices on reserves: at a higher price, oil that cannot be produced now becomes accessible.  This elasticity in reserves effectively trades shortages for cost.  The market determines how this plays out and it is not possible to project the magnitude of this effect with confidence.

• there is less quantitative information about natural gas reserves, and far less analysis of its production expectations.  The projections we have indicate that its production will peak beyond oil. 

• the world and the US have plentiful coal reserves, enough to last at least 200 years under projected use. 

• the second challenge of fossil fuels is atmospheric pollution.  Greenhouse gases and specifically CO2 are widely thought to produce global warming with major changes in the ocean currents,  the climate of the earth, and rising sea levels. 

• the graph shows the correlation between CO2 in the atmosphere and mean global temperature since 1000 AD.  There is a noticeable correlation.  The effect has accelerated in the past 100 years and both quantities continue to rise at ever increasing slope.

• unlike finite fossil fuel supply, which creates problems in the future, CO2 emissions and global warming are problems that are already in progress.  They are cumulative effects, with today’s conditions dependent on all the CO2 we have put into the atmosphere for the last century and more.  There is an urgency to this problem that may equal or exceed that of fossil fuel supply.  Effects are noticeable: there is far less polar ice at the North Pole than in previous decades, often allowing ships to steam directly over the pole, glaciers are receding, and Hemingway’s famous Snows of Kilimanjaro have nearly disappeared.

• the solution is to capture and store the CO2 emissions that we produce.  It is unlikely that we will opt not to use our fossil fuel reserves as long as they last, so we must find ways to use them without emitting CO2. Creating a viable route to accomplish this is a major scientific challenge.


The Challenge of Fossil Fuel Related Climate Change
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The Energy Alternatives

rosst | [ Nuteor | Reventle | | Fuson

energy gap
~ 14 TW by 2050

~ 33 TW by 2100

solar, wind, hydroelectric
ocean tides and currents
biomass, geothermal

-

.

10 TW = 10,000 1 GW power plants
1 new power plant/day for 27 years

~

)

China: 1 GW / week

ho single solution

diversity of energy sources

required



Assessing Energy Futures

/Energy Source: Solar

electricity - fuel- heat
Energy Carrier: Electricity

Energy Carrier: Hydrogen

\

~

State of the art today

Future potential

/

Science challenges
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New Materials and Nanoscience
will play arole

manipulation of photons, electrons, and molecules

_Tio, L O
L nanocrystals artificial
photosynthesis 1
| adsorbed
L quantum dots ™~
NA
liquid \
electrolyte natural L
hot i
photosynthesis nanostructured
quantum dot solar cells thermoelectrics
nanoscale architectures characterization theory and modeling
top-down lithography scanning probes multi-node computer clusters

bottom-up self-assembly  electrons, neutrons, x-rays density functional theory
multi-scale integration smaller length and time scales 10 000 atom assemblies

[ Solar energy is interdisciplinary nanoscience }




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 to promote catalytic
interactions

* Independent control of nanomaterials parameters
which depend on each other for 3D materials.

11
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The Energy in Sunlight

1.2 x 105 TW delivered to Earth
36,000 TW on land (world)
2,200 TW on land (US)

San Francisco Earthquake , Earth's
Ultimate Recoverable Resource
(1906) of oil
magnitude 7.8 3 Trillion (=Tera) Barrels
1017 Joules

1.7 x 1022 Joules

1 second of sunlight 1.5 days of sunlight

Annual Human Production of Energy
4.6 x 10%° Joules
1 hour of sunlight



Solar Energy Utilization

o0

—0 co,
h* sugar <

50 - 200 °C 500 - 3000 °C

space, water heat engines

natural \ heating electricity generation
photosynthesis L process heat
artificial
photosynthesis
[ Solar Electric J [ Salar T ]
[ Solar Fuel ]

.0002 TW PV (world)

.00003 TW PV (US) 1.4 TW biomass (world)
$0.30/kWh w/o storage 0.2 TW biomass sustainable (world) 0.006 TW (world)

! !

1.5 TW electricity (world) 11 TW fossil fuel 2 TW
$0.03-$0.06/kWh (fossil) (present use) space and water

heating (world)
[ ~ 14 TW additional energy by 2050 ]




Basic Research Needs for Solar Energy

- The Sun is a singular solution to our future energy needs

- capacity dwarfs fossil, nuclear, wind . . .

- sunlight delivers more energy in one hour
than the earth uses in one year

- free of greenhouse gases and pollutants
- secure from geo-political constraints

 Enormous gap between our tiny use
of solar energy and its immense potential

- Incremental advances in today's technology
will not bridge the gap
- Conceptual breakthroughs are needed that come

only from high risk-high payoff basic research

- Interdisciplinary research is required
physics, chemistry, biology, materials, nanoscience

* Basic and applied science should couple seamlessly
http://www.sc.doe.gov/bes/reports/abstracts.html#SEU



Revolutionary Photovoltaics: 50% Efficient Solar Cells

present technology: 32% limit for Jost to
- single junction ‘/?/7\ e
- ohe exciton per photon I
* relaxation to band edge L

Q . ? ...... » O
: : —000- 3V
H 31
: - =
hanoscale
— ! 3 Oer g
multiple junctions  multiple gaps multiple excitons hot carriers

per photon

rich variety of new physical phenomena
challenge: understand and implement




Solar Electric

B Despite 30-40% growth rate in installation, photovoltaics
generate
less than 0.02% of world electricity (2001)
/ess than 0.002% of world total energy (2001)

B Decrease cost/watt by a factor 10 - 25 to be competitive
with fossil electricity (without storage)

B Find effective method for stforage of photovoltaic-
generated electricity



Leveraging Photosynthesis for Efficient Energy Production

* photosynthesis converts ~ 100 TW of sunlight to sugars: nature's fuel
* low efficiency (< 0.3%) requires too much land area

plants and bacteria

- improve efficiency by a factor
of 5-10
- produce a convenient fuel
methanol, ethanol, H,, CH,
N

e Modify the biochemistry of N

/

switchgrass

Scientific Challenges

chlamydomonas moewusii

10y

hydrogenase
2H" + 2¢” < H,

- understand and modify genetically controlled biochemistry that limits growth
- elucidate plant cell wall structure and its efficient conversion to ethanol or other fuels
- capture high efficiency early steps of photosynthesis to produce fuels like ethanol and H,

- modify bacteria to more efficiently produce fuels
- improved catalysts for biofuels production



Solar-Powered Catalysts for Fuel Formation

Wu, Dismukes et al, Inorg, Chem 43, 5795 (2004)
Ferreira, et al, Science 303: 1831 (2004).

bacteria - hydrogenase
catalyst for
2H"+2e” < H,

Tard et al, Nature 433, 610 (2005)
Justice, Rauchfuss et al, J. Am. Chem. Soc.126, 13214 (2004)

plants - photosynthesis
2H,O + hv — 4H* + 4e- + O,
CO, + H* + e-— carbohydrates (~ H,C,,0,)

bio inspired artificial water splitting
fuel production:

(artificial pho‘rosyn’rhesis\
fuel from sunlight, H,0, CO,
H,, CH,, CH5OH, C,HsOH

- /

Alper, Science 299, 1686 (2003)



Solar Fuels: Solving the Storage Problem

B Biomass < 0.3% efficient: too much land area
Increase efficiency 5 - 10 times

B Designer plants and bacteria for designer fuels:
H,, CH,, methanol and ethanol

B Develop artificial photosynthesis



Energy Conversion Efficiency

conversion efficiency practical target
chemical bonds = electrons  30% (fossil electricity) >60%
chemical bonds = motion 287% (gasoline engine) >60%
photovoltaics
photons = electrons 18% (market) / 28% (lab) >60%
phofowgtgmgﬁsgmical bonds 0.3% (biomass) >20%

solid state lighting

electrons = photons 5-25% >50%



Thermoelectric Conversion

Heaat source

Retrigeration HH thermal gradient <= electricity

figure of merit: ZT ~ (S2/x) T
ZT ~ 1 (today)
3 | AN —— Challenge: use nanostructures to

External power input Power ganaration

No moving parts achieve ZT~ 2-3
. L 2:5 PbTe/PbSe
Scientific Challenges i
increase electrical conductivity " Bi.Te./SbiTe
. 2'€5/505 1€, LAST-18
decrease thermal conductivity superlattice AgPb,.SbTe,,
1.5
|_
ccC C ¢ O N
nanowire superlattice
nanoscale architectures 0.5/

Interfaces preferentially block heat transport |
Quantum confinement tunes density of states | | |

doping adjusts Fermi level 0 200RT400 600 800 1000 1200 1400
Temperature (K)

B|2Te3| Melr'couri Kalna‘rzid is




The Grid - the Triumph of 20th Century Engineering




The 21st Century: A Different Set of Challenges

capacity reliability
growing electricity uses N
growing cities and suburbs power' qual ITY

high people / power density
urban power bottleneck

average
power loss/customer
(min/yr)
us 214
France 53
Japan 6

Sustained
Interruptions
33%

$52.3B
$26.3B
/ Momentary
Interruptions
67%

$79 B economic loss (US)

LaCommare & Eto, Energy 31, 1845 (2006)

2030
50% demand growth (US)
100% demand growth (world)

efficiency
lost energy

[ERIERELCH]

62% energy lost in
production / delivery

8-10% lost in grid
40 GW lost (US)
~ 40 power plants

2030: 60 GW lost (US)
340 Mtons CO,



Superconductivity for the 21st Century Grid

4 )

Superconaductors carry electrical current

without resistance or enerqy loss
N Y

capacity = high current / low voltage
reliability / quality = smart, self-healing power control

efficiency —> zero resistance (DC)
100 times lower than copper (AC)



Hydrogen as an Energy Carrier

nuclear/solar

thermochemical
cycles

fossil fuel

reforming
+

bio- and
bio-inspired

[ production ]

OM tonsl/yr

150 M tons/yr
(light trucks and cars in 2040)

carbon capture

gas or
hydride
storage

( storage |

4.4 MJ/L (Gas, 10,000 psi)
8.4 MJ/L (LH2)

:

9.72 MJ/L
(2015 FreedomCAR Target)

automotive
fuel cells
consumer

electronics

stationary
electricity/heat
generation

use
in fuel cells

$3000/kW

1 $300/kW

mass production
$30/KW

(Internal Combustion Engine)




Hydrogen Studies

BasiciResearchiNeeds fonitiie
Hyrirogen Economyss =%

Heportofithe

I;asic -!'Encrr_'z'y
Sciences Workehop
on Hydrogen
Production,

Storage, and Use

May 1315, 2003

Basic Energy Sciences
Department of Energy

July 2003/February 2004
http://www.sc.doe.gov/bes/hydrogen.pdf

All emphasize:

*Necessity for basic research

*Collaborations between basic and applied research, multidisciplinarity

THE HYDROGEN ECONOMY: OPPORTUNITIES,

COSTS, BARRIERS AND R&D NEEDS

Committee on Alternatives and Strategies
for Future Hydrogen Production and Use

Board on Energy and Environmental Systems
Division on Engineering and Physical Sciences

NATIONAL RESEARCH COUNCIL

NATIONAL ACADEMY OF ENGINEERING
OF THE NATIONAL ACADEMIES

THE NATIONAL ACADEMIES PRESS
Washington, D.C.
www.nap.edu

National Research Council

National Academy of Sciences

February 2004
http://www.nap.edu/catalog/10922.html

B 115105 TODAY

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

materials, and design to make a ﬂydrogon-baud energy

system a vibrant and competitive force.

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

Smm the industrial revalution began in the 18th con
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 a ugh the themical and
arhon diosade and ather
ire associated with global
warming threaten the stability of Earth's climate.

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

water as its P Hydrogen
is abundant and generously distrib
uted theoughout the warld withont re-
gard for national boundaries; using it
ta ereate o hydmgen eeonamy—a fu.
ture energy system based an hydrogen
and cletricity—nnly requires technol
o, nat pabitical necess.

Although in many ways hydrogen
ie an attractive replacoment far fossi]
fuels, it dnes nol decur in nature as the fuel H. Rather, it
oerurs in chemical compounds like water or hydracarbans
it mmoet ba thenisally bansforaad 19 yiuld Ky, Hydes
gen, like clectricity, is o carrier of energy, and hke eloe
tricity, it must bo produced from a natural resource. At
present, most af the worlds hydrogen is produced from
natural gas by a pracess called steam roforming, However,
praducing hydragen fram fassil fuels weuld vab the hydro
en economy of much of its raisan d'étre: Steam reforming
daea not reduce the use of foxsil fuela but rather shifls
them from end use tn an carlier prouction step; and it still
releases carhon ta the enviranment in the farm of C0,
Thus, to achieve the benefits of the hydrogen ecanams, we
must ultimately preduce hydrogen fram nen-fossil re
saurces, such as water, using a renewable energy svurce

Figure 1 depicts the hydrogen ecanomy as  notwark
composed af threo functional steps: production, sterage,
and use. There are hasc technieal means to achieve eath
af those sieps, but none of them ean yet compete with fos
sil fuels in cost, performanee, or reliability, Even when
using the cheapest productian mothod—stesm roforming
of methane—hydragen is still four times the cast af gusn.
lne for tho efuvalent smaunt of nergy: And production
from methane does not reduce fossil fuel use or OO, emis.

saurces available by willitsel req
ing the propar peonomic infrastructure. Eorit th staps
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 fuel
e shortens our window of opportunity far a managed
transition te alternative energy sourees,

Hydrogen as energy carrier

Dne pramising alternative to fossil fusls is hydrogen® (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 in the maferisls soie

| ghuserts st of erhmlngy in Carnbiige Michelle
iz chemist In the chernical sciences diision at Ok |
chu Haiiorsel Laboralory i Tennessee.

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
saties that would allaw for practical apphications—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 hy fuel cells o

150 megatons per year of hydrogen.” The US currently pr
duces about 9 megatons per year, almost all of it by ro.

| forming natural gos, The challonge is to find incxpensive

December 2004 Prysics Today 39

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

M. V. Buchanan

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

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



Efficient Solar Water Splitting

O, H, N
@— SCE
1 0.8V e—l
1 2H' +2e = H
e L. B= H
\_/ 02V R ’
Metal
- +1.0V 109V
@ _—> H0/0;
+2.2V
1
H,0 + 2h*= 3 0, + 2H*
Semiconductor hq ? * Metal
\\_/ Anode NET RXN: Cathode

hv 1
H,0 = H, +30,

demonstrated efficiencies 10% in laboratory

Scientific Challenges
* cheap electrode materials that are robust in water
- catalysts for the redox reactions at each electrode

- hanoscale architecture for electron excitation = transfer = reaction



Solar Thermochemical Fuel Production

high-temperature hydrogen generation
500 °C - 3000 °C

concentrated concentrated solar
solar power power
/ N ([ fossil fuels )
MO\  Solar Reactor > /20, | 99 oil, coal )
MOy = x M +y/20, M y i
g solar [ Solar ) Solar
Reforming Decomp05/ tion|| Gasification
J
H,O Hydrolyser > H, \ l /
N
o XM +yH,0 = M0, +yH,
co,, ¢
\ M, / Seguestration
OY
Scientific Challenges Solar H.

high temperature reaction kinetics of
- metal oxide decomposition
- fossi/ fuel chemistry

robust chemical reactor designs and materials
A. Streinfeld, Solar Energy, 78,603 (2005)
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Moore’s Law for semiconductor electronics

soon, all microchips will be nanoscale devices

’: °® —@— DRAM 1/2 pitch, 3-yrcycle e DRAM 1/2 pitch, 2-yr cycle —@— MPU gate length
100 { ©® o O
nm ® o O
® o ®
® o ®
@ o ®
® o ®
O O
10 - o ° o
nm ® o o
o @
@ o ®
@ o o
®° ®
®° ®
1\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\'\\\\\\\\\\\\\\\‘

MMi999 2003 2007 2011 2015 2019 2023 2027 2031 2035 2039 2043 2047

CONCLUSION: Moore’s law continues for this decade regarding future size, device
performance and cost for semiconductor electronics industry.

Semiconductor Research Corporation
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1/2 pitch is the metal line width.



In 99 was 180 nm, in 02 will be 130 nm, in 05 will be 100 nm on a three year cycle.



Gate length is the distance between source and drain and critically relates to the speed of the device.



In 10 years, will be 100% nano.


Extension of Moore’s Law to the Energy Industry

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

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



Moore’s law for Solid-State Lighting at Half the Energy
Consumption as for Conventional Lighting
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Electricity Use: Solid State Lighting

http://www.sc.doe.gov/bes/report
s/abstracts.html#SSL

&
_)O
h+

|
wide bandgap
compound semicondutors
GaN InGaN AlGaN
color: control bandgap
efficiency: control defects
white light: mix 3 or 4 colors

Lighting ~ 22%
of electricity use

incandescent
~ 5% efficient

.

Research Challenges
new materials
doping and defect control
white light at 50% efficiency
cut cost

~

)

Solid state
>50% efficient




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

= 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

Theoretical calculation of molecular hydrogen

undergoing dissociation over near-surface alloys. platinum and rhodium.
= Small purple spheres: hydrogen
" Blue spheres: platinum atoms = This study may lead to breakthroughs in
= Red spheres: nickel atoms ) )
= Bicolor blue and red spheres: platinum atoms hydrogen pFOdUCtIOH, storage and combustion
whose electronic properties have been dramatically in fuel cells.

altered by the underlying nickel.
J. Zhang, et al, Angew. Chem. Int Ed. 44, 2132 (2005)



Pt Catalysis: 10x Increase for Oxygen Reduction Reaction

10x greater catalytic activity in Pt;Ni

) with a (111) surface means
1/20,+2H"+2e” = H,0 10x less Pt

10x higher reaction rate

Oxygen Reduction Reaction

Pure Pt-skin
[ Pt4gNis,
Pg/Nis Surface catalysis controlled by
PtoNiys subsurface structure
Pt3Ni crystal Pure Pt crystal

I, kinetic current density

Continuous tuning by subsurface
composition

PN :
3 Tune surface electronic

structure and bond strength

Specific Activity
in 0.1 M HCIO,
at 0.9 V vs RHE

Predictable by density functional
theory of the effect of d-band

impurities
Other substitutions:
Pt
25 26 27 28 29
[ ] — :
L Mn| Fe| Co| Ni | Cu

(111) (100) (110)

Crystal Surface
V. Stamenkovic et al, Science 315, 493 (2007)

V. Stamenkovic et al, Nature Materials 6, 241 (2007)



The Challenge of Meeting
Future Energy Needs

Outline

M|ntroduction — the energy challenge

BEnergy alternatives and the materials
challenge

B Think big, go small
BScience and Policy Perspectives



Energy: a BIG Complex System

Science

Economics

Politics

Technology

Sociology

/

Emergent behavior

reactions of a thousand players
unanticipated events

~

Distant outcomes are unpredictable

\_

)

B no one dimensional solutions will work
B change requires confluence of all elements



Perspective

B Grand energy challenge
- Double by 2050, triple by 2100
- Supply, security, pollution, climate

- Complex emergent system- cannot predict distant outcomes
m Efficient energy conversion is key for production, storage and use
B Materials and nanoscience are key to energy conversion
B Discovery science is needed, incremental advances not sufficient

B Basic research investments today create energy alternatives tomorrow



Lisbon 2007 Declaration

On
International Cooperation in

Materials Research:
Key to Meeting Energy
Needs and Addressing Climate Change

Conclusions of the

First World Materials Summit
Held under the auspices of:
Portuguese European Presidency
Lisbon
5th October 2007

. PORTUGAL 2007

Presidéncia Portuguesa da Unido Europeia 2007 - Evento de interesse cientifico - Ciéncia 2007UE



Materials Scientists Unite to Battle
Climate Change

(1) Produce internationally agreed strategic plans (“road maps”) for the development of new
and improved materials for future energy technologies.

(2) Bring together leading academic, public sector and industrial scientists in a series of
focused workshop meetings, to discuss important technical issues, to ensure that key problems
are tackled in a swift and effective manner. Several topics have already been selected and the
agenda be prepared:

Transformation and recycling of CO, into a new raw material,

Hydrogen generation and storage,

Clean Coal,

Nuclear energy: Fusion and Fission, in particular for hydrogen production

Fuel Cells Technologies (Sydney 2008)

(3) Identify and train a new generation of young international leaders for energy research and
development.

(4) Promote major new international collaborative materials research programmes relevant to
future energy technologies.

(5) Provide information to global, regional and national policy makers, and to investment
analysts in the energy sector.

(6) Ensure that manufacturers in the energy sector have the best possible access to
information on innovative materials developments.

(7) Interface with other key international organizations in the energy sector or involved in
energy-related materials research.

(8) Stimulate public interest in, and awareness of, energy-related issues.



Summary and Policy Issues

B A mix of future sustainable energy conversion
technologies

B New materials an_d nanoscience discoveries
are necessary to its development

B Strong interplay between basic and applied
sciences Is a key to success

M Interdisciplinary approaches, and coupling
theory/experiment are vital

®\Working with industry at all stages is a key
factor

B The challenges and constraints are global and
complementary among different countries

M International collaboration and networking must
be encouraged and supported
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