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CbHS Center of Excellence Partners

9 university projects (at 7 universities), 4 government labs, 1 industrial partner
http://www.nrel.gov/basic_sciences/carbon_based hydrogen_center.html
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http://www.nrel.gov/basic_sciences/carbon_based_hydrogen_center.html

Themes of CbHS Center of Excellence

= Develop conducting and boron/carbon polymers, MOFs, carbon
nanohorns, nanotubes and aerogels, and carbon-metal
nanomaterials for on-vehicle storage

= Design and synthesize materials that bind hydrogen as either (i)
weakly and reversibly bound atoms or (ii) as strongly bound
molecules.

= Synthesize, test, develop light materials with high densities of
appropriate binding sites per volume to meet DOE goals

= New concepts (e.g. conformal tanks with low T moderate P (<100
bar) operation, nanotube/hydride mixtures)



Center Organization

Technical Director

Steering Committee

Air Products
NREL: Heben | € NREL
Rice
Coordinator
Lin Simpson
Team 1: Team 2: Team 3: Team 4: Team 5:
Materials Development Materials Development Hydrogen Predictive Theory Systems, Analysis &
Nanotubes, Fullerenes, Other Nanostructures Measurements External Connections
and Nanohorns
Air Products: Cooper U Mich: Yaghi NREL: Dillon Air Products: Cheng Air Products: Pez
Activation Metal organic frameworks Mechanistic studies Hydrogen interactions Systems Guidance
| TPD, IR, Raman | |
Duke: Liu LLNL: Satcher

Nanocluster Catalyst

NREL: Dillon/ Heben
Laser, arc, CVD, Activation

Rice: Smalley
Cloning for growth of
specific SWNTs

ORNL: Geohegan

Metal/carbon aerogels

Caltech: Ahn
Engineered dipole structures

U Penn: MacDiarmid
Conducting Polymers

Penn State: Eklund
B-C-N materials

Carbon nanohorns

NIST: Neumann
Neutron spectroscopy
Prompt gamma analysis

NREL: Zhang
Nanoscale environments

U North Carolina: Wu
Nuclear magnetic resonance

Rice: Yakobson
SWNT interactions

Group Analysis
Volumetric, gravimetric, TPD

Penn State: Caltech:
U Mich: Yang Eklund Bowman
Hydrogen spillover NREL: U Mich:
| Parilla Yang
NREL: Dillon Air Products: U Mich:
Novel nanostructures by Cooper Yaghi
Hot-wire CVD

NREL: Mann
Techno-economic analysis

NREL: Wipke/Kelly
Vehicle Systems

International Energy Agency
IPHE
Southwest Research Institute

Additional collaborations




Work Plan and Timeline

Materials Development & Focused Materials

Characterization Development
Specific SWNTs, BCNs, nanohorns, GNFs, Manufacturability

MOFs, polymers, carbon/metal hybrids,
functionalization, activation

Hydrogen Measurements System Measurements
NMR, neutrons, Raman, IR, volumetric, Capacity, kinetics, heat, safety
gravimetric, TPD, high-throughput Impurity tolerance
Mechanistic & Predictive Theory System Modeling
Techno-econom@c analysis
Systems, Techno-economic Analysis 1 kg H, System
Construction

[
Down-select materials/mecha\@

2 yrs, continued basic and applied research,
technology development, system with 1 kg of available

Go Go hydrogen.

3yrs, ibasic & applied research,
demonstrate feasibility of materials, Materia proach
understand dynamics & mechanisms GO GO

: Phase§0ne 7
FY2005 FY2006 FY2007 FY2008 FY2009 FY2010



Designing Microporous Carbons
for Hydrogen Storage Systems

carried out in the DOE Center of Excellence on Carbon-
based Hydrogen Storage Materials

Alan C. Cooper, Hansong Cheng, and Guido P. Pez
Air Products and Chemicals, Inc.
2005 DOE HFCIT Annual Program Review

STP-43
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Hydrogen in Sorbent (wt%)

Conceptual System Design: System Engineering
Model of Adsorption

10.0%
Tank Filled at 50 atm & 20 C Langmuir isotherm
8.0% < model assumes a
AH of -25 kJ/mol
—T=20C and AS of -105
6.0% | — T=80CJ J/mol'K
] The “tank” can
4.0% | deliver 7.56 wt. %
H, under these
0 modeling
20 /0 | Tank Emptied at 3 atm & 80 C conditions
0.0% ' !
0 25 50 75

Hydrogen Pressure (atm)

Gravimetric hydrogen capacity is linked to the heat (AH) and the entropy (AS) of H,
sorption, which determine the strength and extent of equilibrium binding to the
sorbent, and to the volumetric space per unit mass of sorbent that is accessible to
hydrogen capture. The sorbent (S) and H, equilibrium is expressed as:

S(s) + Hylg)=§ *Hy(s) where K = [SeH,] / [S]Py, (atm )

AIR 1.
PRODUCTS £=°
© Air Products and Chemicals, Inc. 2005 u
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Computational Studies of Hydrogen
Adsorption on Carbon-based Materials

H, adsorption in carbon nanomaterials
(nanotubes, nanohorns, nanofibers, etc.)

Objectives: study storage capacity at
given pressure and temperature and
identify material properties key to
adsorption

Methods: NPT-MD, GCMC

Potential collaborators: Rice University,
NREL

H spillover onto carbon nanomaterials
(nanofibers, nanotubes, etc.)

Objectives: evaluate energetics for H
spillover, identify chemisorption pattern,

kinetics o -
Methods: Monte Carlo, DFT, MD Electrostatic potential
Potential collaborators: Rice University mapped to the electron
U. of Michigan, NREL dens_lty of a deformed (5,5)
singlewalled carbon
nanotube
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Advanced Measurements of Hydrogen
Adsorption: Exploration of a Novel Low-cost,
High-throughput Sorption Measurement

Technique

Sorbent Material

/

Capsule

/

Temperature Control / /

Pressure Regulator

s

Pressure

_C] Transducer

Block (E ()

7

/

Point of Capsule Detachment

Direct method that measures the total amount of h
stored in a pressurized vessel containing a sorben

=)

Vacuum Pump

Gas
Source

%/drogen (sorbed + gaseous)

Measurements can be performed at ambient to high temperatures and high

hydrogen pressures

Inexpensive technique (requires an accurate analytical balance)

Potential for high throughput screening

© Air Products and Chemicals, Inc. 2005

AIR .
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CLONING SINGLE WALL
CARBON NANOTUBES FOR
HYDROGEN STORAGE

Richard E. Smalley
Carbon Nanotechnology Laboratory
Rice University

A Participant in the DOE Center of Excellence on Carbon-
based Hydrogen Storage Materials

May 23, 2005

DOE 2005 Hydrogen Program Annual Review .
Washingtion, D.C., May 23, 2005 Project ID #

This presentation does not contain any proprietary or confidential information
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General Objectives:

Develop methods for producing type-selected
SWNT

Produce particular SWNT types for hydrogen
storage evaluation

Scale production technology & deliver optimized
SWNT material for prototype hydrogen storage
system development

11



SWNT Seeded Growth

Current Results 1. Attach Catalyst 2. Deposit on Inert Surface

Key Starting Materials

» Have FeMoC Catalyst

« Have Short SWNT Seeds
» Have Soluble SWNT

Key Process Steps

* In-Solution Attachment

» Controlled Deposition
 Catalyst Docking

» Reductive Etching

* Limited Growth

 Luxuriant Growth is Next !!

4. SWNT Growth

12




ey Controlling the Diameter of Single
" Walled Carbon Nanotubes for

Hydrogen Storage
-Carried 1n the “DOE Center pf Excellence on
Carbon-Based Hydrogen Storage Materials™

Lei1 An and Jie Liu
Duke University
05/23/2005

Project ID #

This presentation does not contain any proprietary or confidential information STP35
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Diameter distribution of the SWNTs

Average Diameter: 1.05 nm
$SD: 0.18 nm (17%)

Number of the SWNTs




Optimization of SWNT Production and

Theoretical Models of H,-SWNT Systems
For Hydrogen Storage

Carried out in the DOE Center of Excellence on
Carbon-based Hydrogen Storage

Boris Yakobson and Robert Hauge
Rice University

May 25, 2005 Project ID
#STP38

This presentation does not contain any proprietary or confidential information
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Will further explore
curvature-induced
polarization and evaluate
local field and their ability to
change the energy of
physisorption

Preliminary/past work

Yakobson et al.,
Chem Phys Lettv 360, p 182

16



HiPco Reactor

17



Channing Ahn, R. H. Grubbs and R. C. Bowman, Jr.
California Institute of Technology

with DOE Center of Excellence on Carbon-based
Hydrogen Storage Materials

May 23-26, 2005
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Approach

A. Local charge site polarization B. Polarization at heterogeneities
(alkali metal modified carbons) (activated carbons, graphites)
B ool Tihodied

B Nanofiber o

X K-NT ]

R - K-NT +

= T * K-Modified ]

8 - Nanotubes

SO ]

ES- 0.20} il -

2 ol @ s }T Nanotubes

= Activated Carbon i* .

% -|I|||||||||I|||||||||I|||||||||I||||||

o 219753 0.3 0.4 05

298K Hydrogen gravimetric density (wi%)

crystalline phase

Ratio of hydrogen to carbon that can be Engineer a high edge termination structure from
accommodated in alkali-metal modified nanotubes. graphite through mechanical attrition, and

Note that in normal carbons, the ratio of hydrogen activate these edge sites with hydrogen or

to carbon capacity of RT/77K is 1:6 while this ratio oxygen to promote high surface area hydrogen
is 1:4 when the sorption potential is changed sorption.

through K additions.



Approach, cont’d

C. Modification of metal organic
framework electron structures

CO,H COH CO,H CO,H

F FF H Hco OCH; H,CO H

3 F H F Hyco ocH, H OCH,
COzH COzH COQH COZH
A B C D

Above is a series of diacid structures that
would be used in conjunction with MOF
structure linkers in order to test the principle of
enhanced edge site potentials for enhanced
hydrogen sorption with symmetric polarization
change.

MOF-5 unit cell

CO,H CO,H CO,H
O O F5;C ! CF;
OCH, Fe SEn,

H;CO O F,C O CF3 H,CO l

CF; H3CO OCH
CO,H COH cCoH

Above are asymmetric polarization structures
that will be used to verify hydrogen sorption
properties



University of “‘j
MICHIGAN  =#
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Examination of the Physical Aspects
of Hydrogen Storage in MOFs

Omar M. Yaghi and Adam J. Matzger
Department of Chemistry

University of Michigan
Ann Arbor, Ml 48109

Project ID #

This presentation does not contain any proprietary or confidential information ST39 Y .
aghi
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Inelastic Neutron Scattering
of H, in MOF-5
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MOF-505 H, (77 K) Sorption
|Isotherms— Activation Study
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Conducting Polymers as New
Materials For Hydrogen Storage

Alan G. MacDiarmid
University of Pennsylvania

Part of the DOE Center of Excellence on Carbon-based
Hydrogen Storage Materials

May 24, 2005

STP42

| This presentation does not contain any proprietary or confidential information |
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KEY PARTS FROM CHO’S*" PAPER

Table 1. Summary of the hydrogen storage in metal

hydrides, mulliwalled carbon nanotubes and
= the acid treated conducting polymer
= measured using the same adsorption
E apparatus.
% Sample Press. (atm)l Wt %
c Temp. (K)
E;: *MmHuﬂhm - _1[} IIIII 2[] JEE-E 12
£ MmHud aflns 10~ 2[] IEE'H 1.3
10 a2 = w w e 70 TIEJZI‘M _ 10 -207298 2.0
Time (min) Mny Sy oNig oF e
Figure 1. The amount of H, in wit. % for both (#) the MVWNT 90 [ 298 0.8
PANI and (0) tha Ppy treated with _Hf.'TI-Tr_EﬂiE_!:!FTtNI """"""""""" Bﬂ J’_EBB _ﬁ 0
concantrated hydrochionc acid. The s L R :
measuremeant was started after evacuation HCI-Treated Ppy 90 298 8.0

at 473 K and subseguently at room
termperature at least 0.13 Pa.

T = Plrachmelals®, 1.8, a mixluie of the aa iy lanthanide metlals including

*Commercial (Aldrich) polyaniline (PANI) and polypyrrole used.

*The hydrogen storage can also be varied widely depending on the

method of the modification process of the polymer using the concentrated
hydrochloric acid, specifically, the exchange or removal level of the

dopants, the drying temperature and the rigidity of the polymer backbone.

25



Results

omparison of Conducting Polymers to NT

& T

* Very preliminary Temperature
Programmed Desorption (TPD)
studies by M. Heben Group at
DOE labs, Golden, CO

* Polyaniline nanofibers doped
with CSA (Camphorsulfonic
Acid), PANI-CSA (one phase
w/Triton X100 and stirring doped)

* Investigating the report By Cho
et al.” of 6 wi% storage in PANI

—  Purified Nanctubes (1000 °C deg
— PAMN-CSA (100 °C degas)

SWNT dose at 500 torr H,
PANI dose at 760 tomr H?

Hydragen TPD Mass Signal (3.u.)

100 200 300 400
Temperature (K)

*PANI-CSA: extremely broad desorption peak (~-165 °C to -25 °C) with a
shoulder at ~ -60 °C. This could indicate the presence of a variety of different

binding sites and though it is not room temperature, it is quite accessible throu
standard cooling methods.

*Potential roles of the surfactant and dopant are considered to be of very great
importance for further study.

26



Synthesis and Processing of
Single-Walled Carbon Nanohorns
for Hydrogen Storage and Catalyst Supports

a participant in the DOE Center of Excellence on Carbon-based Hydrogen Storage Materials
DOE Hydrogen Program Annual Review, Washington, D.C., May 23, 2005

David B. Geohegan
Alex Puretzky*

llia vanov*

Hui Hu
Hongtao Cui
Christopher M. Rouleau
Zuqin Liu®

Condensed Matter Sciences Division
Ok Ridge National Laboratory

*Materals Science & Engineering Dept.,
University of Tennessee

#Center for Nanophase Matarials Sciences

| Thie prasantation doas nat contain any proprietary or corfidential information I STP22

OAK RIDGE NATIONAL LABORATORY 50 ¢ pavid Geohegan, odg@orni.gov

U.S. DEPARTMENT OF ENERGY LIT-BATTELLE
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Why Single-Wall Carbon Nanohorns (SWNH)?

= SWNH excellent as both storage vessels and %ﬁéﬂ%&
vy > &
- single-walled carbon structures like single-walled TAAND
carbon nanotubes Schermatic
* huge surface area ":m‘:’r
= wisible in TEM R e,
« can be produced without metals ekt
* gan be produced mixed with BWNT and matals to
probe apillover mechaniam
- Two modes of storage TEM of SWNH
+  outor gurface - initially exposod v precdored

nd aficr fut
« inner surface accessible by opening pores “rm"’:”m"' ""—
« tiny "bottles” for storage Fime ANN]

- Excellent catalyst supperts - for gas storage, fuel B S T PSR iy
“H. h-ﬂ—h:.:l-_-::-:‘:‘:l:l—r-llr_:-li-i—h—‘

= nanohorn structure restricts catalyst
aggregation, supporting finer catalysts at lower

weight lcadings
demanstrated ima's grou Pr asnsparncics on
: by U} P atNEC A0 dRrepees (s
- fesl commencal methand! fud cal now if prsductod foe i, coriess Black {ripha).
lapiops {Foshinpie PRECS T

OAK RIDGE NATIONAL LABORATORY
U.S. DEPARTMENT OF ENERGY



Study of Hydrogen Storage in
Advanced Boron and Metal Loaded High
Porosity Carbons Carried Out in the

"DOE/NREL Center of Excellence on
Carbon-based Hydrogen Storage

Materials"

M. Chung, H.C. Foley, and P.C. Eklund

The Pennsylvania State University

5/23/2005
Project ID

This presentation does not contain any proprietary or confidential information STP#36
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Approach

*Synthesis of C-B-M Materials

‘Pyrolysis of Molecular Precursor (Professor Mike Chung)

*Inclusion Reactions with Preformed High SSA Carbons (Professor Henry
Foley)

‘Very High Temperature Gas Phase Synthesis (Professor Peter Eklund)

-Synthesis of highly micoporous C-B-M material by three
separate routes.

Characterization of the short- and long-range structure, the
microporosity and SSA

-Evaluation of these materials for hydrogen sorption behavior.

*Optimization of the SSA for specific C-B-M materials of
technological relevance

30



C/B Materials (B-substituted C)

- C and B with similar atomic size with trivalent coordination,

+ C/B material can maintain graphitic structure.
* B (electron deficiency) serves as p-type dopant
* Increase n-electron delocalization and surface activities.

31
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Metal-doped Carbon Aerogels for Hydrogen
Storage

Joe H. Satcher, Jr., Theodore F. Baumann,
« Julie L. Herberg, Robert S. Maxwell
« Lawrence Livermore National Laboratory
« 05/24/05
* Project ID# STP-31

DOE Center of Excellence on Carbon-based H, Storage Materials

This presentation does not contain any proprietary or confidential information

Work was performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under Contract W-7405-ENG-48
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Official Use Only

\ chemistry &
( materials

sclence

= Project Objectives “MS

* To develop new nanostructured carbon materials that meet the
targets set by DOE for hydrogen storage:

* Novel metal-doped carbon aerogels (MDCAs) will be
prepared, characterized and evaluated for their hydrogen
storage properties

 Mechanisms associated with hydrogen physisorption and
chemisorption in these carbon-based materials will be
investigated using advanced nuclear magnetic resonance
(NMR) techniques

- Insights gained from MDCA systems should also be beneficial
to the other nanostructured carbon systems, leading to the
design of an optimized carbon-based material for hydrogen
storage



Official Use Only

( \ ;r?;renrlldlrlr)/ -
L& Current Technical Status “MS

* Incorporation of metal species into aerogel framework using sol-
gel precursors containing ion exchange sites :
* General technique that can be used to incorporate a variety of metals
HO lon

o K,CO, exchange Mr+-doped 1) SCE M-doped
-+ > > >
HH HO M(NO,), Hydrogel 2)1050°c,N, Carbon Aerogel
HO COK (M = Fe, Co, Ni, Cu, Ru...)

* Physical Properties:

« Density Ranges: 150-400 mg/cm?3
- Surface Areas: 500-900 m?/g
» Metal Content: 1-10% by weight

* Metal nanoparticles form during
carbonization (5 to 60 nm)

Satcher, J. H.; Baumann, T. F., US Patent 6 613 809, 2003.

Baumann, T. F. et al Langmuir, 2002, 18, 7073; Langmuir, 2002, 18, 10100; J. Non-Cryst.
Solids 2003, 317, 247 J. Non-Cryst. Solids, 2003, 318, 223.




Hydrogen Storage
in Graphite Nanofibers

and the Spillover Mechanism

A Study Carried Out in the DOE Center of Excellence
on Carbon-based Hydrogen Storage Materials

Anthony J. Lachawiec, Gongshin Q1 and
Ralph T. Yang (P. I.)

University of Michigan

Department of Chemical Engineering
23-24 May 2005

This presentation does not contain any proprietary or confidential information STP4O
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High Pressure Measurement

LaNi; Calibration

1.6 r
A
1.4 R a A AA A
A
A __
1>« —> MY . 12 - 4
Calibration * Vacuum ,( A
Volume Pump 1.0 - : ™
|
[
| 0.8 - : A
Sample :
| D Cell 0.6 - |
| A
|
X 0.4 - i A A Adsorption
| A Desorption
0.2 F I,A Goodell (1984) Adsorption
A/QL_AJ ———-Goodell (1984) Desorption
Helium 00 A | | | | J
Hydrogen 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Pressure (MPa)
+Calibrated Volumetric System (LaNig & TiAl, ,,V o4)

In-situ Pretreatment to 1023 K (750 C) Source: Goodell (1984) J. Less-Common Met. 99, 1
*Adsorption Measurements to 12 MPa (1800 psia)

UNIVERSITY OF MICHIGAN
Department of Chemical Engineering



High Pressure

Sgillover Enhancement

Extension of low-pressure work

Identical trends observed at high
pressure

Completely reversible adsorption
at 298 K

Adsorption capacity tripled at 10
MPa (only 1.3 times without
bridges)

1.8 wt% capacity at 10 MPa
without optimization

A AX-21 : 5% Pd/C : Carbon Bridge (8:1:1)
O AX-21: 5% Pd/C (9:1)
O AX-21 (from Zhou & Zhou, 1998)

Bridging
Enhancement

-
- -
—‘___—
-
- -

298 K

2 4 6 8 10

Pressure (MPa)

Sources: AX-21 Bridge Data: Unpublished Work, Lachawiec, Qi & Yang (2005)
AX-21 Isotherm: Zhou & Zhou (1998) Chem. Eng. Sci. 53, 2531

UNIVERSITY OF MICHIGAN
Department of Chemical Engineering
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Characterization of Hydrogen
Adsorption by NMR

“DOE Center of Excellence on Carbon-based Hydrogen Storage
Materials”

Yue Wu
Department of Physics and Astronomy
And
Curriculum in Applied and Materials Sciences
University of North Carolina, Chapel Hill
May 23-26, 2005

- Project ID #

This presentation does not contain any proprietary or confidential information STP41
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Technical Accomplishments/ Progress/Results

High-Pressure NMR Probe

H, pressure ranging from 1-100 atmospheres is
required for evaluating hydrogen adsorption in carbon-based
materials. Therefore, we need to carry out NMR
measurements under H, pressure up to 100 atm. A saphire-
based high-pressure cell was built and tested successfully up
to 100 atm. The high-pressure cell is incorporated in an
NMR probe for high-pressure NMR measurements.

: B 7| eerrryrr—————————— —
! NMR sampl [ ) |
High-Pressure Cell % e el o "] For moosmes ] Proton NMR
[ 1 signal revealing
sy beth adsorbed
Gaz mwlecules (broad y and

N

{ree pas (narmow
peak) molecules in
single-walled
carbon nanotubes.

!

I

l

o 1

. ﬁrf’;ﬂ[ e I'I:I:t'ﬂr-.._.‘*!
saphire sample tube B§ g !

: '--l I-I
Fom
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Technical Accomplishments/ Progress/Results

aromatic ¢-OH
c=0 )
\ \

H " " The '3C NMR spectrum of graphite
oxide reveals the details of the
functional groups in this material. The
3C NMR spectrum of the reduced
material shows clearly the return to a
graphitic structure. This demonstrates
that '*C NMR could be used to
analyze the structure of high surface
sl s dasasl oo carbon-based absorbents and

250 200 150 100 50 0 -5() understand the interactions with

‘ . hydrogen. This could provide crucial
Chemical Shift (ppm) information on hydrogen adsorption

mechanisms.

aromatic

—



Neutron Characterization of Carbon-Based
Materials

carried out in the

DOE Center of Excellence on Carbon-based
Hydrogen Storage Materials

Craig Brown
Dan Neumann

NIST

National Institute of $tandords and Technology
lechnology Administration, U.5. Department of Commerce

(NCNR)
May 23t 2005
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Approach

neutron scattering will be used to address

the following questions:

Where is the hydrogen?

Is the hydrogen atomic or molecularly adsorbed?

Can we identify adsorption sites and activation barriers?
What are the diffusion mechanisms?

How is the substrate influenced upon adsorption?

Do sorption processes change as the system lengthscale
decreases to the nanoscale?

Does manipulating the host electronic structure change
these processes?

42
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Approach

SANS Reflactometry Diffraction
1':"‘1 L L] 1 1 1 i 1?? L] ] T 'If {ﬁll 1IDI LI 1 T 1
Filter Analyzer
Spectrometer
o™ Time of Flight
Spectrometers -
Backsocattering
2 [ Spectrometer
o /
1"
' Triple Axie |
o b Spectro-
i meters
10" E $
i Spin Echo .
s Spectrometer
1w’
EII 1 1 11 4 1 b uF [l 1 i ol 1 1 L% 5 %5
0.01 o1 Q( A 1 10

10°
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10"
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State of the Center of Excellence

Detailed work statements for each partner with Go/No-
Go decision points 24 months from start

Project flow matches Grand Challenge time table
All contracts are now in place

Collaboration in earnest is beginning

Center Safety plan reviewed by S. Weiner and
colleagues - recommendations implemented
Partner safety plans are being prepared

Website and ftp site are operational

Steering Committee has met and plans to meet
regularly (Rice, Air Products and Chemicals, NREL)
Center technical workshop this afternoon



	Overview of DOE Carbon-based Materials Center of Excellence
	Center Organization
	Computational Studies of Hydrogen Adsorption on Carbon-based Materials
	Advanced Measurements of Hydrogen Adsorption:  Exploration of a Novel Low-cost, High-throughput Sorption Measurement Technique
	CLONING SINGLE WALL CARBON NANOTUBES FOR HYDROGEN STORAGE
	SWNT Seeded Growth
	Controlling the Diameter of Single Walled Carbon Nanotubes for Hydrogen Storage -Carried in the “DOE Center pf Excellence on
	Approach 1: Using Molecular Cluster as Catalysts to Control the Diameters of SWNTs
	Optimization of SWNT Production and Theoretical Models of H2-SWNT Systems For Hydrogen StorageCarried out in the DOE Center
	HiPco Reactor
	Enhanced Hydrogen        Dipole Physisorption
	Approach
	Approach, cont’d
	Examination of the Physical Aspects of Hydrogen Storage in MOFs
	Study of Hydrogen Storage in Advanced Boron and Metal Loaded High Porosity Carbons Carried Out in the "DOE/NREL Center of Exce
	Approach
	Metal-doped Carbon Aerogels for Hydrogen Storage
	Project Objectives
	Current Technical Status
	Hydrogen Storagein Graphite Nanofibersand the Spillover MechanismA Study Carried Out in the DOE Center of Excellenceon Car
	High Pressure Measurement
	High PressureSpillover Enhancement


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /SyntheticBoldness 1.000000
  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


