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Overview

e Nanomaterials by Design R&D Roadmap

e Roadmap Implementation
— Nanotechnology working groups
— Nanotechnology projects
— Chemical-semiconductor industry joint efforts

e Example Project
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Chemical Industry Vision2020

In 1997, the U.S. DOE In concert with
the chemical industry - represented by
CMA (now ACC), SOCMA, ACS, AIChE,
and the CCR - created Vision 2020 “to
outline a path of research, development,
and technology demonstration for the
chemical industry to continue as the
global leader into the next century.”

In 2003, nearly 150 industry, academic
and government organizations
participated in Vision 2020 activities
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VISION

Technology Partnership

An industry-led program to
accelerate technology
development and
Innovation by leveraging
technical and financial
resources

Visit us at www.ChemicalVision2020.0rqg
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Chemical Industry R&D Roadmap for
Nanomaterials by Design

e NNI and DOE partnered o 2% =
with Vision 2020 to SChemical I‘nduqtry

develop an R&D roadmap [ REIDRGAdmapfor
Fr, : ' almm_aterla‘la By Design:
% ObJeCtlve (0 prOVIde 'Fi"anﬂ?‘und;-lnwntals to Function

industrial perspective on | % E
activities to accelerate
commercialization

e Over 100 participants in
workshop - Oct. 2002

e Roadmap published in
Dec. 2003

www.chemicalvision2020.org/nanotechnology.html
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A New Strategic Approach

Discovery-based
Product
Development

Time ‘
————————
Application-
Nanomaterials based
By Design Problem
Solving
Time

—_—



The Roadmap Vision.
Nanomaterials by Design

TODAY: Discovery-based Science & Product Development

Discover novel

nanostructures, Determine
nanoparticles, & nanomaterial Identify Nanomaterials
nanomaterials through properties potential Assess e
investigator-initiated (chemical, uses of commercial
exploratory research on physical, and value viability markets
a broad range of biological)
materials 2D
in R
o n e In
Drivingd Chang
Large numbers of diverse
Start with existing gfjllgt’pp;(;i%?sésgg prOdUCt§ based on _
e prqblems, or materials with the exact Nanomaterials By Design
challenges in end-uses properties needed rapidly enter and succeed

iIn multiple markets

FUTURE: Application-based Problem Solving




_ Implementation of Roadmap Strategy:
Multidisciplinary, Interdependent, R&D Integrated
From Fundamentals to Function

Manufacturing &
~ Processing ¥
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Priority Researc

e Report identified over 30
priorities in 9 categories

e Specific recommendations
were offered to bolster the
effectiveness of the strategy

e Ultimate goal:

“accelerated
commercialization of
Innovative technology based
on nanomaterials”

OAK RIDGE NATIONAL LABORATORY
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Requirements

Exhibit 4; Priority Research Requirements

for Nanomaterials by Design'

Fundamental Understanding & Synthesis
F Linderstanding of nanescale structure-propertly-processing relationships
* Experimentally validated models and thearies of nanoscale physics and chemistry
J New paradigms for creating nanoscale building blocks
* Design strategies for controlled assembly—nanocomposites, spatially resolved nanostructures
% High-throughpuit screening methods to determine structure-properly relationships
% Performance evaluation at the laboratory scale
® Compendium of methods o synthesize and assemble nanomaterials

Manufacturing & Processing
Uit operations and robust scale-up and scale-down methods
% Manufacturing techniques for hierarchical assembly
* [)ispcrsion and surface modification processes that retain functionnl\[v
® Process monitoring and controls for consistency
® Integrate engineered materials into devices while retaining nanoscale properties
o Impurity removal from raw material precursors

Characterization Tools
% Real-lime characterization methods and tools
® Infrastructure for tool development and use

Modeling & Simulation
% Fundamental models to accurately predict nanostructure formation
* Bridging models belween scales—from atoms to sell assembly to devices
e lnfrastructure lo support model advancement

Environment, Safety & Health
* Assessment of human health and environmental impact hazards
* Determination of exposure potentials for nano-sized materials
* Handling guidelines for operations involving nanomaterials

Standards & Informatics

* Standard procedures for nanomaterial synthesis

* Reference materials for property measurement

% Standard methods for physical and chemical property evaluation

* Computational standards to improve information processing and transfer
* Standards for material evaluation in applications

* Standardized internationally recognized nomenclature

® Infrastructure to foster standardization

Knowledge & Technology Transfer
* Technology transfer policies 1o foster commercialization
® Infrastructure o encourage knowledge sharing
Education & Training,
* Educated and trained workforce
* Greater public and industry awareness

Infrastructure & Enabling Resources
R&D areas above include these research requirements

Priority
Ranking:

Total

Timeframe™ [ )
Investment

(years)

o 5 0 5 20
e $555%
= $545%
e 13131
E—— 5355
=== 35
== i
== §

o 5 m % 20

= 3113
_—— 1113
= 5
e §55
= 35
== 1
o 5 o 15 20
=] 333
= 35
o B 10 15 20
E—— 5359
=== 1111
=== 35
o B 1o 15 20
e $35%
=] 1
= $
o 5 10 15 20

=-~_ - L]
e %
=== 3
== 5
== 35
= 5
=] 3%
o 5 m 1 20

e b1
E— 1+

o 5 10 15 20

== 35
=" 35

Impartance 1o developing Nanomaterials by Design capability:
* = Top

® = [ligh 0= Medium
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Major Roadmap Recommendations

e Implement effective protocols to assure health and safety
In nanomaterial R&D, production, transport, use, and
disposal.

e Invest significantly and concurrently in the priority R&D
areas—fundamentals, synthesis, manufacturing,
characterization, and modeling.

e Facilitate intensive coordination and integration among
these interdependent and multidisciplinary research areas.

e Work with NSET to develop effective means of
collaboration between NSET and the U.S. chemical
Industry to foster effective roadmap implementation.

e Encourage NSET to adopt this roadmap as a core strategy
for its Grand Challenge in Nanomaterials By Design.
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Roadmap Implementation
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Chemical Industry Consultative Board for
Advancing Nanotechnology (nNi-chi cBAN)

e Partnership established in May 2004 NATIONAL

— National Nanotechnology Initiative ___rlmgfﬁ?NULOG*r

— Council for Chemical Research
— Chemical Industry Vision2020

e Purpose
— Identify and promote new R&D in key areas

— Expand nanotechnology R&D in industry and
academia

— Enhance communication

e WO r kl n g G rou p S Chemical Industry -
— Research Focus VISION 200220
— ES&H Focus Technology ﬁértnership
— Joint Semiconductor Industry CBAN Teams
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NNI-Chl CBAN working groups have broad
participation by industry, government and
NGOs

Research Focus Working Group

Don Anthony, CCR
Jim Murday, DOD
Art Ellis, NSF Douglas Rundell, BP
Rick Barto, Lockheed Martin Cheryl Sabourin, GE
John Carberry, DuPont John Sargent, DOC
David DePaoli, ORNL Glenn Schrader, NSF
Rajeev Gorowara, DuPont Peter Shirmann, Ciba
Bill Grieco, Rohm & Haas Robert Shull, NIST
Geoffrey Holdridge, NNCO Kevin Snow, Honeywell
Katie Hunt, Rohm & Haas Jack Solomon, Praxair
John Miller, DOE Bryan Tweedy, ACS
Miodrag Oljaca, Cabot Brian Valentine, DOE
Mike Roco, NSF/NSET Hank Whalen, ACS
James Rudd, NSF
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NNI-Chl CBAN working groups have broad
participation by industry, government and

NGOs

ESH Working Group

Emory Ford, MTI
Barbara Karn, EPA

Larry Andrews, Rohm and Haas
John Carberry, DuPont

John DiLoreto, ACC

David DePaoli, ORNL

Bronek Drozdowicz, Air Products
Geoff Holdridge, NNCO

Steven Kinsler, Intel

Fred Klaessig, Degussa

Kristen Kulinowski, Rice Univ.
Tim Landry, Dow

Stephen Lingle, EPA

Don Marlow, FDA

Monika Maier, Degussa
John Miller, DOE
Vladimir Murashov, NIOSH
Elizabeth Nesbitt, USITC
Ravi Prasad, Praxair
Mike Roco, NSF/NSET
Nora Savage, EPA

John Small, NIST

Jack Solomon, Praxair
Clayton Teague, NNCO
David Warheit, Dupont
Al Wiedow, Ciba
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DOE Industrial Technologies Program has
supported NNI-Chl CBAN efforts

¢

e Nanotechnology Benefits Analysis

e Responsible Development of Nanotechnology
— EHS Database
— R&D Recommendations for EHS

e Nanomaterials by Design Roadmap Implementation

YAI1L.UDT

e Real-Time Nanoparticle Characterization project
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Vision2020/LANL Benefits Study
e Study by Los Alamos National Laboratory

X s
; L]
-
L

e Methodology ,
— Identify nanomaterials impact (e.g., cost savings, A Projctedvalue
yield improvements) for key industrial applications SIS
— Use REMI model to estimate economic effects :
— Narrow set of materials
e Catalysts
e Coatings
e Membranes
— Limited set of applications

e Chemicals, petroleum refining and natural gas
production, automotive, maritime, manufacturing

‘%
L]

e Projected Impact:
— Value Creation: $10-20 billion/year
— Energy Savings: 0.5-1.1quadrillion BTU/year
— GNP increase: $30 — 63B

— Employment increase: 455,000 — 975,000 jobs
http://www.chemicalvision2020.org/pdfs/LANL Nano Rept Final 4-17-06.pdf
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Responsible Development of
Nanotechnology
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Responsible Development R&D Needs

e Recommendations on R&D directions
— Toxicity of Nanomaterials

— Measurement and Detection of
Nanomaterials

— Worker Protection and Industrial Hygiene

e Joint Semiconductor Research

Corporation CWG5 Research _
Challenges vision>0>0 Bl
W MetrICS for nanoscale part|C|e tOXICIty Joint NNI-Chl CBAN and SRC CWG5
— Exposure monitoring methodologies e Rasomenasions

— Risk assessment methodology
— Testing strategy for toxicity
— Societal communication and education

http://www.chemicalvision2020.org/pdfs/cban recommendedtopics.pdf
www.src.org/member/news/snb 12 06 05.asp?bhcp=1
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Nanomaterials ESH Literature Database

AUTHOR | TITLE | JOURMNAL | Pl
| Mano's Traubled Waters: Latest toxic warning shows nanoparticles cause br Genatype, Thursday, 1 April 2004
Alberti 5, Casciola M, Pica Preparation of nano-structured polymeric proton conducting membranes for v Ann N Y Acad Scio 2003 Marn934:208-25. Review. PMID: 1
Allernann E, Gurny R, Doel Distribution, kinetics, and elimination of radioactivity after intravenous and ind J. Controlled Release; "ol 23 1S5 Feb 1924
AllemannE. Gurnv B Doel Distribution. kinetics. and elimination of radioactivity after intravenous and ind J. Controlled Belegse: %ol 28 [S35 Feb 1954

Allen T PrAID: 1

«ne | ® Generated by Borges et al., ORNL PMID: 1

Alyay PrAID: 1

.. | « Most comprehensive public database o

e — Initially 1,342 records for pertinent articles on ES&H issues related """
Arauj to nanoscale materials

Arba ] ] PrID: 1

"= e Transferred to Rice Univ. CBEN .

i:gg — Web-accessible through ICON (international Council on Nanotechnology) Site Em:gfl

Atan e http://icon.rice.edu/research.cfm |

Atan oo

Avlot - LIVIng database PrAID: 1

o e On-line comment/input capability e

[ PrAID: 1

e Current focus of ICON efforts o

— Generated roadmap for improving and expanding |

— Currently summarizing existing information PMID: &

D 1

PrAID: 1

PrAID: 1
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Database has been acknowledged broadly

Dennis Kucinich

Home U.5. Policy & Issues

U.S. POLICY & ISSUES

American Citizen Services | ¥isas to the U.5.

b Topic Index

P Presz Relzases
P The Ambassadar
b By Region

b Econormic Izsues
b Global Affairs

Nanotechnology Database Focuses on
Safety Questions

Website Home Page = Search | Memberlist | U4

H q . First Time User? Register.
The International Council on Nar‘!otecl‘m-:nlog_:n,f (ICON) a_nd RICH 2 e moniit Bk, Man Bepd 8L 505 £l 5540
192 launched the world's first online database of scentific find Al times are GMT - 5 Hours

E,j Forum index » Town Hall Exchange » Community Center » Links » Research and Resources

s il The International Council on Nanotechnology (ICON)

CHEMICAL

SERYING THE CHEMICAL, LIFE SCIENCES, AND LAEDRATORY WORLDS

X

SEARCH

ARCHIVE

& Engineering News

. ; R HOME | MAGAZINE | CHEMJOBS JOIN ACS | MULTIMEDIA EMAIL ALERT  ADVANCED SEARCH
> Nano coalition unveils environmenta
ARTICLES BY TOPIC
> CLES B Latest News Related Stories
4 LD Nanomalerials: Saf O
October 17, 2005
August 19, 2005 -mai int this ne J
- ugu Latest News By E-mail| BEs ot il | = Business Volume 83, Number 42 Unsafe? CREM, Apr. 28,
r The International Council on Nanotechnology (ICON) and Rin | ® Government & Policy p.33 003
Biological and Enwir tal Nanot {CBEHN) today laun | & Science [ Technologqy
: database of scientific findings related to the benefits and ris | g Career & Employment SCIENCE & TECHNOLOGY Nanotechnology Linder
> database can be accessed at http: /ficon.rice.edu/research | J e pawe . The Scope CEEN, Dec. 9,
002
_ e Nano Database Goes Online
Explore Nanotechnology Dust Monitors and
Stanford Nanotechnology courses, Latest portable real time Moni BACK ISSUES NanoFogys CSEN
BT research. Leading experts. CHElr s Collection of papers on environmental and Archive

< = 08 - h:aallh impacts of nanomaterials is the first of its ———
This environmental health and safety (EHS) database marks th kind friand
> and diverse scientific literature on the impacts of nanoparticles >
B with dimensions measuring between 1 and 100 nanometers a SUPPORT Bethany Halford e Erink thés article
thousands of atoms. (One nanometer is ane-billionth of a mete |  How 1o log in i E.mail the edor
y smaller than the width of a human hair) The database is the | s Contaet Us Sorting through the scientific literature on the environmental and
Rice researchers, the chemical industry and the U.5. Departm * Site Map
be updated and enhanced over the next year. health impacts of nanomaterials can be downright confusing.
ABOUT C&EN Because nanostience cuts across many disciplines, a report on the
& Abowt the Magazine toxicity of fullerenes, for example, is as likely to be published in a
B chemistry-heavy journal like Namo Lefiers as it is to be reported in
# How to Advertise ry-heavy J e P

A

+ Chemcyclopedia

Emvironmenial Heaith Perspaciives.




A International Council on Manotechnology - Resources - Research Summaries - Microsoft Internet Explorer

File Edit Miew Favarites Toaols  Help

Address :El http: ficon. rice .edufresearch, cfm

l C O NT” INTERNATIONAL COUNCIL L/
ON NANOTECHNOLOGY

A partnership for nanotechnology stewardship and sustainability

RICE &>»CBEN EHS

DATABASE

e

O ICOM Web & Mews O Research @ Everything

[ Join Us_|_About_|_Newsroom _|_Projects _|_Resources | Events lHome | |

Resources EHS Database Other Database Links of Interest
* EHS Database '
S — Wilson Center
. MIOSH
» [z5ue Briefs
» Links .
Searching the Database:
Quick Search: By clicking on the links below, you can browse research papers by year of publication ar by author. Use
: the Advanced Search function to focus your search by using select categaories or keywords.
| Keywords: | Browse by Author Browse by Journal Browse by Year
Search: Advanced Search Addition/Correction Form

ICON
MICEsH MNIL What the ICON EHS Database Contains:

[ YWilzon Center ]

The ICCOMN Enviranmental, Health and Safety (EHZ) database contains summaries (abstracts) and
citations for research papers related to the EHS implications of nanoscale materials. This database was
developed initially by Dr. Tim Borges and Ms. LeeAnn Wilson at Oak Ridge Mational Labaoratory - Learn
more.

This database includes only abstracts or summaries of the papers. Some entries have links to full
papers, although site registration ar payment may be required to access the full content of many of these
articles. Feedhack on the database is welcame and can be provided via the addition/correction link.

Join Us | About | Mewsroom | Projects | Eesources | Events




Implementation Plan
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Implementation Plan Effort

Goal: To provide a detailed

implementation plan for the R&D B ST e Y N,
Roadmap -y T
— Workshop held Feb 15, 2005 in Baltimore oo ooy PO B

for Nanomaterials by Design

— ldentified key industry needs over next five e

years and provided next level of detail to the
roadmap

— Project team commissioned to identify
appropriate agencies for each aspect and
develop interactions

e National Laboratories
e NSF Nanomanufacturing Center
e Industrial Steering Team
— 20 companies
— Chemical-semiconductor joint teams
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NNI Investment Favors Nanoscale Science

82

Program Component Area

FY 2006 Requested Funding by
Nanoscience Nanotechnology
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Issues for Commercialization:
The Chemical Industry View

Strong intersection of needs in manufacturing & processing!




Nanomanufacturing R&D: a Major Need

Nanoscale Science R&D Nanomanufacturing R&D
$77M $47M
NSF, DOD, DOE BES, NIH, NIST, NASA... NSF, NIST, DOD

Manufacturing & Processing

Develop unit operations & robust scale-
up methodologies for manufacturing
Synthesis
Separation
Purification
Stabilization
Assembly

Characterization

Develop real-time tools for process
monitoring & control

4

Commercialization
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Priority R&D Needs
for Nanotechnology Commercialization

Synthesis and Assembly

Develop new paradigms to create
nanoscale building blocks

Develop approaches for controlled
assembly of nanocomposites and
nanostructures

Characterization tools

Develop analytical tools for measuring
and characterizing nanomaterials

Modeling and Simulation

Develop models of nanomaterials
processing and predict bulk properties
of materials that contain nanomaterials

Bridge models between scales, from
atoms to self-assembly to devices

Nanotechnoloqy

Manufacturing & Processing

Develop unit operations and robust

scale-up and scale-down methodologies

for manufacturing
Synthesis
Separation
Purification
Stabilization
Assembly

Characterization tools

Develop real-time tools for measuring
and characterizing nanomaterials,
particularly online and in-process

Chemical Industry Application Areas -

Catalysts, coatings, ceramics, sorbents, membranes




Manufacturing & Processing
Research Needs

e Integrated manufacturing and separations processes
for consistent, large scale manufacture of carbon
nanomaterials

— High purity and low cost processes

— Better catalysts for improved yield

— Better control of tube chirality, diameter, length
— Improved separations to ensure product purity

* Integrated manufacturing processes to deliver lower
cost metal and metal-oxide nanoparticles at high
purity
— Improved control of particle morphology (size/shape)

— Powder collection techniques that prevent particle
agglomeration

OAK RIDGE NATIONAL LABORATORY
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Manufacturing & Processing
Research Needs

 Integration of real-time characterization
techniques for on-line process monitoring
and process control

—Optical and spectroscopic analyses for particle
size distribution

e Scale-up of self-assembly processes for
practical use commercial scale unit
operations

— Apply current lab/pilot scale techniques of
molecular or biological self-assembly to larger
scale processes

—Develop appropriate in situ diagnostics and
process control schemes to ensure consistent, low
cost manufacture of nanostructures using these
processes

OAK RIDGE NATIONAL LABORATORY
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Metrology & Characterization:
Key Needs for Manufacturing

e Characterization of nanotube electronic
properties (bulk CNT samples)
— Bandgap distribution
— Could be useful for characterizing other nanoparticles
— On wafers or as-grown

* On-line particle characterization (1-50 nm)
— Particle size distribution
— Particle surface morphology distribution

OAK RIDGE NATIONAL LABORATORY
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Modeling Research Needs

o Effect of synthesis and self assembly conditions
on nanostructure and composition

e Correlation of nanostructure and composition

e Quantitative nanomaterial structure — property
correlations

— e.g. CNTs, interfaces, contacts, etc. Synthesis

e New metrology capabilities

Characterization <—> Modeling

Models Enable Capture of Understanding & Predictive Design

OAK RIDGE NATIONAL LABORATORY
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Modeling Needs - Infrastructure

e Innovative algorithms to model over multiple length
and timescales for realistic system sizes
— More foundational long-term algorithm development is needed

e Models experimentally validated

e Systematic experiments that develop fundamental
understanding

— Metrology to characterize structure and properties
e Increased access to high-speed computing capabilities

e Improved portability of models on existing computing
platforms
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Modeling Needs - Technical

e Designed Synthesis of Nanostructured
Materials

e Nanomaterial Surface Chemical Reactivity
e Nanomechanical & Interface Properties
e Electronic Properties & Transport

e Self-Assembled Material Properties

— Mechanical, electronic, chemical reactivity, and
magnetic
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Example Project -
Advancing Nanomanufacturing
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Addressing Real-Time Characterization
Need: DOE MPLUS project

e Project initiated by Materials Subprogram

of DOE Industrial Technologies Program
e Pl-Emory Ford, Materials Technology

Institute

e Involves ORNL team of R&D experts

— Chemical engineers, physicists, materials
scientists, aerosol scientists, and
microscopists

e Focus: Address priority need identified by §
chem-semi teams in characterization for
nanomanufacturing:

— Real-time, on-process monitoring of

nanoscale materials in gas-phase
synthesis processes

OAK RIDGE NATIONAL LABORATORY
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Demonstrate Capability of Differential
Mobility Analyzer for On-Line Nanoparticle
Sizing
e Test Systems

— TiO, by chemical vapor deposition

— Carbon nanoparticles by laser ablation
e Comparison Metrics

— Real-time size distribution <100 nm

— Ability to detect changes in process
— Verification using EM

OAK RIDGE NATIONAL LABORATORY
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Results indicate that scientific aerosol

Instrument may be translated to industrial

process monitoring o .
Shift in carbon nanohorn size

Size distribution shift with with operating parameters
variation of TiCl, flow rate

Carbon nanohorns
@ 1100°C

42.93 nm
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electric mobility diameter (Dp, nm)

Equipment is portable
and suitable for in-plant
use

OAK RIDGE NATIONAL LABORATORY

U. S. DEPARTMENT OF ENERGY UT-BATTELLE

37




Summary
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Industrial teams are working with
NNI funding agencies to implement
R&D recommendations

e Meetings and workshops are being held with
—NIH
~ NIST
—~ NSF
—~ DOE
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For more information:

3 Chemical ¥ision2020: Current Activities: Manotechnology - Microsoft Internet Explorer,

File Edit ‘ew Faworites Tools  Help th
Address :ﬂj hktp: v, chemicalvision2020, arg/nanatechnology. hitml W . G0
Chemical Industry S
VISION 2020 What is Vision & | Achievements & | Active ‘ Get
» Technology Partnership Vision20207? Roadmaps Partners Plans R&D Funding Invobved
Current Activities
Eesearch &
Developrnent Yision2020 Thrust Area: Manotechnology and Nanomaterials By Design

h‘c«rmm Project Leader: Jack Solaman

Download Acrobat Reader . . i
Panners: ACC, ACS, Air Products, BP, Ciha, CCR, General Electric, Dow, DuPant, Honewywell, Intel, MTI,

Praxair, Rohim and Haas

Goal: Define nanomaterialsinanotechnology RE&D priarities for the chemical and material processing industry
to help guide government funding

Manotechnology is an important new research area. The chemical industry may he the only industry with R&D
capabilities and experise to commercialize nanotechnology advances. Caonsequently, the chemical industry
shaould have awaice inthe selection of RED topics pursued by the
Federal government. The chemical industry, along with the electronics
industry, are the two industries that have the most to benefit from

Roadmap Availahle

guiding the nanatechnalogy RE&D funding. w:mn
INQUSTRY Rél)

. ) ) ) o Roadrmap for

Wigion2020 is currently working to improve communication with ¥ Nanomaterials

nanotechnology funding agencies to make sure they are focusing on By Design:

areas relevant to the industry. The systematic research in From

nanotechnology is just beginning. The infrastructure is forming. The Fundamentals

integration of new phenamena inta macroscopic systems is not yet H to Function

heing emphasized.

Technical and Scientific Accomplishments

NEW o Anahzed nanotechnology's potential impacts in repor, Estimated Energy Savings ano

Financial Impacts of Nanomatatials by Design on Seiscted Applications in the Chernical

Inoiuatne (POFE 838 KB) The study pravides a preliminary analysis of nanotechnology's potential

impacts on energy efficiency, economic competitiveness, waste redaction, and productivity in

the chemical and related industries. This report supplements the December 2003 roadmap,

Chemical Incustny RE&ED Rogdman far Manomateriala By Desigh: From Fundamentals o

Function. v

&] & Internet
http://www.chemicalvision2020.org/nanotechnology.html




