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NSF Workshop on Future Directions in Catalysis:
Structures that Function at the Nanoscale
EXECUTIVE SUMMARY

Background
Recent advances in the synthetic methodologies used to control nanometer-sized assembly,
analytical methodologies employed to identify and probe structure at the nanometer length scale,
and predictive capabilities used to provide guiding principles of nanometer scale
structure/property relationships suggest that the synthesis of new catalysts with unprecedented
control of the structure at the nanometer length scale is likely in the near future. Additionally,
nanofabrication methods have developed to the point where size, shape and functionality of
materials can be controlled at the length scale of tens of nanometers. Thus, catalytic systems
with control over multiple length scales spanning the atomic, molecular and nanometer scales are
on the near horizon. This unprecedented control of structure and composition will lead to
unprecedented control over reaction efficiencies and selectivities.

Objectives and Description of Workshop
The purpose of the workshop was to bring together a leading group of engineers and scientists
from academia, industry and government agencies to focus on the future directions of catalysis.
The workshop objectives were to:
•

Assess the state-of-the-art in synthetic methodologies aimed at specifically
creating organization at the nanometer length scale for the preparation of catalytic
materials or the exploitation of catalysis to create other materials.
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•

Assess the state-of-the-art analytical methodologies as they apply to the study of
reacting materials in order to address whether they can provide reliable
information sufficient to define structure/function at the nanometer length scale.

•

Assess the state-of-the-art computational methodologies regarding their ability to
provide quantitative descriptions and accurate predictions of systems that have
nanometer scale organization.

•

Provide visionary statements as to what future synthetic methodologies might be,
what nanometer scale architectures might arise from these assembly strategies,
and what will be necessary to achieve the creation and exploitation of these new
materials in future technologies.

•

Provide guiding statements for educational and training needs.

•

Provide guiding statements for interactions with other national initiatives such as
the National Nanotechnology Initiative (NNI).

The workshop was held at NSF Headquarters in Arlington, VA, on June 19 and 20, 2003. A
website at http://www.cheme.caltech.edu/nsfcatworkshop/ contains all reporting documents
and presentations from the workshop.
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Grand Challenge
The overall guiding theme and grand challenge that emerged from the workshop was:

To control the composition and structure of catalytic materials over length
scales from 1 nanometer to 1 micron to provide catalytic materials that
accurately and efficiently control reaction pathways.

The workshop participants endorsed the concept that catalysts are nanoscaled engines, and in
order to have these engines “power” future (nano)technology, control of their composition and
structure over length scales from 1 nanometer to 1 micron will be necessary.

Major Outcomes
Assembly (all points to be addressed in the next 10-15 years)
•

In order to design and control the assembly of structures over multiple length scales,
it will be necessary develop a repertoire of inorganic and organic-inorganic hybrid,
nanometer-sized, synthetic building units that can be assembled into well defined
architectures.

•

Effective design of these assemblies will also require a fundamental understanding of
how collective behavior, e.g., multitudes of weak forces, functions in the assembly of
structures to create high precision like what is currently achievable with (bio)organic
assembly.

•

Self-assembly in both vapor and condensed phases provides a promising synthetic
pathway to these assemblies, but achieving controlled synthesis using these
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methodologies will necessitate a fundamental understanding of the nucleation and
growth processes and their dynamics.
•

The design and creation of individual catalytic "modules" that operate properly will
only be accomplished through a better understanding of how to use kinetically
controlled pathways to achieve metastable states and how to stabilize these
metastable states at reaction conditions.

•

Design and synthesis of multicomponent catalytic systems that integrate multiple
reaction pathways and types of reactions will require the development of methods for
incorporating the individual catalytic "modules" into complex functioning assemblies.
Nanofabrication methods have developed to the point where the size, shape and
functionality of materials can be controlled at length scales ranging from 50 nm to 1
micron. These methods should be exploited to create new catalytic systems where the
reactive centers are placed within nanostructures specifically designed for the desired
chemical conversions.

Nanofabrication tools indicating optical and e-beam

lithography, imprinting, reactive ion etching and chemical vapor deposition provide
exciting opportunities for synthesizing new catalytic materials

Characterization
•

Although numerous facilities are available within the US for characterizing catalytic
materials, there remains a need for facilities that are beyond the cost and support
personnel structures typical of educational institutions.

Specifically, national

facilities and support personnel are needed to allow multi-investigators to:
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•

facilitate measurements of both average properties and single active centers at
reaction conditions using techniques such as in situ transmission and scanning
electron microscopies with sample transfer between instruments. (Next 5-10
years).

•

enable measurements of the same material over multiple length scales using
techniques such as simultaneous, in situ wide and small angle X-ray scattering.
(Next 5-10 years).

•

Although exemplary cases of in situ characterization methodologies have been
reported, the consensus is that advancements that extend the limits of temperature,
pressure and resolution both in space and time of current spectroscopies will be
necessary to meet the grand challenge. Particular emphasis should be placed on
efforts involving measurements in reaction environments containing potentially
corrosive reagents. (Next 10-15 years).

•

The next generation of instruments and characterization methods will require
interdisciplinary efforts for the development of the instruments and the interpretation
of the data acquired from them. Avenues must be provided for theorists and modelers
to work closely with instrumentalists to develop accurate, nanoscale characterization
methodologies. (Next 10-15 years).

Computation and Modeling
•

While numerous advances in theory, modeling and simulation have reached the stage
where they can be used to determine and predict chemical and physical properties of
some nanoscale systems, deeper understanding and more complete descriptions of
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complex reactions and collective behavior including self-assembly in solution will
require the development of new theories (Next 10-15 years).
•

Since catalyst assembly and function can occur over many time scales, e.g.,
femtoseconds to hours, new methodologies that are capable of spanning multiple time
scales will be necessary to meet the grand challenge. (Next 5-10 years).

•

Well-defined experiments are required in order to generate data useful for theory
validation and database construction. Avenues need to be provided for theorists and
modelers to work closely with experimentalists to design and conduct well-defined
experiments that can provide meaningful data for theory validation and knowledge
accumulation in the form of databases. (Next 5-10 years).

•

There is a need for more meaningful predictive capabilities, e.g., descriptions of
assembly pathways that occur in liquids. These needs necessitate the development of
more accurate methods and models. (Next 10-15 years).

Education and Training Needs
Advances in nanoscience and engineering due to innovative research in catalysis will provide
important new opportunities for workforce expansion within specific emerging technical areas.
Anticipation of the appropriate time-frame for the development of enhanced human resources
with the prerequisite skills is necessary. Significantly increased needs could be expected within
five to ten years due to the direct application of nanoscale catalysis for energy and chemicals
production. Even larger demands are likely for a long-term economic expansion that would
utilize catalysis to produce nanomaterials, integrated devices, or value-added consumer products.
Recent declines in the number of US students engaged in graduate engineering and science
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education have been disproportionately reflected in catalysis research. Nanoscience and
engineering education provides an important opportunity to attract new students at the
undergraduate and graduate levels due to the cutting-edge nature of the research and the
promising technological applications. Important opportunities also exist for enriching university
curricula and for augmenting existing K-12 programs within the National Nanotechnology
Initiative. Development of a diverse group of talented students is essential for all programs
under this initiative. Nanoscience and engineering education is inherently interdisciplinary, and
creation of integrated research teams and networks for innovative catalysis research is
encouraged. The availability of advanced characterization facilities for training the next
generation of catalysis researchers is also a key workforce concern.

13
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I.

INTRODUCTION

Catalysts and the multitude of products prepared through their use have changed the world that
we live in. Adequate food supplies, clean air and water and energy to fuel mobile societies are
all the direct consequence of catalysts. Also, living systems rely on catalysis for their existence.
Enzymes, nature’s catalysts, are utilized to convert chemically stored energy (chemical energy)
into other forms of energy, and to synthesize various functional biological molecules. For
example, food (chemical energy) is transformed into mechanical energy (motion), thermal
energy (body temperature) and other forms of chemical energy (body fat) by enzymes.
Conversions of other energy forms to chemical energy also occur in living systems via catalysts,
e.g., transformation of light into sugars (photosynthesis). Catalysts, whether they be natural or
manmade, are entities that have defined structure at the nanometer length scale. These
nanostructured materials orchestrate chemical reactions in a highly controlled spatial and
temporal manner. Catalysts are thus the engines that power the world at the nanometer length
scale. Just as large manmade engines operate for many cycles, catalysts can give billions of
cycles of use.

The ability to perform numerous operational cycles allows catalysts to

significantly amplify their function and value. For example, catalysts create products that cannot
be prepared in their absence and can do so with minimal cost to product value that can be on the
order of 0.1%.1 In economies such as the US, catalyst technologies provide revenues exceeding
$1 trillion,1 and evidence that one-third of the material GNP in the US involves catalytic
processes has been presented.2 Catalysts are also instrumental in improving air, water and soil
quality, and more generally, the environment we live in. Because of this, catalysts are
undoubtedly the most successful current application of nanotechnology.
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Recent advances in the synthetic methodologies used to control nanometer-sized assembly,
analytical methodologies employed to identify and probe structure at the nanometer length scale,
and predictive capabilities used to provide guiding principles of nanometer scale
structure/property relationships suggest that new concepts in the preparation of the next
generation of catalysts with unprecedented control of the structure at the nanometer length scale
are on the near horizon. These advancements will likely have the ability to revolutionize
catalysis research, and ultimately the technologies that would be the outcome of research efforts
in this area. In order to assess and to focus new efforts aimed at exploiting these advancements
and future discoveries that could impact catalytic science and technology, the National Science
Foundation sponsored a workshop to address these issues, on June 19 and 20, 2003, at the NSF
Headquarters in Arlington, VA.

1

P.L. Gai and E.D. Boyes, Electron Microscopy in Heterogeneous Catalysis.
Publishing, Bristol, 2003.
2

Institute of Physics

E. Fontes and P. Bosander, “Process Catalysis.” Chem. Ind. – London, 21 January 2002, 19-21.
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II.

OBJECTIVE

A workshop comprised of a limited number of participants was assembled to address the
following objectives:
•

Assess the state-of-the-art in synthetic methodologies aimed at specifically creating
organization at the nanometer length scale for the preparation of catalytic materials or
in the exploitation of catalysis to create other materials.

•

Assess the state-of-the-art analytical methodologies as they apply to the study of
reacting materials in order to address whether they can provide reliable information
sufficient to define structure/function at the nanometer length scale.

•

Assess the state-of-the-art computational methodologies regarding their ability to
provide quantitative descriptions and accurate predictions of systems that have
nanometer scale organization.

•

Provide visionary statements as to what future synthetic methodologies might be,
what nanometer scale architectures might arise from these assembly strategies, and
what will be necessary to achieve the creation and exploitation of these new materials
in future technologies.

•

Provide guiding statements for educational and training needs.

•

Provide guiding statements for interactions with other national initiatives such as the
National Nanotechnology Initiative (NNI).

17

III.

DESCRIPTION OF THE WORKSHOP

The workshop was held at the NSF on June 19 and 20, 2003, and brought together a leading
group of engineers and scientists from academia, industry and government agencies. There were
24 participants from the United States and two participants from Europe. Additionally, eight
Federal participants from NSF and DOE joined portions of the proceedings. The entire
participant list is contained in this document.

The goal of the workshop was to address the stated objectives. Additionally, the workshop was
to address the role of catalysis within the framework of other national initiatives including those
in nanoscience and engineering, e.g., the National Nanotechnology Initiative (NNI).

The approach to the organization of the workshop was to invite key people to present plenary (30
minute) presentations. The plenary talks were aimed at addressing objectives 1-3, and to provide
perspectives from US academia, US industry and the European catalysis community.
Additionally, brief highlights (10 minutes) were given by 13 participants. The list of plenary
speakers and their topics as well as the list of brief highlights speakers can be found on the
workshop schedule. Copies of all the presentations are available on the workshop website
(http://www.cheme.caltech.edu/nsfcatworkshop).

Upon completion of the presentations, workshop participants divided into three working groups:
(i) synthesis, (ii) characterization and (iii) theoretical modeling. These working groups created
summary reports that provided visionary plans (objectives (iv-vi)) for future research initiatives
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in catalysis. The notes and summary reports from the working groups are included in this
document. The three individual summary reports were combined to provide the Executive
Summary for the workshop that is also contained in this document.
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Agenda
Thursday, June 19, 2003
8:00am
Registration/Reception
8:50am
Welcome: Glenn Schrader, NSF, Program Manager, Kinetics, Catalysis and
Molecular Processes; Esin Gulari, NSF, Division Director, Chemical and
Transport Systems; Art Ellis, NSF, Division Director, Chemistry
9:00am
“NNI: Overview of US Government Nanotechnology Research and
Development” – Dr. Mihail Roco, NSF, Chair of US National Science and
Technology Council’s Subcommittee on Nanoscale Science, Engineering and
Technology
9:15am
“Workshop Overview and Objectives” – Professor Mark Davis, California
Institute of Technology
9:30am
“Molecular Precursors to Catalytic Materials” – Professor Don Tilley, University
of California, Berkeley
10:00am
“Perspective on Assembly from other Nanoscience and Engineering Initiatives” –
Professor Chad Mirkin, Northwestern University
10:30am
Break
10:45am
“Perspective on Catalysis and Assembly at the Nanoscale by Industry” – Dr. S.
Mark Davis, ExxonMobil
11:15am
“Perspective on Heterogeneous Catalysis at the Nanoscale from Europe” –
Professor Robert Schlögl, Fritz Haber Institute
11:45am
“Perspective on the Use of Catalysis for the Assembly of Other Materials” –
Professor Henry Foley, Pennsylvania State University
12:15pm
Lunch
1:15pm
“Perspective on Characterization Methods for Nanoscale Catalysts” – Professor
Raul Lobo, University of Delaware
1:45pm
“Perspective on Computation and Modeling in Catalysis” – Professor Matt
Neurock, University of Virginia
2:15pm
Open Session: ten-minute presentations by Abhaya Datye, Mark E. Davis,
Michael Deem, David Dixon, Richard Finke, Robert Hicks, Harold Kung,
Thomas Mallouk, Edmond Payen, Susannah Scott, Lawrence Sita, Steven Suib
and Bernhardt Trout
3:30pm
Break
3:45pm
Open Session continued
5:30pm
Adjourn
7:00pm
Dinner
Friday, June 20, 2003
9:00am
Discussion on Workshop Report Structure and Content/Major Topics
10:15am
Break
10:30am
Working Group Discussions: preparation of initial summaries, draft outlines for
research needs in each topical area for final report (break into sections)
12:15pm
Lunch
1:15pm
Workshop Wrap-Up: Assignments for completion of report and time for assigned
groups to plan their schedule for submission of report documents.
3:00pm
Adjourn
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IV.

SUMMARY OF THE MAJOR FINDINGS

Catalysts are the engines that power the “nanoworld.” Living systems have exploited these
engines for eons. For example, plants and animals use natural catalysts called enzymes to
convert chemical energy into mechanical energy for motion. This is just one illustration of how
catalysts produce various forms of energy, e.g., chemical, thermal, electrical, optical and
mechanical energy from chemically stored energy, and vice versa. Manmade catalysts primarily
have been concerned with converting one form of chemical energy into another, e.g., oil to
gasoline and to other products like plastics. Regardless their origin, catalysts orchestrate precise,
dynamic patterns on the nanoscale in order to function. Just as manmade engines operate for
many cycles, catalysts can function for billions of cycles. Thus, it is clear why catalysts can be
described as the engines that power the nanoscale world.

Manmade catalysts have enabled a large number of successful technologies that have improved
society. The vast majority of catalyst discovery and development has been the outcome of
Edisonian efforts that emphasized phenomenological behavior at the atomic/molecular length
scale. The current revolution in nanoscale assembly and fabrication methods coupled with major
advances in instrumentation and computation leads the catalysis community to believe that it is
well positioned to design and build the engines that will power the nanoworld. It is important to
stress that this community is the only one that deals with the control of chemical reactivity.
Additionally, it is now recognized that catalysts are dynamic systems that respond to their
environment (temperature, pressure, nature of molecules colliding with them) to assemble
reactive centers (called active sites). These reactive centers require control over length scales
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greater than atomic/molecular scale since they are assemblies of numerous atoms and molecules
that are integrated into functional, macroscopic devices.

The grand challenge that was enumerated from the workshop was:

To control the composition and structure of catalytic materials over length
scales from 1 nanometer to 1 micron to provide catalytic materials that
accurately and efficiently control reaction pathways.

Precise control of composition and structure at the nanometer scale will provide for control over
reaction pathways and lead to efficient and selective conversion of chemical energy into other
energy forms; the reverse of these interconversions is also possible. Precise control that spans
the length scales from 1 nm to 1 micron will allow for the creation of unprecedented catalytic
materials that will be integrated into functional devices, thus facilitating the transition from
(nano)science to (nano)technology. In order to accomplish this grand challenge, the following
issues and needs must be addressed:

Assembly (all points to be addressed in the next 10-15 years)
•

In order to design and control the assembly of structures over multiple length scales,
it will be necessary develop a repertoire of inorganic and organic-inorganic hybrid,
nanometer-sized, synthetic building units that can be assembled into well defined
architectures.
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•

Effective design of these assemblies will also require a fundamental understanding of
how collective behavior, e.g., multitudes of weak forces, functions in the assembly of
structures to create high precision like what is currently achievable with (bio)organic
assembly.

•

Self-assembly in both vapor and condensed phases provides a promising synthetic
pathway to these assemblies, but achieving controlled synthesis using these
methodologies will necessitate a fundamental understanding of the nucleation and
growth processes and their dynamics.

•

The design and creation of individual catalytic "modules" that operate properly will
only be accomplished through a better understanding of how to use kinetically
controlled pathways to achieve metastable states and how to stabilize these
metastable states at reaction conditions.

•

Design and synthesis of multicomponent catalytic systems that integrate multiple
reaction pathways and types of reactions will require the development of methods for
incorporating the individual catalytic "modules" into complex functioning assemblies.
Nanofabrication methods have developed to the point where the size, shape and
functionality of materials can be controlled at length scales ranging from 50 nm to 1
micron. These methods should be exploited to create new catalytic systems where the
reactive centers are placed within nanostructures specifically designed for the desired
chemical conversions.

Nanofabrication tools including optical and e-beam

lithography, imprinting, reactive ion etching and chemical vapor deposition provide
exciting opportunities for synthesizing new catalytic materials
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Characterization
•

Although numerous facilities are available within the US for characterizing catalytic
materials, there remains a need for facilities that are beyond the cost and support
personnel structures typical of educational institutions.

Specifically, national

facilities and support personnel are needed to allow multi-investigators to:
•

facilitate measurements of both average properties and single active centers at
reaction conditions using techniques such as in situ transmission and scanning
electron microscopies with sample transfer between instruments. (Next 5-10
years).

•

enable measurements of the same material over multiple length scales using
techniques such as simultaneous, in situ wide and small angle X-ray scattering.
(Next 5-10 years).

•

Although exemplary cases of in situ characterization methodologies have been
reported, the consensus is that advancements that extend the limits of temperature,
pressure and resolution both in space and time of current spectroscopies will be
necessary to meet the grand challenge. Particular emphasis should be placed on
efforts involving measurements in reaction environments containing potentially
corrosive reagents. (Next 10-15 years).

•

The next generation of instruments and characterization methods will require
interdisciplinary efforts for the development of the instruments and the interpretation
of the data acquired from them. Avenues must be provided for theorists and modelers
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to work closely with instrumentalists to develop accurate, nanoscale characterization
methodologies. (Next 10-15 years).

Computation and Modeling
•

While numerous advances in theory, modeling and simulation have reached the stage
where they can be used to determine and predict chemical and physical properties of
some nanoscale systems, deeper understanding and more complete descriptions of
complex reactions and collective behavior including self-assembly in solution will
require the development of new theories (Next 10-15 years).

•

Since catalyst assembly and function can occur over many time scales, e.g.,
femtoseconds to hours, new methodologies that are capable of spanning multiple time
scales will be necessary to meet the grand challenge. (Next 5-10 years).

•

Well-defined experiments are required in order to generate data useful for theory
validation and database construction. Avenues need to be provided for theorists and
modelers to work closely with experimentalists to design and conduct well-defined
experiments that can provide meaningful data for theory validation and knowledge
accumulation in the form of databases. (Next 5-10 years).

•

There is a need for more meaningful predictive capabilities, e.g., descriptions of
assembly pathways that occur in liquids. These needs necessitate the development of
more accurate methods and models. (Next 10-15 years).

A more detailed summary from each of the three working groups is contained within this report.
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In addition to the specific recommendations listed above, the workshop participants strongly
endorse efforts to facilitate close working interactions between groups having expertise in
synthesis, characterization and modeling. While the recommendations listed above are divided
into three categories for illustrative purposes, it is clear from their content that the integration of
synthesis, characterization and modeling will have to be seamless in order to meet the grand
challenge. To this end, collaborative efforts of these types in Europe are accomplished more
readily than in the US because of the European infrastructure. Collaborations between the US
and other nations including but not limited to those in Europe could assist in the US efforts.
Additionally, further emphasis should be placed on fostering interactions between specialists in
the US to take full advantage of our broad-based, national resources (includes both people and
facilities at universities and National Laboratories). Advances are going to occur as assembly,
characterization and modeling communities integrate further within one another. Efforts to
support cooperative, long-term, project-oriented research should be emphasized. These efforts
will need to be interdisciplinary and involve the engineering, chemistry, physics, biology,
materials and medical communities. A critical issue for the US in the medium- to long-term
timeframe is the creation of human resources. The future generations of scientists are currently
in elementary, middle and high schools, and they need to be inspired by the grand challenge
presented here in order to encourage their participation in accomplishing this grand challenge.
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Figure 1. Scheme for the crystallization mechanism of Si-TPA-MFI. (From de Moor et al., Chem. Eur.
J. 5 (1999) 2083-2088. Reproduced with permission.)
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V.

WORKING GROUP REPORT ON THE ASSEMBLY OF NANOSTRUCTURES

Control over the structure and function of nanoscaled objects is an important goal with strong
implications for catalysis. In general, synthetic methodologies should be extended from the
molecular level up to, and from the macroscopic level down to, the nanoscale (over length scales
from 1 nm to 1 micron). Advances in the development of integrated nanosystems that embody
catalysis will impact diverse areas such as environmental remediation, environmentally benign
processing, sensing and diagnostics, microrobotics, fuel cells, energy conversions, and health.

This group identified a number of areas that should be developed from a synthetic perspective, to
exploit the potential of nanoscale, catalytic systems.

1. Building Block Synthesis
There are a number of important issues that relate to how chemical reactions can be used to
create nanostructured materials. Although some significant breakthroughs have occurred, there is
still much to be learned in this area. For example, how can the chemistry of molecular precursors
be tailored to provide controlled nanoparticle growth? Development of this area will yield
detailed information about the incorporation of molecular building blocks onto a growing
surface. The behavior of chemical species that selectively interact with surfaces to control the
growth of particles, rods, wires, etc., need to be understood in more detail. These interactions can
be exploited to control the size and shape of targeted nanostructures. A related area pertains to
synthetic control over nanoscaled features on the surface of a catalyst. Until now, heterogeneous
catalysts have involved chemistry on the surfaces of rather simple inorganic solids. Chemical
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reagents and synthetic methods should be developed for the spatial, vectoral control of hierarchal
assemblies supported on a surface. This type of control should offer significant advances in the
development of new generations of active and selective catalysts.

2. Supramolecular/Nanoscale Assembly
The organization of nanostructures into more elaborate assemblies offers considerable potential
for the creation of ‘next-generation’ catalytic materials. The directed assembly of such structures
will require clear understanding of the nature of collective behaviors, and the weak forces that
give rise to supramolecular assemblies. Strategies for exerting control over the formation of such
supramolecular structures are clearly needed. Supramolecular chemistry should aid in the
construction of organic/inorganic hybrids systems that have potential as new catalysts or catalyst
supports. New synthetic methods for the creation of nanoscaled heterostructures (for example,
nanowires with alternating segments of different composition) from a broader range of materials
are also desired. The achievement of these goals will require new synthetic strategies that bridge
those currently available for controlling structures on the molecular (ca. 1 nm) and macrosopic
(ca. 1 micron and above) scales. Important information that will enable the design of such
systems pertains to the transport and trafficking of small molecules in nanoscaled structures,
thereby enabling designed, molecular traffic control. These more elaborate assemblies will likely
involve multi-component, multi-site structures that are aimed at accomplishing multi-functional,
catalytic behavior.
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3. Nanofabrication of Catalysts
The rapid advancements made in scaling down solid-state devices to nanoscale dimensions has
opened up many exciting opportunities for controlling the nanoworld. The same tools used to
fabricate transistors 10 nm in length are now being used to build actuators, motors, pumps and
microreactors. Catalysts can be incorporated into these systems to create a “chemical plant on a
chip” with applications in medicine, sensing, energy, etc. Through the use of advanced
patterning techniques, e.g., lithography and plasma etching, size- and shape-selective catalysts
can be built for molecular traffic control at the 20 to 2000 nm length scale. Chemical vapor
deposition may be employed for the synthesis of thin-film catalytic materials. Heteroepitaxy of
one inorganic crystal onto another will provide scientists with access to new surface
compositions and structures that could dramatically increase reactivity and selectivity. In short,
nanofabrication is an enabling technology for the design and synthesis of next-generation
catalytic systems.

4. Active Site/Catalytic Control
New generations of catalysts that exhibit unprecedented efficiencies will offer tremendous
economic, societal and environmental benefits in the future. Undoubtedly, these catalytic
systems will generally possess nanoscaled structural elements. Currently, many of the most
efficient industrial catalysts are known to be nanosized, and nature has developed highly active
and selective catalysts that achieve their remarkable performance via the integration of various
features at the nanoscale. These biological catalysts, or enzymes, usually operate via the
sophisticated interplay of mechanisms involving molecular recognition, regulation of the timing
of chemical events, and the allosteric control of the active site. New synthetic catalysts should
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incorporate many of these attributes, with additional ones including the ability to function in
harsh environments. This will require the development of strategies for the assembly of highly
functional, complex nanostructures of specific chemical composition. These nanostructures
would be biomimetic or bio-inspired, but could have the robust physical properties normally
associated with heterogeneous catalysts. Properly designed organic/inorganic hybrid systems will
have dynamic properties that allow the structure to change as a catalyzed reaction proceeds, in
much the same way that enzymes exert dynamic control over complex reaction sequences. Of
course, progress in this direction will also require a more thorough understanding of the
mechanisms by which enzymes function. Nitrogenase, the multi-enzyme complex that
accomplishes the room temperature reduction of nitrogen to ammonia, is just one example of a
biological system that achieves catalytic behavior that can not be mimicked.

5. Effects of Phase Behavior on Nanoscaled Systems
The chemical, structural, and dynamic properties of nanoscale objects is intimately connected to
the phase behavior of the materials involved. For example, the chemical properties of the
surfaces of anatase and rutile, two phases for titania, are different. It is generally appreciated that
the relative stabilities of crystalline phases change in going from the bulk to the nanoscale. In
addition, and perhaps more importantly, the kinetics of phase transformations are dramatically
altered in going to the nanoscale. This issue is important in catalysis, since many of the
nanostructured catalysts to be targeted in the future will undoubtedly be metastable structures.
For these reasons, information about the kinetics and thermodynamics of phase transformations
for nanostructured materials, in particular for catalytically relevant compositions.
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6. Catalytic Production of Nanostructures
This working group identified the catalytic production of nanostructures as an important target of
opportunity for future research. Already, catalysis has played important roles in the development
of nanoscience. For example, highly controlled polymerizations of olefins produce block
copolymers that adopt ordered, organic nanostructures. Such nanostructured, ‘soft’ materials
present exciting new possibilities in nanoscience. New polymerization methods should provide
materials that are useful in sensing and solar cell devices, and block copolymers have already
proven useful as templating agents in the assembly of nanoporous, inorganic materials. The
production of well-ordered carbon nanotubes relies on catalysis at a metal-vapor interface; many
more examples of similar structures can probably be produced in this manner. Here, progress
could be greatly assisted by studies on the mechanism of carbon nanotube growth. Opportunities
also exist for the use of catalysis in producing new types of inorganic nanostructures. It has
recently been discovered that the mechanism by which metallic nanocrystals grow in solution
involves a catalytic transformation of metal atoms from precursor molecules to new surface
atoms on the nanocrystal, an autocatalytic surface-growth mechanism. Future efforts oriented
toward the control of this catalysis should reveal experimental conditions for the control of
nanocrystal size and shape.

7. Nanostructures Derived from Biological Systems
Biomimetic materials chemistry is an emerging discipline that seeks to develop new strategies
for the synthesis of materials that exhibit the structural complexity and specificity of function
exhibited by biological minerals. The assembly of hierarchically ordered inorganic structures is
of great interest in catalysis, and many opportunities exist for applying biological principles and

33

methods to the assembly of nanoscaled structures of this type. Investigations of the molecular
biology of organisms can shed light on the mechanisms involved in biomineralization. An
understanding of these processes might be used to employ organisms in the synthesis of new
nanostructures. For example, recent studies on the interaction of nanoparticles and biopolymers
have yielded interesting results. Principles derived from the biosynthesis of nanostructures might
be extended to the development of non-biological synthetic methods. A related topic of interest
is the design and synthesis of nanostructures that will selectively bind and destroy viruses and
bacteria.

8. Nanostructures that Utilize Catalysis to Achieve Unique Functions
Nanoscale assembly offers the potential to create unique functional materials that have no
macroscopic counterparts. New properties can arise from physical scaling laws or from
nanoparticle collective behavior, as illustrated by superparamagnetism and photonic bandgap
properties, respectively. The incorporation of catalytic functions into nanomaterials presents an
opportunity to create new kinds of assemblies with emergent properties and functions. Examples
include nanoscale motors (based on polymerization, surface tension changes, or biomimetic
energy transduction), nano-reactors in which sequential reactions are coupled to affect complex
chemical transformations, and solar photocatalysis where catalyst particles are directly coupled
to electron transfer assemblies. Exploratory research in this area is likely to create unprecedented
materials that will fit a variety of as-yet unexplored applications.
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Figure 2. This figure shows high resolution SEM images of Au nanoparticles in SBA-15 mesoporous
silica. (a) shows a Secondary Electron (SE) image at 1 kV showing clearly the 7 nm pores. (b) is the
corresponding Back Scatter Electron (BSE) image. The Au nanoparticles which were obscured by the
topographic contrast in (a) are now clearly visible. (c) and (d) are images of the same silica particle
obtained at 5 kV. The greater penetration depth of the energetic electrons now allows us to sample a
larger volume and more of the Au nanoparticles can be seen. This technique allows us to visualize the
location of nanoparticles (whether on the surface or inside pores). The results show that the Au is
uniformly distributed within the mesoporous silica and even as it grows in size larger than the pore
dimensions, the particles remain confined within the internal pore structure. (M. Bore, H. Pham and A.K.
Datye, unpublished data.)

Figure 3. This figure shows an STM image of Pd nanoparticles on a TiO2(110) surface whose atomic
structure is shown on the image on the right. The STM image shows oxygen vacancies on the TiO2
surface (dark spots). The Pd particles are mobile and hop along the [001] directions. (Left: L.M.
Sanders, PhD. dissertation, University of New Mexico, 2003; right: M. Jak, PhD. dissertation, University
of Amsterdam, 2000.)
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VI.

WORKING GROUP REPORT ON CATALYST CHARACTERIZATION

Catalysts are functional materials and the ultimate goal of characterization is to establish: (i)
fundamental understanding of synthesis pathways and the relationships between the assembly
methods and the structures that are obtained from these assembly pathways, and (ii) fundamental
understanding between the structure of the catalysts and their function. In this particular case
function is the ability to catalyze chemical reactions. The reactivity of catalysts is a unique
property that differentiates these materials from other solids. Characterization is to be
understood not in isolation, but in connection to the two additional components of this report as
they are all necessary for the creation and understanding of catalytic materials.

The characterization of nanostructured catalytic materials is especially difficult because
complete description requires not only the measurement of an average property, but also its
distribution in space with nanometer resolution. Moreover, to comprehend the activity of a
working catalyst it is often necessary to study its evolution as a function of time. Since structural
changes in catalysts can be very fast characterization of nanostructured catalysts require not only
nanometer space resolution but also good time resolution. A further difficulty is that many
powerful characterization techniques are ineffectual at the pressures or temperatures at which
catalytic reactions are fast enough to be detectable.

In order to obtain the desired fundamental understanding described above, characterization
techniques need to evolve towards addressing these themes:
•

Spatial Resolution: should approach the nanoscale (1 nm)
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•

Multiple Length-Scales: should be observed simultaneously (~1 nm, 10 nm, 100
nm)

•

In-Situ Techniques: should interrogate materials under relevant pressures and
temperatures

•

Modification of existing characterization techniques to allow measurements with
good Time-Resolution: should be developed and used to evaluate the evolution of
nanostructures during synthesis, during activation and during catalytic reaction
conditions

Four other themes that emerged from the workshop that will require further resources in the near
future are:
•

Reactivity at the Nanoscale: New methods to measure reaction rates on
nanostructures with quasi-nanoscale resolution (such as one-nanoparticle) will have
to be developed

•

Multidisciplinary Research: Future developments in characterization techniques
will require the collaboration of theorists and experimentalists in long-term projects

•

High-Throughput Characterization Methods: To fully benefit from new highthroughput techniques, parallel (and inexpensive) methods for the characterization of
multiple samples will be essential

•

Characterization of Meta-stable Structures Under Reaction Conditions:
Metastable structures are difficult to probe and non-destructive methods are necessary
for their investigation
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The elaboration of specific details for these themes is listed below.

1. Structure over Multiple Length-Scales: There was a consensus of workshop participants for
the need to be able to observe the structure of catalysts at multiple length scales simultaneously.
Examples of scattering techniques that would allow multi-length-scale observation are:
•

WAXS/SAXS/USAXS and WANS/SANS/USANS. To investigate, for example, the
growth and formation of porous supports or the addition of nanoparticles to growing
substrates

•

Combined TEM and SEM facilities. Ability to transfer easily the same sample
between TEM and SEM instruments without contact with the atmosphere (e.g., using
vacuum sample holders)

•

Time-Resolved Scattering Methods, e.g., time-resolved WAXS/SAXS and
WANS/SANS that can follow evolution of catalyst structure during activation and
reaction, and the time resolution should be high (seconds or less)

In addition to the structural methods listed above, the availability of instruments that can obtain
spectroscopic information over multiple length-scales is also highly desirable. Examples are:
•

Electronic structure (EXAFS/XPS)

•

Vibrational spectroscopy (IR and Raman)

•

Electronic and vibrational spectroscopy with nanoscale resolution

•

In-situ methods to evaluate the electronic structure and bonding of catalytic materials
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Although exemplary cases of the above techniques applied to nanostructured catalysts have been
reported in the literature, these are the exceptions. The consensus of the workshop participants
was that to increase the rate of progress in nanostructured catalysts, these approaches should
become generally available and should be used frequently by the community.

2. Spatial/Temporal Resolution and In-Situ Techniques: In addition to the development of
new characterization methods, it is particularly important that the limits of current methods are
stretched to increase the range of temperatures and pressures of practical operability. This, in
combination with an increase both in the spatial and temporal resolution of existing techniques,
could have enormous impact on the rate of development of new useful nanostructured catalysts.
Examples of areas that could have substantial impact are:
•

In-situ TEM and STEM in combination with EELS and Z-contrast techniques
(pressures up to 10 mbar and temperatures up to 700 K) to allow investigation of
nanoparticles and nanoparticles-support interfaces

•

Nanoprobe spectroscopy (such as STM and AFM) that can work at high temperatures
and pressures

•

Time-resolved spectroscopic methods (such as time-resolved EXAFS or NEXAFS)

•

Vibrational spectroscopy at the nanoscale (perhaps as an extension of existing
nanoprobe spectroscopies) with the ultimate objective of doing one-molecule or oneparticle spectroscopy

•

NMR/EPR methods that work with small samples, at high temperatures and pressures
and that allow the interrogation of catalysts under reaction conditions
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3. Multidisciplinary Research: There is a major need for the participation of theorists in the
development and improvement of characterization techniques.
•

Focus on the quantitative simulation of complex measurements

•

Coupling of theorists and experimentalists working together is very important
•

Recognition for the value of this interaction by NSF and other funding agencies
should be more explicit and specifically emphasized

•

Long-term commitment to the interaction is crucial to achieve success in
achieving objectives

4. Reactivity at the Nanoscale: Quantification of catalytic activity and selectivity at the
nanoscale should be encouraged and is an area with great potential.
•

Examples are nanoreactors and the ‘in-situ’ synthesis of nanoscale reactors that can
be used to measure reaction rates on individual or very small number of nanoparticles
and even single active centers

•

Methods for the deposition or preparation of nanostructure catalysts in
micro/nanoreactors will have to be developed

•

Advances in the detection capabilities of e.g., mass spectrometers or IR/microscopy
are essential to make these experiments feasible

5. Meta-stability of Nanostructures: The ability to stabilize structures intrinsically unstable
under reaction conditions is one of the highlights of successful nanostructured catalysts. To
understand this capability the quantification of surface energies between nanoparticles and
supports (and its underlying chemistry) is a crucial area largely unexplored experimentally and
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theoretically. The development of new methods to assess these interactions are considered a key
to the discovery of novel nanostructured catalysts that are stable and that are likely to have
practical benefits to our society.
•

New techniques are needed to measure the interactions between nanostructures and
supports (e.g., use of STEM/EELS with nanometer resolution to obtain information
about the bonding between a particle and its support)

•

In Situ AFM techniques to measure forces between nanoparticles and well-defined
surfaces

6. Training and Education of Human Resources: The workshop participants also stressed
that to build this new generation of instruments and characterization techniques, resources must
be provided not only for developing the instruments themselves, but also to prepare the scientists
and engineers that will build and use these instruments effectively. Novel instrumentation is
essential for progress in this (and other) research area and adequate human infrastructure is a
necessary condition to maintain a healthy level of innovation in the characterization of catalysts.
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Figure 4. The optimized structure for the chemisorption of ammonia on phosphotungstic and
phosphomolybdic acids. Ab initio quantum mechanical calculations indicate that ammonia prefers the
bidentate configuration shown with chemisorption energies of 152 and 100 kJ/mol for the tungsten and
molybdenum Keggin structures respectively. This is in good agreement with microcalorimetric
measurements. (Reproduced with permission from Bardin et al., J. Phys. Chem. B 104 (2000) 3556-3562.
Copyright 2000 American Chemical Society.)

Figure 5. Schematic for the potential promotion of metals externally supported on novel endohedral
fullerene and carbon nanotubes by basic metal atoms internally chemisorbed. (M. Neurock and R.J.
Davis, unpublished data.)
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VII.

SUMMARY OF THE WORKING GROUP ON MODELING THE PROPERTIES,

DESIGN AND SYNTHESIS OF CATALYTIC NANOPARTICLES

Theory, modeling and simulation have reached the stage where they can be used to determine the
structure and predict the chemical and physical properties for a number of nanoscopic catalytic
materials including zeolites, supported metals, metal oxides and metal sulfides. Ab initio
methods can be used to estimate adsorption energies, activation barriers and heats of reaction for
well-defined elementary steps. Atomistic simulations can determine the lowest energy structures,
sorption energies, and diffusivity of more complex materials. Time-dependent Monte Carlo
methods can be used to track molecular transformations at the surface and thus follow catalytic
kinetics. The current state of the art has extended these efforts toward the preliminary design of
catalytic features including the optimal metal, composition and spatial location of bimetallics,
promoters, and the supports.

The ability to predict the fabrication of nanoparticle architectures and their compositions over
diverse length scales with prescribed properties, however, presents a number of challenges.
These include the ability to:
•

Elucidate the fundamental physical and chemical principles operative over relevant
time and length scales.

•

Establish the interconnections between catalyst:
Synthesis

•

Structure

Function

Devise “in silico” synthesis strategies that would deliver specific nanoparticle
structure with prescribe function and performance.
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•

Predict and control the metastability of a material and its influence on catalytic
behavior.

The challenges and needs were broken down along the two hierarchical bridges in connecting
Synthesis to Catalytic Performance, namely Synthesis to Structure and Structure to Function.

In addition, we noted the similarities (as well as the differences) between the development of
tools for the synthesis of nanoscale catalysts to the synthesis of complex molecules via modular
catalytic processes. We describe the challenges and needs necessary to build modular nanoscale
systems that could collectively carry out multiple catalytic transformations to systematically
synthesize complex molecules.

1. From Synthesis to Structure
The simulation of catalyst synthesis presents the greatest challenge in determining catalyst
structure due to the ill-defined nature of the processes that control synthesis and structure. While
theory and simulation can be used to predict the lowest energy conformations and the
thermodynamically most favorable states, the ability to follow the kinetics of the controlling
elementary steps is at best extremely difficult. Wet chemical synthesis typically involves
nucleation, growth and precipitation processes all of which occur in a complex medium whereby
the synthesis outcome is quite sensitive to small changes in pH, temperature, composition,
mixing, solution and even synthesis recipe. Many of these processes are kinetically controlled
with little understanding of how they proceed at an elementary level. This, in part, is due to fact
that they involve collective interactions in a multicomponent system.
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The challenges arise from the lack of a fundamental understanding and difficulties in modeling:
•

Collective phenomena for multicomponent systems.

•

Kinetics for solution phase processes including nucleation, growth and precipitation,
and how these processes work together.

•

Pathways for the intermediates or assemblies that form.

•

Effects of a complex reaction environment that is strongly dependent on the
prescribed order and details of carrying out the experimental protocol.

•

Local and long-range interactions between nanoscale features.

•

Processes that drive self- or directed- assembly.

•

Metastability of the assemblies that form.

The general needs are:
•

The development and application of theory to understand complex reactions and
collective phenomenon in solution at a molecular level.

•

Computational methodologies to seamlessly span multiple time scales. This includes
the development of accelerated molecular dynamics, coarse-grained time stepper
methods, novel Monte Carlo schemes, mixed MC/MD methods, reactive potentials
for molecular dynamics and Monte Carlo methods of relative order parameters for
complex solution phase systems.

•

Methods to simulate self assembly.

•

Methods to predict the composition, structure and shape of nanoscopic particles and
assemblies.
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•

Development of universal structure-property databases that contain elementary
thermodynamic, kinetic properties and descriptors (e.g. segregation energies, bond
energies, activation barriers, alloy formation energies)

•

Establish general principles and retrosynthetic approaches to guide synthesis.

Despite the challenges, computation offers the unique ability to:
•

Isolate rare event transitions and transition states

•

Provide design protocol to search both theoretical as well as experimental phase space
for combinatorial or high-throughput approaches to design new materials.

•

Suggest novel ways of functionalizing or patterning nanoparticles to enhance their
performance.

The computational efforts could be greatly complemented by experimental approaches that
measure elementary nucleation rates, establish the kinetics for elementary steps, and identify the
temporal solution phase intermediates and precipitates that form during synthesis. It was
recommended that experimentalists as well as theoreticians work closely together to identify
appropriate model systems and conditions to study which would elucidate fundamental processes
and as well as provide valuable data to validate computational efforts.

2. From Structure to Function
Much more work has been done on identifying how structure begins to influence catalytic
properties than on the previous link of Synthesis to Structure. The critical challenges in
understanding and modeling catalyst Structure-Function include:
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•

Improve Method Accuracy: While density functional theory is thought to offer the
state of the art in terms of modeling complex heterogeneous catalytic systems such as
supported metals, oxides zeolites, and metal sulfides, its prediction of energies are
accurate to within only 5-7 kcal/mol. This is not quite the engineering accuracy of <
1 kcal/mol that is desired. Small errors in the activation energies can have profound
implications on calculated reaction rates. Ab initio based wave function methods offer
a prescribed methodology to achieve higher accuracies but the most accurate models
can typically only handle systems of less than 20 heavy atoms. In addition, atomistic
simulations are typically limited by the accuracy as well as the breadth of the
potentials that have been developed.

•

Improve Model Accuracy: In order to more closely match theoretical predictions to
measurable catalytic properties requires an accurate account of not only the active
reaction site but the environment in which it sits. This would include the effects of
the support, the surface structure, the presence of defect sites, the size and shape of
the catalytic particles, the composition and spatial location of second and third metals,
solution, applied potentials or fields, and the presence of promoters or poisons and
their influence on the catalytic behavior.

•

Develop Multiscale Methods that Span Disparate Time and Length Scales:
Modeling catalytic systems require that we span over some twenty orders of
magnitude in time scales as we move from the frequency of a transition state (10-13 s)
on up to time scale of catalyst degradation or lifetime which is of the order of a year
(107s). The ability to seamlessly span over these disparate time scales (and in addition
length scales) is important to describe the kinetics on these catalytic nanoparticles.
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Quantum mechanical methods can be used to model several hundreds of atoms and
elucidate the kinetics of elementary steps and dynamics that are of the order of 10 ps.
Quantum mechanical predictions on particles comprised of thousands of metal atoms
that are of the nanometer length scale are not currently possible.
Atomistic simulations, on the other hand, can be used to simulate thousands or
tens of thousands of atoms for time scales the push the microsecond limit. There is a
great deal of physics and chemistry that cross the QM and atomistic simulation length
scales which is difficult to treat with either QM or atomistic methods alone. In
addition, there is a great need to develop more coarse-grained simulations that can go
to longer times and larger systems.
•

Identity of the active site along with its environment for metastable molecular
and nanoscale assemblies. The active site is quite elusive and for a number of
systems may form dynamically thus making it difficult to identify and characterize.
Most of the current approaches toward understanding active sites examine the most
stable sites in a static manner.

•

Elucidate the dynamics of the active site and its environment along with the
resulting catalytic kinetics.
•

Design and optimization of active sites and their environments. Identifying
the active site is just the initial step toward the design and optimization of new
catalytic materials. In simulating the active site, one must consider the effects of
the local environment on the active site as well and how all of these features
change as a myriad of reactions take place and the influence of process variables.
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•

Understand the elementary processes that lead to catalyst deactivation and
control catalyst lifetime. The stability of nanoscopic catalytic assemblies to
carry out chemical transformations over prolonged periods of time will likely be
an issue. Little however is known about the elementary mechanisms that lead to
“deactivation” or degradation of catalyst structure.

3. Tighter Coupling of Theory and Experiment
Theory and simulation have reached the stage where they provide an invaluable partner to
experiment. This can be seen by the dramatic increase of integrated efforts between theoreticians
and experimentalists. While this is very promising, a tighter integration between theory,
characterization and synthesis efforts is needed to help significantly improve the analysis of
complex systems and our ability to synthesize new materials. A key issue is the development of
software that would be user friendly to all user groups.

The research needs necessary to meet the challenges raised in connecting structure to function
can be classified into three categories: 1) Method Accuracy, 2) Model Accuracy, 3) Application
to Design.

Method accuracy is important in providing more accurate description of the calculated
properties. The needs identified to increase the accuracy of the methods used were:
•

More accurate exchange-correlation functionals for DFT methods.

•

Multilevel embedded electronic structure methods.
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•

Robust Monte Carlo and molecular dynamics methods that can accurately model over
disparate time and length and time scales.

•

Universal development of accurate reactive force fields.

Model accuracy refers to the loss in accuracy that comes about in creating a model to mimic the
full treatment of the active site and its surrounding environment. The needs for improved model
accuracy were the following:
•

More accurate treatment of solid/liquid interfaces

•

Modeling the full size, shape and composition of the nanoparticle.

•

Coarse-grained simulations to treat a more representative environment under catalytic
conditions.

•

Establishing the effects of structure and electronic properties of the support on the
supported nanoparticle properties.

•

Simulating the effects of applied electric fields or potentials.

•

Understanding the influence of promoters and poisons.

•

Direct integration of theory and characterization. Theoretical models for the direct
analysis of EXAFS, XANES, XPS, STM, AFM, HREELS, IR, NMR, etc.

The needs for catalyst design and high throughput efforts
•

More extensive structure/property relationships.

•

Design efforts based on catalytic performance.

•

Design of multifunctional materials.

•

Generation of systematic data and trends.
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•

More reliable methods of sampling phase space.

4. Modularization to Catalytically Synthesize Molecules
Many of the tools described in the Synthesis of Catalysts (point 1 above) and Structure Function
(point 2) can also be used to develop a systems approach toward the catalytic synthesis of
complex molecules. This will involve the synergistic coupling of multiple catalytic and chemical
processes and intermolecular transport mechanisms to enable the selective synthesis or assembly
of complex products. This could revolutionize the current multistep wet chemical synthesis
practices that are used to synthesize new pharmaceutical and agricultural intermediates. In
addition, it removes the need for the separation.

Challenges
•

Control in situ assembly.

•

Directed “communication” between sites and the collective action of multiple sites.

•

Atomic scale control of transport between sites.

Needs
•

Learn (model) how this is carried out in nature in order to mimic these features.

•

Elucidate an understanding of both self and directed assembly of nanoscale systems.

•

Establish the nature of the active site, the atomic configuration of the “assembly” in
which it is contained and its atomic spatial positioning with respect to other
assemblies and their respective sites.
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•

Simulation of complex hybrid (inorganic/organic) environments in which reaction
and transport are highly coupled.

•

Computational design of patterned surfaces and assemblies that would provide
optimal production and transfer paths.
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