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A Primer on Chemical Reactions and Catalysis

Chemical transformations are essential to all living organisms—
and also to the manufacture of many products including fuels,
plastics, and pharmaceuticals. Without catalysts and catalytic
technologies, the ease of transportation and the ready access to all
of the materials needed for our daily lives would not be possible.

The purpose of this primer is to show why catalysts are required
for biological processes as well as those used in technology

for the production of most fuels, chemicals, polymers, and
pharmaceuticals. As we shall see, catalysts are the ultimate
enablers of chemical transformation.

Catalysts Facilitate Molecular Transformations

The extent to which a chemical reaction could possibly transform one kind

of molecule into another kind of molecule is governed by the principles of
thermodynamics—some reactions are in principle possible, whereas others can,

at most, occur to only an immeasurably small extent. But, the reactions that are
thermodynamically possible may take place at such low rates as to be essentially
stymied—we say that these reactions are limited by kinetics. When the reaction
is thermodynamically possible but too slow to be useful, then a catalyst is
needed. A catalyst increases the rate by intervening in the chemical change to open
up a new, quicker pathway for change.




Thermodynamics and Chemical Reactions

Chemical reactions involve the transformation of reactant molecules to product
molecules. A simple example is the combustion of hydrocarbons such as gasoline
molecules to make carbon dioxide and water, a process that occurs at high
temperature in the cylinder of an automobile engine. The Gibbs free energy change
for this reaction, assuming hexane as a typical fuel, is downhill by ~ 68 MJ/L , and
the energy released does the work to drive a typical automobile 12.5 miles.

The fact that the free energy change is downhill tells us that the reaction

is favorable and that once it occurs, the products have a lower potential

for doing work than the reactants do. Processes that are characterized by such
downhill changes in the Gibbs free energy can, in principle, occur spontaneously. The
larger the magnitude of the change in the Gibbs free energy, the larger the ultimate
fraction of the reactants that can be converted to products.

Though the change in Gibbs free energy for hexane combustion is large, the reaction
does not occur spontaneously. Thus, one can place liquid hexane in a glass and
observe that it does not burst into flame when exposed to air at room temperature.
The reason for the lack of combustion of hexane is that the molecules of hexane and
oxygen are content to stay as they are for a very long time. To react, chemical bonds
in both kinds of molecules must first break before new ones can form. To get these
bonds to break, the temperature of the hexane-oxygen mixture is raised (as occurs
in the automobile cylinder).

The need for the high temperature is associated with a barrier along the pathway
from reactant to product molecules, known as the activation barrier. When the
reactant molecules are hot, they have the energy to cross the activation
barrier, as the bonds between atoms in the reactant molecule are broken
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and the transformation of reactants to products ensues. The higher the
barrier, the slower the reaction.

Kinetic Energy and Chemical Reactions

We emphasize that the reason reactions proceed more rapidly at higher
temperatures is associated with the higher energy of the reactant molecules—we
call this “kinetic energy.”

A collection of molecules has a distribution of kinetic energies, some high, some
low, but the average value of kinetic energy is determined by the temperature. If
a reaction is to occur, some fraction of the molecules in the collection must have
enough kinetic energy to overcome the barrier.

If we think of reactant molecules as skateboarders at the bottom of a trough, then
to surmount the walls of the trough and move over to a new trough, some fraction
of the skateboarders will need to be moving fast enough (i.e., have sufficient kinetic
energy) to surmount the barrier. Thus, the higher the temperature, the greater the
fraction of the reactant molecules able to overcome the activation barrier and move
over to the product side of the landscape.

If the activation barrier is very high, the temperature required to achieve a useful rate
of product formation will have to be so high that the vessel walls used to contain

the reaction may fail—or the reaction could be so fast that it gets out of control (an
explosion could occurl).

Alternatively, the cost of the energy required to increase the temperature sufficiently
for reaction to occur could become prohibitive. Furthermore, at high temperatures,
some reactants may be fragile enough that they will decompose to useless products.




Thus, raising the temperature needed to achieve a useful reaction rate can
lead to various problems, and a better way is needed to get the reactants
over the barrier to form products.

Why Catalysts Matter

Catalysts provide the better way. They alter the pathway for the reaction, so that

the barrier becomes smaller. The catalyst works by interacting with the
reactant molecules (forming chemical bonds with them) to alter the energy
landscape for the reaction, leading to a lower activation barrier and, hence,
a higher rate of reaction.

Because nature has to do most of its biological chemistry at near- ambient
conditions, it has evolved an enormous set of catalysts, mostly enzymes, which are
exquisitely tuned so that each one facilitates a single chemical reaction for a single
reactant. When a series of reactions is to be carried out as, for example, in the
metabolism of food, nature uses a different enzyme for each step in the series,
and all the enzymes work in the same medium at the same temperature.

Catalysts are also used to accelerate the chemical reactions used in the fuels and
chemicals industry, but these catalysts are more primitive than nature’s catalysts.
Thus, for example, if we wanted to reduce the temperature of hexane combustion, we
could expose a hexane-oxygen mixture to a catalyst containing very small particles—
nanoparticles—of the precious metal platinum. This same catalyst converts unburned
gasoline in automobile exhaust converters, minimizing the pollution it would otherwise
cause, and it simultaneously converts toxic carbon monoxide and nitrogen oxides in the
exhaust to the non-toxic products carbon dioxide and nitrogen.

Catalysts are also used to enhance the rate of a reaction to a preferred product
relative to an undesired product. For example, silver catalyzes the oxidation of
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ethylene to ethylene oxide, the precursor to ethylene glycol, which is used as
antifreeze in automobiles or as one of the monomers for making polyethylene
terephthalate, the polymer used for making soft drink bottles.

The beauty of a properly tuned silver catalyst is that it promotes the oxidation of
ethylene to ethylene oxide rather than the combustion of ethylene to carbon dioxide
and water. Thus, even though the thermodynamically preferred products are carbon
dioxide and water, silver alters the reaction pathway so that more than 90 percent of
the ethylene goes to ethylene oxide. The net effect is that ethylene is used efficiently
to make the valuable product ethylene oxide and the undesired products, carbon
dioxide and water, are minimized.

Driving Chemical Reactions that are
Thermodynamically Uphill

Some reactions are characterized by a change in the Gibbs free energy of reaction
that is uphill. For such reactions, thermodynamics teaches us that the reaction
cannot occur to a significant extent, unless energy is supplied in the form of photons
(e.g., sunlight) or electrons (e.g., from a hydroelectric generator). For example, plants
are able to drive an uphill reaction converting carbon dioxide and water to the sugar
glucose and oxygen by using sunlight via the process of photosynthesis. Alternatively,
the same reactants can be converted electrochemically into carbon monoxide and
hydrogen, a mixture that can be used with well-developed catalytic technology to
manufacture diesel fuel.

The kinetics of reactions that are uphill thermodynamically are often slow, even in
the presence of light or electrons. But, the intervention of a catalyst opens a pathway
for such reactions to occur at a higher rate with lower energy requirements for the
photons or electrons. Catalysts of this type are referred to as photo- or




electrocatalysts. Thus, for example, nature uses a series of enzymes to catalyze the
photosynthesis of sugars from carbon dioxide and water, and platinum electrodes
catalyze the conversion of the same reactants to carbon monoxide and hydrogen.

In Summary

Catalysts are required to facilitate chemical reactions so that they occur

at useful rates and with preference to the desired product. If the rate of a
reaction is too low, the size of the vessel in which the reaction takes place will be
excessively large and expensive. If the product selectivity is low, the reactants are not
used efficiently, and energy will be needed to separate the desired products from the
undesired products. Thus, the availability of catalysts that make the reaction
go fast (active catalysts); make the reaction go to the desired products
(selective catalysts); and last a long time or regenerate themselves (stable
or regenerable catalysts) allows us to carry out chemical reactions in

the most efficient, economical, and environmentally responsible manner.
Moreover, using catalysts to reduce the temperature at which reactions occur while
achieving high conversions of reactants and high yields of desired products allows
us to carry out the transformation with a maximum savings of the energy consumed.

Virtually all of the products used by modern societies for fuels, chemicals, polymers,
and pharmaceuticals, as well as for abatement of air and water pollution, depend on
catalysts. It is notable that the catalysts discovered and developed by humankind are
quite primitive relative to those that nature has evolved. However, advances made

in the understanding of how catalysts work, together with advances in strategies for

making them and the lessons learned from nature, are opening the way towards the
design, preparation, and implementation of catalysts that will rival nature’s own and

spare our precious energy and raw materials.
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EXECUTIVE SUMMARY

EXECUTIVE SUMMARY

The United States continues to rely on petroleum and natural gas as its primary sources of fuels.
As the domestic reserves of these feedstocks decline, the volumes of imported fuels grow, and
the environmental impacts resulting from fossil fuel combustion become severe, we as a nation
must earnestly reassess our energy future.

Catalysis—the essential technology for accelerating and directing chemical transformation—is
the key to realizing environmentally friendly, economical processes for the conversion of fossil
energy feedstocks. Catalysis also is the key to developing new technologies for converting
alternative feedstocks, such as biomass, carbon dioxide, and water.

With the declining availability of light petroleum feedstocks that are high in hydrogen and low
in sulfur and nitrogen, energy producers are turning to ever-heavier fossil feedstocks, including
heavy oils, tar sands, shale oil, and coal. Unfortunately, the heavy feedstocks yield less fuel than
light petroleum and contain more sulfur and nitrogen. To meet the demands for fuels, a deep
understanding of the chemistry of complex fossil-energy feedstocks will be required together
with such understanding of how to design catalysts for processing these feedstocks.

The United States has the capacity to grow and convert enough biomass to replace nearly a third
of the nation’s current gasoline use. Building on catalysis for petroleum conversion, researchers
have identified potential catalytic routes for biomass. However, biomass differs so much in
composition and reactivity from fossil fuels that this starting point is inadequate. The technology
for economically converting biomass into widely usable fuels does not exist, and the science
underpinning its development is only now starting to emerge.

The challenge is to understand the chemistry by which cellulose- and lignin-derived molecules
are converted to fuels and to use this knowledge as a basis for identifying the needed catalysts.
To obtain energy densities similar to those of currently used fuels, the products of biomass
conversion must have oxygen contents lower than that of biomass. Oxygen must be removed by
using hydrogen derived from biomass or other sources in a manner that minimizes the yield of
carbon dioxide as a byproduct.

Catalytic conversion of carbon dioxide into liquid fuels using solar and electrical energy would
enable the carbon in carbon dioxide to be recycled into fuels, thereby reducing its contribution to
atmospheric warming. Likewise, the catalytic generation of hydrogen from water could provide
a carbon-free source of hydrogen for fuel and for processing of fossil and biomass feedstocks.
The underlying science is far from sufficient for design of efficient catalysts and economical
processes.

This report is an account of the deliberations and conclusions of the Workshop on Basic
Research Needs in Catalysis for Energy Applications, held August 6-8, 2007. It summarizes the
research needs and opportunities for catalysis to meet the nation’s energy needs, provides an
assessment of where the science and technology now stand, and recommends the directions for
fundamental research that should be pursued to meet the goals described.
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Grand Challenges

To realize the full potential of catalysis for energy applications, scientists must develop a
profound understanding of catalytic transformations so that they can design and build effective
catalysts with atom-by-atom precision and convert reactants to products with molecular
precision. Moreover, they must build tools to make real-time, spatially resolved measurements
of operating catalysts. Ultimately, scientists must use these tools to achieve a fundamental
understanding of catalytic processes occurring in multiscale, multiphase environments.

The first grand challenge identified in this report centers on understanding mechanisms and
dynamics of catalyzed reactions. Catalysis involves chemical transformations that must be
understood at the atomic scale because catalytic reactions present an intricate dance of chemical
bond-breaking and bond-forming steps. Structures of solid catalyst surfaces, where the reactions
occur on only a few isolated sites and in the presence of highly complex mixtures of molecules
interacting with the surface in myriad ways, are extremely difficult to describe.

To discover new knowledge about mechanisms and dynamics of catalyzed reactions, scientists
need to image surfaces at the atomic scale and probe the structures and energetics of the reacting
molecules on varying time and length scales. They also need to apply theory to validate the
results.

The difficulties of developing a clear understanding of the mechanisms and dynamics of
catalyzed reactions are magnified by the high temperatures and pressures at which the reactions
occur and the influence of the molecules undergoing transformation on the catalyst. The catalyst
structure changes as the reacting molecules become part of it en route to forming products.
Although the scientific challenge of understanding catalyst structure and function is great, recent
advances in characterization science and facilities provide the means for meeting it in the long
term.

The second grand challenge in the report centers on design and controlled synthesis of catalyst
structures. Fundamental investigations of catalyst structures and the mechanisms of catalytic
reactions provide the necessary foundation for the synthesis of improved catalysts. Theory can
serve as a predictive design tool, guiding synthetic approaches for construction of materials with
precisely designed catalytic surface structures at the nano and atomic scales.

Success in the design and controlled synthesis of catalytic structures requires an interplay
between (1) characterization of catalysts as they function, including evaluation of their
performance under technologically realistic conditions, and (2) synthesis of catalyst structures
to achieve high activity and product selectivity.

Priority Research Directions

The workshop process identified three priority research directions for advancing catalysis science
for energy applications:

Advanced catalysts for the conversion of heavy fossil energy feedstocks

The depletion of light, sweet crude oil has caused increasing use of heavy oils and other heavy
feedstocks. The complicated nature of the molecules in these feedstocks, as well as their high
heteroatom contents, requires catalysts and processing routes entirely different from those used
in today’s petroleum refineries.
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To advance catalytic technologies for converting heavy feedstocks, scientists must (1) identify
and quantify the heavy molecules (now possible with methods such as high-resolution mass
spectrometry) and (2) determine data to represent the reactivities of the molecules in the presence
of the countless other kinds of molecules interacting with the catalysts.

Methods for determining reactivities of individual compounds within complex feedstocks
reacting under industrial conditions soon will be available. Reactivity data, when combined
with fundamental understanding of how the reactants interact with the catalysts, will facilitate
the selection of new catalysts for heavy feedstocks and the prediction of properties of the fuels
produced.

Understanding the chemistry of lignocellulosic biomass deconstruction
and conversion to fuels

The United States potentially could harvest 1.3 billion tons of biomass annually. Converting
this resource to ethanol would produce more than 60 billion gallons/year, enough to replace
30 percent of the nation’s current gasoline use.

Scientists must develop fundamental understanding of biomass deconstruction, either through
high-temperature pyrolysis or low-temperature catalytic conversion, before engineers can
create commercial biomass conversion technologies. Pyrolysis generates gases and liquids for
processing into fuels or blending with existing petroleum refinery streams. Low-temperature
deconstruction produces sugars and lignin for conversion into molecules with higher energy
densities than the parent biomass.

Scientists also must discover and develop new catalysts for targeted transformations of

these biomass-derived molecules into fuels. Developing a molecular-scale understanding

of deconstruction and conversion of biomass products to fuels would contribute to the
development of optimal processes for particular biomass sources. Knowledge of how catalyst
structure and composition affect the kinetics of individual processes could lead to new catalysts
with properties adjusted for maximum activity and selectivity for high- and low-temperature
processing of biomass.

Photo- and electro-driven conversions of carbon dioxide and water

Catalytic conversion of carbon dioxide to liquid fuels facilitated by the input of solar or electrical
energy presents an immense opportunity for new sources of energy. Furthermore, the catalytic
generation of hydrogen from water could provide a carbon-free source of hydrogen for fuel

and for processing of fossil and biomass feedstocks. Although these electrolytic processes are
possible, they are not now economical, because they depend on expensive and rare materials,
such as platinum, and require significantly more energy than the minimum dictated by
thermodynamics.

Scientists have explored the use of photons to drive thermodynamically uphill reactions, but

the efficiencies of the best-known processes are very low. To dramatically increase efficiencies,
we need to understand the elementary processes by which photocatalysts and electrocatalysts
operate and the phenomena that limit their effectiveness. This knowledge would guide the search
for more efficient catalysts.

Basic Research Needs: Catalysis for Energy Xiii



EXECUTIVE SUMMARY

To address the challenge of increased efficiency, scientists must develop fundamental
understanding on the basis of novel spectroscopic methods to probe the surfaces of
photocatalysts and electrocatalysts in the presence of liquid electrolytes. New catalysts will
have to involve multiple-site structures and be able to drive the multiple-electron and hydrogen
transfer reactions required to produce fuels from carbon dioxide and water. Theoretical
investigations also are needed to understand the manifold processes occurring on photocatalysts
and electrocatalysts, many of which are unique to the conditions of their use. Basic research

to address these challenges will result in fundamental knowledge and expertise crucial for
developing efficient, durable, and scalable catalysts.

Crosscutting Research Issues

Two broad issues cut across the grand challenges and the priority research directions for
development of efficient, economical, and environmentally friendly catalytic processes for
energy applications:

Experimental characterization of catalysts as they function is a theme common to all the
processes mentioned here—ranging from heavy feedstock refining to carbon dioxide conversion
to fuels. The scientific community needs a fundamental understanding of catalyst structures and
catalytic reaction mechanisms to design and prepare improved catalysts and processes for energy
conversion. Attainment of this understanding requires development of new techniques and
facilities for investigating catalysts as they function in the presence of complex, real feedstocks
at high temperatures and pressures.

The community also needs improved methods for characterizing the feedstocks and products—
to the point of identifying individual compounds in these complex mixtures. The dearth of
information characterizing biomass-derived feedstocks and the growing complexity of the
available heavy fossil feedstocks, as well as the intrinsic complexity of catalyst surfaces,
magnify the difficulty of this challenge.

Implied in the need for better characterization is the need for advanced methods and instrument
hardware and software far beyond today’s capabilities. Improved spectroscopic and microscopic
capabilities, specifically including synchrotron-based equipment and methods, will provide
significantly enhanced temporal, spatial, and energy resolution of catalysts and new opportunities
for elucidating their performance under realistic reaction conditions.

Achieving these crosscutting goals for better catalyst characterization will require breakthrough
developments in techniques and much improved methodologies for combining multiple
complementary techniques.

Advances in theory and computation are also required to significantly advance catalysis for
energy applications. A major challenge is to understand the mechanisms and dynamics of
catalyzed transformations, enabling rational design of catalysts. Molecular-level understanding
is essential to “tune” a catalyst to produce the right products with minimal energy consumption
and environmental impact. Applications of computational chemistry and methods derived
from advanced chemical theory are crucial to the development of fundamental understanding
of catalytic processes and ultimately to first-principles catalyst design. Development of this
understanding requires breakthroughs in theoretical and computational methods to allow
treatment of the complexity of the molecular reactants and condensed-phase and interfacial
catalysts needed to convert new energy feedstocks to useful products.
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Computation, when combined with advanced experimental techniques, is already leading to
broad new insights into catalyst behavior and the design of new materials. The development

of new theories and computational tools that accurately predict thermodynamic properties,
dynamical behavior, and coupled kinetics of complex condensed-phase and interfacial processes
is a crosscutting priority research direction to address the grand challenges of catalysis science,
especially in the area of advanced energy technologies.

Scientific and Technological Impact

The urgent need for fuels in an era of declining resources and pressing environmental concerns
demands a resurgence in catalysis science, requiring a massive commitment of programmatic
leadership and improved experimental and theoretical methods. These elements will make

it possible to follow, in real time, catalytic reactions on an atomic scale on surfaces that are
nonuniform and laden with large molecules undergoing complex competing processes. The
understanding that will emerge promises to engender technology for economical catalytic
processing of ever more challenging fossil feedstocks and for breakthroughs needed to create

an industry for energy production from biomass. These new technologies are needed for a
sustainable supply of energy from domestic sources and mitigation of the problem of greenhouse
gas emissions.
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INTRODUCTION

Background

The availability of inexpensive supplies of carbon-based fuels enabled the United States to
develop a dynamic and vibrant national economy through most of the twentieth century. Today,
even though U.S. sources of high-quality fossil fuel feedstocks are mostly exhausted, 85 percent
of U.S. energy comes from fossil fuels. To meet the demand for these fuels, the United States
imports more and more fuel. Today, 61 percent of our petroleum and 17 percent of our natural
gas are imported.

The use of carbon-based fuels by the United States and other developed nations coupled with
the growing demand by developing nations has adversely affected the environment. In 2007,
the Intergovernmental Panel on Climate Change declared with 90 percent certainty that most
atmospheric warming since 1950 has been driven by the buildup of carbon dioxide and other
greenhouse gases from energy use.

Rapid economic growth in developing nations, starting at the end of the preceding century and
continuing to the present, has sharply increased the demand for petroleum and natural gas,
causing a steep rise in the inflation-adjusted cost of feedstocks. This rising demand has caused
the price of fuels used for transportation, electrical power generation, and industrial manufacture
to increase, and has contributed to a rise in the cost of all goods and services produced in the
United States. A further consequence is that the U.S.-based chemical industry, long a positive
contributor the nation’s balance of trade, plans to build most of its new chemical plants where
they can access low-cost resources and power—outside U.S. borders.

The current trend to high prices of petroleum and natural gas is not likely to change, as reserves
are limited and demand is increasing. Known reserves of petroleum and natural gas are projected
to last no more than 25 years and 45 years, respectively, if consumed at the rate projected for a
growing global economy (Table 1). Recoverable reserves of coal, although significantly larger
than those of petroleum and gas, are projected to last 100 years.

Table 1: Fossil fuel reserves.

Feedstock | Recoverable Reserves Reserve Life at Current Reserve Life at Projected
(Gigaton Carbon)? Consumption Rate (Years)" GDP Growth (Years)*

Ol 120 35 25

Natural gas 75 60 45

Coal 925 400 100

a) Source: Energy Information Administration (EIA). 2007a. “Energy Information Administration: Official Energy Statistics for the
U.S. Government Website,” Washington, D.C. Available at: http://www.eia.doe.gov.

b) Estimated reserves divided by current consumption rate.

c) Source: Jeffrey Siirola.
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Gerhard Ertl’s Role in
Surface Science Recognized
with Nobel Prize
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The Nobel Prize in
Chemistry for 2007
was awarded to
Dr. Gerhard Ertl
for groundbreaking )
studies in surface % ¥
chemistry that have
led to understanding of
processes ranging from why
iron rusts to how catalysts in cars work. Today,
chemical reactions on catalytic surfaces play a vital
role in many industrial operations. Surface chemistry
can even explain the destruction of the ozone

layer, as vital steps in the reaction actually take
place on the surfaces of small crystals of ice in the
stratosphere.

®The Nobel Foundation.

Ertl was one of the first to see the potential of the
new science of surface chemistry that grew with the
burgeoning semiconductor industry in the 1960s.
Step by step, he created a methodology for the

science of surface chemistry by demonstrating how
various complementary experimental procedures
can be used to provide a complete picture of a
surface reaction.

Ertl founded an experimental school of thought

by showing how reliable results can be attained

by using advanced high-vacuum experimental
equipment to observe the behavior of individual
layers of atoms and molecules on extremely pure
surfaces. Using these approaches, he developed

a molecular-level understanding of the Haber-
Bosch process, in which nitrogen is converted into
ammonia, which is used to make synthetic fertilizers.
This reaction, which is catalyzed by iron surfaces,
has enormous economic significance because the
availability of nitrogen for growing plants is often
restricted. Ertl has also studied the oxidation of
carbon monoxide on platinum, a reaction that takes
place on automotive catalysts to clean exhaust
emissions.

The insights provided by Ertl have provided the
scientific basis for modern surface chemistry, and his
methodology is used in both academic research and
the industrial development of chemical processes.

Rising worldwide demand for petroleum and natural gas together with the finite availability is
driving all nations to consider producing gaseous and liquid fuels from alternative feedstocks,
such as tar sands, oil shale, and coal. However, these feedstocks will result in higher carbon
dioxide emissions per unit of energy produced. For example, methane combustion produces
115 1b of carbon dioxide per million BTU, whereas coal combustion produces 205-227 Ib

per million BTU (EIA 2007b). Although carbon dioxide sequestration offers a means for
offsetting the environmental effects of using heavier fossil fuels, technology implementation
may not be sufficiently rapid to impact the rise in atmospheric carbon dioxide.

The recognition that carbon dioxide released to the atmosphere during fossil fuel combustion
contributes significantly to global warming has awakened interest in using biomass as a
major future source of fuels. Developing biomass-to-fuels technologies is also motivated by
the assessment that up to 30 percent of the nation’s transportation fuels could be provided

by domestically grown biomass (Perlack et al. 2005). Clearly, the nation could benefit from
developing this domestic resource, which could contribute to a reduction in the concentration

of atmospheric carbon dioxide.
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Catalytic Technologies

Catalytic technologies have played a critical role in the processing of petroleum and

natural gas to produce fuels for transportation and heating (see “A Primer on Chemical
Reactions and Catalysis”). Steady advances in catalytic science have enabled refiners to
convert more petroleum in each barrel into finished products. Likewise, advances in catalytic
hydroprocessing have enabled refiners to process progressively heavier crude oils and remove
a continuingly larger fraction of the sulfur and nitrogen contained in them, lowering emissions.
Furthermore, catalytic technologies have been essential in providing chemicals, polymers, and
pharmaceuticals.

Advances in catalytic technologies have drawn heavily on advances in catalytic science

(NRC 1992). The discovery and development of efficient methods for producing microporous
zeolites, for example, have resulted in higher yields of gasoline per barrel of petroleum.
Knowledge of how to disperse nanoscale particles of platinum and other precious metals onto
high-surface-area supports has resulted in increasingly less expensive catalysts and continually
improved octane numbers of the product gasoline (Antos and Aitani 2006). Atomic-scale
characterization of catalysts has shed new light on the structures of catalysts used to remove
sulfur from petroleum.

Catalyst formulation has also benefited from insights gained from combining experimental and
theoretical studies. The finding that a rate-limiting reaction in synthesizing diesel fuel can be
facilitated by alloying iron with nickel has led to the discovery of a catalyst that is more active
than the traditional catalyst used for this synthesis (Greeley et al. 2002). An understanding of the
elementary processes involved in this synthesis process and the role of reincorporating olefins,

a family of hydrocarbons, in shaping the distribution of products has been used to identify the
ideal distribution of nanoparticles of another metal inside porous alumina supports. The resulting
catalysts maximize the production of diesel fuel and minimize the production of less valuable
light alkanes (Iglesia 1997).

Future Challenges

The progressive shift to poorer quality fossil feedstocks, together with the prospect of using
biomass and coal, creates a set of challenges for catalysis. The need will be twofold: first, for
catalysts that can deconstruct and transform complex polyaromatic molecules with low ratios of
hydrogen to carbon and second, for catalysts that can remove heteroatoms via hydroprocessing
or other means. Novel classes of catalysts will also be required to deconstruct lignocellulosic
biomass and convert the resulting products to fuel components, such as ethanol, butanol, and
dimethylfuran (Huber et al. 2006).

The processing of heavy fossil resources will increase the demand for hydrogen needed to
increase the average H:C ratio to approximately 2 and remove most of the sulfur, nitrogen, and
metal contaminants. In the case of biomass, hydrogen is needed to remove oxygen to raise the
volumetric energy density of the fuel.

The increased demand for hydrogen could be met by direct use of hydrogen-rich molecules, such
as methane and ethane, and by electrochemical splitting of water to produce hydrogen with the
required electrical power derived from the sun.

Basic Research Needs: Catalysis for Energy 3



INTRODUCTION

The discovery and development of new catalysts through the currently utilized process of
repetitive formulation and evaluation are labor and capital intensive. Although today’s tools
make this work efficient, these efforts fall short because they are not guided by the scientific
understanding needed for true breakthroughs. Thus, fundamental investigations demonstrating
how catalyst composition and structure affect performance are essential to bolster rapid-
throughput catalyst testing methods.

Major advances in understanding are needed to guide the preparation of catalysts with high
activities, selectivities, and stabilities required to meet the need for a sustainable supply of fuels
produced with minimal release of carbon dioxide. To meet this goal, the dynamics of elementary
processes at catalytically active sites must be understood and the processes limiting catalyst
activity and selectivity must be identified through the application of experimental and theoretical
methods.

This report outlines the scientific challenges that must be met to enable development of novel
catalytic technologies for processing the fuel feedstocks of the future.

Workshop Structure and Report Preparation

The U.S. Department of Energy (DOE) Office of Basic Energy Sciences held a workshop on
basic research needs for catalysis for energy, August 6-8, 2007, in Bethesda, Maryland. The
workshop was attended by 130 participants, coming from U.S. and foreign academic institutions,
national laboratories, and government agencies, as well as U.S. and foreign industry. This group
represented a broad mix of expertise in chemistry, chemical engineering, and biotechnology.

At the workshop, participants identified the scientific challenges facing the field of catalysis

and outlined the research directions of highest priority that should be pursued to meet these
challenges. They identified the tools and capabilities required to enable researchers to meet the
goals of the overall effort.

All attendees were provided with a factual document (Appendix I) that summarized the state of
technology for processing fossil resources and biomass, and for the use of photon and electrical
energy in combination with catalysts to enable the production of hydrogen from water and
reduction of carbon dioxide. Attendees were informed about the need for developing catalysts to
process new energy resources through a series of presentations made by speakers from industry,
academe, and offices of the DOE. The workshop agenda and the names of the plenary speakers
are presented in Appendix II. The participants are listed in Appendix III.

Four panels of workshop attendees devoted to their efforts the following themes:

 Grand Challenges in Catalysis as a Multidisciplinary Science and Technology
* Advanced Catalysts for the Conversion of Fossil Energy Feedstocks
 Advanced Catalysts for the Conversion of Biologically Derived Feedstocks

* Advanced Catalysts for the Photo- and Electro-Driven Conversion of Carbon Dioxide
and Water.

A fifth group of attendees circulated among the panels to identify crosscutting themes.
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The panels were charged with defining the gaps in current knowledge of the science relating
to catalysis and identifying the major scientific challenges to be overcome to facilitate both the
discovery and the development of catalysts for future catalytic technologies. At the end of the
workshop, each panel presented priority research directions that should be pursued to address
the identified opportunities and challenges.

This report was prepared by a core writing team from the four panels and the crosscutting
team. The four panel reports and that of the crosscutting team summarize the current state
of knowledge, the scientific challenges and the research directions to be pursued to meet
the challenges, the potential scientific impact of the proposed research, and the potential
technological impacts of the proposed research. The recommendations of the panels are
summarized in the body of this report.

Taken together, these recommendations outline a program of catalysis research that will be
critical for developing new energy resources in this century.
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GRAND CHALLENGES IN CATALYSIS AS A
MULTIDISCIPLINARY SCIENCE AND TECHNOLOGY

Summary

Catalysis is a critical enabling science for our energy future. Improvements in the catalytic
processes across the chemical and petroleum industries will increase resource and energy
utilization efficiencies and reduce waste and overall environmental footprints. In the future,
cost-effective, environmentally sound utilization of energy resources such as coal and biomass
will require new catalysts and processes. Efficient photocatalysts for water splitting and
electrocatalysts for fuel cells are needed if these technologies are to become practical on a large
scale. Even hydrogen storage and carbon dioxide capture and sequestration could benefit from
new abilities to catalyze solid-state reactions.

To meet these challenges, we must advance the field from catalyst discovery to catalyst design.
This advance will require not only a new level of understanding of reaction mechanisms and
dynamics to specify the structure and properties of the catalyst, but synthetic tools to construct
catalysts at the atomic level and spectroscopic and computational tools to probe catalysts in
working environments. We seek no less than the ability to design catalytic systems to accomplish
any desirable transformation of chemical and energy resources and to minimize undesirable
impacts of their utilization.

We have identified two grand challenges that are integral to achievement of this goal:

1. Understanding mechanisms and dynamics of catalyzed transformations — Connect catalytic
and photocatalytic reaction rates and selectivities to the kinetics, energetics, and dynamics
of individual elementary steps and relate these to the structure and dynamics of the catalytic
sites involved.

2. Design and controlled synthesis of catalytic structures — Use theory as a predictive design
tool, develop systematic approaches to construct and to characterize at the atomic level the
molecules and materials designed, and develop the necessary understanding to control or
direct chemical reactions in complex media.

The time to embark on these grand challenges is now. The need for new, sustainable energy
resources and technologies grows daily with the population of the planet, as do the scientific
opportunities. Tools that have come into widespread use over the past two decades, such as
scanning probe microscopies and spectroscopies and density functional theory (DFT), have
provided us with previously undreamt-of abilities to image surfaces and surface reactions, and
to integrate theory with experiment in unraveling reaction mechanisms. These and other tools
are rapidly being pushed to higher spatial, temporal, and energy resolution. New probes with
in-situ capability, both synchrotron- and laboratory-based, have added to our understanding

of catalysts under realistic process conditions. New materials and synthetic tools continue to
emerge from efforts to design, construct, and characterize functional nanostructures. Single-site
homogeneous catalysts have revolutionized olefin polymerization. Archetypal examples of solid
catalysts from first principles have begun to appear. In short, although “catalyst design” has long
seemed an empty promise, we are poised over the next decade and beyond to deliver on it for
processes of increasing complexity and greater importance in securing a sustainable energy and
environmental future. By meeting the grand challenges articulated here, we can revolutionize the
energy and chemical industries of the twenty-first century.
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Single-site Polymerization
Catalysts

Single-site catalysts are structurally well-defined
metal-organic molecules consisting of an active
catalytic metal center attached to stabilizing
organic groups known as ligands. Such catalysts
are frequently highly electron-deficient (positively
charged) and are paired with charge-balancing
negatively charged anions/co-catalysts, which
interact weakly with the catalytic center. By varying
the nature of the metal, the surrounding ligands,
and the counteranion, key catalyst properties such
as the rate of the catalytic reaction, discrimination
between incoming reactants, and suppression of
undesired competing side reactions can be “tuned.”
Such catalysts can be anchored to solid surfaces
(which are then ligands) to modify their properties
and to confer the engineering advantages of ease
of separation from products and minimization of
corrosion.

Soluble and anchored single-site catalysts for
the polymerization of olefins to produce polyolefin
plastics on a huge industrial scale represent

a triumph in rationally designed catalysts.

Introduction

A representative catalyst structure is shown in
Figure 1. Here, olefin monomer molecules such
as ethylene or propylene undergo insertion into
the linkage between the metal center and growing
polymer chain to increase the polymer chain length.
Such processes take place at rates of hundreds
of thousands of insertions per minute. A single
catalyst site can produce thousands of polymer
chains. Subtle variations in the catalyst structure
and reaction conditions can be used to engineer
the polymer properties at will.
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Figure 1: Single-site metal-organic ligand catalyst

for the polymerization of olefin to produce polyolefin

plastic materials. These materials are stronger,

lighter weight, “cleaner” plastics than conventional

materials. M is the metal atom in the catalytic

site. Molecular image courtesy of Tobin Marks
(Northwestern University).

The world’s energy needs will increase throughout this century, driven by population and
economic growth. Meeting these needs will require both the development of new energy
resources, especially carbon-free ones, and the efficient and environmentally responsible
utilization of familiar ones such as fossil fuels. The design of new and improved catalytic
processes is an essential part of solving our energy challenges, and we therefore begin by
identifying grand challenges in catalysis science. Multidisciplinary advances in chemistry,
materials science, engineering, and physics are converging to provide an unprecedented
level of synthetic control, structural resolution, and mechanistic understanding at the atomic
and molecular level. We have formulated the grand challenges for catalysis in terms of
the mechanism and dynamics of catalyzed transformations and the elementary processes
that comprise them, and the design and creation of catalytic sites that carry out these
transformations, including the control and manipulation of the environment (both catalyst
structure and the reaction media) in which these sites function. However, it is essential to
recognize that these divisions are artificial. Indeed, what is ultimately needed is a systems

approach to catalytic processes.
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Molecular-level understanding of catalytic reactions requires that a key participant—the
catalyst—be defined at a comparable level. No catalytic site operates independent of its
surroundings; the environment influences the delivery of reactants and removal of products,
and it may produce chemical and physical changes in the catalyst under reaction conditions.
The environment therefore also provides an opportunity for control of catalyst performance.

Thus, the grand challenges articulated here point toward one overarching goal: the ability to
design, and to implement new catalytic processes by design, at all relevant scales of length, time,
and composition. Moreover, in considering catalysis for energy, chemicals, and fuels, a universal
design criterion is selectivity. Higher selectivity means greater atom economy, better resource
utilization, and higher energy efficiency in virtually every process.

Advances in active site design span length scales ranging from those of the molecule to the
nanocluster to the surface of an extended solid. A broad array of new methods, including the use
of molecular precursors, atom manipulation using new tips, and the soft cluster landing method,
herald a new dawn in the synthesis of solids with precisely constructed surface sites. Design of
such active sites is guided by a deep understanding of the chemical bond and orbital energetics,
which is increasing rapidly with advances in computational science. The design and synthesis
of active sites has benefited from modular ligand designs appropriate for rapid throughput
techniques, new templating and encapsulation methods, better understanding of the role of
capping agents, and control of the sizes and shapes of nanoclusters.

A catalyst is not defined solely by the active site, whether that be a molecule, nanocluster, or
surface atom ensemble. The chemical composition, shape, motion, and energy flow of the
environment help define the catalyst performance. Indeed, the working catalyst is the marriage of
the active site and its environment. As we see in enzymes, the environment can deliver additional
functionality to the active site and stabilize it, as observed in thermophiles or in core-shell
nanoparticles. The environment below (i.e., subsurface) and external to the surface has enormous
impact on catalytic activity. For example, the environment provided by the electrolyte is essential
to the catalysis occurring at an electrode surface. In any of these constructs, the energy flow
between the active site and its environment must be controlled if optimum catalytic efficiency is
to be achieved. Understanding of the mechanisms of the processes is critical in guiding catalyst
design, and atomic-level understanding of reaction mechanisms is coming to the fore in surface
catalysis. Tip-enhanced ultrafast spectroscopy, environmental scanning transmission electron
microscopy, synchrotron-based techniques with high spatial and temporal resolution, and
adaptive Monte Carlo simulations are some of the tools that will provide deep insight into how
catalysts function under realistic processing conditions.

The confluence of the knowledge that we acquire in this century about the active site, its
relationship to its surrounding environment, and newfound mechanistic understanding of
chemical transformations enabled by powerful experimental and theoretical tools sets the stage
for the grand challenges presented in this panel report. Successful progress in addressing these
challenges will be critical in meeting the energy needs of the twenty-first century. We will learn
how to design efficient and highly selective catalysts for the myriad conversions of energy
resources and fuels that will be needed by our society.

Basic Research Needs: Catalysis for Energy 1"



PANEL REPORT « GRAND CHALLENGES

Grand Challenge 1: Understanding Mechanisms
and Dynamics of Catalyzed Transformations

Summary

Our first grand challenge is to develop an understanding of reaction mechanisms and dynamics
at catalytic reaction centers that is sufficiently complete to enable the creation of new catalytic
processes for desirable chemical transformations while avoiding waste. For example,
mechanistic understanding of olefin polymerization led to new catalysts with a multi-billion-
dollar annual impact (Marks 2006). Our challenge is to gain a similar degree of mechanistic
understanding of the catalytic transformations that will be critical to this nation’s energy and
environmental future. This understanding requires the connection of catalytic reaction rates

and selectivities to the kinetics, energetics, and dynamics of individual elementary steps, and
an understanding of how these factors are related to the structure and dynamics of the catalytic
sites. To achieve this understanding, we must examine catalysts and catalytic reactions over

a wide range of spatial, temporal, and energy scales. The geometries, energies, and electronic
features of key intermediates and transition states must be determined, and the kinetic parameters
of key steps examined. Conventional spectroscopic and mechanistic investigations must be
augmented by computations, simulations, and new spectroscopic and imaging methodologies
with high spatial and temporal resolution. Advances will be necessary in both experimental and
theoretical techniques to describe quantitatively the structure and chemistry of the catalyst and
the neighboring environment under reaction conditions. This knowledge will lead to a toolbox
of catalytic sites and elementary steps for the on-demand breaking and making of specific bonds,
novel catalytic transformations, and new paradigms for catalyst discovery. To achieve similar
advances in photocatalysis and electrocatalysis to harvest solar and electrical energy as fuel, we
must develop a similar understanding of reaction dynamics and concomitant electron transfer
and energy flow rates, ranging from the very short timescales of electron and atomic motion to
those reflective of elementary reaction processes.

Introduction

Knowledge of the reaction mechanism (i.e., the sequence of elementary steps by which reactants
are converted to products) is central to understanding catalyzed reactions. The geometric
structure (atomic positions), energies, and electronic structure of the initial state (reactant),

final state (product), and transition state (activated complex) must be characterized for each
elementary step. Further, the dynamics characterizing their interconversion must be addressed.
More important for the design of improved catalysts and photocatalysts is an understanding of
how these energies and the dynamics for each such step depend on the details of the dynamic
structure of the active site and its surroundings, including the effects of reaction media.
Achieving this depth of understanding will require temporal measurements on timescales
ranging from 10'® to 10* s and beyond if we are to describe the following:

1. changes in electronic and atomic structure within single molecules or surface species
involved in individual elementary chemical steps

2. the macroscopic rates of reactant to product conversions, which describe catalyst activity
and selectivity

3. catalyst deactivation rates.
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The Birth of a Carbon Dioxide
Molecule: Scanning Tunneling
Microscopy

Technologies such as scanning tunneling micro-
scopy provide images of catalyst surfaces and
reacting molecules at atomic resolution (Figure 2).
These images provide important details of the
sequence of events of a catalytic transformation
and help researchers develop new catalysts. For
example, researchers have been able to observe
carbon dioxide formation during the reaction of
carbon monoxide with atoms of oxygen catalyzed
on a metal surface. Although this reaction is quite
simple, the observations made in these studies may
aid in the development of improved catalysts for
vehicle emission control.

Four of the panels (A-C, E) illustrate some of the
details of this reaction. Panel A depicts an isolated
carbon monoxide molecule adsorbed on a silver
surface. Panel B shows a pair of oxygen atoms

on the silver. Panel C shows an absorbed carbon
monoxide molecule and two separated oxygen
atoms absorbed on the silver. When these chemical
species are appropriately positioned to react with
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one another on the catalyst surface, they form an
intermediate O—-CO-0 complex, as depicted in
Panel E. This intermediate complex had not been
observed previously. Subsequently, the 0-CO-0
complex decomposes and yields a carbon dioxide
molecule and an oxygen atom. Panels D and F
illustrate the atomistic arrangement of oxygen and
carbon monoxide in Panels C and E, respectively.

A second experiment (Figure 3) illustrates the
progression of this reaction through an alternative
mode; in this case, the carbon monoxide molecule
is introduced to the reactive metal surface, which
contains absorbed oxygen atoms. In Panel A,

a carbon monoxide molecule is indicated on

the scanning tunneling microscope tip, and the
figure illustrates that two oxygen atoms line up

on the surface below the tip. Panel B shows the
measurement of the microscope’s tunneling current
as a voltage is applied to make the carbon monoxide
molecule migrate from the tip to the surface where
it reacts with the adsorbed oxygen to form a carbon
dioxide molecule. Figure C shows an image of the
area after the reaction. Figures D, E, and F are
schematic diagrams for A, B, and C, respectively
(Hahn and Ho 2001).

Adding complexity, the ability to image the geometric and electronic structure of the catalyst
with high spatial and temporal resolution, while actually operating under catalytic reaction
conditions, is required. Furthermore, it will require measuring the energies of the catalytic

intermediates.

These accurate measurements for selected model systems will also provide useful benchmarks
for the development of theoretical methods that provide accurate energies and geometries
of intermediates and that can accurately simulate chemical transformations occurring on

catalysts over highly varied time and length scales, both near to and far from equilibrium. Such
investments will then enable the development of multiscale, adaptive theoretical models that
have predictive capabilities. With the continuing development of fast and relatively inexpensive
computational methods, critical tools will become increasingly capable of contributing to the
achievement of this grand challenge. The application of theory will then allow us to optimize
catalyst structures and operating conditions to achieve transformations vital to the nation’s
energy and environmental future.

Fundamental investigations of thermally stimulated, photon-stimulated, and electron-stimulated
reactions will allow us to understand how electrons and energy flow within molecular or surface
species, plus the coupling of electron transfer and atom motion dynamics. Ultimately, we must

Basic Research Needs: Catalysis for Energy 13



PANEL REPORT « GRAND CHALLENGES

The Birth of a Carbon Dioxide
Molecule (contd.)
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Figure 2: Atomic-scale view of carbon dioxide formation. Reprinted with permission from Hahn and Ho

. (2001). Copyright 2001 by the American Physical Society. r
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The Birth of a Carbon Dioxide
Molecule (contd.)

Figure 3: Reaction of a carbon monoxide molecule released from a scanning tunneling microscope tip with
an oxygen atom on the surface. Reprinted with permission from Hahn and Ho (2001). Copyright 2001 by the
American Physical Society.

strive to measure and predict structures and energies describing the full potential energy surfaces
and how reactive fragments move on these static and fluctuating potential energy surfaces, and
understand the coupled dynamics of atomic and electron motion over multiple length, time,

and energy scales. These challenges will require a greater dependence on computation, and a
deeper understanding of the elementary processes involved in electron-molecule and photon-
molecule reactions. Simulation of atomic motion on non-adiabatic potential energy surfaces is
particularly difficult. These challenges are formidable, but meeting them will allow us to design
photocatalysts that can be used to produce liquid fuels or other energy forms, and electrocatalysts
for fuel cells and other energy applications.

Scientific challenges

The scientific challenges for understanding the mechanisms and dynamics of difficult catalytic
transformations include the following:

* determination of reaction mechanisms and kinetics of catalyzed processes

* imaging of catalyst structures at high spatial and temporal resolution under realistic catalytic
reaction conditions

» theoretical representation of catalytic reaction dynamics over multiple length, time, and
energy scales.
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Recent advances make achieving these far-reaching challenges finally appear as realistic
goals. The most recent advances in theory and experiments, coupled with those expected
in the next decade, promise much more impressive strides towards definitive mechanistic
research, understanding of structure-function relationships, and predictive catalysis. We
envisage being able to extend these advances even into the domains of dynamics, electron
transfer, and photochemistry.

1.

16

Determination of reaction mechanisms and kinetics of catalytic processes. Efficient and
effective catalysis consists of a closed cycle of elementary reaction steps in which particular
bonds are broken and others are formed selectively. Key to effective design of new catalysts
and improving existing catalysts is detailed understanding of the mechanisms and kinetics
of these individual reaction steps. We need to know exactly how the catalyst participates in
the cleavage and formation of the various bonds through the cycle. Essentially, we need to
visualize the reaction path proceeding from reactants, through all intermediates, to products,
including the effects of nearby adsorbates and their concentrations on the mechanism and
kinetics. Information about the structure and energetics of intermediates and transition states
must then be related quantitatively to the kinetics of the individual steps that transform

one intermediate to the next. Gathering of this information will require the synergistic
applications of a variety of experimental techniques and computational methods, many of
which must still be developed. Such efforts will also reveal how reaction pathways and their
associated energetics are linked to the local structure and composition of catalytically active
sites. Combining knowledge of the mechanism and the kinetics of individual elementary
steps into an overall description of reaction rates will lead to a deeper understanding of
catalyst activity and selectivity.

Currently available methods for investigating the mechanisms and kinetics of elementary
processes occurring on a catalyst surface or at a catalytically active site are based almost
exclusively on techniques that provide an average over all active sites, but do not describe
what occurs at individual active sites. Although such information has proven invaluable and
has led to a deep understanding of reaction mechanisms and kinetics, it does not provide an
understanding of the diversity of activities at individual sites and how that relates to the local
composition and structure of the site. As a result, a pressing need exists for the development
of techniques that can enable observation of catalysis at single sites.

Recent experimental and theoretical advances make achieving these very challenging goals
appear realistic. These advances include the development of new spectroscopic techniques
to measure excited-state dynamics and electron transport, which simultaneously achieve
both high spatial and high temporal resolution (e.g., tip-enhanced, ultrafast spectroscopic
and electron-transfer measurements) (Ogawa et al. 2007; Wu et al. 2006). They also include
evolution of new theoretical methods for excited-state and non-adiabatic dynamics of
many-atom and periodic-boundary-condition systems (Craig et al. 2005; Li and Tully 2007;
Li et al. 2005; Stier and Prezhdo 2002).

There is also a need to understand the motion and energy flows involved in single-event
processes, such as those occurring in photo- and electrochemical systems. For example, it
is now feasible to measure the detailed conformational dynamics of a single biomolecule.
Furthermore, it is possible to achieve femtosecond temporal resolution and nanosecond
spatial resolution of charge-transfer events. These are two areas of opportunity for incisive
collaborative work between theorists and experimentalists, and because the three subareas
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of catalysis—biological, homogeneous, and heterogeneous—share common dynamical
issues, there is a splendid opportunity to develop common ground in the area of dynamics.
For example, the motions and rearrangements of the catalyst atoms are widely appreciated in
homogeneous and biocatalysis, but are less well developed in heterogeneous catalysis, where
the catalyst is generally less flexible. Laser-based techniques are now pushing temporal
resolution of elementary processes to the attosecond (10'%s) time scale (Bucksbaum 2007).

Another challenge is the development of methods to measure the movement of reactive
fragments on multi-dimensional ground and electronic excited state surfaces, and the
associated electron transfer dynamics and local energy exchange among modes of motion.
Such measurements should be coupled with efforts to predict these effects computationally,
because a full understanding of these processes would allow us to realize more efficient
energy management in thermal catalysis, as well as energy, excited-state atom, and electron
management in photocatalysis and electrocatalysis.

High spatial and temporal resolution imaging of catalyst site geometry and structure under
realistic reaction conditions. The electronic and geometric structures of catalytic materials
under reaction conditions determine their efficiency, selectivity, and lifetime. Experimental
tools must be developed that can interrogate the geometric and electronic structures of
catalytic materials and their associated reaction intermediates under reaction conditions.

Of particular value will the observation of the temporal evolution of catalyst structure at
temperatures, pressures, and reactant concentrations reflective of those used in industrial
practice.

Preliminary measurements of this type clearly illustrate that catalyst structure and
morphology typically change under reaction conditions and over time. Even extended
solid surfaces, traditionally thought to be static, may undergo thermal rearrangement and
fluctuations, in addition to undergoing substantial changes in morphology during reaction
because catalyst atoms are rearranged via bonding to atoms and molecules of reactants and
products. Such fluxional behavior is even more important in the function and longevity

of nanoscopic and molecular catalysts. Because the geometric and electronic structures

of catalysts are inextricably linked, both are central to controlling catalytic efficiency and
selectivity.

The key to meeting the challenges of in-situ characterization of catalyst structure is advanced
instrumentation and theoretical methods for the analysis of the data obtained from such
instruments. Techniques such as scanning tunneling microscopy, atomic force microscopy,
and aberration-corrected and environmental scanning transmission electron microscopies all
provide information about catalyst structure with atomic spatial resolution—and they can
be used for in-situ observations. Moreover, the application of powerful new computational
methods for structural refinement can provide information about the local structure of
complex catalysts with heretofore unprecedented detail. Examples of new computational
methods include optimization of structures determined experimentally by diffraction/
scattering based on quantum chemical computations of lowest-energy local structures;
simulations of scanning tunneling microscopy images for computed low-energy surface
structures for comparison with experimental images. Changes in the local environment

of an element in the catalyst can also be followed in situ by using synchrotron-based
techniques such as x-ray absorption near edge fine structure (XANES) and extended x-ray
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Watching Catalysts as They
Work: In-Situ Transmission
Electron Microscopy

The quest to understand and to visualize the
mechanisms of chemical reactions has often been
described as the desire to watch “the dance of the
molecules.” As with molecular catalysts such as
soluble transition metal complexes and enzymes,
bulk spectroscopic techniques such as nuclear
magnetic resonance can provide information about
the structure and dynamics of the catalyst as well

as reactants, intermediates, and products. Solid
catalysts provide a “dance floor” on which one might
watch the transformation of reactants into products
by microscopy techniques, but this is not as simple
as it sounds. The “dance” takes place at the interface
between solid and fluid phases, and to follow it,

one needs techniques that provide spectroscopic
information or imaging specifically at the interface,
not in the bulk solid or fluid. As illustrated in the
previous sidebar, scanning probe microscopies can
provide images at atomic resolution of surfaces and

reacting species on them, but the catalysts that one
can examine are generally planar model systems
rather than practical, high-surface-area catalysts.

Remarkable advances in the resolution of trans-
mission electron microscopes and the design of
reaction cells for these are literally changing the
picture. Although access to state-of-the-art instru-
ments is not widespread outside of industrial and
national laboratories, exciting results are already
beginning to emerge. One such example comes
from the Haldor Tops@e research laboratories in
Denmark. Workers there have utilized in-situ trans-
mission electron microscopy to generate atom-
resolved images of copper nanocrystals on various
oxide supports, including working Cu/ZnO catalysts
used for methanol synthesis and reforming for fuel cells
(Hansen et al. 2002).

Figure 4 (Hansen et al. 2002) demonstrates how the
shapes of copper nanocrystals on zinc oxide change
in the presence of the reactants for methanol synthesis.

These images show the dynamic changes that occur
in response to changes in the gas environment.
These are particularly significant when both the
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Figure 4: In-situ transmission electron microscope images (A, C, and E) of a Cu/ZnO catalyst in various gas
environments with the corresponding Wulff constructions of the copper nanocrystals (B, D, and F). (A) The image
was recorded at a pressure of 1.5 mbar of hydrogen at 220 °C. The electron beam is parallel to the [011] zone
axis of copper. (C) Obtained in a gas mixture of hydrogen and water, H,:H,O = 3:1 at a total pressure of 1.5 mbar
at 220 °C. (E) Obtained in a gas mixture of hydrogen (95 percent) and carbon monoxide (5 percent) at a total
pressure of 5 mbar at 220 °C. From Hansen et al. (2002). Reprinted with permission from AAAS.
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Watching Catalysts as They
Work (contd.)

reactants (carbon monoxide and hydrogen) needed
to make methanol are present in the gas phase;
on zinc oxide, the copper nanoparticles flatten into
disc-like structures due to increased wetting of the
zinc oxide support. This flattening does not occur
on other supports such as silica (Hansen et al.
2002). The nanocrystals are terminated primarily
by densely packed (111) and (100) surfaces, with
fewer high-energy edge and corner sites. As a
result of this morphological transformation, the
active surface area of the copper nanocrystals is
increased (Tops@e 2003). Microkinetic models that
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take into account the actual distribution of surface
crystallographic structures under reaction conditions
are better able to account for catalyst performance
than those based on a static initial surface structure
(Johannessen et al. 2001).

Although this example perhaps illustrates the
“dance of the surface” better than the “dance of the
molecules,” the two are intimately connected. By
coupling the results of model investigations, both
theoretical and experimental, of the adsorption

and reaction processes on surfaces of well-defined
structure with in-situ observations of the atomic
structure of the catalyst under reaction conditions,
one can develop quantitative understanding and
prediction of catalyst performance.

absorption fine structure (EXAFS) spectroscopies, which provide information about the
oxidation states of elements and their local coordination and geometry. Such measurements
are made even more useful when coupled with multiple scattering calculations of XANES
and EXAFS spectra. Similar analyses can be used to interpret the results of neutron
diffraction measurements. Further details on this subject are addressed in the chapter on
crosscutting issues.

Theoretical representation of catalytic reaction dynamics over multiple length, time,

and energy scales. Theory has come to play an increasingly important role in advancing
understanding of the effects of local composition and structure on the properties of
catalytically active sites. For example, it is now possible to predict the effects of ligand
composition on the ability of a transition metal complex to coordinate and activate a reactant
and to predict the overall reaction pathway, energetics, and even kinetics of reactions of small
molecules occurring on the surfaces of metals and metal oxides. Electronic structure theory
has also played an important role in the interpretation of EXAFS and Raman spectra. The
challenge for the future is to develop quantum chemical approaches that provide accurate
(within 5 kJ/mol) predictions of ground- and transition-state energies routinely for molecules
and catalysts involving tens to hundreds of atoms. The achievement of this goal will require
improvements in DFT approaches and novel, highly efficient strategies for finding transition
states, as well as methods for finding free energies of activation for elementary processes that
are not based on the harmonic approximation. Recent progress towards achieving these goals
is promising and is described in more detail in the chapter on crosscutting issues.
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Broader scientific impact

Successfully addressing the above challenges will have a broad scientific impact on chemistry
broadly, extending well beyond catalysis. This impact will emerge from the development of new
instrumentation for imaging catalysts, allowing determination not only of their structures at the
atomic level, but also allowing determination of elemental compositions with atomic spatial
resolution. Such capabilities will be of use in areas of integrated electronics, optoelectronics,
sensors, etc. Likewise, it is expected that photon-based methods developed to probe the
dynamics of elementary processes occurring at catalytically active sites will find application

to investigations of surface phenomena in many other areas of application. The development
and implementation of advanced theoretical methods will lead to a better and more complete
interpretation of myriad processes involving chemical transformations and to the interpretation
of data obtained from many experimental techniques.

Pursuit of the challenges described in the preceding section will enable researchers dealing with
the development of new catalytic technologies to carry out their mission bolstered by a set of
tools and principles that will have evolved from investigations of catalysis at its most elementary
level. In the area of energy conversion, there are numerous types of metals, ligands, and surfaces,
but only a few basic types of bonds that we need to understand how to break (via bond formation
with catalytic centers) and make to effect desirable catalytic transformations. This group includes
C-H, C-C, C-0, O-0, and O-H bonds. For example, the transformations of alkanes to alcohols,
splitting of water, and transformation of biomass all include the cleavage and formation of such
bonds. Through the examination of mechanisms and energetics of reactions in which these key
bonds are cleaved or formed, we gain an understanding of the catalyst requirements for cleavage
of each type of bond. Through investigation of a wide variety of catalytic and model systems,
homogeneous and heterogeneous, commonalities and limitations with respect to these individual
bond-cleavage and -formation reactions will emerge. When the barriers are understood, strategies
to circumvent or surmount them can be formulated. The result will be a toolbox of catalytic sites
and elementary steps that facilitate specific bond breaking/making and their effective coupling.
Armed with a deep understanding of the kinetics, mechanisms, thermodynamics, intermediates,
structures, and selectivities of each of the elementary reactions involved in energy conversion
processes, and how they depend on the properties of the catalytic sites, scientists will be able to
achieve the rational design of catalysts for new transformations in energy applications.

Potential impacts on catalysis for energy applications

Exploitation of microkinetics for improving reaction conditions and discovering new
processes. The knowledge gained from investigations of the mechanisms, energetics, and
kinetics of elementary reactions would greatly facilitate improvements in current catalysts and
the rational discovery of new catalysts. The assembly of information about rate parameters

for elementary reaction processes into a complete microkinetic model would open the way for
predicting overall catalyst activity and selectivity. By combining the capabilities with the ability
to relate rate parameters to catalyst composition and structure, it will become possible to explore
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the effects of changes in catalyst formulation on catalyst performance. Such advances could

lead to the discovery of new catalytic transformations that will allow the exploitation of a wide
variety of feedstocks for energy applications. For example, such an approach could be applied to
develop catalysts for the activation and transformation of methane to transportable fuels such as
methanol or higher alkanes. The splitting of water into oxygen and hydrogen and the reactions
involved in processing of biomass all involve the cleavage and formation of specific bonds. With
the knowledge provided from the investigations described previously, the rational development
of such catalytic processes will ultimately become possible.

Photocatalytic routes to harvest and store solar energy. By meeting the scientific
challenges described previously, we also will learn how to manage electron and energy flow

in reactive systems, by proper nanoscale control of catalyst composition and structure. This
knowledge could be used to great benefit in designing new photocatalysts for harvesting solar
energy to effect chemical transformations such as fuels production and pollution abatement. Key
to this advance is a much deeper understanding of reaction dynamics and especially how reactive
fragments move on non-adiabatic potential energy surfaces defined by the photocatalysts.

As we have indicated, our central goal is to design efficient and selective catalysts for
any desired transformation of energy resources, fuels, and chemicals. Understanding the
mechanisms of these transformations is essential to accomplishing this mission.

Selective bond activation for conversion of emerging energy resources to liquid
fuels and chemicals. Fossil-based feedstocks contain a variety of different functional groups
and bonds that must be activated selectively by manipulation of C—C vs. C—H bond-breaking
reactions. Furthermore, the selective breaking of carbon—heteroatom bonds is critical for the
removal of nitrogen, sulfur, and oxygen from heavy feedstocks such as tar sands, shale oil, etc.
Biomass feedstocks differ fundamentally from fossil resources in that they contain much larger
numbers of C—O and O-H bonds. Furthermore, these feedstocks are most often processed in
the liquid phase. New catalysts will need to be developed that can selectively cleave C—O vs.
C—C vs. O—H bonds in biomass feedstocks in the liquid phase to generate valuable fuels and
chemicals. The ability to create new bonds, in particular C—C bonds, from oxygenated reactants
in condensed media, is important in developing our ability to construct molecules with suitable
properties for energy and chemicals applications.
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Grand Challenge 2: Design and Controlled
Synthesis of Catalytic Structures

Summary

This challenge follows directly from Grand Challenge 1: to translate new mechanistic
understanding into the design and realization of effective catalysts. Meeting this challenge will
require the use of theory as a predictive design tool, the development of synthetic approaches
to construct, at the atomic scale, the materials designed, whether highly uniform or deliberately
multifunctional, and the advancement of characterization tools that can provide feedback on
catalyst structure both during synthesis and during operation. Key targets include both catalysts
designed for specific applications and those designed to test concepts such as structure-function
relationships, thereby advancing the paradigm of rational catalyst design and the tools for its
development.

Introduction

From the perspective of chemical transformations and processes, there are important
opportunities for improved energy efficiency and energy independence in many areas, from
traditional applications such as improved utilization of fossil fuels, to completely novel
processes, such as catalysis of the conversion of solar energy and the production of fuels from
biomass. The rational design of catalysts will play a crucial role in meeting each of these
challenges. In some cases, the catalyst may be an improved, controlled-structure version of
existing materials, with the design based on a new understanding of reaction mechanisms and
taking advantage of recently developed capabilities for controlled synthesis of materials. In other
cases, design of catalysts will lead to entirely new classes of materials for processes that do not
yet exist.

Scientific challenges

The scientific challenges that relate to the design and realization of catalysts for specific
transformations include the following:

* control of catalyst structures at the atomic and nanometer length scale

« understanding how catalyst structure evolves in a reactive environment

* integration of multiple catalytic functions

» synthesis of three-dimensional nanostructured catalysts

« utilization of principles employed by enzymes (biomimetic catalysts)

* development of non-precious-metal catalysts with superior performance

» combinatorial and high-throughput strategies for catalyst synthesis and evaluation.

One crucial goal in essentially all areas of catalyst development is that of improving catalyst
selectivity. Whether or not the process of interest is in the energy/fuel chain, selectivity of

all chemical processes has important consequences for energy efficiency. The higher the
selectivity for desired products, the higher the efficiency of feedstock utilization and energy
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use, and the lower the production of waste with its attendant disposal and environmental costs.
Realizing higher selectivity not only makes better use of feedstocks, but also translates into
minimization and even avoidance of downstream separations; both reduce costs. Because
these downstream processes often dominate the capital, operating, and energy costs of catalytic
processes, selectivity improvement has an amplifying effect on energy efficiency well beyond
efficiency of reactant utilization.

1. Control of catalyst structures at the atomic and nanometer length scale. The attainment of
high selectivity is linked intrinsically to catalyst uniformity. Sites that are not optimal for
the desired reaction may catalyze undesired side reactions instead. Thus, the challenge is
to synthesize catalysts with uniform sites at the atomic or molecular scale. This strategy
has been especially successful for olefin polymerization, whereby molecular catalysts
allow precise control of product polymer microstructure. Achieving this kind of specificity
in heterogeneous catalysis would have enormous potential for transforming the chemical

industry.

Progress is being made in the area of controlling materials synthesis on the atomic and
nanometer length scales, making the goal of materials with uniform sites achievable. One
example of a method that has become available for producing materials with controlled
surface structures involves self assembly of nanoparticles of different materials into
superlattices (Shevchenko et al. 2006). These self-assembly methods have been shown

to provide a general and inexpensive path for producing a wide variety of materials with
precisely controlled chemical compositions and tight placement of the components. Another
technique that has become available for producing uniform materials is atomic layer
deposition, which allows atomic layer control of films as fine as 0.1 nm in thickness inside
deep trenches, porous media, and around particles.

Rational catalyst design will have to go hand-in-hand with development of the process,
especially for some new processes, such as the production of chemicals and liquid fuels
from biomass. This combination is required because the success of the process will
ultimately depend on the success of developing a catalyst. Because biomass feedstocks
differ qualitatively, particularly in oxygen content, from crude oil and natural gas, it is likely
that many of these applications will require entirely new catalysts, with materials tailored to
the catalytic environment in which they will operate. For example, materials for processing
biomass will almost certainly need to catalyze reactions in highly corrosive aqueous
environments. Our ability to synthesize catalysts with the proper composition and structure
will be critical. Similarly, the processing of more complex fossil fuels, such as tar sands and
coal, into more usable liquid forms will require catalysts tailored to these feedstocks.

An additional benefit to synthesizing specific structures in which atoms are arranged in a
predetermined way is that these materials should lead to rapid assessments of theories on
structure-property relationships, and to efficient assembly of the best “candidate structures”
for carrying out a given reaction. At present, catalyst properties are known to be sensitive to
structural features that span the atomic to the nanometer length scales. At the atomic level,
the spatial arrangement of atoms at the active site plays a crucial role in the activation of
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Using the Response to
Environment to Stabilize
Solid Catalysts

Many solid catalysts are composed of a metal

or metal oxide dispersed as nanoparticles on

a relatively inert support. Reaction rates are
typically proportional to the surface area of the
active component, and one role of the support is
to maintain high surface areas of the expensive
catalyst consisting of relatively small amounts of
the material. Often, catalysts must operate at high
temperatures, in harsh environments. As a resullt,
deactivation is a serious problem because of loss
of surface area or changes in structure of the
active component. An important example involves
automotive emissions-control catalysts, which are
prepared from precious metals (platinum, rhodium,
and palladium) on oxide supports. Relatively large
amounts of the precious metals are required to
maintain the necessary performance after the
catalyst has been severely treated.

An opportunity has recently been demonstrated
for using the response of the catalyst to changes
in the gas-phase environment to maintain the
catalyst in its highly dispersed, active form, using

much less precious metal. Precious metal ions

can be incorporated in their ionic state into a
perovskite (ABO;) host where they remain isolated
under oxidizing conditions (Nishihata et al. 2002).
When exposed to reducing conditions (as they are
periodically in the cyclic redox environment of a
catalytic converter), the precious metal ions are
released by the host in the form of catalytically
active nanoparticles. This environmental response
appears to be a general phenomenon and has been
characterized extensively for BaCe.,Pd,Os., as
illustrated in Figure 5, by electron microscopy and
calculations based on DFT. Under environmental
conditions when metal particles would be expected
to sinter and lose surface area (i.e., at high
temperatures in excess oxygen), they can instead
be re-absorbed into the perovskite lattice. The
metal nanoparticles are recovered, however, upon
exposure to a reducing atmosphere.

This example is important in demonstrating the
principle that interactions between a catalyst and

its support can be used to achieve high activity

and stability. Fundamental understanding of the
solid-solid interfaces in these materials is crucial for
understanding how the catalyst will respond to its
environment and for taking full advantage of catalyst-
support interactions.

Figure 5: Transmission electron microscope image of perovskite nanowires that are formed when BaCe.,Pd, O,
is reduced and fcc-palladium is extruded. The inset is a scanning electron microscope image showing larger
regions with such wires emerging. On the right is the DFT--generalized gradient approach calculated structure

of BagCe;Pd0,3, showing square-planar palladium(ll) in blue. Reprinted with permission from Li et al. (2007).

Copyright (2007) American Chemical Society.
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reactants. If the active sites involve more than one kind of metal atom (e.g., in bimetallic
catalysts and in mixed metal oxides), the controlled synthesis of particular heteroatomic
linkages is of great importance. Many important catalytic properties are also derived from
nanoscaled structural features, such as particle size for metal catalysts, catalyst-support
interfaces, and framework mesoporosity; gaining control of these features with the precision
typical of atom-by-atom molecular chemistry is a worthy challenge.

2. Understanding how catalyst structure evolves in a reactive environment. Because most
solid catalysts consist of more than one phase (e.g., a metal catalyst on a porous support),
a fundamental understanding of how the solid phases interact, both during preparation and
under reaction conditions, is essential for developing and stabilizing high-performance
materials. Most catalysts deactivate over time, often because of sintering or changes in
physical structure of the active component. These changes are the result of materials
“moving” towards their equilibrium state characteristic of the actual reaction environment.
However, if materials could be designed so that the equilibrium state is the active state, these
materials could have intrinsic stability. An excellent example illustrating this principle is
that of a palladium catalyst supported on LaFe,Co,,O; perovskite (Nishihata et al. 2002),

Cooperativity between

= % ; .
Chemical Functions in :"f e TN 2z h'-l
Imprinted Silicas Controls - ; B s g
Catalyst Selectivity P e—
The synthesis of microporous and mesoporous S t
catalysts is frequently carried out with “templates” - ’::] i '1 L= ; f 1 1

to control pore structure. Similar strategies may be
employed to imprint amorphous materials such as

silica or polymers with cavities that contain specific Figure 6: Effect of environment surrounding

arrangements of chemical functions. If these are
located in proximity to each other, they can act
cooperatively (much as in enzyme catalysts) to
produce new chemistry.

For example, by imprinting silicas with carbamates,
one can produce cavities, each containing a single
amine group tethered to the silica by an alkyl
chain. Depending on the details of the synthesis,
the material can be prepared such that these
amine groups can have neighboring silanol (SiOH)
groups, or these silanol groups can be capped
with nitrile-containing functions. These groups can
work cooperatively to catalyze new reactions, as
illustrated in Figure 6.
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aminocatalyst active site on nitroaldol catalysis.
Reprinted with permission from Bass et al. (2006).
Copyright (2007) American Chemical Society.

Acid-base cooperativity between silanol and amine
groups leads to a nitro olefin product in the reaction
of nitrobenzaldehyde with nitromethane, as shown
on the right side of Figure 6. In contrast, the primary
amine site within the nitrile-rich environment on

the left directs the reaction through an aldolate
intermediate to form the nitroalcohol product with
greater than 99 percent selectivity. This reaction is
the first example of primary amine catalysis to form
an alcohol in this reaction, illustrating the potential
for designing and synthesizing multifunctional
catalyst sites (Bass et al. 2006).
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in which palladium was shown to remain highly dispersed, even after exposure to very

harsh conditions, due to palladium movement in and out of a perovskite lattice during cyclic
oxidation and reduction cycles. This concept is already being used in commercial catalysts to
maintain palladium dispersion.

To design stability into most catalysts requires a fundamental understanding of solid-solid
interfaces, which includes the vital role of the chemical environment. Traditionally, the
practice of materials design and selection assumes a static role for the solid; the suitability
of a material for a particular chemical application is determined in large part by its ability to
withstand the widest possible range of temperature and environmental conditions that the
solid is likely to encounter. In contrast, recognition that materials respond to their chemical
environments should allow the development of materials in which the environment is crucial
to its function. In some cases, the new materials may arise from a starting proto-material that
evolves in response to stimuli from its chemical environment. In other cases, materials may
exhibit flexible (and desirable) responses to environmental changes/stimuli, such as multiple
functional states and structures.

Catalytic reactions that occur in multiphase systems are influenced by the physical and
chemical characteristics of species in the interphase region, including the catalytically

active site, other active phases or adjacent structural components of the catalyst, reactive
intermediates, and solvents. To achieve the desired performance characteristics, including the
production rates, selectivities, and durabilities, new tools and strategies must be developed

to control the phase morphology, structure, and composition at length scales ranging from
atomic to macroscopic.

Integration of multiple catalytic functions. Beyond the optimization and design of catalysts
for individual chemical transformations, a further challenge is to combine functions to
achieve highly selective multifunctional catalysts. At the molecular scale, meeting this

goal involves the combination of multiple reactive groups within an active site, as in
enzymes. At the microscopic scale, this strategy can be represented by examples such as

the combination of metal and acid functions on a common support, or the introduction of
additional chemical functionality via dense or structured fluid phases. The ability to carry
out a sequence of desirable reactions in a chemical process, without intermediate separations
of the products and reactants, can also lead to significantly improved energy efficiency and
improved processes. In some cases, the ability to carry out multiple reactions in the same
reaction vessel can be the difference between whether or not a product can even be made.
For example, liquid alkanes can be produced from carbohydrates through a sequential aldol
condensation with acetone, followed by the hydrogenation of the products in the same batch
reactor. Because of high costs of product separation, this process can be practical only with
a bifunctional catalyst that is able to carry out both chemical transformations in the same
reactor (Barrett et al. 2006).

Three-dimensional nanostructured catalysts. Many state-of-the-art solid catalysts take
advantage of three-dimensional porous structures for achieving a high level of selectivity.
For example, on nanometer length scales, size and shape discrimination effects in zeolites
have long been established. Given the great utility of these properties to improve catalytic
selectivity, it is of interest to access a wider array of porous structures of this type. The
catalysts may include structures that feature non-covalent interactions, such as hydrogen
bonding, hydrophobic solvation, and electrostatic complexation. New three-dimensional
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nanostructures may be based on oxide frameworks or inorganic-organic hybrid systems that
incorporate multiple functionalities. The architectures of these catalysts should incorporate
elements that lead to high degrees of stability and allow for tailoring (e.g., to provide highly
specific reactant-catalyst-binding modes or sites that stabilize the transition state for a given
reaction). Furthermore, incorporation of multiple catalytic centers may be the basis for
design of tandem (cascade) reaction schemes. This goal may also be achieved with small
particles of the three-dimensional nanostructure and by manipulation of particle morphology
to promote cooperative, sequential reaction steps at different catalytic domains of a
nanostructure. The importance of cooperative operation between components is shown by
the example of ceria-supported metals for the water-gas shift reaction (Fu et al. 2003). The
reaction, which is critical for hydrogen fuel cells, occurs at rates that are orders of magnitude
higher on ceria-supported metal catalysts than on the metals or ceria separately.

5. Utilization of principles employed by enzymes: biomimetic catalysts. Biological catalysts
often utilize dynamic, time-varying steric and electronic properties of the local machinery—
the catalytic center itself and the surrounding sophisticated and complex “traffic control”
environment—to achieve high levels of reactant specificity, turnover frequencies, and
stability. These catalysts also offer multifunctional behavior caused by the proximity of
Lewis acid and base sites, protons, and electrons. They also exhibit the highly tuned ability
to control the timing by which reactants are delivered to the catalytic center, as well as strict
spatial control that influences reactant positioning and the transport of reactants and products.
Moreover, such catalysts may incorporate signaling functions that turn the enzymatic
activity on and off. The development of biomimetic catalysts must therefore be based on
understanding rules for cooperative catalysis that occur in biological systems, wherein
multiple functional groups participate within an active site and may function in a concerted
fashion to accelerate catalysis. Bio-inspired catalysts may be generated by incorporating
structural motifs that are stimuli-responsive for regulation of mass transport. Furthermore,
this class of catalyst often has the ability to adapt to a variety of environments, via structural
rearrangements or “self-repair’” mechanisms. It would be highly desirable to incorporate
these properties into the design and synthesis of catalysts. This goal may be achieved via
use of non-covalent interactions, as provided, for example, by second-coordination-sphere
interactions, which allow a conformational and structural reorganization of the catalyst and/
or the catalyst support system under different conditions.

6. Development of non-precious-metal catalysts with superior performance. Many of the most
useful soluble and solid catalysts incorporate precious metals such as rthodium, palladium,
platinum, and ruthenium. These metals are expensive. Furthermore, their supply is limited.
In very large-scale applications, such as might be required for synthesis of fuels from solar
energy or widespread use of fuel cells for power generation, there would likely not be
enough of these metals to meet the need. Precious metals must be used more effectively, or
non-precious-metal catalysts must be developed as replacements. One example of progress
in using precious metals more eftectively is in the use of carbon nanotubes as support
materials. The unique environment offered by the nanotubes—the absence of micropores or
surface oxygen—can be used to stabilize small metal particles in the acidic environments
found in proton-exchange membrane fuel-cell applications (Joo et al. 2001).
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Design and Synthesis of
Extra-large-pore Zeolites

The discovery of the aluminophosphate VPI-5 with

a unidimensional arrangement of pores formed by
18-membered rings demonstrated the possibility of
achieving extra-large-pored crystalline molecular
sieves. Since that discovery, aluminophosphates
with up to 24-membered-ring pores have been
prepared. However, in the case of zeolites, which are
aluminosilicates, it has been difficult to obtain extra-
large pores, and only recently have zeolites with
14-membered rings been prepared, but these still
have low micropore volumes (UTD-1, CIT-5, SSZ-53,
and SSZ-59) (Burton et al. 2003; Elomari and Zones
2001; Freyhardt et al. 1996; Wagner et al. 1997).

The syntheses of these zeolites emerged from the
application of large organic structures as directing
agents, illustrated in Figure 7.

Avelino Corma in Valencia, Spain, deduced that
there may be a reason why so few extra-large-pored
zeolites have been discovered, taking account of the
work of Brunner and Meier (1989), who reported a
correlation between the minimum framework density
and the size of the smallest ring in the structure.
Thus, Corma inferred that extra-large-pored zeolites
or, even better, zeolites with very large micropore
volumes, would have structures with a large number
of 3- and 4-membered-ring sub-units. Indeed, very
few of the known zeolites contain a large number of
3- and 4-membered rings in their structures.
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Figure 7: Structure-directing agents for the synthesis
of extra-large-pored zeolites. Reprinted with permis-
sion from Bass et al. (2006). Copyright (2007)
American Chemical Society.

Thus, the Valencia group reasoned that one should
use not only organic structure-directing agents, but
also inorganic agents that can direct the formation
of 3- and 4-membered rings by stabilizing secondary
building units that contain these structures. The
group led by Mark Davis at the California Institute
of Technology was using zinc compounds to direct
the formation of 3-membered rings; however, the
presence of zinc also introduces two close negative
charges into the framework, and this was suggested
to hinder the synthesis of extra-large-pored zeolites.

7.

28

Combinatorial and high-throughput strategies for catalyst synthesis and evaluation. It is
often difficult to fine tune the structure of a catalyst to optimize efficiency. Thus, variations
in reaction pathways may accompany slight changes in bond angles and distances near

the active site and the positioning of functional groups within a catalytic center. In such
cases, more rapid progress may be made by high-throughput synthetic methods, by which
such structural parameters might be varied in a systematic way. For example, a catalytic
center may make use of a basic site that aids in binding a reactant near an activating site.

In optimizing catalytic efficiency, computational methods may be of limited use, because
calculated activation energies may vary only slightly with repositioning of the base. Rapid,
simultaneous testing of similar structures may allow discovery of the optimum catalytic site.
In this way, structure-reactivity relationships may be mapped out in an effective manner, to
more quickly provide quantitative information about the keys to selectivity and activity in a
given system.

Basic Research Needs: Catalysis for Energy



PANEL REPORT « GRAND CHALLENGES

])esign and Synthesis of one zeolite—this product distribution corresponds

Ext 1 Zeolit to today’s market demands in Europe. These new
Xtra-large-pore Zeontes zeolite materials also offer advantages as catalysts

(contd.) for hydrocracking, aromatic alkylation, and other fuel
conversions, as well as fine chemicals production.

Corma hypothesized that F- and, especially,
germanium can stabilize double 4-ring zeolites
and should direct the formation of such zeolites.
The hypothesis was checked by results showing
that indeed germanium directed the formation of
structures with double 4 rings and moreover that
germanium was preferentially sited in these rings
(Blasco et al. 2002; Corma et al. 2001, 2002).

Building on those results, they succeeded in
preparing several extra-large-pored zeolites; these
have the largest pores and largest micropore
volumes yet reported for zeolites. Examples are
ITQ-15 (which has a three-dimensional pore
structure) (Corma et al. 2004a); ITQ-33 (Figure 8,
Corma et al. 2006); and ITQ-37 (Moliner et al. 2007).

Beyond this, the guiding principles of the synthesis

led the researchers to synthesize the pure silica - :

A (pure silica LTA) zeolite (Corma et al. 2004b). Figure 8: The [TQ-33 structure with 18- and 10-

This material, with its very high pore volume, has membered ring pores shows unique behavior as a
’ , . ’ cracking catalyst.

shown good results for olefin separations as well as

prospects as a low dielectric-constant material for

electronics. The ITQ-33 structure (Figure 8) with 18-

and 10-membered ring pores shows unique behavior

as a cracking catalyst, breaking the paradigm that

it is not possible to obtain high yields of diesel fuel

and propylene and lower yields of gasoline with just

Broader scientific impacts

The discovery and development of synthetic strategies for producing catalysts with highly
uniform properties will have broad scientific impacts. Foremost will be the evolution of the
principles underlying the synthesis and assembly of materials possessing uniform composition
and structure at the scale of 0.1 to 10 nm, which may also involve a hierarchy of levels of
composition and structure. The discovery of how to build catalytic motifs emulating those found
in nature would be immensely valuable and would lead to completely new classes of catalysts
with previously unknown activities and selectivities.

The success of many critical advances in catalytic processing will depend on our ability to
prepare specific, potentially complex (but well-defined) structures that facilitate the desired
chemical conversions. For example, zeolite cracking catalysts, which are crystalline materials
with well-defined and controlled structures, have had a major impact on catalyst technology
and energy savings. Solid catalysts represent particularly difficult synthetic targets, because
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our ability to prepare detailed and variably controlled, tailored structures of complex solids is
still at a rather primitive stage of development, especially for situations where large quantities
of the material are required. Furthermore, solid catalysts usually operate in harsh reaction
environments, and it is necessary that the active state be maintained, or perhaps even formed,
in this environment.

Although significant progress has been made in the synthesis and understanding of
molecular, homogeneous catalysts, important challenges still remain in both homogeneous
and heterogeneous catalysis, both for preparing specific structures and for establishing key
structure-activity relationships that would allow prediction of which structures are desired.
Notwithstanding many recent breakthroughs in methodologies for solid-state synthesis, there
are few general principles that can be used in the preparation of such structures (especially
metastable ones) that will perform specific functions as catalysts. Thus, the development of
generally useful synthetic principles remains a central theme in catalysis research.

Examples of some of the important approaches and classes of materials targeted as part of a
grand challenge in the design and controlled synthesis of catalysts are as follows:

Homogeneous catalysts. One of the scientific challenges is to replace homogeneous catalysts that
are presently incorporate precious metals. Therefore, the development of alternative catalysts
that incorporate cheaper, more readily available metals such as iron, manganese, and nickel

is essential. Attainment of this goal will also enable the use of catalytic processes on a very

large scale, as might be required, for example, by certain schemes for solar energy conversion.
Moreover, a high-impact research opportunity lies in developing not only generalizable ligand
design principles for ensuring activity/selectivity with cheaper transition metals, but also catalyst
thermal and oxidative stability. Success in this endeavor will require better integration of
theoretical guidance into synthetic designs, quantitative measurements of metal-ligand bonding
energetics, and thorough mechanistic investigations of catalyst decomposition/deactivation
pathways. Building on the availability of these design principles, researchers should focus on
understanding and differentiating steric and electronic factors that not only govern catalyst
activity and selectivity, but also catalyst longevity. A combined focus could yield major
intellectual and technological payoffs.

Surface-bound single-site catalysts. The surface of a solid represents a potentially useful support
for the immobilization and tuning of reactive, single-site catalytic centers that display unique
properties that are typically associated with homogenous catalysts. The surface may provide for
site isolation and stabilization of reactive species and offer a platform for the creation of tailored,
multifunctional catalysts. It is therefore important to establish reliable synthetic methods with

a high degree of control for the generation of such catalysts, which may incorporate one or
perhaps several metal centers at the active site. Such well-defined structures would be accessed
via molecular design and prepared by a molecular precursor approach. Advances in this area

of catalyst synthesis must be accompanied by breakthroughs in characterization methods that
allow identification of detailed structures of isolated surface species of this kind. In general, it

is important to develop an understanding of how various surfaces (e.g., zeolites, oxides, metals)
act as ligands that can influence steric and electronic properties of an active metal center. Future
generations of catalysts may well take advantage of the development of new solid supports with
tunable surface properties. This tunability should facilitate chemical modifications of the surface
that produce efficient multifunctional catalysts.
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Nanoparticle catalysts. Although many of the most important industrial catalysts are composed
of nanoparticles dispersed on a support material, our understanding of the role that size and
shape play in catalytic activity is still very limited; with new tools, these properties can be
measured directly and, thereby, provide new knowledge of great fundamental significance.
For example, the importance of nanoparticle size and shape is evident from a scanning
tunneling microscopy investigation of molybdenum disulfide nanoparticles. This investigation
demonstrated that the edge sites of the nanoparticles have a very high electron density and are
nearly as active as platinum for the electrochemical reduction of water (Jaramillo et al. 2007).
The type of analysis used in the investigation of molybdenum disulfide particles cannot be
immediately applied to all other types of materials, but the results underscore the importance
for catalysis of probing the details of various sites on nanoparticles. An important goal of
catalysis research involves precise control of the size and shape of nanoparticles, along with
characterization of the unique catalytic properties that these materials provide.

Potential impacts on catalysis for energy applications

The ability to target desired catalyst compositions and then synthesize these materials at the
atomic level and at longer length scales will have an enormous impact on catalytic science,
chemical processing, and our utilization of energy. Some of these impacts are as follows:

Improvements in selectivity. Improved catalysts will provide better yields, better efficiency, and
less waste in existing processes for the production of fuels and chemicals. If the products are
based on petroleum, less petroleum will be required for producing the same amount of product.
Better selectivity will usually generate less carbon dioxide.

New processes for production of fuels and chemicals. In many cases, the development of new
catalytic processes, such as production of fuels and chemicals from biomass or the harvesting of
solar energy to produce chemicals, will be viable only as we gain the ability to prepare materials
that provide high activity for the desired reactions. Because many of these new processes

will require that the catalysts tolerate harsh conditions, including corrosive environments and
radiation, it is especially important to predict and then synthesize optimal catalyst compositions
and structures. The ability to design and prepare catalytic materials will enable new commercial
technologies.

Catalysts from available raw materials. The design and synthesis of effective catalysts from
available raw materials will make some important technologies viable. For example, the cost
of precious metals in the electrocatalysts used in low-temperature fuel cells is presently a major
impediment to their large-scale use. The discovery and synthesis of catalysts that replace the
precious metals, or at least use less precious metals, are critical.

More stable catalysts. Stability is an important issue in essentially all catalytic transformations.
The ability to design and synthesize catalyst structures that are inherently stable will therefore
impact many present and potential processes for the production of fuels and chemicals.

Interfaces and interphases in electrochemical systems. Catalysis at interfaces in ion- and
electron-conducting media is at the heart of conversion of chemicals into electrical energy in
fuel cells, as well as processes for conversion of electrical into chemical energy (e.g., water
electrolysis, electrochemical syntheses). For example, ion transfer reactions taking place at
water/metal or oxide/metal interfaces are critical for the performance of low-temperature proton-
exchange membrane fuel cells and high-temperature solid oxide fuel cells, respectively. In
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addition to substantial structural complexities, a further complication in electrochemical systems
is the significant potential drop across the interface under active electrochemical conditions.
Thus, one must account for electric fields and concentration gradients that extend into separate
phases in contact with each other. Photoelectrochemical systems are even more complex. The
development of experimental and theoretical approaches aimed at the understanding and control
of the elementary chemical steps at the interfaces is crucial for the formulation of efficient
electrochemical systems that would perform with minimal over-potential losses. Moreover,
synthesis strategies aimed at the control of the interface structure are needed to manipulate

the active surface area involved in the transfer of charge species across the interface. Potential
consequences of the previously mentioned advances would be the following:

1. identification of cheaper alternatives to platinum electrocatalysts (for fuel cells or water
electrolysis)

2. discovery of solid-state electrolytes that can transport O* anions at low temperatures
3. identification of carbon-tolerant electrocatalysts (e.g., anodes for solid oxide fuel cells)
4. 1identification of electrocatalysts for carbon dioxide reduction.

Catalysis of solid-state reactions for energy storage and carbon capture. Although we tend

to think of catalysis for energy applications primarily in terms of the processing of energy
resources or the production and utilization of liquid fuels, there are critical problems to be solved
in energy storage and carbon capture and sequestration. One of the significant barriers to the
hydrogen economy is the lack of materials that can achieve reversible hydrogen storage to meet
the U.S. Department of Energy’s benchmarks. Understanding of how to catalyze solid-state
reactions of metal hydrides and chemical hydrides would be a valuable breakthrough, but the
development of the underlying principles is in its infancy. Likewise, it has been stated that “CO,
capture and sequestration is the critical enabling technology that would reduce CO, emissions
significantly while also allowing coal to meet the world’s pressing energy needs” (MIT 2007).
Reactions of carbon dioxide with solids, whether reversible (for capture purposes) or irreversible
(for mineralization) could help to meet this critical challenge. Catalysis is needed to increase

the rates and efficiencies of such processes in order to make them practical—but to meet the
goal, we need to create a new discipline beyond traditional homogeneous and heterogeneous
catalysis—the catalysis of solid-state reactions.

Control of catalytic processes. influence of the environment. Understanding of catalytic
transformations requires knowledge of the structure of the catalyst and the catalytic sites. These
structures are dynamic and depend on the environment in which the catalyst works; they are
coupled to the environments. The scale of this coupling ranges from the atomic scale of catalytic
sites to the macroscopic scale of the whole catalytic reactor.

There is a need—and a largely unmet set of opportunities—to effect deliberate control of
catalyst performance via the environment. Many of the natural resources, including biomass
and coal, that will be used to satisfy our nation’s energy needs are complex in composition

and structure and require multiphase catalytic processes for their conversion to fuels and
chemicals. The introduction of additional phases and phase boundaries can create structure

as well as functionality in proximity to the catalytic site. The challenge is to achieve a depth

of understanding to allow control and design of catalysts working in environments that are
complex, dense, inhomogeneous, and/or multiphase. Even incremental progress in this direction
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will advance our progress towards meeting scientific challenges that will impact a wide spectrum
of timely energy conversion processes.

For example, conversion of bio-derived feedstocks in aqueous media provides opportunities for
“one-pot” processes involving combinations of solid catalysts with soluble catalysts to carry out
reactions in a desired sequence. Structures that exist within the fluid phases (e.g., dendrimers
and micelles) might be used to introduce catalytic functions that are more complex than the
simple soluble acids and bases that have been investigated so far. Other dense media, such as
supercritical fluids, might be used to intervene in surface reactions directly. A possible advantage
of carrying out reactions in such media would be a reduction in catalyst deactivation resulting
from coke formation on the catalyst surface—because the supercritical fluid could solubilize
and remove coke and coke precursors from the active sites. Furthermore, removal of reaction
products from the catalytic site into a phase separate from that holding the reactants (e.g., by a
second fluid phase or a membrane) could result in conversions exceeding the thermodynamic
limits imposed if all of the reactants and products were present in the same phase. Selectivities
of catalytic reactions can in prospect be manipulated by such strategies as well.

To achieve an understanding of catalysts and their manipulation in complex multiphase
environments, new tools are required, both theoretical and experimental. Computational
chemistry methods that can address catalytic reactions at the individual site level must be
extended to include molecularly dense surrounding media. Such tools, which may involve
various levels of structural definition of the catalytic sites and their environments, are under
development, but they fall far short of being robust and general, failing to provide sufficient
accuracy for quantitative guidance in catalyst design. Advances in the theoretical methods will
facilitate the design of complex reacting systems in the presence of liquid media, as well as the
selection of catalysts and conditions optimized for desired catalytic transformations.

New techniques and adaptations are needed, as discussed in the crosscutting sections of this
report. For example, nuclear magnetic resonance spectroscopy can be applied in various modes
to probe both solid- and liquid-phase species, as well as the dynamics of transport and reaction
processes. Other spectroscopic methods, such as attenuated total internal reflectance techniques
and sum frequency generation, may be needed to allow characterization of the catalytic sites and
surface species in the absence of interference from liquid phases.

Advances in the characterization of solid catalysts in complex media will allow for unprecedented
understanding of solid-fluid catalytic reactions in multiphase media. These in-situ techniques will
be applicable beyond catalysis—to a variety of areas of scientific investigation when the ability
to probe the solid-condensed fluid interface is important to understanding underlying chemical or
physical phenomena.

Conclusions

The twenty-first century presents our nation, and indeed all of human society, with daunting
energy and environmental challenges. Meeting these challenges in ways that do not compromise
the planet for future generations will require new energy resources and efficient ways to utilize
all resources with minimal environmental impact. Catalysis is central to this endeavor. It has
enabled the development of the petroleum and petrochemical industries of the twentieth century
and at the same time significantly reduced the pollution tied to the use of energy resources and
fuels. Catalysis must enable the development and deployment of significant alternative energy
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resources and technologies in the twenty-first century, and do so in ways that further reduce
environmental impact, especially of carbon dioxide release to the atmosphere.

The ultimate need is for new catalytic technologies, and these demand new catalysis science.
We have at hand today an unprecedented set of experimental and theoretical tools to understand
catalytic phenomena at the molecular level, and more are on the horizon. Our mandate is not
only to create a new level of understanding of catalytic phenomena with predictive utility, but
also to translate this knowledge into new catalysts and new technologies to meet the global
energy challenge and the related environmental challenge.

We have articulated two grand challenges for catalysis. These are:

* understanding mechanisms and dynamics of catalyzed transformations
* design and controlled synthesis of catalytic structures.

These challenges are critical parts of an integrated whole: the ability to rationally design catalytic
systems—the catalyst and the catalytic process—to accomplish any desirable transformation

of energy and chemical resources. To do so, we must understand reaction mechanisms and the
dynamic behavior of catalysts sufficiently to specify the nature of the catalytic site—its structure
and its chemical and electronic properties. We must be able to synthesize catalysts according

to our designs, and we must be able to integrate them into complex reaction environments

that interact with the catalysts, reactants, and products in myriad ways. New and improved
experimental and theoretical tools for spectroscopy, for imaging, for modeling and prediction,
and for synthesis will be needed, not only to investigate model systems but especially to probe
working catalysts.

Two critical adjectives describe the catalytic processes on which our energy future will depend.
The first is selective. Achieving higher selectivities of catalytic transformations translates directly
into reduced resource utilization, increased atom economy, increased energy efficiency, reduced
capital and operating costs, and reduced waste! The ultimate goal is the design and realization of
practical catalysts for 100 percent selectivity.

The second adjective is complex. The production of fuels and chemicals by selective catalytic
conversion of heterogeneous feedstocks is by its nature complex. One challenge going forward
is not only the efficient conversion of chemically complex feedstocks such as coal and biomass,
but also achievement of the same level of selectivity, efficiency, and flexibility for the “bio-
refinery” or the “Fischer-Tropsch refinery” that characterize the century-plus development of the
petroleum refinery. We do not have a century to develop these alternative resources, but we do
have an unprecedented and growing science base underpinning the field of catalysis. Our grand
challenge is to expand and to marshal that base to meet the energy and environmental needs of
humanity for this and future generations.
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