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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.
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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.

Basic Research Needs: Catalysis for Energy XV



XVi Basic Research Needs: Catalysis for Energy



INTRODUCTION

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.
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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.
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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.)

[110]
F " [001]

Croforges Poned_i_Sbar iy 02 pg

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).

25



PANEL REPORT « GRAND CHALLENGES

26

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.
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])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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ADVANCED CATALYSTS FOR THE CONVERSION OF HEAVY
FOSSIL ENERGY FEEDSTOCKS

Current Status

Fossil fuels will be the backbone of the world’s energy supply for the foreseeable future.
Alternative energy resources, such as nuclear, solar, wind, and biomass, are not presently
available in quantities approaching the current world energy demand—and the demand is
increasing with the rapid economic growth in formerly developing countries such as China and
India. In particular, transportation fuels, which currently account for approximately 40 percent
of energy usage in the world, will continue to require liquid fuels that can be easily transported,
stored, and used in widely distributed vehicles. Light, sweet crude oil reserves are being depleted
rapidly. Consequently, much of the demand for transportation fuels is almost certain to be met
by heavy fossil resources, including heavy oil, tar sands, shale oil, and coal. These resources are
characterized by high concentrations of heteroatoms (i.e., sulfur, nitrogen, and metals) that must
be removed to meet environmental standards or to protect downstream catalysts. As discussed
in the sidebar, hydroprocessing is critical to removing heteroatoms. With this processing, coal
and the high-molecular weight hydrocarbons in heavy oil, tar sands, and shale offer a carbon
capacity that can, in principle, serve the energy needs of the United States and world for roughly
100 years.

Economic conversion of these heavy feedstocks into useful products presents massive
technological challenges, and the scientific basis for creating the needed technology is weakly
developed. The research needs are the focus of the following section of this report.

To meet the scientific challenges, we need a step-change improvement in the fundamental
understanding of the following:

 compositions of the feedstocks
* the reactivities of the various components of the feedstocks in the presence of prototype catalysts

« a foundation of data to allow prediction of the reactivities of any feedstocks and mixtures of
feedstocks (including added biomass-derived components), to allow prediction of process
performance and product properties.

Such a knowledge base will make possible the transformation of current petroleum refining
technology into technology for future fossil feedstocks and bridge it into technology for biomass
conversion.

A foundation of understanding that will help guide future research on heavy fossil feedstock
conversion is provided by the well-known chemistry of current petroleum conversion processes.
Although most feedstocks today are simpler, lower-boiling mixtures than those that will

become dominant, they contain many of the reactant types of future feedstocks and undergo
processes that include the reaction classes needed in the future. Thus, the scientific challenge

is largely to adapt to larger and more complex molecules as reactants and to higher contents of
heteroatoms and structures that are not simple molecules—such as the semi-solids in petroleum
that are classified as asphaltenes. Important strides in understanding the conversion of petroleum
vacuum residua have already been made, and they provide valuable guidance for future research.
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Model Hydrodesulfurization
Catalysts Consisting of
Molybdenum Disulfide
Nanoclusters

Catalytic hydroprocessing, which includes reactions
of fossil fuels with hydrogen to remove contaminant
sulfur, is the largest-scale industrial application of
catalysts. Researchers have worked for decades

to understand and improve hydroprocessing
catalysts, which are now understood to consist

of nanostructures incorporating molybdenum,

sulfur, and promoter cobalt or nickel, supported

on aluminum oxide. Work in the 1970s led to the
first primitive models of the catalytically active
species based on sketchy spectroscopic results and
inferences based on the solid-state chemistry of
metal oxides and metal sulfides. Understanding the
role of the promoters in the catalyst structures later
emerged from investigations of model molybdenum
sulfide structures supported on carbon and
characterized at synchrotrons by x-ray absorption
spectroscopy. High-resolution images determined
by transmission electron microscopy further clarified
the nature of the catalysts, showing the presence of
supported layers of molybdenum disulfide only a few
atoms thick (Figure 9).

Model catalysts consisting of molybdenum

disulfide nanoclusters on gold surfaces and their
imaging by scanning tunneling microscopy and
modeling with density functional theory (DFT) led

to fundamental understanding of the catalytic sites,
present on the edges of the nanoclusters. The
images show individual atoms and illustrate the size
and morphology of the nanoclusters; the nanocluster
morphology depends sensitively on the environment
of the catalyst and is not the same as that of bulk
molybdenum disulfide.

DFT calculations, consistent with earlier spectroscopic
data, show details of the chemistry and give insights
into the operation of the catalyst at the molecular
level. Testing of industrial catalysts with various pure
compounds selected from among those present

in petroleum fractions (including heavy [residuum]
fractions), showed which compounds react most
slowly, exemplified by 4-methyldibenzothiophene.

40

Figure 9: High-resolution transmission electron
microscopy images show supported layers of
molybdenum disulfide that are only a few atoms
thick. Reprinted with permission from Helveg et al.
(2000). Copyright 2000 by the American

Physical Society.

Because the difficult-to-convert compounds have to
be largely removed to meet current goals for sulfur
removal to minimize pollution by sulfur oxides in
fuel combustion, the processing goal could then be
simplified to essentially the removal of these few
compounds, as the others are converted so fast by
comparison as to be considered infinitely reactive.

Continuing fundamental research including adsorption
experiments and theory led to understanding of how
the sulfur compounds bond to the catalytic sites,
determining whether the hydrogen reacts to remove
sulfur or instead reacts to saturate the molecules
without removing the sulfur. There are now models
of the reaction mechanism based on density
functional theory.

This example illustrating how decades of fundamental
research have identified both the essential charac-
teristics of very complicated feedstocks and the key
structures of the catalysts—the catalytic sites—and
how they function for selective removal of sulfur

to manufacture clean-burning fuel. Catalyst
manufacturers have built on this fundamental
understanding to make continually improved
industrial catalysts for fuel hydroprocessing.
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Basic Science Challenges, Opportunities, and Research Needs

Elucidation and prediction of heavy, complex fossil feedstock conversion

Heavy oils are complex in terms of the number and variety of the molecules in them as well
as the interactions between the molecules—some of the molecules are so heavy and the
structures so complex that solid-like components are present (asphaltenes). Recent advances
in analytical methods present a major opportunity to understand these mixtures in depth as

a basis for predicting their reactivities. High-resolution mass spectrometry has already been
used effectively in the characterization of petroleum, identifying essentially all of the soluble
compounds. This methodology needs to be extended to the characterization of the available
heavy oils, liquids formed from tar sands, shale oil, coal liquefaction products, and biomass-
derived products. When bolstered by complementary methods of analytical chemistry, such as
fractionation of the feedstock by preparative liquid chromatography prior to analysis by mass
spectrometry, and application of complementary spectroscopic methods including "*C nuclear
magnetic resonance (NMR) spectroscopy, analysis of these feedstocks will provide a strong
foundation of understanding of their components, as a basis for elucidating and predicting
their reactivities with various catalysts under wide ranges of reaction conditions. Regrettably,
however, the existing capability for conducting this analytical chemistry is weak, and only little
research in this direction is now being pursued.

Characterization of feedstock reactivities

To account for the reactions of mixtures of countless numbers of compounds, such as those
comprising the heavy fossil feedstocks of the future, researchers have developed methods
of accounting for reactions of the compound classes shown to be dominant. This approach
is referred to as lumping, whereby many similar compounds are represented by—lumped
as—a single prototypical compound. Lumping approximations have been applied to
feedstocks ranging from the light hydrocarbon mixtures that are converted in naphtha
reforming to petroleum vacuum residua (Jafte et al. 2006).

This approach forms part of a basis for understanding heavy feedstocks and their reactivities.
Recent literature (Jaffe et al. 2006) describes the approach and provides testimony to its

great economic value; however, it lacks the crucial quantitative information that would be of
immediate value in applications and provides no information about the catalysts with which the
data were obtained. Thus, this literature helps to provide a roadmap for setting a foundation of
fundamental understanding needed to guide future technology of heavy fossil fuel conversion.
In the following, we suggest how to proceed on the basis of this roadmap.

Identification of prototype compounds and determination of their reactivities. We already have a
good idea of the classes of reactions that are needed for upgrading heavy fossil feedstocks. These
include hydrogenation, removal of heteroatoms by reactions with hydrogen (hydrodesulfurization,
hydrodenitrogenation, and hydrodemetallization) (Gates and Topsee 1997; Prins et al. 2006;
Rang et al. 2006; Song 2003); cracking, isomerization, hydrogenolysis, and dehydrocyclization.
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Molecular Characterization of
Catalyzed Hydrotreatment of

Raw Diesel Fuel

The petroleum industry will soon be required to
remove 95 percent of the sulfur from raw diesel
feedstocks. Fortunately, ultrahigh-resolution
Fourier transform ion cyclotron resonance mass
spectrometry can now resolve and assign more

than 10,000 elemental compositions for the organic

components of petroleum and its distillates. Thus,
determining the efficiency of removing all of the
heteroatom-containing (nitrogen, oxygen, sulfur
[NOS]) molecules in diesel fuel before and after
catalytic processing is now possible. Those “NOS”
species produce harmful emissions during the
burning of fossil fuels and can also deactivate the
catalysts designed to remove them.

Figure 10 shows a very small segment
(approximately 1 atomic mass unit, or Dalton) of
the mass spectrum of diesel fuel before and after
processing. It is clear that all but one of the NOS-
containing components of mass (approximately
324 Dalton) have been removed. Similar profiles
are obtained simultaneously for several hundred
other 1-Dalton segments of the same mass
spectrum. Thus, the oil industry has a new tool
with unprecedented ability to read the “chemical
fine print” of the extraordinarily complex mixtures
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Figure 10: Mass spectrum of diesel fuel before and
after processing. Reprinted with permission from
Hughey et al. (2001). Copyright 2001 American
Chemical Society.

that compose petroleum, and thus evaluate
(as the first step in improving) the performance
of hydrotreatment catalysts (Marshall and
Rodgers 2004).

These are all known to occur in the conversion of current feedstocks. Realizing what these
reactions are and having an in-depth understanding of what compounds are present in some
petroleum vacuum residua, Jaffe and coworkers (2006) identified a set of groups characterizing

the core structures in petroleum (Figure 11).

On the basis of the analytical chemistry and investigations of the reactions, they identified key

reactive moieties (Figure 12).
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Figure 11: Core structures identified in petroleum. Reprinted with permission from Jaffe et al. (2006). Copyright
2006 American Chemical Society.
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Figure 12: Depiction of the extended structural increments (Jaffe et al. 2006). Reprinted with permission from
Jaffe et al. (2006). Copyright 2006 American Chemical Society.
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These represent the essential reactive groups in the list of compounds shown just above—hence
in heavy petroleum fractions.

This set of compounds and reactive groups provides a starting point to be used with analytical
data characterizing various feedstocks for identifying their components and key reactive
groups. Investigations of the reactions of the feedstocks would lead to iterative improvement
in the identification of which groups are important in the sense of the kinetics of the reactions
(compounds that are essentially inert would be omitted, as would those with essentially infinite
reactivities).

What is missing from this picture is quantitative data characterizing the reactivities of each class
of compound and information about how various catalysts affect the reactivities. Therefore,
research is needed, respectively, with (1) individual compounds found in all the heavy fossil
feedstocks mentioned in this section, (2) groups of several such compo unds, (3) groups of many
such compounds, and (4) the full feedstocks themselves.

Investigations of reactivities carried out with individual compounds containing the key reactive
groups are needed at the outset. The group labeled NS in Figure 12, for example, could be
investigated with dibenzothiophene and methyl-substituted dibenzothiophenes. There is a

need for systematic investigations of reactions of such compounds with catalysts that represent
the fundamental constituents of the current petroleum refining catalysts. A preliminary list

of prototypical catalysts (the list should be improved as research proceeds) includes acids
(represented by silica-alumina, for example), metals (represented by supported platinum), and
metal sulfides (represented by cobalt-promoted supported molybdenum disulfide). Some data
characterizing such reactions on such catalysts under a range of processing conditions already exist.

Specific goals should include the following:

* perform analytical chemistry to understand the components in representative feedstocks of the
future

+ understand what are the core components

* select the set of reactants to include compounds representative of these feedstocks (e.g., more
heteroatom-containing compounds and higher-molecular-weight compounds)

* gather a matrix of data for such compounds with each of the catalyst classes and expand the
class of catalysts as progress is made

* use mixtures of compounds to understand competitive reaction and inhibition effects and how
they depend on the catalyst.

The research should identify the most important compounds (e.g., those that react slowly and
those that are strongly adsorbed and are reaction inhibitors), and increased attention should be
focused on them.

The data representing these most important compounds should be expanded to allow
elucidation of the reaction networks and quantitative kinetics, including competitive reaction
and inhibition effects. This work would benefit from the application of isotopically labeled
compounds for elucidation of the reaction networks of individual compounds in mixtures and
the determination of kinetics. The work should focus on the catalysts that best represent the
fundamental constituents of the catalysts that are judged most representative of those to be
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used in practice. As the research proceeds and the technology develops to include processing

of feedstocks beyond current petroleum feedstocks, the feedstock compositions and catalyst
compositions will change, and thus the catalysts to be investigated in fundamental research will
change as well—but this change is expected to be gradual. Feedstocks containing more oxygen-
containing compounds, for example, may necessitate the application of catalysts that have barely
been investigated so far.

Because catalysts used in conversion of heavy feedstocks undergo massive changes during
operation (for example, accumulating deposits of coke and of metal sulfides formed from the
organometallic constituents in the feedstocks), their properties may change drastically. Thus, it
will be necessary to include deactivated catalysts in the investigations and to elucidate how the
compositions and structures present in the deactivated catalysts perform as catalysts.

We anticipate the benefits of developing high-throughput catalyst testing methodology to
facilitate the measurement of fundamentally interpretable data (e.g., kinetics and quantitative
reaction networks). It is a substantial challenge for reactions occurring at high temperatures
and pressures and in the presence of heavy and complex feed mixtures to drive the high-
throughput methods into the realm of fundamental research tools rather than just qualitative or
semi-quantitative screening tools. Such an accomplishment would revolutionize the collection
of catalyst performance data to maximize understanding and advancement of the processes of
catalyst selection.

Fundamental investigations of reactant-catalyst interactions and reaction
mechanisms. The basis of quantitative reaction networks, kinetics, and inhibition data
described above will provide a starting point into fundamental investigations of fundamental
reactivity patterns, including relationships between catalyst structure and activity, selectivity,
and stability. The goals will be to determine catalyst structures in the presence of reactants and
products, to determine the nature of the catalyst—adsorbate interactions and how the reaction
environment changes the structures of the catalytic sites, and to determine mechanisms of the
reactions. Much of the methodology for such investigations has been established (and is written
about in the Grand Challenges section of this report). A major challenge is to extend the methods
and develop new ones to accommodate the high molecular weights of the most representative
reactant and inhibitor molecules, some of which are much larger than those that have been used
in most of the fundamental catalysis research thus far. Another major challenge is to develop
methods for investigating catalysts in reactive atmospheres and in the functioning state.

Conversion of complex feedstocks including determination of reactivities of individual
compounds. Recently developed methods for determination of high-resolution mass spectra of
heavy petroleum residua open the way to quantitative determination of reactivities of individual
compounds in whole feedstocks under industrial reaction conditions, as well as of kinetics of the
reactions. Such data will determine how these reactivities depend on the feedstock composition
and catalyst as well as how well the data accord with those determined with simple mixtures of
compounds and how reactivities change with catalyst aging. The data will help identify the key
individual compounds, the ones that are most important and prototypical in the sense described
above. Thus, the depth of fundamental understanding of catalytic reaction chemistry that is

now attainable with light feeds such as petroleum naphtha will be attainable with the heavy
feedstocks of the future.
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Development of methods to carry out this ambitious research plan will require the extensive
involvement of analytical chemists for quantitative analysis of the reactants and products, as well
as extensive research to allow fundamental laboratory-scale reactor experiments with complex
feedstocks that are often present in more than one phase in a reactor.

The research will benefit from experiments with feeds spiked with isotopically labeled
compounds, allowing determination of quantitative reaction networks and kinetics from
conversion of the labeled compounds combined with analysis of all the products of conversion
of those compounds. In real feedstocks, the labeled compounds may be present in minute
concentrations, and the analytical chemistry will be challenging.

When the analytical capabilities for the feeds and products are developed, then the quantitative
reaction data can be determined for a range of catalyst types. Ultimately, rapid-throughput
methods will allow determination of such quantitative information in experiments with complex
feedstocks under conditions that mimic industrial-scale reactors.

In prospect, the recording of such data for blends of feedstocks (even including those derived
from mixtures of fossil sources and from biomass) will lead to analysis of the conversion data to
determine the effects of competitive reaction and inhibition and prediction of the performance of
various catalysts under various conditions for any combination of feedstocks.

Ultimately, when these methods of quantitative fundamental investigation of whole feedstocks
are established, the research described above with individual reactant compounds will become
less needed. However, for years to come it will remain of importance until it becomes possible
to do fundamental (e.g., spectroscopic) characterizations of the interactions between reactant
molecules and catalyst surfaces in the presence of whole feedstocks.

Prediction of product properties. The work of Jaffe et al. (2006) with petroleum residua
sketches the methods by which their lumping data guide the prediction of product properties.
They have used their data to predict the following product properties:

* boiling-point distribution

* specific gravity vs. boiling point

* sulfur content vs. boiling point

* basic nitrogen content vs. boiling point

* nonbasic nitrogen content vs. boiling point
+ nickel content vs. boiling point

+ vanadium content vs. boiling point

* total acid number vs. boiling point

« asphaltene content vs. boiling point

* microcarbon residue vs. boiling point

« carbon content in aromatic rings vs. boiling point.

Development of these methods and their application to the broad range of future feedstocks and
feedstock mixtures will provide an enormous benefit in terms of optimizing feedstock usage.
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Conversions conducted at low temperatures and long times

The hydrocarbon resources that we categorize as crude oil are the result of chemical and
biological conversions occurring underground over geological time frames, as biomass has been
converted (via kerogen) to oil. There is an opportunity to modify and accelerate the chemical
reactions involved in these slow natural processes. One method is to raise the temperature of
the subsurface deposits at the geological source; oil shale (sedimentary rocks containing solid
bituminous material) has been the subject of field research involving underground conversion
processes. The temperature of the shale is gradually raised by electric heaters inserted into the
field to turn the kerogen trapped inside the rock into light hydrocarbon liquids and gases, with
virtually no residue. The light product is collected above ground, and the rock remains, with
minimal environmental disruption. Much remains to be learned about the chemical reactions
occurring underground, how they depend on the shale composition and temperature, and how
to control them.

A complementary method is steam injection to reduce viscosity, which has already been
practiced for some time in heavy oil recovery; in this case, the changes caused by the thermal
treatments are more physical than chemical.

An alternative to underground thermal conversion is catalytic conversion. The underground
application of catalysis is an essentially unexplored opportunity. There is an important basic
research need here, as the combination of long reaction times and temperatures much lower than
those used in refinery treatment takes us into uncharted territory. Initial work would be required
to test various catalysts in terms of how well they could be brought in contact with the reactants
underground; how fast they work; what reactions they catalyze; and how they could be used
without detriments to the environment, such as underground water supplies.

Conversion of solid and solid-like components in fossil feedstocks

The molecules in the heavy, complex mixtures represented by heavy oil, tar sands, etc. present
a set of issues that go far beyond the complexity of each individual molecule. The interactions
between the molecules, for example, sometimes prevent reliable measurements of properties as
fundamental as average molecular weight when current methods are applied. The mixtures are
often covalent and physically crosslinked polymeric solids or highly viscous liquid mixtures.
We need to understand the nature of the interactions between the molecules and the collective
properties that emerge from these interactions and how they change as a result of catalytic
processing. There is a need for measuring the fundamental thermodynamic properties of these
complex materials and for understanding of the processes by which they are unzipped during
thermal and catalytic conversions. Specifically, it is important to perform the following steps:

« identify the reaction pathways such as ring side-chain scrambling, ring expansion/contraction/
opening, and other skeletal isomerizations in such complex mixtures

* delineate the extent to which each step in the conversion is thermal or catalytic, and which
catalytic functions are involved

* develop the analytical methods for overall mass balances and carbon and other element mass
balances

* develop methods for both spatial- and time-resolved identification of the reacting and
transformed species.
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Notwithstanding much prior work aimed at the defining the complex structures of coal, our
level of understanding of these structures is minimal. There is also a daunting challenge in
understanding the properties of heavy liquids derived from these solids by processes such as
liquefaction, because the liquids are complex and because they are subject to “retrograde”
reactions resulting, for example, from the presence of radicals formed during catalytic and/or
thermal liquefaction processes; these reactions are poorly understood.

Multi-scale computational modeling and the attendant needs for characterization of
structures and reactivities of the feedstocks. Accurate simulation of practical industrial
processes for the heavy feedstocks considered here will require multiscale modeling over a much
larger range of scales than is currently possible. New algorithms and computers will be needed.
Specific research needs are as follows:

1. representing the structures of complex feeds and catalysts with appropriately simplified
approximations

2. developing algorithms to represent reactions and reaction networks based on incomplete
experimental results

3. using atomic-scale simulation and experimental structure-reactivity correlations to obtain
kinetics and thermodynamic data for prediction of reaction rates

4. determining theoretically guided correlations to predict commercially relevant product yields
and properties

5. representing catalysts in sufficient detail to account for changes in their compositions and
structures during processing.

Details of some of these points follow: Graph theory provides a useful framework for the
representation of molecular structure on the computer. The nodes and edges of a graph are the
atoms and bonds of a molecule, respectively. Such representations are a target to account for the
feeds and a starting point for the representation of reaction networks. The required algorithms
will be for the identification of the number and uniqueness of the molecular structures.

The essence of item 1 in the list above is to convert analytical chemistry information into a
representation of the molecular components of a feed. The challenge increases as the feedstock
becomes heavier and more complex. With a feed as simple as naphtha, for example, this exercise
is practically exact; for gas oils, it is a well-specified modeling problem; but for residua and even
heavier feedstocks, it is an underspecified modeling problem that awaits each advancement in
high-resolution mass spectrometry and complementary spectroscopic techniques.

It is emphasized that most techniques are iterative and involve the minimization of an objective
function that compares the properties of the computer representation with a measured set of
properties. Thus, the experimentation to guide establishment of structure-property correlations
for heavy feeds, as mentioned early in this section, is a priority and prerequisite for progress in
modeling and the application of computer methods.

Item 2 in the list above is the transformation of the reactant graphs into product graphs. This
transformation leads to a list of reactions by use of a set of reaction matrix operations that
convert reactants into products. The resulting list of reactions can be read by a parser algorithm
to produce solvable code.
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The rate and equilibrium constants in molecule-based models for heavy feeds are too numerous
to be measured one at a time. Thus, atomistic simulation and structure-reactivity correlations
will be needed to provide reactivity information. When the molecular structure of each species is
explicit, the simulation or correlation can be easily probed to provide an estimate of the desired
model parameter.

An important complication in the conversion of heavy fossil feedstocks is related to the

strong interactions between the molecules. In contrast, in modeling of jet fuel combustion, for
example, essentially all of the molecules are in the gas phase and their physical interactions
are simply represented. However, for heavy carbon resources, the non-bonding molecule-
molecule interactions can be as strong as chemical bonds, and these imply huge complications,
for example, with regard to how reactive functional groups come into contact with a catalyst
surface. Although some of the intermolecular attractions and stackings in asphaltenes have
been characterized, it is not known how strongly these affect the transport and reactivities of
the components. New analytical characterization techniques are needed to quantify how the
functional groups interact and the strengths of the interactions. Functionalities such as OH
groups in phenolic compounds, for example, may interact strongly with pyridines, thiophenes,
etc. Understanding of these phenomena is critical for understanding of the catalytic upgrading
processes.

At present, solvation models are not sufficiently accurate, and most atomistic simulations are
restricted to relatively small numbers of atoms. Much more precise solvation models are needed

to resolve the local variations in polarity, and open grand-canonical simulation technology will
be needed.

Initially, research will focus on homogeneous mixtures with relatively few components and
reaction types that are well understood for smaller molecules. However, the central carbon
resource conversion challenge of the future involves strong couplings between reactions and
mass transport, because the reacting structures are large. Furthermore, new chemical reactions
unique to these large, aggregated structures will be discovered in the course of the research.

The detailed models that are needed to represent the feedstocks and their reactions must be
simplified, both for routine use and to provide clear conceptual pictures of the catalytic and
noncatalytic reactions, and new methods are needed for reducing the supercomputer models.

Analytical techniques. The structures of coals, heavy petroleum residua, and related
hydrogen-deficient fuel feedstocks present daunting, long-standing analytical challenges.
Given the refractory nature of some of these feedstocks and their tendency to repolymerize
following initial unzipping and hydrotreatment, it is productive to look toward improved
structural understanding to guide the development of more robust conversion chemistries.
Modern methods of high-resolution mass spectrometry, NMR spectroscopy, and separation
science, applied diligently, will provide answers to many of the key structural questions and
form the basis for more rational treatment strategies that minimize hydrogen consumption.

Essentially, all these hydrogen-deficient feedstocks largely comprise polycyclic aromatic
hydrocarbons and their O-, N-, and S- functionalized derivatives. The low volatilities of these
heavy compounds and the multiple reaction sites for C—H bond activation, C—C bond cleavage,
and hydrogenation provide challenging problems in the analytical chemistry and determination
of reaction mechanisms. In basic research with traditional petroleum feedstocks, bench-top plug-
flow catalytic reactors with on-line gas chromatography (GC)-mass spectrometry for product
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analysis remain the standard research tools. Analogous tools must be developed for fundamental
work on the heavier hydrogen-deficient feedstocks and compounds in them. Because in many
cases the conversions will require prolonged reaction times, stirred batch reactors (e.g., high-
pressure, high-temperature autoclaves) will be used. Continuous sampling will be feasible

with heated transfer lines followed, in favorable cases, by high-temperature GC separations
optimized for polycyclic aromatics combined with mass spectrometers with high mass ranges.
Other analysis strategies might include fiber optic, internal reflectance, or similar optical couples
to permit infrared or ultraviolet-visible characterization of the organic reactants, products, and
catalysts during the conversions. The experiments will require the development and optimization
of in situ analytical methods for contacting of the catalysts with the reacting feedstocks, such as,
for example, coatings on optical fibers.

The reactivities of even individual polycyclic aromatic hydrocarbons and their mixtures at
elevated temperatures in the presence of hydrogen are poorly understood. For example, little
is known about the rates of ring expansion/contraction reactions, side-chain-ring carbon
scrambling, ring-opening processes, hydrogen-deuterium exchange reactions, and other
fundamental processes occurring under reaction conditions. Moreover, this information needs
to be related to prototypical catalyst, such as acids, metals, and metal sulfides. It would also
be desirable to obtain data for molecules representative of those found in hydrogen-deficient
feedstocks, such as the isomers of methylphenanthrenes in order to develop a fundamental
understanding of how catalyst composition and structure, as well as substrate molecular
structure, affect the basic reaction pathways involved in the processing of heavy fossil fuel
feedstocks.

Environmental protection requires removal of heteroatoms, especially sulfur, from fossil fuels. It
is expensive and difficult to reduce the concentrations of these heteroatoms to the stringent levels
now mandated by law. Further, molecules from heavy carbon sources contain hard-to-access
heteroatoms, such as the sulfur center in the refractory compounds 4-methyldibenzothiophene
and 4,6-dimethyldibenzothiophene (Gates and Topsee 1997; Prins et al. 2006). Such centers
present their own challenges to the design of energetically efficient and selective catalysts.
Technologies available today that were developed to deal with the compounds present in
petroleum are not necessarily appropriate for the higher-molecular-weight and heavily
functionalized compounds present in coal, tar, and shale. The traditional method for removing
heteroatoms such as sulfur and nitrogen is via catalytic hydroprocessing, a technology that
requires large amounts of hydrogen, high pressures, and expensive, thick-walled reactors.

Thus, there is a pressing need for improved catalytic methods for removal of heteroatoms

from heavy feedstocks, especially for catalysts that facilitate selective reactions and minimize
hydrogenation of alkene and aromatic functionalities; non-hydrogenation routes are also worthy
of investigation. It is important to recognize that efficient heteroatom removal will not occur

in isolation of other upgrading and conversion reactions, and, consequently, it is necessary to
think about the chemistry of heteroatom removal in the context of upgrading heavy fossil fuel
feedstocks.

The growing need for reaction efficiency to conserve feedstocks and the hydrogen needed in
their upgrading demands unprecedented levels of catalytic selectivity in the formation of fuel
molecules. Related to the need to manage hydrogen efficiently is a compelling opportunity to
use—instead of hydrogen in reactions with the complex feedstocks—simple hydrogen-rich
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building blocks such as natural gas. Success in this direction will require new catalysts for the
controlled breaking of the first C—H bond in light alkanes (e.g., methane), including the bonding
of alkyl groups to nucleophiles. Furthermore, it may require the direct electrophilic substitution
of the hydrogen in light alkanes.

The activation of refractory bonds in small molecules such as methane is only one part of what

is needed. Equally important is the ability to control precisely the number of repetitive reactions
from a pool of activated small molecules such as carbon monoxide, carbon dioxide, and
methanol. Developing new chemistry for conversion of these small carbon resources into fuels
and chemicals offers the prospect of new processing routes to exploit some of the most refractory
carbon resources. We are at a very early stage in such research, and theory may be essential in
providing starting points for further investigation.

In summary, all of the forgoing characteristics complicate the design of optimal catalysts,
upgrading strategies, and environmental protection strategies for the use of heavy oil, tar
sands, shale, coal, and lingo-cellulosic materials as alternative energy sources. Now is the
time for research into these feedstocks, as the time has arrived when they dominate the needs
for innovation in the industry. Advances in the analytical chemistry of the feedstocks and in
experimental catalyst characterization require parallel advances in theory and computational
methods to allow atomic and molecular-scale understanding of the catalytic processes and
design of new catalysts and improved technologies.

Synthesis of gasoline and gasoline blending compounds via carbon
monoxide hydrogenation

In contrast to petroleum reserves, the coal reserves in the United States are ample for decades
to come. As the cost of petroleum and the fraction of imported petroleum continue to rise, there
will be a strong incentive to convert coal into transportation fuels. The most attractive approach
for doing so is to gasify the coal into synthesis gas and then raise the H,/CO ratio so a level of
roughly 2. For environmental reasons, the carbon dioxide generated by this means will need to
be sequestered.

The use of synthesis gas for the production of diesel fuel via Fischer-Tropsch synthesis has been
developed to a viable technology over the past 25 years by industrial researchers; the technology
is now being implemented in an increasing number of countries around the world. However,
because the demand for gasoline relative to diesel fuel in the United States remains high, there
will be an increasing need to develop approaches for producing high-octane-number products,
such as branched hydrocarbons, linear alcohols, and other oxygenated compounds that can be
blended into gasoline produced from petroleum.

A homologous series of linear alcohols can be produced by carbon monoxide hydrogenation
catalyzed by iron, cobalt, or copper oxide catalysts. Such catalysts facilitate termination of
growing alkyl chains by carbon monoxide migratory insertion and subsequent reduction of the
acyl, rather than by B-elimination to form olefins or reductive elimination to form alkanes.

Because very-long-chain alcohols are not useful as fuels, the challenge will be to develop
catalysts that produce C;—C, alcohols selectively.
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Oxygenated compounds such as dialkoxy alkyls (e.g., dimethoxy methane) and dialkyl
carbonates (e.g., diethyl carbonate) can be produced by alcohol oxidation or oxidative
carbonylation. The challenge is to define the catalyst site requirements needed to achieve
high activity and selectivity.

Linear alcohols can also be used to produce branched alkanes by aldol condensation, usually with
a basic catalyst. Control of the product distribution and the relationships of product composition
to catalyst structure and composition are not well defined. Hence, an important challenge is to
define the mechanism and kinetics of forming branched hydrocarbons from linear alcohols.

Theoretical methods are expected to play an important role in addressing the issues raised in this
section. Recent examples have shown that computational chemistry can give insights into the
oxidation of alcohols, as well as their oxidative carbonylation.

Conclusions

The carbon sources that will soon dominate the energy landscape will be heavier and more
complex than the most desirable light and sweet oils, which are being depleted rapidly. The
predominant energy feedstocks of the future will be primarily heavy oils, tar sands, shale oil,
and coal. The heavy molecules in these feedstocks and their molecular complexity produce
strong intermolecular interactions that hamper the disentanglement of the solid state and the
catalytic manipulation of the molecules. New catalytic chemistry is needed for the selective
deconstruction of the heavy molecules in these feedstocks, for highly efficient removal

of heteroatoms, and for inter- and intra-molecular hydrogen redistribution, as well as new
chemistry to take advantage of the high H:C ratios of light feedstocks exemplified by natural
gas as a source of hydrogen.

The necessary scientific advances require a new level of atomic- and molecular-level
understanding of the structure and reactivity of the source molecules. This understanding will
be the basis for designing and synthesizing new catalytic materials to selectively manipulate
C—C, C—H, C-S, and other bonds with unprecedented temporal and spatial resolution to
transform those complex molecules selectively into useable fuels.

The leap forward in fundamental understanding and control of catalytic selectivity that
underlies all of these advances is daunting, but tractable in the long run if the commitment is
sufficient. The high-resolution quantitative analysis of structures and reactivities needed for
characterization of the complex molecular solids is beyond current capabilities, but progress
can be built on recent advances in solid-state NMR spectroscopy, environmental transmission
electron microscopy, scanning probe and spectroscopic and mass spectrometric methods.
Extensions of quantum theory to larger systems, modeling of nonbonding interactions, and
development of new methods for determination and analysis of chemical kinetics and in situ
catalyst characterization in multiphase reaction environments are needed to understand and
predict the dynamic behavior of the complex reacting systems over all the relevant length scales.
Atomic and meso-scale theory, informatics approaches to analysis, and new approaches to
managing complexity will guide insights into new structure-catalytic activity relationships for
rational design of catalysts needed for the reactions mentioned here. Design of such catalytic
materials will be demanding and will surely draw on continuing advances in the fabrication
of nanomaterials.
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From all that has been summarized here, it is clear that the resources required to meet the
challenges far exceed what has been provided recently—and the support must continue with
some reliability to assure success. The catalytic challenges before us are defined by the nature
of the available and sure-to-be-used heavy fossil energy resources; the challenges are great, but
energy needs demand that we succeed in meeting them.
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ADVANCED CATALYSTS FOR CONVERSION OF
BIOLOGICALLY DERIVED FEEDSTOCKS

Current Status

Currently, biofuels, such as ethanol, are produced largely from grains, but a large, untapped
resource (estimated at more than a billion tons per year) of plant biomass exists in the form of
lignocellulosic material that could be utilized as a renewable, domestic source of liquid fuels.
Although age-old processes are available for converting the starch content of grain into sugars,
which can then be fermented to ethanol, the conversion of lignocellulose to sugars is much
more difficult. The recalcitrance of lignocellulose lies in its structure, which has evolved to
provide resistance to pests and pathogens. Thus, the development of processes for converting
lignocellulosic biomass to fuels is hampered by the lack of energy-efficient and cost-effective
processes for the deconstruction and conversion of this feedstock (Lynd et al. 1999).

Many pathways have been explored for converting biomass to biofuels, as illustrated in Figure 13
(Huber et al. 2006a). These can be divided into processes using only enzymatic catalysts

and those using non-enzymatic catalysts. The principal example of biological processing is
the fermentation of sugars to ethanol and butanol, with the sugars being obtained either by
extraction from sugarcane or enzymatic hydrolysis of cornstarch. Enzymatic hydrolysis of
cellulose and hemicellulose and the subsequent fermentation of the sugars derived from these
sources have also been investigated.
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Figure 13: Routes to make a biofuel. Reprinted with permission from Huber et al. (2006a). Copyright 2006
American Chemical Society.
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The non-biological processing of lignocellulosic biomass can be subdivided into high- and
low-temperature processes. High-temperature processes include the processes of pyrolysis

and gasification. Pyrolysis is generally not catalyzed, but solid catalysts are used to upgrade

the pyrolysis oil into components that can be blended into gasoline or diesel fuel. Gasification
involves the steam reforming of biomass to produce synthesis gas (a mixture of hydrogen and
carbon monoxide), which can, in turn, be used to produce methanol or diesel fuel. Solid catalysts
can convert the tars produced during biomass gasification into additional synthesis gas. Further,
synthesis gas conversion with other solid catalysts can be used to promote the synthesis of

What Are Our Biofuel Options?

Abiofuel is a liquid transportation fuel made from
feedstocks, such as corn or corn stover, animal or
vegetable oils, trees, grasses, waste paper, etc.
Unlike fuels derived from fossil sources such as
crude oil, biofuels are renewable and emit less
carbon during consumption. A wide variety of
biofuels are possible, including single-molecule fuels
or additives as well as traditional complex mixtures
of chemicals:

Single-molecule fuels or additives

Ethanol or ethyl alcohol can be made from cellulosic
biomass via fermentation routes. Polysaccharides
are depolymerized to yield monomeric sugars, which
are then enzymatically fermented into ethanol.
Moreover, new technologies are emerging for

the synthesis of ethanol and other alcohols from
biomass-derived synthesis gas via non-biological
catalysis (e.g., Hu et al. 2006).

Butanol or butyl alcohol is a four-carbon alcohal.
This biofuel can be made from cellulosic biomass via
fermentation routes or synthesized from synthesis gas.

Hydroxymethylfurfural (HMF) and furfural are
sugars derived from biomass and do not have to be
biocatalytically processed via fermentation to make
fuels. Sugars can also be dehydrated via chemical
catalysis to yield HMF (from 6-carbon sugars such
as glucose) and furfural (from 5-carbon sugars such
as xylose). These molecules are building blocks for
transformation into potentially viable transportation
fuels such as ethyl levulinate, dimethylfuran, and
y-valerolactone.
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Routes to prepare dimethyfuran, a six-carbon
cyclic ether, from sugars in high yields have recently
been reported (Roman-Leshkov et al. 2007).
Dimethylfuran has many appealing properties for
potential use as a transportation fuel, such as a
gasoline additive or replacement.

Similar to dimethylfuran, y-valerolactone can be
synthesized from decomposition products of sugars.
Processes exist for the production of levulinic acid
in high yield from monomeric sugars, as well as

for the catalytic transformation of levulinic acid

into y-valerolactone (Manzer 2003). Because of

its high energy content and low vapor pressure,
y-valerolactone may be suitable for use as a
transportation fuel (Horvath 2006).

Ethyl levulinate is derived from levulinic acid, which
is made by the reaction of ethanol and levulinic acid
to make an ester. This molecule has been suggested
as a fuel additive (Manzer et al. 20053, b).

Mixture of compounds — classical fuels

Green gasoline or diesel can be synthesized from
lignocellulosic biomass by catalytic deoxygenation.
Technologies such as biomass reforming can

be used to provide hydrogen for reduction of
components of cellulosic biomass, such as sugars,
as well as lignin fractions of biomass, into gasoline
or diesel-range hydrocarbons. In some cases, the
small biomass fragments need to be coupled to
allow for proper molecular weights (Davda et al.
2005). Green diesel can also be prepared via the
catalytic deoxygenation of fatty acids derived from
virgin or waste vegetable or animal oils. These
same oils can be transformed into biodiesel by a
transesterification reaction with methanol.
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methanol or a homologous series of alkanes via Fischer-Tropsch synthesis. The aim of low-
temperature biomass conversion is to produce fuels by hydrolysis of cellulose and hemicellulose
to their component sugars and subsequent deoxygenation and transformation of products that can
be derived from the sugars. In this case, both soluble and solid catalysts have proven useful.

Understanding the elementary processes involved in non-biological conversion of lignocellulosic
biomass to fuels and the types of catalysts that are best suited for such processes is still rudimentary
in comparison with what is known about the processing of fossil fuels. This situation is largely

a consequence of the relatively recent attention paid to the catalytic conversion of biomass
feedstocks. Thus, enormous opportunities exist for establishing reaction pathways involved in
processing biomass and identifying catalysts for the formation of targeted fuels. Specific research
challenges and opportunities are identified and discussed in the next section.

Basic Science Challenges, Opportunities, and Research Needs

Characterization of lignocellulosic biomass

The efficient conversion of biomass to fuels requires an understanding of the chemical
composition and structure of biomass. Most of the available scientific models presented to date
depict the components found within biomass as a polymeric liquid crystal with the cellulose
microfibril networks embedded in hemicellulose, lignin, and pectin matrices. The bulk cellulose
found in microfibrils has a significant degree of crystallinity, and the exact dimensions of the
microfibrils depend on the species of biomass from which they are derived, the time at which the
biomass was harvested, and how it was stored.

Only very limited knowledge of the structural and chemical transformations that occur during
the processing of lignocellulosic biomass to produce fuels exists. How the initial structure of the
biomass affects these transformations is not well understood either. Therefore, a major challenge
is to image the changes that occur during biomass conversion at the same time that analyses are
conducted on the molecular and supra-molecular products that are released. The application of
various types of scanning electron microscopy and transmission electron microscopy would

be invaluable, particularly those utilizing recently developed techniques for characterizing
biological and polymeric materials. On a more macroscopic level, x-ray diffraction could be
used to detect the loss of crystallinity, and nuclear magnetic resonance, infrared, and Raman
spectroscopy could be used to determine changes in the overall distribution of functional groups.
Analysis of the liquid and gaseous products produced during the processing of biomass by liquid
and gas chromatography in combination with mass spectrometry would provide information
that can be linked to structural transformations. The ultimate goal is a molecular-scale resolution
of the biomass-derived products in much the same manner that is now becoming possible for
products present in and derived from fossil energy sources (see “Advanced Catalysts for the
Conversion of Heavy Fossil Energy Feedstocks,” earlier in this report).
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The Potential of Lignocellulosic
Biomass as a Feedstock

Biomass is the most abundant renewable carbon
source and has the potential to be a new source

of liquid fuels by conversion of its three constituent
polymers: cellulose, hemicellulose, and lignin. The
composition of biomass varies with its source.
Sugarcane and beetroots store large amounts of
simple sugars; corn grain and wheat kernels store
carbon as starch; and cellulose and hemicellulose
are found in the leaves of all agricultural crops

as well as in the leaves and wood of trees. Most
ethanol for fuel use today is produced from corn
grain, and the technology for breaking down starch
into simple sugars is well developed. Cellulosic
biomass, such as wood, forest product residues,
grasses, agricultural residues, and specialty energy
crops, can provide much larger amounts of biomass
for production of transportation fuels. However,
cellulosic biomass is resistant to breakdown; plants
have evolved complex means to employ cellulose
and hemicellulose as structural materials that are
very resistant to microbial attack. Lignin serves to
strengthen the cellulosic material to form the plant
cell wall, which provides resistance to pests and
pathogens. The crystalline cellulose core of cell
walls (Figure 14) is highly resistant to chemical and
biological breakdown, and the complex structures
of the cell wall also contribute to its recalcitrance.
The cell walls of plants, which typically comprise
40 to 50 percent cellulose (a polymer of glucose),
20 to 35 percent hemicellulose (predominately a
polymer containing xylose or arabinose), with lignin
(a complex polyphenolpropanoid) as the third major
component, provides the feedstock material for
biofuels.

Plant biomass availability varies with region in the
United States (Figure 15). Currently, approximately

190 million tons of biomass are converted to energy.
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Figure 14: Cellulose in the cell walls of plants.
Genome Management Information System, Oak
Ridge National Laboratory http://genomics.energy.
gov/gallery/gtl/detail.np/detail-36.html (DOE 2005).

Ninety percent is combusted, and only 10 percent
is converted to ethanol. The U.S. Department of
Energy and U.S. Department of Agriculture esti-
mated potential lignocellulosic biomass production
for fuels in the United States at more than 1.3 billion
tons annually, sufficient to replace more than

30 percent of current transportation fuel use
(Perlack et al. 2005).

Figure 15: Plant biomass availability in the United
States. Adapted from Oak Ridge National Laboratory
Biomass Program http://genomicsgtl.energy.gov/
biofuels/ (DOE 2006).
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Understanding the chemistry of biomass processing
at high temperature

Three high-temperature (or thermochemical) routes are available for the conversion of
lignocellulosic biomass into lower-molecular-weight products and liquid fuels: gasification to
produce synthesis gas, pyrolysis to produce bio-oils, and liquefaction to produce bio-oils.

Biomass gasification to synthesis gas followed by conversion of this product to diesel fuel

by Fischer-Tropsch synthesis is the most technologically advanced route to biofuels. During
gasification of biomass, a considerable amount of char is produced which, if not eliminated,

can foul catalysts used for the further processing of the synthesis gas. A challenge is to develop
poison-resistant catalysts for the conversion of these chars. These catalysts would require
minimal regeneration. A further challenge with high-temperature treatments is improving the
selectivity to desired products. Work by Schmidt and co-workers (Salge et al. 2006) has shown
how rhodium-containing catalysts can be used to make clean synthesis gas from solid biomass.
Tomishige et al. (2004) have shown that addition of Rh/CeO,/Si0, catalysts to a gasification
reactor can reduce the coke yield from 40 percent to less than 1 percent based on a carbon yield.

In pyrolysis, biomass is heated in the absence of air to produce a mixture of solid, liquid, and
gaseous products depending on the pyrolysis temperature and residence time. Figure 16 shows
the primary, secondary, and tertiary pathways involved in the thermochemical conversion of
biomass. However, these pathways are understood only on a supertficial level, and, hence, the
challenge is to develop a clear understanding of the elementary processes occurring at each step.
The use of catalysts to accelerate pyrolysis is relatively unexplored and represents another area
of opportunity. New catalysts developed for this purpose could increase the yield of desired
liquid products.

The products produced by biomass pyrolysis are thermally unstable and degrade with time.
Thermal decomposition reactions can be minimized by converting these products to more
thermally stable compounds. Zeolites can be used for this purpose, taking advantage of the
shape-selectivity of these materials (Chen et al. 1986). One of the challenges of this chemistry
is to avoid high levels of coke (Corma et al. 2007). Because zeolites have been designed for
petroleum-based feeds, future shape-selective catalysts will likely be designed specifically for
biomass-derived feeds.

Biomass compounds, including vegetable oils, FasrEy e R
pyrolysis oils, and liquefaction oils, can also T bt [ o~ =
be converted to liquid fuels by hydrotreating e ' | - meey
and/or hydrocracking. Vegetable oils can be oo sl
hydrotreated together with petroleum feedstocks ' n 1 A
(Huber et al. 2007), with standard sulfided o L

hydrotreating catalysts (Elliott 2007). However, o
such catalysts tend to deactivate in the presence

of biomass-derived species. Catalysts are - 4 1l A

also needed to hydrogenate targeted biomass — -—-- - o
linkages selectively to avoid excessive hydrogen Pty st Gencases: Suemly (Tumparsare. Toneh
consumption (Elliott 2007). The ultimate goal .

is the design of stable catalysts that hydrogenate  Figure 16: Gasification and pyrolysis reaction pathways.

bi : lectively to liquid product Reprinted with permission from Huber et al. (2006a).
v;i(;hmid ssvsﬁ;g;z?gzi igrll\slsrng oi?m products Copyright 2006 American Chemical Society.
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The products of biomass pyrolysis bear some resemblance to those present in petroleum. For
this reason, the techniques and strategies proposed for investigating the mechanism and kinetics
of upgrading heavy fossil energy feedstocks could be applied equally well to the upgrading of
biomass-derived pyrolysis products. Further details of these strategies are described in the panel
report entitled “Advanced Catalysts for the Conversion of Heavy Fossil Energy Feedstocks.”

Understanding the chemistry of biomass processing at low temperature

Biomass processing at low temperatures occurs in the liquid phase and involves three more or
less distinct phases: deconstruction of the original biomass structure to release cellulose and
hemicellulose, hydrolysis of cellulosic components to produce sugars, and conversion of the
sugars to fuel products. Each of these steps is usually conducted with the reactants in the liquid
phase, using solvents that may include water, dimethyl sulfoxide, and ionic liquids.

Low-temperature deconstruction of lignocellulosic biomass. Low-temperature
deconstruction and pretreatment methods, mostly derived from the pulp and paper industry,
have been investigated for integration with biological catalysts. Such pretreatments include
processing with dilute acids (hydrochloric and sulfuric acids), explosive decompression (steam
explosion), hydrothermolysis, or treatments with organic solvents (organosolv) (Wyman 1999;
Wyman et al. 2005a, b). Glucose and xylose degradation products that result from some of
these pretreatment methods, especially those involving acids at elevated temperatures, typically
include hydroxymethylfurfural (HMF) and furfural, which subsequently produce levulinic and
formic acids. These products are undesired for microbial fermentation of glucose and xylose to
ethanol; however, these products are desirable intermediates for certain routes to biofuels that
use solid catalysts. This example illustrates the importance of developing a pretreatment process
that (1) converts the initial lignocellulosic material into an easily processed output stream and
(2) does not produce inhibitor components that negatively affect any element of the downstream
processing of that biomass into fuels.

The scientific challenge is to understand the elementary processes occurring during the
pretreatment of biomass and the dependence of the rate and extent of pretreatment on the
structure and chemical composition of the biomass feed. The use of ionic liquids as solvents
holds a great deal of promise, because recent work has shown that a cellulose solubility of up to
30 wt% can be achieved in such solvents (Heinze et al. 2005). Ionic liquids in combination with
acidic catalysts could also be used to promote the hydrolytic deconstruction of cellulose and
hemicellulose to five- and six-membered sugars (Zhao et al. 2007).

Liquid-phase processing of sugars to fuels. The high functionality and low volatility

of biomass make it particularly amenable to liquid-phase processing (Cortright et al. 2002;
Davda et al. 2005; Huber and Corma 2007; Huber and Dumesic 2006; Huber et al. 2006b;
Shabaker et al. 2003). Thus, liquid-phase catalytic processing is advantageous because thermally
unstable compounds can be converted selectively to liquid fuels. A wide variety of products can
be formed by liquid-phase processes, including liquid alkanes (diesel fuel replacement), light
alkanes (gasoline range alkanes), gaseous alkanes (natural gas), and hydrogen (Cortright et al.
2002; Davda et al. 2005; Huber and Corma 2007; Huber and Dumesic 2006; Huber et al. 2006b;
Shabaker et al. 2003). The sidebar illustrates how aqueous-phase processing can be used to
produce liquid alkanes, which can be used as a diesel fuel replacement. The goal of liquid-phase
catalytic processing of biomass-derived compounds (e.g., sugars) is to produce next-generation
liquid fuels that (1) can be used with the existing infrastructure, (2) do not involve energetically
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Applications of Heterogeneous
Catalysis to Liquid-Phase
Processing of Biomass to Fuels

Ethanol production is a liquid-phase process that
has been practiced for thousands of years (e.g.,

by the brewing industry) and does produce a
transportation fuel. However, the current process
has several disadvantages including high energy
costs associated with the distillation of ethanol,

low rates of production per unit volume of reaction
vessel, and high capital costs. Solid catalysts,
which are used in the fuels and chemical industry,
can overcome the limitations of current biological
catalysts (yeast). Compared to the production

of bioethanol by fermentation, the production of
next-generation liquid fuels by liquid-phase catalytic
processing can be carried out at higher rates. The
time-scale of a fermentation process is measured
in days; the time-scales of a liquid-phase catalytic
reaction is measured in minutes. A key advantage
of liquid-phase catalytic processing is that thermally

unstable reactant molecules, such as sugars, can be
processed at low temperatures, at which undesirable
thermal degradation reactions are slow, leading
potentially to high selectivities for targeted products.

Figure 17 illustrates how aqueous-phase
processing can be used to produce selectively
targeted alkanes from glucose. This is a multi-step
process that requires acid catalysts for dehydration
reactions, base catalysts for aldol condensation,
metal catalysts for hydrogenation reactions, and
bifunctional metal/acid catalysts for dehydration/
hydrogenation reactions. Furthermore, the final
step requires a four-phase reactor: (1) a gas phase
containing hydrogen, (2) a solid phase composed
of a bifunctional catalyst containing metal and

acid sites, (3) an aqueous phase containing the
sugar reactant, and (4) a liquid alkane phase

used to remove hydrophobic species from the
catalyst surface before they react further to

form carbonaceous deposits that deactivate the
solid catalyst.
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Figure 17: Reaction pathways for conversion of polysaccharides into liquid alkanes by aqueous-phase
processing. Analogous chemistry can be depicted for conversion of Cs polysaccharides to Cy,, Cg, and C;s
alkanes, respectively, via furfural as a reaction intermediate. From Chheda et al. (2007), copyright Wiley-VCH

Verlag GmbH & Co. KGaA. Reproduced with permission.
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intense distillation and separation steps, and (3) have high rates of production per unit of reactor
volume. Future-generation liquid fuels produced by liquid-phase processing should have higher
energy densities per volume (30-40 MJ/L) and properties that are closer to those of gasoline and
diesel fuel than ethanol (19 MJ/L).

High yields of well-defined liquid fuels can be produced by liquid-phase catalytic processing
at temperatures less than 200 °C in contrast to what can be achieved by pyrolysis. However,
whereas these latter processes can operate with complex biomass feedstocks (e.g., containing
cellulose, hemicellulose, and lignin components), liquid-phase catalytic processing typically
requires specific products of cellulose deconstruction, such as sugars or polyols. Thus, an
advantage of liquid-phase catalytic processing is that high selectivities and yields of targeted
fuel compounds can be achieved. A disadvantage of such processing is that biomass feedstocks
must be pretreated to prepare a feed solution that is appropriate for subsequent liquid-phase
catalytic processing.

Four challenges for scientific research can be defined for the low-temperature liquid-phase
processing of sugars. These are as follows:

* design of catalytic systems for the liquid phase

* evolution of catalyst structure and activity under reaction conditions

» elucidation of reaction mechanisms in liquid media

* description of reaction kinetics and product distribution during liquid-phase processing.

Each of these challenges is discussed in the following text.

Design of catalytic systems for the liquid phase. Thus far, most of the catalysts used for
liquid-phase processing of biomass have not been developed specifically for this application.
These catalysts include solid acids and supported metals. Therefore, opportunities exist for
using novel types of catalysts designed specifically for the conversion of sugars to fuels (e.g.,
metal cations, metal complexes, and bio-inspired catalysts). The use of metal cations in ionic
liquids, for example, has recently been shown to be highly selective for the synthesis of HMF
(Zhao et al. 2007). Bi-phasic systems can also be used to good advantage. Roman-Leshkov

et al. (2006) have shown that HMF and furfural can be produced selectively from aqueous
sugar solutions using a bi-phasic reactor system, in which HMF or furfural is extracted from the
aqueous solution before undesired homogeneous reactions occur (Chheda and Dumesic 2007).

As discussed in the chapter on grand challenges, the development of catalysts that capture
some of the features of enzymes offers particularly interesting challenges and opportunities. In
enzymes, the active center, usually a metal cation or set of cations, is contained in a hydrophobic
pocket. This pocket has a shape that is complementary to that of a particular reactant or the
transition state to a particular product. The design of materials that emulate the sophisticated
compositions and structures of enzymes is a large challenge; however, some modest steps

in meeting this challenge have already appeared. Thus, Mbaraka and Shanks (2005, 2006)

have shown that the use of organosulfonic acid incorporated onto the walls of a hydrophobic,
mesoporous solid enhances the rates at which fatty acids are etherified to biodiesel and inhibits
deactivation of the catalyst (Mbaraka and Shanks 2005, 2006). Likewise, ideas for bio-inspired
catalysts, with controlled hydrophobicity—hydrophilicity, have been developed for esterification
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reactions to produce fine chemicals (Diaz et al. 2000) and could be adapted for the synthesis of
biofuels with such reactions. Bio-inspired catalysts that combine several functionalities into one
catalyst might also prove highly advantageous for promoting the conversion of sugars to targeted
products. The challenge is to identify which catalytic functions are needed and to then build them
into a carrier. Success in this area could open up exciting opportunities for efficient production of
a very narrow range of products.

Given the wide variety of materials that may prove useful for the liquid-phase conversion of
biomass, it is likely that techniques for the rapid screening of catalysts may prove effective. Such
methods would enable investigators to examine broad classes of potential catalysts with the aim
of establishing which ones or combinations are most attractive. The required technology would
require a large number of mini-reactors that can be loaded with reactants and catalysts using
robotic methods and then brought to prescribed reaction conditions and analyzed at the end of
the defined period of reaction. The best candidate materials selected on the basis of such rapid-
screening investigations would then be examined more carefully to define reaction pathways,
including elucidation of the factors controlling product selectivity.

Evolution of catalyst structure and activity under reaction conditions. The structure
of solid catalysts and the conformation of enzyme catalysts are affected by solution pH, ionic
strength, surfactants, impurities, temperature, etc. A supported bimetallic catalyst, for example,
may experience segregation of the metals, dissolution of the support, disruption of the metal-
support interface, and migration of metal particles, depending on the nature of the aqueous
environment at the interface. Moreover, trace impurities present in biomass feedstocks may
selectively poison catalyst surfaces or denature enzyme catalysts, thus deactivating the system.
For example, polyphenolic structures of lignin and tannin may inhibit catalytic activity by
binding to the inorganic or biological catalysts. In-situ spectroscopic, scattering, and imaging
tools need to be developed that allow real-time monitoring of catalyst structure at the nanometer
level. High-energy x-ray methods are particularly suitable for investigating the structure of
catalysts in water (Ketchie et al. 2007a, b; Maris et al. 2006).

Elucidation of reaction mechanisms in liquid media. Catalytic conversion of biomass-
derived molecules to fuel products is likely to involve a series of elementary processes, some

of which are facilitated by solid catalysts and others, by soluble enzymatic catalysts. However,
information is lacking on the reactive intermediates involved in these transformations. Moreover,
because water is frequently the solvent, acquiring data in situ is difficult. For example, infrared
spectroscopy can suffer from excessive absorption of the radiation by water. Therefore, surface-
sensitive in-situ spectroscopic tools that are capable of identifying reactive species on catalyst
surfaces in aqueous solution need to be developed. Techniques such as surface-enhanced Raman
spectroscopy and, in particular, attenuated-total-reflectance infrared spectroscopy may find broad
application in this arena (Ferri et al. 2002; McQuillan 2001; Ortiz-Hernandez and Williams
2003). Moreover, development of transient methods to interrogate reaction dynamics at the solid-
solution interface is necessary to relate catalyst structure to reactivity. Electro-analytical methods
combined with surface spectroscopy would enable simultaneous identification of reactive
intermediates and measurement of kinetic phenomena (Shao and Adzic 2005). Many of the

same methods recommended for application in the investigation of reaction pathways involving
molecules derived from heavy fossil energy feedstocks could be used for the investigation of
molecules derived from biomass feedstocks.
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Description of reaction kinetics and product distribution during liquid-phase
processing. The evolution of products during the liquid-phase processing of sugars is
understood only at a rudimentary level, and consequently, the effects of changes in catalyst
composition and reaction conditions cannot be related to the distribution of products formed.
Such information is essential to guide the formation of targeted products. The challenge,
therefore, is to measure systematically the kinetics of product formation for a variety of
compositionally and structurally related catalysts, so that the relationships between catalyst
properties and the rate coefficients for particular reactions can be defined. This knowledge
will help to establish which steps are critical to defining product selectivity and which
catalyst properties are essential for achieving high activity and product selectivity. Theoretical
investigations of the most critical steps could shed additional light on the effects of catalyst
structure and composition, as well as solvent composition, on rates of these steps. Advances
towards this goal will require improved methods for carrying out electronic structure calculations
for complex systems containing many degrees of freedom (see crosscutting challenges).
Ultimately, it would be desirable to develop predictive methods for mapping out the manifold
of reactions occurring during the liquid-phase processing of sugars given the composition and
structure of the catalyst and solvent. The methods suggested for the investigation of reaction
pathways for biomass-derived molecules are similar, if not identical, to those recommended
previously in this section for the investigation of molecules derived from heavy fossil fuel
feedstocks. Although the reaction conditions required for the processing of the two types of
feedstocks differ significantly, the theoretical methods and approaches proposed to develop a
fundamental perspective of the underlying catalytic chemistry are identical.

Conclusions

The large supplies of lignocellulosic biomass in the United States offer opportunities for
producing a significant fraction of the nation’s transportation fuels. However, none of the
recently conceived processes for converting biomass to fuels is fully developed and ready for
commercialization, and all are in need of a more fundamental understanding of the physical and
chemical transformations that occur during the various stages of processing.

Opportunities exist for discovering and developing catalysts for the high-temperature pyrolysis
of biomass to fuels, which could maximize the yield of liquid products and simultaneously
minimize the yield of char. The mechanism and kinetics of pyrolysis are poorly understood,

as are the structural transformations by which solid biomass is converted to gaseous and liquid
products. Thus, a major challenge is to define the elementary processes involved in biomass
pyrolysis and the rate coefficients associated with these processes. Such investigations will
require the use of advanced microscopic techniques in combination with analytical methods that
can identify the complex spectrum of liquid and gaseous products produced during pyrolysis.

Low-temperature processing of biomass offers the opportunity to produce a range of products
suitable as transportation fuels. The major challenge is to understand the elementary processes—
physical and chemical—involved in the deconstruction and hydrolysis of biomass to produce
low-molecular-weight products, mainly sugars. Another challenge is to understand the chemical
processes by which sugars can be converted to targeted fuel components. Knowledge is required
to define which types of catalysts will be most effective for the deconstruction and hydrolysis

of biomass and what types of catalysts can be used to promote the conversion of sugars to

fuels. The mechanism and kinetics of these processes are very poorly understood at present,

and, hence, the challenge is to develop a qualitative and quantitative understanding of these
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elements of biomass conversion. A notable challenge is the design and synthesis of bio-inspired
catalysts that could be used to achieve high product selectivity by virtue of the composition and
shape of a “pocket” surrounding the active center. The combination of several such bio-inspired
centers onto one support represents a further challenge, which if met, would allow the sequential
conversion of reactants to products, with minimal production of byproducts.

Many of the approaches identified in the “Grand Challenges in Catalysis as a Multidisciplinary
Science and Technology” and “Advanced Catalysts for the Conversion of Heavy Fossil Fuel
Feedstocks” will be useful as well for studies of biomass conversion to fuels.
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ADVANCED CATALYSTS FOR THE PHOTO- AND ELECTRO-
DRIVEN CONVERSION OF CARBON DIOXIDE AND WATER

Current Status

Increasing levels of atmospheric carbon dioxide have been recognized as the principal cause of
current trends in global warming, according to the 2007 Intergovernmental Report on Climate
Change (Denman et al. 2007). Awareness of the global problem of rising atmospheric carbon
dioxide concentrations, largely from combustion of fossil fuels, has not abated demands for
inexpensive energy sources. Prospects of higher global rates of carbon dioxide emission must
also be faced as the quality of fossil fuel feedstocks declines and coal and other heavy fossil
feedstocks are increasingly substituted for petroleum. Even substitution of conventional energy
sources with biomass-derived feedstocks, which have the appearance of no net increase in
atmospheric carbon dioxide through photosynthesis, results in net increases in atmospheric
carbon because of production and conversion processes. To avoid increasing atmospheric carbon
dioxide concentrations, efforts must be increased to capture and sequester carbon dioxide and to
recycle carbon dioxide as a fuel feedstock.

Currently, no commercially available processes exist for the conversion of carbon dioxide to
fuels and chemicals, although various recycling schemes have been explored (Olah 2005;

Olah and Prakash 1999). The major obstacle preventing efficient conversion of carbon dioxide
into energy-bearing products is the lack of catalysts that can readily couple an abundant energy
source (e.g., electricity from solar, wind, or nuclear sources or direct solar radiation) with
inexpensive reducing agents (e.g., hydrogen derived from water or methane) to achieve rapid and
selective cleavage of C—O bonds in carbon dioxide and formation of C—H bonds in the product.
All known electrocatalysts or photocatalysts showing activity for carbon dioxide conversion to
simple energy-storage products, such as carbon monoxide or formic acid, are inefficient and/or
require use of sacrificial reducing agents.

Only intermittent research has been conducted into the electrochemical reduction of carbon
dioxide over the last 20 years, despite the fact that electrochemical generation of chemical
products is a mature technology and already practiced on enormous scales in the production of
chlorine and aluminum and in water electrolysis. Several reviews exist on the electrochemical
reduction of carbon dioxide (DuBois 2006; Gattrell et al. 2006; Hori 2003; Sanchez-Sanchez

et al. 2001). Efforts are generally still at the laboratory or bench scale and involve noble metal
electrodes. Electron conversion efficiencies of greater than 50 percent can be obtained, but at the
expense of very high overpotentials (~1.5 V).

In only a few studies has methane or methanol Metal . CO,

been the primary product of the reduction "c..ll;. . — HO

(Figure 18); however, the overall yields are low ‘ » CH.OH. CH
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exist for discovering and developing such Figure 18: Electron transfer processes involved in

catalysts with the goal of achieving higher the conversion of carbon dioxide to C, molecules.

selectivity and efficiency. At present, only
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Electron Donors: A Key Issue
for Photo- and Electro-driven
Chemical Fuel Production

Producing useful fuels (hydrogen, methanol, etc.)
from carbon dioxide, water, and sunlight involves
the careful coupling of two processes. Reducing
(adding electrons to) readily available compounds
such as carbon dioxide and water produces fuels.
But, where do the compounds come from? The
answer is that as solar fuels are produced by
reducing some compounds, others must be oxidized
(electrons removed). These other compounds are
called “electron donors.” If very large amounts of
solar fuels are going to be produced in the future,
the electron donors consumed in these processes
must be abundant and inexpensive. Furthermore,
the products generated by oxidizing them must be
environmentally benign. One such electron donor
that is utilized by natural photosynthetic systems

is water, which is used as the electron donor for
conversion of carbon dioxide into cellulose. This
same chemistry, in concept, can be used when
carbon dioxide is photo- or electro-chemically
reduced to fuels such as methanol or methane.
However, because of the overall energy input
required in these processes, other electron donors
are frequently used. Examples of common electron
donors include organic compounds such as
alcohols and amines, and easily oxidized inorganic
species such as sulfite ion. These species cannot
be used for practical, large-scale production of
fuels using sunlight, and thus are referred to as
“sacrificial electron donors.” By decreasing the
energetic requirements for the overall process, these
sacrificial reagents allow scientists to focus on the
fuel-forming reductive process from the coupled
oxidation process. However, use of sacrificial
reagents significantly complicates the meaning of
solar energy conversion efficiencies.

laboratory-scale proof-of-concept systems produce carbon monoxide and formic acid with
reasonable electron conversion efficiencies, but still at high overpotentials (greater than 0.6V)

(Halmann and Steinberg 1999).

Molecular catalysts have also shown promise for photochemical reduction of carbon dioxide.
These catalysts may employ a metal center acting as both a light absorber and a catalytic

site. Photocatalytic conversion of carbon dioxide to carbon monoxide and formate (in some
cases together with hydrogen) has been carried out with various metal complexes in solution
(Arakawa et al. 2001; Fujita 1999). The quantum efficiency for the formation of carbon
monoxide has been reported to reach to 38 percent with a rhenium(I) complex; however,
sacrificial electron donors are required in all of the systems reported (Fujita 1999; Sato et al.
2007). Although metallocarboxylates and metallocarboxylic acids have been proposed as
intermediates for carbon monoxide production, such species have been observed only in a few
photocatalytic systems (Hayashi et al. 2003; Ogata et al. 1995) for which the mechanisms and
kinetics of carbon monoxide formation have been investigated.

Numerous investigators have examined the heterogeneous photoreduction of carbon dioxide

on high-surface-area oxide semiconductor materials, with and without the presence of a noble
metal co-catalyst. These photocatalysts rely on the generation of electron-hole pairs through light
absorption in the semiconductor, followed by charge separation and surface redox chemistry.

For example, titania-based photocatalysts have been well investigated, particularly for organic
photooxidation reactions. Carbon dioxide reduction to important fuel precursors has been
observed on these and other solid photocatalysts, but rates and yields are generally very low and
the photoexcitation source is usually restricted to ultraviolet light (Guan et al. 2003; Pathak et al.

2004; Tseng et al. 2002; Wu et al. 2005).
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Photons to Fuels: Design

of an Electrochemical Cell
Producing Syngas by Carbon
Dioxide and Water Reduction
at Room Temperature

A new electrolysis cell design for simultaneous
electrochemical reduction of carbon dioxide and
water to make syngas at room temperature (25 °C)
was developed (Figure 19). This design was

based on a technology very close to that of proton-
exchange-membrane fuel cells (i.e., based on the
use of gas-diffusion electrodes so as to achieve
high current densities). The modified configuration is
based on the insertion of a pH-buffer layer (aqueous
potassium bicarbonate) between the cathode
catalyst layer and the Nafion® membrane in the cell.
This design allows for a great enhancement of the
cathode selectivity for carbon dioxide reduction to
carbon monoxide.

Investigations were performed with both silver

and gold catalysts at the cathode. Each catalyst

was shown to be very selective for carbon dioxide
reduction to carbon monoxide. The results are quite
similar: 75 £ 3 percent and 83 + 3 percent current
efficiency for carbon dioxide reduction to carbon
monoxide at an overall current density of 20 mA/cm?,
for silver and gold, respectively, with the balance
corresponding to hydrogen.

The main difference between the two catalysts is

a lower cathode overpotential on the gold-based
electrode, ca. 200 mV lower than for silver. As the
overall current density increases, a decrease of
carbon monoxide current efficiency is observed,
likely related to carbon dioxide mass-transport
limitations. Maxima of partial current densities for
carbon monoxide evolution are approximately 30 to
35 mA/cm? for both silver and gold with the present
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electrochemical cell for producing synthesis gas
(a mixture of carbon monoxide and hydrogen) by
reduction of carbon dioxide and water.

cell design. Energy efficiency for the overall cell
(with an alloy of platinum-iridium as the anode
catalyst) is ca. 47 percent at 20 mA/cm? and
decreases to ca. 32 percent at 100 mA/cm?,

for both catalysts, which is mostly due to Joule
heating losses.

Recent investigations with a partially optimized
supported gold catalyst as cathode have shown that
carbon monoxide partial current densities as high as
135 mA/cm? can be obtained for short electrolysis
periods. This result illustrates the importance of the
design of the gas-diffusion cathode. Unfortunately,

a decrease of the catalyst selectivity for carbon
monoxide evolution with time has been identified.
This result is more pronounced for the cells with the
supported gold catalyst.

Mathematical modeling was carried out and
underlines the complexity of the phenomena
occurring in the pH-buffer layer, where a two-phase
(gas + liquid) flow takes place, with carbon dioxide
gas being generated near the buffer-membrane
interface and flowing to the cathode catalyst.
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Some of the scientific issues related to photo- and electro-chemical water oxidation have been
discussed in an earlier basic research needs report (DOE 2005). However, the ability to oxidize
water in multi-electron steps remains a critical scientific challenge that requires a fundamental
understanding of the elementary processes involved as well as a basis for discovering new
catalysts. Our present inability to oxidize water to oxygen with stable and abundant catalyst
materials remains the Achilles’ heel for virtually all photo- and electro-catalytic carbon dioxide
conversion schemes. Two fundamental aspects of water oxidation in biology are the ability of
these catalysts to channel energy between sequential catalytic sites to drive uphill reactions
(McEvoy and Brudvig 2006) and to exploit long-range effects, such as protein conformational
changes, to adjust and control the activity of the active site (Agarwal 2005; Barry et al. 2006;
Bricker 2006; Haumann et al. 2005).

Basic Science Challenges, Opportunities, and Research Needs

Carbon dioxide reduction to fuels

The catalytic conversion of carbon dioxide to liquid fuels is a critical goal that, when met, can
impact the carbon balance by recycling carbon dioxide as fuels. The challenges are immense,
but the potential rewards are also immense. Carbon dioxide is an extremely stable molecule
generally produced by fossil fuel combustion and respiration. Returning carbon dioxide to a
useful chemical state on the same scale as its current production rates is well beyond our current
scientific and technological ability. Managing carbon dioxide as an energy feedstock will require
the following:

* deeper fundamental understanding of the chemistry of carbon dioxide activation

* development of new, multifunctional catalysts that efficiently convert an abundant energy
source (e.g., solar, wind, or nuclear) into specific C—O bond-breaking and C—H (and even
C—C) bond-forming reactions involving carbon dioxide.

These basic science challenges call for advances in catalyst design and understanding the
elementary processes involved in the progress of reactions that are uphill thermodynamically.

Catalytic conversion of carbon dioxide. Conversion of carbon dioxide
to liquid fuels and useful chemicals will require new methods for activating
the carbon dioxide molecule. For example, the first logical step in a carbon
dioxide reduction might be the hydrogenation of carbon dioxide to formic
acid, HCOOH, as illustrated in Figure 20. Carbon 0 -~
dioxide is an “amphoteric” molecule (possessing ‘a";:\ -

both acidic and basic properties). The carbon atom is C
susceptible to attack by nucleophiles, and the oxygen |
atoms are susceptible to attack by electrophiles. In the |
hydrogenation of carbon dioxide, therefore, one can H
think of activation of carbon dioxide activation as :
occurring by simultaneous attack of a nucleophilic !

metal hydride (H") at the carbon dioxide carbon -\-\"‘- I ""'.-'.-...'

atom and a Bronsted acid (H") at the oxygen atom. ___.-""'--. ‘-""“--.__ .

In the limit of these interactions, one can consider

the hydrogenation of carbon dioxide to result Figure 20: Schematic model for the concerted action
from a heterolytic process that adds H- to the of a metal hydride and proton-donor acid in activating
carbon and H' to the oxygen. carbon dioxide.
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The next logical step in the reduction of carbon dioxide would then be the deoxygenation of
formic acid to formaldehyde, H,CO. In photosynthesis, for example, carbon dioxide is reduced
to formaldehyde equivalents that are combined to form saccharides (H,CO),. The reduction of
formic acid to a formaldehyde equivalent can again be thought of as proceeding by H™ addition
to the carbon atom and H* addition to the OH group. However, the details of this next reductive
step (strength of hydride and proton equivalents, geometry of addition, etc.) can be expected to
be quite different from those required for the production of formic acid.

Similarly, the third step—reduction of formaldehyde to methanol (CH;OH)—may proceed by a
completely different mechanism such as the direct addition of hydrogen across the C=0O double
bond of formaldehyde.

This discussion illustrates the need for detailed mechanistic and theoretical knowledge in the
development of multifunctional catalysts (i.e., catalysts able to catalyze more than one particular
type of chemical transformation) for the conversion of carbon dioxide to liquid fuels. Moreover,
this discussion underscores the need for catalytic systems with well-managed hydrogen
delivery capability. Many catalytic reactions require delivery of hydrogen to the catalytic center
in a form that is seldom H,. Effective hydrogen delivery requires fine-tuned structural and
electronic parameters at both the hydrogen donor and catalytic sites. The donor can be any of
several groups, such as O—H or N—H, but the most useful appear to involve metal-H bonds.
The remarkable diversity of reactivity patterns exhibited by metal-H bonds, particularly in
molecular complexes but also in heterogeneous settings, enables a tremendous versatility in the
design of catalysts that can deliver hydrogen. As shown in generalized form in Figure 21 with
respect to a homogeneous catalyst, cleavage of the metal-H bond can occur as a proton (H"),

a hydrogen atom (He), or as a hydride (H") (Cheng et al. 1998; Eisenberg and Norton 1991;
Kristjansdottir and Norton 1991). Not only

are all three modes of cleavage observed in proton M:~ + HT
homogeneous metal catalysis, but in some
cases, the same metal hydride complex can hydrogen alom " .
exhibit all three modes of cleavage, in reactions M - ’ ¥
with different species (Bullock 1991). This \

. . . hypdriche + -
result provides an extraordinary opportunity . M + H

for control of hydrogen delivery in its various _—
forms. Much less is known about how to control  Figure 21: Elementary pathways for cleavage of a
the delivery of hydrogen in heterogeneous and metal-hydride bond. In this generalized scheme,
electrocatalytic settings. Incorporation of design  ligands on the metal complex are not shown, and
concepts inherent to homogeneous catalysis the Otrgan'QerJ“grga“E ?fcip(tgggz)thg hydrogr;]ten
. : ; ‘o is not specified. From Bulloc , Copyrig
into solid and electrochemical catalyS}s is Wiley-VCH Veriag GmbH & Co. KGaA. Reproduced
needed to better control hydrogen delivery in . o

with permission.
these systems.

Design of catalysts that exploit metal-H reactivity patterns requires a detailed understanding of
the kinetics and thermodynamics of the cleavage modes of metal-H bonds. Thermochemical
information about the homolytic bond dissociation energies (typically 60-80 kcal/mol) (Ryan

et al. 1990; Tilset and Parker 1989; Wang and Angelici 1996) enables evaluation of the feasibility
of hydrogen atom transfer reactions. These reactions may proceed as single-step hydrogen atom
transfers or as proton-coupled electron transfers, whereby the hydrogen atom and electron may
not be delivered to the same site on the catalyst. Evaluation of proton transfer reactivity, whereby
the metal-H bond serves as an acid, requires detailed thermodynamic and kinetics data. The
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thermodynamic acidity of metal-H bonds ranges over more than 20 orders of magnitude
(Kristjansdottir and Norton 1991). Hydride transfer reactions can be similarly evaluated,

often through thermochemical cycles determined from electrochemical data to evaluate
thermodynamic hydricity. Thermodynamic hydricity of metal-H bonds ranges over more than

40 kcal/mol (Berning et al. 1999; Miedaner et
al. 2004; Price et al. 2002). These elementary
reactions constitute critical steps of many types
of catalytic cycles, and evaluation of the kinetics
and thermodynamics of each of these types of
reactions will guide the design of catalysts for
fuel formation.

The spectroscopic characterization of relevant
transient catalytic intermediates that lead to
carbon monoxide, formic acid, formaldehyde,
and methanol will provide important knowledge
of mechanistic pathways in carbon dioxide
reduction. In general, under catalytic reaction
conditions, very short lifetimes and very

low concentrations are expected for these
intermediates. Novel in-situ methods that utilize
ultrafast spectroscopy or scattering methods
involving pump-probe techniques will be
required to resolve intermediates and establish
their reaction paths. Fast laser pulses may induce
the photo-driven chemistry and populate a high
concentration of transient species that may be
detected at various delay times, thus allowing
for the resolution of various transient species
and activation barriers, and for an understanding
of how energy dissipates during the reaction
sequence. The challenge is to develop ultrafast
methods that are highly sensitive and selective in
probing various intermediates and their dynamics
in situ under reaction conditions. For example,
surface science techniques that operate under
ultrahigh vacuum conditions have significantly
advanced understanding of structure-reactivity
relationships in heterogeneous catalysis and
electrocatalysis (Markovic and Ross 2002;
Somorjai 1996; Stamenkovic et al. 2007). New
approaches are needed that permit examination
of the catalyst’s active sites under realistic
reaction conditions. Figure 22 illustrates the
impact that scanning tunneling microscopy

has had in characterizing active sites in
electrocatalysis. This technique is capable of
resolving features down to the atomic scale.
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Figure 22: Appearance of metal nanoclusters is
correlated with the promotion of carbon monoxide
electrochemical oxidation at low overpotentials. The
scanning transmission microscopy images were
obtained ex situ after protection of the surfaces with
a monolayer of carbon monoxide. Courtesy of N. M.
Markovic (Argonne National Laboratory).
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Applications of this form of microscopy to image surfaces of electrocatalytic materials have been
limited, in part because of the tendency of the surfaces to be poisoned under the conditions of
investigation. Currently, researchers often rely on ex-situ imaging of catalytic electrodes. In-situ
capabilities will open new avenues of discovery and mechanistic understanding.

Achieving the ability to follow photo- and electro-chemically driven reactions at a level
necessary to understand carbon dioxide catalytic reduction presents mechanistic challenges well
beyond those in thermal catalysis. These challenges include understanding and optimizing the
properties of the following:

 multi-step, multi-electron chemical transformations
* coupled electron and atom transfer reactions
* kinetics of strongly endothermic processes possessing metastable or unstable intermediates

« the interplay between various catalytic sites and the catalyst environment in a multifunctional
catalyst.

Although ultrafast spectroscopic techniques and high-level multi-reference wave function
methods exist to establish the nature of excited states and their transitions, the ability to map out
the dynamics of such states does not currently exist. Detailed knowledge about the free energy
landscape for thermal, photo- and electro-chemical conversions is obscured by the complexity
of the reaction environment and by the fact that many of these bond-breaking and -forming
processes involve simultaneous proton and electron transfer steps. Ab-initio methods can
currently be used to calculate with some reliability the energetics of simple systems and overall
thermodynamics of important reactions in homogeneous and heterogeneous catalysis. These
results have been used to subsequently construct static overall potential energy surfaces. Because
of the size of the systems modeled, most of the published research has been based on density
functional theoretical (DFT) methods and has been focused on idealized model surfaces and
organometallic complexes under very idealized conditions. DFT, which has been the workhorse
in modeling catalytic systems, is a ground-state method unsuited to simulating excited states.
Advances in theoretical development as well as the implementation of time-dependent DFT
have occurred over the past few years which now make it possible to simulate small-molecule
systems. The development of methods to treat complex organometallic and solid-state systems
is still in its infancy. Notwithstanding this progress, a more comprehensive understanding

of the influence of the complex reaction environment on the intrinsic elementary reaction
processes under working reaction conditions is still a tremendous theoretical (and experimental)
challenge. In homogeneous systems, the effects of electrolyte, ligand architecture, solvation,
and deactivation processes all pose significant difficulties in determining the intrinsic kinetics.
Heterogeneous catalytic systems pose even further complications as the result of the effects of
particle size and morphology, support, nanoscale architectures, electrolyte, and deactivation and
the ill-defined surface structures.

Following photo- and electro-chemical reaction systems presents challenges well beyond

those found in thermally driven catalysis. For example, in semiconductor-based photocatalytic
systems, chemistry resulting from separated electron-hole pairs, resulting from photon
absorption, can be modeled with separate reduction and oxidation sites. In the presence of a
solution, this approach becomes akin to modeling electrocatalytic systems. Recent developments
have made it possible to examine the influence of applied potentials and electric fields. A more
accurate treatment of electrocatalytic systems, however, would require the development of Grand
Canonical methods that treat constant-potential systems. Currently, most ab-initio methods are
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constant-electron systems based on Canonical ensembles. As another example, the prediction of
accurate electron transfer kinetics is challenging. Only little work has been done on modeling
coupled proton electron transfer systems. The methods to accurately model the kinetics of
electron transfer present a major challenge.

Efficient carbon dioxide reduction catalysts. At present, both homogeneous and
heterogeneous catalytic systems have been demonstrated for relevant half reactions of carbon
dioxide reduction, using redox equivalents in the oxidation half reaction from sacrificial or
stoichiometric sources. This catalysis includes efficient electrochemical or visible light-driven
reduction of carbon dioxide to carbon monoxide or formic acid. However, the direct and efficient
coupling of both half reactions without the need for artificial reagents is still a major scientific
obstacle. Achieving this goal will require new, multifunctional catalysts designed for optimal
performance in both redox processes. To avoid unwanted or wasteful products and to obtain

a good selectivity to desired products, precise control of electronic and geometric structures

of catalysts and reaction conditions is needed. Simultaneously, the structural features of these
catalysts must be understood sufficiently at the molecular level to permit examination and
refinement with advanced theoretical methods. For example, conversion of carbon dioxide

to methanol requires delivery of 6 electrons and 6 protons in a reaction mechanism involving
multiple steps. Rational design of new catalysts will require experimental and computational
investigations to develop a predictive understanding of what influences such reactivity patterns.
Advances in computational treatment of long-range influences, such as those derived from a
solvent, will contribute greatly to the realization of efficient carbon dioxide catalysts.

Energy-efficient reduction of carbon dioxide demands catalysts that operate near thermodynamic
potentials with high rates. The multiple electron and proton/hydride transfers involved in the
reduction of carbon dioxide to fuels will require complex catalysts and catalyst assemblies
including hybrid catalysts, hierarchal nanostructured systems, and multiple site catalysts that
work in concert to achieve the overall carbon dioxide reduction process. In photochemical
systems, efficiency requires the vectorial arrangement of the oxidation and reduction units
across a barrier or membrane to prevent destructive cross and back reaction of the reduced
products with the evolving oxygen. Hierarchical organization of (photo)catalytic sites is equally
important for efficiently converting the two-electron reduction intermediates to more complex
products. Many of the elementary steps required for fuel formation are dark (thermal) reactions.
The properties and interdependencies of these dark reactions with those involving photo- or
electro-chemical events are poorly understood.

Catalyst stability is a central issue. Semiconductor materials in aqueous electrolytes are
generally susceptible to corrosion. Holes capable of oxidizing water are powerful oxidizing
agents, although electrons capable of reducing water or carbon dioxide are generally weak
reducing agents. Single electron transfer events from semiconductor surfaces to outer-sphere
redox couples are usually slow in comparison with capture by surface states and/or inner-sphere
processes. This observation has implications for catalyst design and incorporation into photo-
electrochemical conversion assemblies.

Catalyst systems that accomplish the demanding multi-electron reduction of carbon dioxide to
C, intermediates are likely to be very different in nature from the bond-breaking and -forming
catalysts needed for subsequent conversions to more complex products. Incorporation of both
catalytic functions into one system is a significant challenge. Titanium- or zirconium-grafted
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Photocatalytic Carbon Dioxide
Reduction by Inorganic
Complexes

Rhenium(l) diimine complexes act as photocatalysts
and/or electrocatalysts for carbon dioxide reduction
to carbon monoxide. Although the kinetics and
efficiency of photocatalysis are far from what would
be needed for practical solar photocatalysis, the
mechanism has been worked out sufficiently well

to provide understanding of the catalytic cycle. The
mechanism illustrates the challenges of carbon
dioxide reduction catalysis and the importance of
understanding the mechanism to design improved
catalysts and better catalysis cycles. The reaction
has been conducted in nonaqueous solvents such
as acetonitrile or tetrahydrofuran. The two-electron
reduction is accomplished by the binding of two one-
electron-reduced rhenium monomers to one carbon
dioxide molecule to form a carbon dioxide bridged
dimer (Figure 23), which reacts with a second
carbon dioxide molecule to form carbon monoxide
and CO,%. The active one-electron reduced form of
the catalyst is regenerated by light and a sacrificial
electron donor to form a full catalytic cycle.

Ultimately, in a practical carbon dioxide reduction
scheme, the electrons must be derived by coupling
to water oxidation. Moreover, the rates of formation
and reaction of the carbon dioxide bridged dimer
are low. In particular, the binding of carbon dioxide
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Figure 23: Reducing carbon dioxide to carbon mon-
oxide with a rhenium(l) diimine complex. Courtesy
of Etsuko Fuijita (Brookhaven National Laboratory).

competes with coordination by solvent to the metal
center, which shifts electron density onto the ligands
and decreases the reactivity of the metal center. The
reaction of the one-electron reduced monomer has
arate (< 0.1 s under 1 atm carbon dioxide) that is
two to three orders of magnitude lower than needed
for solar conversion. Assuming a catalyst coverage
density of 1 nm~2and a 100 percent conversion, the
catalyst turnover number rate to produce carbon
monoxide must be more than 50 s~" to keep up

with the solar generation of electrons. This result
suggests that carbon dioxide reduction with this type
of rhenium catalyst must be done in supercritical
carbon dioxide or a non-coordinating hydrocarbon
solvent with a high pressure of carbon dioxide.
Extensive mechanistic investigations combined

with computation of intermediates were important in
establishing these pathways (Hayashi et al. 2003).

zeolites have been used to produce carbon monoxide together with a trace amount of methanol
and methane under ultraviolet irradiation (Anpo et al. 1997, 1998; Lin et al. 2004; Matsuoka
and Anpo 2003); however, products of homogeneous photo- and electro-chemical reduction

of carbon dioxide have been limited to carbon monoxide and/or formic acid. In homogeneous
electrochemical reduction of carbon dioxide, a few additional C, species have been reported as
minor products. Coupling carbon dioxide reduction catalysts to catalysts that can accomplish
formation of heavier fuels is a priority research need. To work efficiently in a concerted fashion,
catalytic systems must be built to facilitate directional energy flow charge, and atom/ion
transport between the catalytic sites (and their associated rates) precisely synchronized. Efficient
and selective photo- or electro-catalytic conversion of carbon dioxide to a C, or higher product
has not been achieved. The very rapid advances in nanostructured materials and methods to
functionalize these offer opportunities for the hierarchical arrangement of catalytic units on the
appropriate length scale for communication of energy, charge, and mass. The synthesis and
organization of multi-site catalytic assemblies into solar or electrochemical conversion systems

Basic Research Needs: Catalysis for Energy 77



PANEL REPORT « ADVANCED CATALYSTS FOR THE PHOTO- AND
ELECTRO-DRIVEN CONVERSION OF CARBON DIOXIDE AND WATER

are major scientific challenges. A report on solar energy use (DOE 2005) identified revolutionary
concepts for converting solar energy to electrical energy at acceptable low costs. Many of these third-
generation solar conversion strategies require the fabrication of interdigitated nanostructured
systems that contain advanced materials such as quantum dots, conducting polymers, fullerenes,
carbon nanotubes, and multifunctional molecular systems. The same type of emphasis is needed
in the development of catalyst systems that can channel solar or solar-derived electricity into
specific bond-forming and -breaking reactions. New, stable, and abundant catalytic materials
should be incorporated into these energy-harvesting and -relaying systems in ways that
optimize efficient chemical conversion. Equally important is the emergence of wholly new
synthetic methods to produce complex structures in quantities that are relevant to the scale of
energy needs. Powerful, convenient, and rapid tools for characterizing the critical properties

of composition and atom/electronic structure will be critical in enabling the evaluation,
understanding, and design of these catalyst systems.

Development of new catalysts for the reduction of carbon dioxide to fuels will also benefit
from lessons from biology. The production of carbohydrates from carbon dioxide in natural
photosynthesis involves dark reactions, and many of the details of the catalysis of these
processes are directly relevant to artificial systems. The biological carbon monoxide
dehydrogenases are the only catalysts known that efficiently catalyze the reduction of carbon
dioxide to carbon monoxide. Extremely challenging multi-electron/proton transfer processes
take place in a multi-site catalytic system that contains a series of active sites with seemingly
well-defined and concerted roles (most of which are still unknown). Moreover, the actual active
sites are surrounded by a dynamic medium that is almost perfectly adapted to facilitate and
enhance the overall rate of the catalytic process.

Water oxidation

Understanding of how to control water oxidation to oxygen is a prerequisite for achieving
efficient photo- or electro-chemical reduction of carbon dioxide in the absence of sacrificial
electron donors and constitutes in a grand challenge in science. The availability of water as an
electron donor opens up a wide variety of reductive processes that can be driven with electricity
or sunlight. Because the ultimate products of fossil fuel combustion are carbon dioxide and
water, the conversion of these stable molecules back into fuel involves thermodynamically uphill
reactions that remove oxygen atoms. Water oxidation to oxygen is an especially challenging
problem because it requires two 2-electron/2-proton (2e/2H") transfer processes occurring
simultaneously on two separate water molecules. In carbon dioxide reduction, one can consider
a series of 2e/2H" (hydrogenation) steps, because the standard potentials for the various half
reactions are within a few hundred millivolts of each other. This relationship between steps is
not true for water oxidation. The standard reduction potential for the H,0,/H,O couple is 1.78 V,
which is about 0.55 V positive of the O,/H,O couple. Therefore, if water is oxidized through
hydrogen peroxide at the potential for oxidation of water to oxygen (1.23 V), the maximum
concentration of hydrogen peroxide that can exist, as determined by the Nernst equation, is about
10 orders of magnitude lower than the surface concentration of water. Therefore, subsequent
reactions that oxidize hydrogen peroxide to oxygen must have enormously high rate constants to
succeed. This complexity in balancing the two redox steps requires a high level of understanding
for catalyst design. To overcome this and other obstacles in achieving efficient water oxidation
catalysis, basic research is needed in the following areas:
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» computational and experimental methods to properly characterize complex catalytic systems

including the effect of the environment

 mechanistic understanding and control of multi-electron transformations and charge

management

 determination of the mechanisms of water oxidation

* development of efficient, robust, and inexpensive water oxidation catalysts.

The development of new catalytic systems for water oxidation (and hence conversion of carbon
dioxide to fuels) will require a strong interplay between the synthesis of new artificial systems
and the adaptation of the best concepts and models that emerge from our understanding of

natural photosynthesis.

Catalytic Oxidation of Water

Water oxidation is performed by nature every day
with extraordinary elegance (Eisenmesser et al.
2005; McEvoy and Brudvig 2006). However, little is
known about the catalytic aspects of this complex
reaction. A sequence of events initiated after charge
separation induced by photosynthesis includes an
oxidation chain that has several cations in various

1st
Photon

P680+
AV
Photon . Y-

degrees of oxidation, proteins, and water as solvent,
as the main protagonists. Various length scales and
time scales are involved. Although many details of
the reaction mechanism are debated, this sidebar
illustrates some details of one of the proposed
catalytic cycles (Figure 24). To advance the science
and technology of designing advanced catalysts for
this task, the workings of this admirable molecular
machine must be elucidated.
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Figure 24: Proposed catalytic cycles for oxidation of water. From Sun et al. (2001). Reproduced by permission
of The Royal Society of Chemistry. From Haumann et al. (2005). Reprinted with permission from AAAS.
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CHARACTERIZATION OF SOLID CATALYSTS WITH
ENHANCED SPATIAL, TEMPORAL, AND ENERGY
RESOLUTION

Summary

Fundamental understanding of catalysts and how they function is the foundation for design

and preparation of new and improved catalysts and catalytic energy-conversion processes.

Such understanding can be achieved only by breakthroughs in the development of new and
improved techniques and facilities for investigation of catalysts in the presence of reacting
feedstocks under realistic processing conditions. Breakthrough advances in catalysis for energy
needs require incisive characterization of the feedstocks and products of fuel manufacture and
complementary characterization of the catalysts needed for these processes. The challenge is
magnified by the lack of available information characterizing biomass-derived feedstocks and by
the increasing complexity of the available heavy fossil feedstocks (many containing uncountable
kinds of molecules, and even solid and solid-like structures that are beyond elucidation by
molecular characterization tools). The challenge is further magnified by the intrinsic complexity
of catalyst surfaces and the mechanisms of catalytic transformations occurring on them, which
take place at high temperatures and often high pressures.

Characterization of catalysts in the presence of reacting mixtures at the temperatures and
pressures of practical operation is critical because catalyst structures and the mechanisms of
catalytic reactions depend on the reaction environment, often sensitively. Because this statement
pertains to all catalysts and feedstocks, the challenge is crosscutting. This challenge implies the
need for advanced experimental and theoretical methods and instrument hardware and software
far beyond current capabilities—to achieve deeper fundamental understanding, specifically for
significantly enhanced temporal, spatial, and energy resolution of catalysts in the presence of
complex reacting mixtures under realistic reaction conditions.

Scientific Challenges and Research Approaches

Characterization of catalysts

This section is a summary of the typical instrument resolutions and capabilities that will be
required to achieve fundamental, atomic-scale characterization of catalytic materials and
reaction mechanisms for energy applications:

1. Temporal resolution: To understand the mechanisms of fast electron transfer in
electrochemical and photoelectrochemical conversions, as in carbon dioxide reduction or
water oxidation, the temporal resolution must be in the range of picoseconds or better. To
determine bond-scission/bond-formation sequences on catalyst surfaces, and for dynamic
investigations of catalysts and the species on their surfaces, the resolution needs to be in the
range of vibrational motions, typically between picoseconds and nanoseconds. To determine
catalytic reaction rates, typically between 1 and 1000 reaction events (turnovers) per surface
site per second, the resolution must be in the range of milliseconds to seconds.
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2. Spatial resolution: Fundamental understanding of the mechanisms of catalysis requires not
only characterization of catalyst surface structures and mechanisms of catalytic reactions,
but also direct imaging of the key structures. The structures include nanostructured catalytic
species, the sites on their surfaces, the species adsorbed on these sites, and the supports on
which the catalyst structures are mounted. Thus, the scale of investigation extends from the
macroscopic down to the atomic level.

3. Energy resolution: Characterization of transitions such as electronic or vibrational transitions
is essential for molecular-scale understanding of catalysis. An energy resolution of 0.1 eV is
often sufficient for measurement of electronic transitions, for example. An energy resolution
of 1 meV or better is often required for measurement of vibrational transitions.

4. Measurements in reaction environments: Measurements under catalytic reaction conditions
are challenging because the temperatures and pressures are often high; catalyst structures are
complex; and multiple phases containing the catalysts, reactants, and products are usually
present. Reactants and products exist in gas and/or liquid and/or solid phases as well as at
surfaces—and so the key structural information characterizing the catalyst and its surface
species must be extracted from the maze of information in such complex mixtures.

The primary physical characterization techniques that have provided essential fundamental
information that underlies the technology of catalysis include the following:

* x-ray absorption fine structure (XAFS) spectroscopy to provide information about the atomic
oxidation states (near-edge region) and short-range structural information, such as atom-atom
coordination numbers of catalytic species

+ x-ray diffraction (XRD) crystallography to identify the long-range bulk structures of catalysts
and catalyst supports

* x-ray photoelectron spectroscopy (XPS) to determine electronic and compositional properties
of catalysts

* inelastic neutron scattering spectroscopy to characterize dynamics, most prominently including
transformations of hydrogen-containing species in and on catalysts

* solid-state nuclear magnetic resonance (NMR) spectroscopy and NMR imaging to evaluate
compositions and structures of catalysts, supports, and adsorbates

* electron microscopy techniques—scanning electron microscopy, high-resolution transmission
electron microscopy (HRTEM), and scanning transmission electron microscopy, all coupled
with energy dispersive x-ray fluorescence, to determine catalyst structures, particle sizes,
and elemental compositions, and atomic force microscopy (AFM) and scanning tunneling
microscopy (STM) to determine catalyst and adsorbate structures on relatively flat surfaces

« ultraviolet/visible/near infrared spectroscopies to determine electronic properties of catalysts

« vibrational spectroscopies, laser Raman and infrared, to identify the structures of oxide
catalysts and adsorbates.

Currently, none of these techniques alone comes close to meeting the requirements of temporal,
spatial, and energy resolution ranges stated previously. For some relatively simple catalysts and
reactions, the goals can be met in part by the concerted application of combinations of these
methods. However, the needed advances require breakthrough developments in techniques and
instruments and new capabilities for using them in combination.
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Breakthrough improvements in catalyst characterization require advances on three fronts:

1. significant enhancements in temporal, spatial, and energy resolution that can be achieved by
instrument development

2. amarked increase in the capabilities for applying multiple techniques in concert—with the
sample environment being strictly controlled—either simultaneously or sequentially

3. improvement in the design of reactors that are also cells to provide environments mimicking
the realistic reaction conditions of temperature, pressure, and reaction media (solid, liquid,
and/or gas phase) during the measurements.

Promising techniques and the major associated challenges, as well as examples of the concerted
application of multiple techniques, are described in the following pages.

Synchrotron x-ray techniques

XAFS is a workhorse technique in catalyst characterization because of the wealth of local
structural information it provides, combined with the photon-in/photon-out nature of the
spectroscopy that makes it directly applicable to characterization of functioning catalysts.

This method, for example, has been used to investigate the surroundings of promoter ions in
supported nanoparticles of molybdenum sulfide used for hydroprocessing reactions to remove
sulfur from fossil fuels. This method helps provide understanding of the structure and function of
catalytic sites and ultimately the manufacture of improved catalysts.

Excellent opportunities present themselves to make the XAFS technique far more powerful and
widely applicable than it is today (see sidebar). The advances demand future developments in
synchrotron facilities and the attendant equipment needed for characterization of catalysts in the
working state. Indications of what lies ahead are provided by promising early results obtained
by using high-energy-resolution fluorescence detection, which enabled measurement of the

first selective x-ray absorption spectra of catalysts—such measurements can be site-selective,
oxidation state-selective, edge-selective, and spin-selective. The concept is simple—position
the detector at an x-ray emission line for a specific state, and only that state is tracked over
time. To date, this technique has been used to separate spin states, metal oxidation states, and L,
from L, edge data—these properties of the elements (usually metals) in catalysts are important
in determining fine-grained details of how the catalysts function. So far, only a few feasibility
experiments have been performed (e.g., differentiating ferrous from ferric ions), none of them
characterizing a working catalyst.

The anticipated capabilities in XAFS spectroscopy promise to revolutionize the technique, if
significant resources are dedicated to the task: specialized detectors; high-brightness beamlines
(as planned at the National Synchrotron Light Source [NSLS]-II); and cells that also serve as
catalytic reactors at high pressures and temperatures.

High-energy-resolution fluorescence detection has already been coupled with advanced
theoretical calculations to characterize the adsorption sites accommodating simple molecules on
supported metal nanoclusters. There is a compelling opportunity to extend the technique to many
other catalysts and reactions with the goal of increasing the temporal resolution and measuring
the spectra of working catalysts. Today, the time required to measure a typical XAFS spectrum
of a catalyst at a U.S. synchrotron ranges from several minutes to about an hour. Researchers at

a synchrotron in Japan (the Photon Factory) are now routinely making measurements in seconds
and even milliseconds by using energy-dispersive XAFS spectroscopy (see sidebar).
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Real-time Characterization of + evidence of the electrochemical reaction
mechanism and dynamic surface events involving

Fuel Cell Cathode Catalysts dissolution of platinum at the Pt/C cathode

under Reaction Conditions * reaction kinetics of the electron transfer processes
* redox structural changes

To make proton-exchange-membrane fuel cells for + a significant time lag among those events under

automobiles a reality, the activity and lifetime of the fuel-cell operating conditions.

PUC cathode catalyst must be improved. Towards The results led to the inference of eight elementary

this goal, a novel time-gating quick XAFS technique steps on the platinum cathode catalysts as well

with 1-s time resolution and an energy-dispersive as the population of the bound OH species, which

XAFS system with 4-ms time resolution was used are crucial for the performance of the Pt/C fuel cell

(Figure 25) to observe in real time the following: catalyst (Tada et al. 2007).
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Figure 25: X-ray absorption fine structure measurements of changes at proton-exchange-membrane fuel cell
cathode during reaction. From Tada et al. (2007), vol. 46, 4310. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.
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XAFS spectroscopy has been used for the most part as a spatially averaged technique. With
advances in the development of beamlines with capabilities for micro- and nano-focusing, this
method could be turned into a microscopic technique. This new capability could be developed
by using micro-focused x-ray beams or by using full-field illumination of the sample and a
spatially resolving detector. Early results have been reported by use of full-field illumination
with a charge-coupled device camera as the detector, allowing mapping of the oxidation-state
distribution of the active metal in a working catalyst bed at a resolution of a few microns. The
challenge is to improve the spatial resolution to the scale of tens of nanometers—and combine it
with increased time resolution.

Many opportunities exist to make much-needed advances in the technique, for example,

by coupling XAFS spectroscopy with other techniques (e.g., x-ray diffraction and infrared
spectroscopy) at current synchrotrons to bolster the information content of the experiments. The
combined use of synchrotron XAFS spectroscopy and XRD is being pursued at the NSLS at
Brookhaven National Laboratory. One of the main advantages of these two techniques used in
concert is the demonstrated capability to conduct measurements under reaction conditions, in the
presence of both gas and liquid phases, with sufficient energy resolution to differentiate materials
with contrasting physical and chemical properties. The two techniques provide complementary
information about the structures of catalytic materials: XRD is effective for crystalline materials,
whereas XAFS spectroscopy provides short-range order structural features in less-ordered
(amorphous) catalysts. Moreover, XAFS spectroscopy in the near-edge region (XANES) also
gives information about the electronic properties of catalysts. These two methods have been
developed and advanced independently of each other at synchrotron sources in the United States
and abroad. The combination of the two techniques, with the catalyst sample in a single reaction
cell, will allow simultaneous measurements of changes in the physical structures, electronic
properties, and catalytic activities of solid catalysts (including electrocatalysts). Similar efforts
are at various stages of advancement in European synchrotrons, HASYLAB/DESY (Hamburg)
and SRS (Daresbury).

At present, XAFS and XRD measurements can be performed at NSLS-I, but only at separate
beamlines, with acquisition times of 10-10° s for XAFS and 10-10? s for XRD. A recent example
of time-resolve XRD was the determination of the oxygen occupancy in ceria lattice under
catalytic water gas shift reaction conditions through Rietveld refinement of XRD data. With
improved hardware and software, it will be possible to enhance the temporal resolution of

both quick-XRD (3 ms) and quick-XAFS (1 s) during surface-catalyzed (and electrochemical)
reactions with simultaneous measurements of catalytic or electrocatalytic rates.

The same experimental combination can also be used to investigate the nucleation and growth

of nanostructured catalysts from precursors as a function of time at various temperatures and
pressures. Both types of measurements will provide critical information about the synthesis and
structure of novel catalytic materials—one of the central themes of this report. Furthermore, by
using selective XAFS spectroscopy with high-resolution fluorescence detection, it should be
possible to obtain two-dimensional and three-dimensional images of electronic and chemical
information representing the catalysts, based on oxidation state-selective, edge-selective, or spin-
selective methods with 1 um or better spatial resolution. With the significant increase in photon
flux anticipated in the new NSLS-II facility, it should be possible to improve by a factor of 10 the
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temporal and spatial resolution. The increased radiation flux will allow investigation of structural
changes of catalysts undergoing fast reactions. The additional brightness might even allow for
investigation of diffraction from individual nanoparticles in supported catalysts. Furthermore,

it is possible to add a vibrational spectroscopy tool (in particular, infrared spectroscopy) to the
combined XRD/XAFS, which will further expand the combined XAFS/XRD capabilities and
provide insights into the surface chemistry—by allowing researchers to follow the identities and
bonding configurations of adsorbates on the catalysts.

A complementary technique is x-ray tomography (XRT), an imaging method of soft x-ray
microscopy that allows retrieval of three-dimensional structural information representing

the sample in the focal region of the x-ray beam. This technique is used extensively in
environmental and biological sciences and is attractive for characterization of working catalysts.
Projected capabilities of x-ray nano-tomography will feature 50-nm spatial resolution and
allow collection of tomographic data in less than 5 min (the method is limited presently by
computational complexity). Such specifications are relevant for many catalysis applications and
are especially promising when coupled with XAFS/XRD capabilities for characterization of
functioning catalysts. X-ray tomography will allow tracking of the three-dimensional structure
and composition of reaction components as a function of time, temperature, or potentiostatic
control. For example, by coupling of nanotomography and x-ray fluorescence in the nanoprobe
experiments that will potentially be possible at NSLS-II, both the microstructure and element
specificity can be investigated in real time. Advanced applications, including holo-tomography,
are promising for investigations of three-dimensional distributions of electron density, critical
information that may reveal the nature of chemical bonding between catalysts and adsorbates.

Conventional XPS is a well-established technique for the characterization of electronic and
compositional properties of catalysts under high vacuum (pressures <10~ Torr). The concept of
differential pumping for moderate-pressure XPS was first applied by Siegbahn and colleagues
in 1969 for investigation of gases at pressures of up to a few tenths of a Torr. In recent years,
the instrumental development of differentially pumped electron-energy analyzers equipped
with fast multichannel detectors and with access to a third generation of synchrotron sources
has opened exciting new possibilities, such as investigation of chemical transformations on
surfaces by using photoemission under conditions that are much closer to realistic reaction
environments. With the existing synchrotron facilities, one can typically obtain an x-ray
photoelectron spectrum in 10*-10° s. Moderate-pressure (>10 Torr) XPS instruments with
submonolayer sensitivity are currently installed at synchrotron facilities in Europe (BESSY,
ELETTRA) and the United States (Advanced Light Source). At present, XPS can be used

to follow the kinetics of surface reactions, as demonstrated by recent investigations of the
active sites and mechanism for methanol synthesis on copper catalysts. With the anticipated
increases in the photon flux from future light sources such as NSLS-II, it will be possible to
perform XPS with sub-second temporal resolution and high-energy resolution (0.1-0.2 eV), at
pressures >10 Torr. This operability will allow measurements under conditions more closely
approaching those of practical catalysis. Because of the vacuum requirement for the detection
of photoelectrons, however, it will be difficult to increase the pressures to those of almost all
practical catalytic reactions.
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Although the temporal and spatial resolutions of many of the aforementioned techniques will
fall short of those most desirable for catalysis research, they will nonetheless be sufficient for
characterization of many catalysts and reactions that do not demand these ultrahigh temporal
and spatial resolutions. To best meet the requirements, the challenges in advancement of the
synchrotron-based techniques will be to improve the temporal resolution to the picosecond
regime and the spatial resolution to the nanometer range while maintaining the capability for
measurements under reaction conditions. Achieving these goals will require breakthrough
developments in the hardware, software, and theory for data analysis.

Probing samples with neutrons

Although XAFS and XRD are excellent techniques for probing the physical and chemical

states of heavy elements, such as the metals in most catalysts, they are not nearly as effective

for molecular dynamics or for probing the chemical state of hydrogen. Hydrogen is crucially
important in most conversions of fossil fuels (and, potentially, biomass). Hydrogen may be
present as hydrogen atoms, protons, and/or hydrides in the catalysts. Because neutrons easily
penetrate steel reaction vessels or high-pressure gases or liquids, while still being effectively
scattered by hydrogen atoms within, neutron spectroscopies and neutron diffraction uniquely
provide information about hydrogen. Specifically, the data allow elucidation of molecular
dynamics and weak interactions, even for catalysts working with very complex reaction mixtures
at high pressures and temperatures. The techniques have to date barely been used to characterize
working catalysts, but they offer compelling prospects because of the importance of hydrogen in
so many of the energy conversion reactions mentioned in this report.

For example, all of the following can be probed with neutrons under high-pressure,
high-temperature reaction conditions:

* the buildup of carbonaceous deposits during hydrocarbon processing (causing catalyst
deactivation)

* molecular transformations on surfaces and in hydrogen-containing molecules, such as those
being converted in hydrodesulfurization of sulfur-containing molecules.

A technique based on measurement of losses in inelastic neutron scattering can provide

precise information about the energetics of adsorbed H, molecules and hydrogen atoms. Such
information is critical to understanding how the energy in thermal-excitation or photo-excitation
is stored in hydrogen and hydrogen-containing reactants during catalytic reactions. The ability to
probe the state and transfer of hydrogen and water, as well as the molecular configurations and
motions during electron transfer of water, are important for understanding the electrochemical
and photoelectrochemical oxidation of water. Inelastic neutron scattering has also been used to
probe the dynamics of methyl groups adsorbed on oxides and the transformation of methanol
into dimethyl ether on alumina, which are important for the understanding needed to build larger
molecules from methane and light alkanes. These issues are addressed more specifically in
several Priority Research Directions in this report.
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Neutron Spectroscopy To
Study Dynamics of Hydrogen
Storage Materials

Hydrogen-bonding interactions are ubiquitous in
nature and play an important role in controlling

the chemical and physical properties in complex
molecules ranging from structures in biological
molecules to the supramolecular assemble of
molecular crystals. One unusual form of hydrogen
bonding arises from the attractive interaction
between protonic and hydridic hydrogen. The
molecular crystal ammonia borane, NH;BH;,

(19 mass% hydrogen) has recently drawn significant
interest as a potential material for onboard hydrogen
storage. This di-hydrogen bonding interaction has
been proposed as an important feature in materials
that release molecular hydrogen at moderate
temperatures that are required for vehicles powered
by fuel cells. However, little is understood about the
details of these H-H interactions.

Given the large interactions between neutrons and
hydrogen, neutron scattering techniques provide
insight into some of the basic questions associated
with structure and dynamics of hydrogen in
condensed phase materials. Single crystal neutron
diffraction studies of ammonia borane by Klooster
and co-workers (1999) enabled the assignment

of not only the positions of hydrogen but also the
assignment of the positions of nitrogen and borane
given their unique interactions with neutrons.

This investigation resolved the ambiguity over the
directionality of the hydridic and protic hydrogen-
bonding interactions. A combination of experiment
and theory provides insight into the structure and
dynamics of hydrogen-rich materials. Allis and co-
workers (2004) combined periodic DFT calculations
with inelastic neutron scattering methods to assign
crystal normal modes of ammonia borane at 15 K.
The low frequency modes and lattice modes provide
key insights into the di-hydrogen bonding interactions.

The spatial representations of the hydrogen derived
from the Fourier transform of the experimental
neutron scattering intensity mapped onto the
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refined crystal structure obtained from neutron
powder diffraction experiments at a temperature
above (a) and below (b) the phase transition are
shown in Figure 26. The refined crystal structure
includes information about the symmetry, atomic
position, occupancy, and the complex structure
factors for each atom. In this figure, boron is

aqua and nitrogen is blue. For comparison, the
hydrogen positions were calculated using only

the experimental lattice parameters from neutron
powder diffraction for the lowest energy structures
using periodic electronic structure combined with
dynamics [CP2K, full periodic DFT 2x2x2 unit cell] at
the same temperatures above (c) and below (d) the
phase transitions. Both experiment and theory show
that the orthorhombic to tetragonal phase transition
in ammonia borane catalyzes the motion of the
hydrogen in the solid state. The hydrogen in the
orthorhombic phase (180 K) is highly localized

in contrast to the hydrogen in the tetragonal

phase (275 K).

It is interesting that the hydrogen is hydrogen is
highly delocalized. The neutron powder diffraction
experiment cannot even define a position, and
theory concurs that the hydrogen is highly mobile
even though there is significant di-hydrogen bonding.

Figure 26: Spatial arrangement of hydrogen in
ammonia borane.
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Other neutron methods permit the probing of pore structures, nanoparticle size distributions,
paramagnetic species, and long- and short-range ordering in catalysts. Neutron spin echo
experiments can probe dynamic motions in complex molecules and, for example, have been
used to probe long-chain movements in polymer melts.

With the recent completion of the Spallation Neutron Source at Oak Ridge National Laboratory,
the United States now leads the world in the production of neutrons for research. This facility
and its beamlines provide unique opportunities for catalysis research that are expected to develop
strongly throughout the next decade. One of the main hurdles in using neutron techniques for
catalysis research is the inefficiency in spatial resolution. This inefficiency can be overcome by
combining neutron experiments with synchrotron techniques, provided that the catalysts and
reactions are suitable for both types of characterization.

Solid-state NMR spectroscopy and imaging

Solid-state NMR spectroscopy is uniquely suited to the characterization of catalysts and
adsorbed species, especially in crystallographically disordered samples typified by supported
catalysts. Recent developments in methodology, theory, and instrumentation (especially magnets
and probes) have resulted in remarkable new capabilities: It is now possible to identify sites,
structures, and multidimensional intersite correlations with unprecedented sensitivity and
resolution, and to probe a wide range of dynamic processes in liquid and solid phases. Similarly,
an arsenal of sophisticated liquid-state and solid-state NMR methods has been developed

in the preceding few years for extraction of structural information from biological samples,
including proteins. These recent advances will make it possible to investigate various classes

of catalysts, including those inspired by biology, and to characterize new types of feedstocks,
such as fossil and biomass-derived materials, as described in Priority Research Directions.

The structures of these complex systems can be further refined by combining the experimental
NMR results (e.g., chemical shifts, internuclear correlations, bond lengths) with state-of-the-art
theoretical computations. Although this emerging area of spectroscopy is often being referred to
as “NMR crystallography,” it can be applied to describe three-dimensional structures involved
in non-periodic catalytic structures. Many of the catalysts and reactions for energy applications
will involve multiple phases with complex dynamics and interphase regions, as described

in the Grand Challenges. NMR spectroscopy and imaging are well suited to probe liquid-

solid and solid-gas interfaces at length scales ranging between 0.1 and tens of nanometers.
Furthermore, NMR imaging can be applied to characterize the morphologies and reactivities

of catalysts, as well as to understand the transport of reactants and products in catalyst pores.

By closely coupling NMR analysis with synthetic efforts and reaction experiments, it will

be possible to obtain fundamental correlations of catalytic performance with the influence

of chemical compositions and structures of catalysts. The anticipated developments of new
NMR methodologies and computational tools will offer means for more incisive and rapid
characterization of catalysts. The main challenges of the NMR techniques will be the availability
of magnets operating at very high fields (>18.8T) and specialized probes capable of ultrafast
magic angle spinning (at rates exceeding 3 million rpm), as well as the development of better
NMR capabilities for characterizing functioning catalysts at high resolutions.
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Imaging techniques

Several imaging techniques, including HRTEM, AFM, and STM, ofter superior atomic-scale
spatial resolution. HRTEM is one of the most widely used techniques for the structural
characterization of supported catalysts. With recent advances, HRTEM measurements can
routinely provide atomic-scale information. In particular, in many cases it is possible to obtain
information about the structural, electronic, and compositional properties of individual catalyst
nanoparticles. This goal can be achieved by measuring the diffraction to determine the lattice
spacing, electron energy loss spectra (comparable to XAFS) to determine the electronic
properties, and energy dispersive spectroscopy to determine elemental compositions of the
individual particles. Significant progress has been made in designing reaction cells (the technique
is termed environmental HRTEM) to image catalysts under conditions more nearly relevant

to catalytic reactions. Because of the availability of state-of-the-art HRTEM facilities in many
academic institutions and national laboratories, HRTEM will remain the most commonly

used technique for characterization of the structural properties of supported catalysts. Recent
experimental and theoretical work has indicated that catalyst particles commonly undergo
dynamic changes under reaction conditions. Therefore, the main challenges of the HRTEM
technique for catalyst characterization will be to improve the temporal resolution and to design
cells that can handle pressures and temperatures more relevant to realistic catalytic conditions.

The AFM and STM techniques have provided revolutionary, atomic-scale images of
well-defined surfaces and adsorbates on them. Both techniques can be used under reaction
conditions, with AFM being more often used for liquid-solid interfaces and STM for gas-solid
interfaces. STM investigations of surfaces in reacting environments have provided direct images
of the dynamic changes of the surface structures. The AFM and STM techniques will continue to
provide direct information regarding surface structures and dynamics on model surfaces. As for
HRTEM, the main challenges of AFM and STM for catalyst characterization will be to improve
the temporal resolution.

Raman spectroscopy

Raman spectroscopy is one of the most powerful techniques for characterization of solids and
surfaces of technological importance. It is one of the few instrumental methods that in a single
measurement can provide information about both solid catalysts and the molecules reacting

on them. The energy (~1 cm™) and temporal (~1 ps) resolutions of Raman spectroscopy are
limited only by laser technology. Its wide spectral range (50-5000 cm™) enables examination of
the nature of molecular species, identification of crystalline solid phases, and determination of
the structures of non-crystalline surface phases. Raman intensity can be increased dramatically
when the wavelength of the exciting laser is in resonance with an electronic absorption of the
sample; the process is referred to as resonance Raman spectroscopy. Enhancements in the cross
section for Raman spectroscopy as large as 10%-fold have been reported. Resonance Raman
spectra typically exhibit patterns of peak intensities that vary with excitation wavelength and
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differ significantly from the patterns observed in normal Raman spectra. In a sample containing a
mixture of compounds, individual species may be resonance enhanced at different wavelengths.
In some cases, it may be possible to measure resonance Raman spectra of individual components
in a mixture by selective excitation of specific absorption bands. Moreover, the assignment

of resonance-enhanced vibrations provides detailed information about the local symmetry of

the species. Resonance Raman spectroscopy has been used widely to characterize biological
samples in which electronic transitions occur at visible excitation wavelengths, and commercial
continuous wave lasers are readily available.

Resonance Raman spectroscopic characterization of solid catalysts and adsorbed species,
however, has been limited. Many catalytic materials are white, but their electronic transitions
often occur at ultraviolet wavelengths. Thus, the measurement of resonance Raman spectra of
selected catalytic or molecular species becomes possible with ultraviolet excitation at several
wavelengths. 4 general challenge in the application of the Raman technique is to improve
significantly the spatial resolution in characterization of supported catalysts.

Characterization of Complex Feedstocks and Products
of Their Conversion

The utilization of alternative feedstocks, such as fossil- (coal, shale, and tar sands) and biomass-
derived materials, requires determination of new reaction pathways and new processes. In turn,
these new pathways and processes require a quantitative understanding of the molecular types
and structures of these feedstocks and their conversion products, as described in the Priority
Research Directions. Fundamental understanding of structure-catalytic activity relationships,
which is critical for the understanding and control of catalysis with alternative feedstocks,
requires such knowledge.

The analytical techniques currently used to characterize petroleum, even the heaviest fractions
(e.g., vacuum residua), especially high-resolution mass spectrometry and gas chromatography
combined with mass spectrometry, are limited in availability and underused for characterization
of complex fossil fuels. They need to be developed and made widely accessible and applied to
establish a foundation of analytical results characterizing the complex mixtures in fossil- and
biomass-derived feedstocks.

Several standard instrumental methods are currently used to characterize the structural properties
of biomass-derived materials. These methods include infrared and Raman spectroscopy,

coupled with multivariate analysis to monitor the nature of the chemical bonds; fluorescence
spectroscopy to track lignin content; and XRD to measure cellulose crystallinity. Infrared and
Raman vibrational spectroscopies with multivariate analysis can provide quantitative analysis of
lignocellulosic biomass, including cellulose structure, lignin content, hemicellulose content, and
polysaccharide identification without the use of tags or dyes. Carbohydrates and lignin give both
infrared adsorption and Raman spectra. Infrared spectra provide information about the various
types of polysaccharides present in complex mixtures. The spectra include main band maxima
that are distinctive to the type of polysaccharide present, and they include features that depend
on the axial and equatorial positions of the OH groups. However, care must be taken as infrared
spectra are also sensitive to changes in the conformations of polysaccharides.
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Polarized infrared spectra are sensitive to bond orientation and, therefore, can be used to
distinguish hydrogen-bonding patterns in the various types of cellulose. Visible and near-infrared
Raman spectroscopy can also be used to investigate changes in polysaccharides, if measures

are taken to reduce fluorescence arising from lignin. Solid-state NMR spectroscopy, used in
cross polarization-magic angle spinning mode, is sensitive to variations in polysaccharide
conformations, but is not sensitive enough to detect the relatively rare covalent crosslinks
believed to hold the cell wall together. NMR relaxation experiments can reveal the relative
mobilities of various components in a complex mixture, as well as the relative mobilities of
main chains and side-chain groups. Drying of samples, typically required for techniques such

as electron microscopy and mercury porosimetry, may collapse biomass pores and/or cause
aggregation of the microfibrils that may impart artificial variation in the observed microfibril
sizes. To eliminate this effect, high-pressure cryo-TEM, AFM, and hyperspectral confocal
imaging can be used to image biomass with minimal feature damage. Neutron and x-ray
scattering and diffraction techniques may offer new insight into the static and dynamic structural
components of biomass. In principle, similar combinations of multiple analytical techniques can
be adopted and modified to characterize the molecular structures in fossil feedstocks and the
corresponding reaction products. A concerted effort is needed to provide a basis of information
from these complementary techniques.

Work is also needed to determine fundamental thermodynamic properties of biomass-derived
compounds, based on appropriate experimental and theoretical methods. This point is not
developed here as it goes beyond the intended scope of the report; however, it is emphasized
that progress towards the new catalytic processes anticipated here cannot be made without
knowledge of the thermodynamic properties of biomass-derived compounds.

Conclusions

Combining modern synthetic strategies with advanced characterization techniques and theory is
essential for understanding the dynamics and reaction mechanisms of catalytic processes at the
molecular level. The anticipated new types of catalysts and catalytic processes described in the
current report will pose new challenges for the characterization of both catalysts and feedstocks.
Ideally, the new characterization techniques should have the following characteristics: temporal
resolution in the picosecond range or faster, spatial resolution in the nanometer regime or
better, energy resolution of 1 meV or better, and opportunities for measurements under realistic
catalytic reaction conditions. Achieving these goals will require breakthrough developments

in new and existing techniques and much improved methodologies for combining multiple
complementary techniques.
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THEORY AND COMPUTATION FOR CATALYSIS

Summary

An ultimate goal of catalysis research is to control chemical reactions—the making and
breaking of chemical bonds—so that we can synthesize any molecule or material. Catalysts
control chemical change by enabling reactions to be guided quickly and efficiently along
desirable pathways rather than those that are inefficient or lead to unwanted byproducts. As

with many catalytic processes, it is still unclear just how the catalyst works, and understanding
the mechanisms and dynamics of catalyzed transformations has been identified as a grand
challenge for catalysis. Molecular-level understanding is essential to “tune” a catalyst to have
the desired effect of producing the right product with minimal energy consumption and minimal
environmental impact. Computational methods, derived from advanced theoretical models

and implemented in efficient algorithms on advanced computer architectures, are crucial to

the fundamental understanding of catalytic processes and ultimately to first-principles catalyst
design. Ab-initio catalyst design will require quantitative information about the reaction
pathways, especially the nature of transition states. This information includes kinetics parameters
for critical reaction processes and an understanding of the influence of the reaction environment.

Theory and computation are essential to advancing the goals of all of the priority research
directions stated in this report. As discussed in the panel reports, catalytic conversions of fossil
energy and biologically derived feedstocks, and conversions of water and carbon dioxide by
photo- or electro-catalysis provide an extremely rich set of high-level challenges for theory
and computation. Both fossil feedstocks and biologically derived feedstocks include large,
multifunctional molecules (which are often liquids and solids), such as polycyclic aromatics or
carbohydrates. The size and conformational complexity of these molecules present challenges
for electronic structure and dynamical calculations because of the size of the system and the
large number of different conformers. Conversions of water and carbon dioxide take place

via photo-chemical processes involving electronically excited states and electrochemical
processes involving transport of electrons, holes, and protons. These processes also present a
major challenge for theory and computation because of the need to treat electronically excited
states and their dynamics in complex, interfacial, and molecular systems at the quantum level.
Furthermore, catalysts work in complex environments with many possible sites and different
phases, which can change over time and influence reactivity at multiple length and time scales.
Modeling catalytic processes under operating conditions provides additional complexity that will
have to be met in the future.

The goal of developing a fundamental understanding of how catalysts function as a basis for the
design of improved catalysts can be met only by breakthroughs in the development of new and
improved theoretical and computational methods. These methods would be capable of treating
the complexity of the molecular reactants and condensed-phase and interfacial catalysts inherent
in the conversion of new energy feedstocks to useful products. The combination of computation
with advanced experimental techniques is leading to broad new insights into catalyst behavior
and the design of new materials. However, it is extremely difficult to obtain all of the necessary
details of reaction pathways from current experimental techniques, especially for transition state
regions that are visited for extremely short times. New developments in high-intensity photon
sources with femtosecond temporal resolution hold the promise of experimental investigations
of the transition state region that in combination with computational investigations of reaction
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surfaces promise to unravel details of the complex chemical processes that occur under catalytic
conditions. 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 needed to address the
grand challenges of catalysis science, especially in the area of advanced energy technologies.
Understanding of the fundamentals of reaction mechanisms and design and synthesis of new
catalysts require computational approaches and tools that can do the following:

* Create simplified models of the operating catalyst that account for the essential elements
of complex, multicomponent catalytic materials and feedstocks to accurately predict
thermodynamic and kinetic properties.

 Enable calculations of accurate energetics for large, multifunctional reactant molecules
interacting with complex catalysts.

* Identify the critical regions of the potential energy surfaces of working catalysts, which
control the catalytic processes.

» Sample ensembles sufficiently to map out the free-energy landscapes that determine
thermodynamic properties and kinetics (i.e., address the issues of complexity and entropy).

 Unravel the effects of the local reaction environment on intrinsic potential energy surfaces.
 Enable the treatment of electronically non-adiabatic processes in complex, multiphase systems.

» Couple temporal and spatial scales, ranging from those relevant at the molecular scale to those
in macroscopic systems.

Scientific Challenges and Research Approaches

Advances in theoretical methods, computational software tools, and computer hardware have
positioned theory and computation to be essential tools for understanding known catalytic
processes and designing new ones. Although the advancement of theoretical and computational
methods is rapid and impressive (Kohn 1999; Pople 1999), these methods are still insufficient
for the challenges of designing new and more efficient catalysts to meet the needs of future
advanced energy technologies. The complexity of the molecular reactants and condensed-
phase and interfacial catalysts inherent in new feedstock conversion requires breakthrough
developments of new and improved theoretical methods implemented in usable and highly
efficient algorithms. What follows in this section is a brief summary of recent advances and
future challenges for the application of theoretical and computational methods to catalysis
research for energy applications.

Advances in the fundamental understanding of catalytic reaction mechanisms to allow design
of new catalysts having unprecedented activities and selectivities require close coupling of
theory and computation with experiment. This coupling benefits from recent advances in
experimentation, such as methods for synthesis of nanoscale catalysts, probes of interfaces

at the atomic scale, instrumentation that allows precise observation of ultrafast processes,

and techniques to probe complex processes under catalyst operating conditions (Gai 1999).
Furthermore, recent advances in experimentation present new challenges and opportunities
for theory and computation. For example, the interpretation of infrared, nuclear magnetic
resonance (NMR), and extended x-ray absorption fine structure spectra in studies of acetylene
cyclotrimerization by a single-site zeolite-supported rhodium complex were substantially

102 Basic Research Needs: Catalysis for Energy



CROSSCUTTING CHALLENGE « THEORY AND COMPUTATION FOR CATALYSIS

aided by calculations of the vibrational frequencies, structures, and NMR chemical shifts. The
calculations were able to map out the energetics on the potential energy surface to identify the
transition states and identify a possible mechanism (Kletnieks et al. 2007). Theoretical and
computational tools are also essential for interpretation of experimental observations, guidance
in the design of experiments, and selection of catalytic materials for experimental investigations.
Experiments play an essential complementary role in providing tests of the computational
predictions and new data to be explained and interpreted by new rounds of computations. The
synergistic feedback loops lead inexorably to the development of new theoretical/computational
methods, new experimental methods, new insights into complex processes and catalytic
behavior, and ultimately to the design of more effective catalysts.

Defining molecular models of reactants and catalysts

Catalysts, particularly heterogeneous materials that are typically solids, have essential structural
components that can be sufficiently large or so complex in terms of the number of sites that
calculations are not currently possible for the full system of interest. Hence, smaller (simplified)
models must be used in the calculations. Computational investigations of catalytic reaction
energetics and kinetics begin with a definition of the part of the reacting system that must be
treated explicitly (and its structure) to develop a simplified molecular model. For example, for
the complex, multifunctional reactants in energy feedstocks, one might include only the part

of the molecule where the reaction occurs, and substitute hydrogen atoms for fragments of the
molecule and/or solid that are omitted. Moreover, one might simplify the treatment of a zeolite
catalyst by using a suitably terminated nanoscale fragment of the zeolite as a model of the
larger crystal, or represent the surface of a metal catalyst particle as a periodic metal surface, or
P(C¢Hs); group in a catalyst with a PH; group.

At present, insight into the structures of catalysts as they react typically comes from a combination
of experimental observations, and calculations are instrumental in the interpretation of results.
In a number of examples, calculations are used in refining these structures. For example,
calculations can be used to determine orientations of ligands around metal centers and to predict
properties such as cone angles and binding energies that can be used to interpret experimental
results for complex reactions such as carbon-carbon coupling reactions (Moore et al. 2007).
There is little information about structures of energy feedstocks in catalytic processes to guide
the development of models for these systems. Significant effort is needed, both experimentally
and computationally, to build up our knowledge base on the structures of complex energy
feedstocks, particularly under reaction conditions.

A critical issue often not addressed because of size limitations is that the calculated properties

of interest (e.g., barrier heights for reactions) need to be converged with respect to the size

of the model, which includes the reactant molecule, catalyst, and any solvent present as well

as to the computational method itself. It is essential that the model include the parts of the

local environment that control access to the catalytic site and significantly influence reaction
energetics. It is also important to predict the reaction rate and the role of access of reactant
molecules to the active site and changes to the active site that occur under catalytic reaction
conditions. At this time, we do not know how large multifunctional molecules, that are present
in energy feedstocks, interact with active sites, what parts of the reactant molecule are converted,
and what parts of the molecule are reoriented in the catalytic process.
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With regard to reactions on surfaces, the environment should include the effects of the extended
bulk solid, which affects interfacial interaction energies, and co-adsorbed molecules, which
can interact with reactants and lead to surface coverage effects on reaction kinetics, including
inhibition of catalysis. Periodic boundary conditions (PBCs) for an extended system can be
used to imitate but not duplicate size effects in solids, particularly when many sites require the
use of large unit cells or when the surface is highly irregular. Solvents do not have a long-range
order and therefore require a much larger unit cell for applying PBCs. Solvent rearrangement
is a dynamic process that is extremely important in the prediction of reaction rates, yet it is
extremely difficult to model quantitatively. The creation of capabilities for modeling the liquid/
solid interface will be important for heavy fossil fuel conversion and for biomass processing
(which is often performed in aqueous solution). The ability to predict reactions in aqueous
solution will have an impact on a range of catalytic processes that use water (in contrast to
organic solvents) as a benign solvent.

The challenge of creating simplified models of operating catalysts that allow accurate
prediction of reaction energetics and dynamics is becoming less daunting with the advent of
larger computer systems that enable the representation of larger models. However, we are far
short of meeting the challenges for the complex feedstocks of the future, and the proper choice
of the model will always be important.

Accurate prediction of potential energy surfaces

Advances in ab-initio electronic structure methods have made them the standard tool used for
obtaining the energetic information needed in calculations of stable structures and reaction
pathways. Errors of the order of only 6 kJ/mol in a barrier height can lead to errors in the rate
constant of a factor of 10 at 25 °C—hence, the need for highly accurate computational results.
Currently, it is extremely difficult to calculate the energetics to the level of accuracy required
for truly predictive catalyst design. Furthermore, reliable electronic structure calculations for
the complex, multiphase reactant-catalyst combinations important in future energy applications
present a major challenge.

Density functional theory (DFT) (Kohn and Sham 1965) is currently the most commonly used
computational method for calculations of catalytic processes, but the available DFT methods are
not sufficiently accurate for the reliable prediction of barrier heights in general, especially for
radical reactions. The accurate prediction of reaction energetics requires high-level treatments
of electron correlation, which today usually require wavefunction-based methods. However,
for the most accurate methods, such as the “gold-standard”—coupled cluster with single and
double excitation and perturbative treatment of triple excitations CCSD(T) (Bartlett and Musial
2007)—the computational costs scales as the system size to a power that is formally 7, thereby
significantly limiting the model size that can be treated to only tens of atoms. Furthermore, a
substantial amount of work has shown that modest size basis sets without diffuse functions

are, in general, inadequate for the prediction of transition state energies. DFT scales formally
(depending on the form of the exchange-correlation functional) as the system size to a power
of 3 or 4 and, therefore, offers a compromise between accuracy and computational cost as the
system increases in size—because it includes only approximate treatment of the exchange and
correlation energies.
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Historical Perspective on
Electronic Structure Methods

From the beginning of the age of computational
science (roughly, the 1960s), advances in hardware
and software have occurred hand-in-hand. In the
early days, it was impossible to do ab-initio electronic
structure calculations, partly because the available
computers were so primitive (memory was measured
in kilobytes, disks in megabytes, a single processor
in a computer filled a room) and partly because the
algorithms were equally primitive. The computers
drove innovation in software development, and

novel new algorithms caused chemists, especially
quantum chemists, to demand better hardware so
they could study more complex chemical systems.
Critical innovations included the switch from
exponential to Gaussian basis sets, the development
of systematic methods to generate Gaussian

basis sets (Dunning 1989), the innovative design

of robust many-body methods including most notably
coupled cluster theory (Bartlett and Musial 2007), the
introduction and adaptation of DFT (Kohn and Sham
1965), and the development of efficient approaches
for computing multi-reference and Full CI (essentially
exact) wavefunctions. Figure 27 shows how more
and more accurate treatment of electron correlation
and basis set size contribute to the convergence of
electronic structure calculations.

Many of the methods mentioned are so demanding
of computational resources (memory and disk, as
well as time), that they have traditionally been limited
to model systems that are merely “representative”

of the actual chemical system of interest. This
simplification has limited direct computational-
experimental comparisons. Consequently, major
new advances have occurred recently in the design
of reduced scaling (from N*7 to N2?%) and highly
scalable methods. Methods based on fragmenting

Basic Research Needs: Catalysis for Energy

FuLLC $

M?CI
cCSD(T)

MCSCF

c

2

=

&

g F Hartree-Fock Limit
(<]

o I

Complete basis

Basis set size —

crosscut_panel_sbar_fig01.ai

Figure 27: Schematic diagram, first popularized
by J. A. Pople in 1964, depicting convergence of
electronic structure calculations with respect to both
basis set size and treatment of electron correlation.

large molecular systems (such as enzymes and
polymers) into essentially independent fragments
(Deev and Collins 2005; Hirata et al. 2005; Komeiji
et al. 2003) have enabled high-level computations
on molecules of importance to biology and materials
science. It is now feasible to combine high-level
electronic structure methods such as coupled cluster
approaches in quantum mechanical electronic
structure theory (QM) with empirical or molecular
mechanics (MM) approaches with appropriate
statistical sampling to obtain potentials of mean
force with accurate energetics. These types of
approaches are essential to investigations of
catalytic reactions. It is now possible to use these
combined approaches to study homogeneous
catalysis and, along with extension to interfacial
systems, they hold the promise of becoming routine
tools for both homogeneous and heterogeneous
catalysis. The fragment and QM approaches are
essential to studies of the large molecular reactants
important in future energy feedstocks and will allow
high-level electronic structure calculations for the
bond-breaking and -making processes in these
complex systems.
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Although DFT is currently the method of choice for many catalysis applications, it has a number
of deficiencies that limit its reliability:

 There is no general prescriptive way for improving the form of the exchange-correlation
functional as there is in molecular orbital theory for addressing the correlation energy
problem.

+ Although DFT is currently the most efficient way to include correlation effects in periodic
calculations of solid surfaces and works quite well for metallic systems, it often does not
work as well for metal oxides. Substantial improvements are needed, especially for treating
properties such as the convergence of the bandgap from the cluster to the bulk. A critical issue
is that functionals can behave differently for different transition metals, for example, in the
technologically important metal oxides, and there is no current general method to treat all
metals on an equal footing with DFT (Li and Dixon 2007).

» The treatment of weak interactions, such as hydrogen bonds and van der Waals interactions,
is not formally correct with current DFT functionals.

The requirements of calculating energetics for both extended (periodic) solids and molecules
(including reaction energetics and weak interactions) within the same calculation present a major
challenge. The development of a computationally efficient electronic-structure approach that
balances these two aspects is needed. One approach to be considered is quantum Monte Carlo,
which has some potential computational advantages but currently has many limitations and
requires substantial work (Hammond et al.1994).

Advances in multi-level methods, which (1) incorporate more than one level of electronic
structure theory into a single computation, such as Our Own N-layered Integrated Molecular
Orbital and Molecular Mechanics (ONIOM) method (Maseras and Morokuma 1995; Morokuma
2002; Svensson et al. 1996), or which (2) interface QM and MM potentials, provide an attractive
approach to computing reaction energetics for complex systems (Bash et al. 1987; Gao 1996).
The combined QM and MM (QM/MM) approach has been used extensively to investigate
enzymatic reactions and can be put to use for the complex molecular systems in biomass and
fossil feedstocks. For example, reactions occurring in a sugar unit of cellulose can be treated

at a relatively high level of theory, with fragments of the cellulose adjacent to the reaction site
treated at a lower level of theory, and the remainder of the cellulose molecule and the solvent
treated with a MM potential. The ONIOM method has been used extensively in the prediction
of homogeneous catalyst activity. A future challenge in this area is to interface layered and QM/
MM approaches to similar treatme<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>