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cover – A Star is Born An image showing a unique, wide-field infrared view of an "emission" nebula that
shines by its own light. The bright orange nebula is situated within a dark cloud in the Milky Way at a distance
of 4,000 light-years away. Farhad Zadeh has developed a new way to examine these dark clouds—and the
stars within them—by using radiowaves. Read about his research into dusty space clouds and shrouded stars
on page 21. Image used courtesy of the European Southern Observatory.
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Georges Seurat spent two years working on his masterpiece A Sunday on La Grande
Jatte —1884. He reworked the painting multiple times, meticulously placing dots on canvas
in his unique pointillistic style to create a blending of color, light, and form. For one of the
painting’s major reworkings, Seurat chose a then-new pigment, zinc yellow, to highlight
blades of grass on the expansive lawn. His piece was finished in 1886, but by the time he
died of diphtheria in 1891 at age 31, the yellow was already darkening to brown.

CONNECTING THE
DOTS BETWEEN ART
AND SCIENCE
In 2004—113 years after Seurat’s death—Northwestern

the Andrew W. Mellon Foundation recently provided

scientists finally found the cause of the mysteriously

$2.5 million to establish the Northwestern University-Art

darkened yellow paint when they partnered with the Art

Institute of Chicago Center for Scientific Studies in the Arts

Institute of Chicago to examine some of the museum’s

(NU-ACCESS), solidifying the Northwestern-Art Institute

masterpieces. The collaborators found that burning coal,

partnership for the next six years.

prevalent where Seurat painted in Paris, had mixed with
humidity to cause a chemical reaction in the zinc yellow
that transformed it from vibrant to dull.

Codirecting the new center—the first of its kind in
the United States—are Katherine T. Faber, materials
science and engineering, and Francesca Casadio, senior

Examining paint samples from A Sunday on La Grande

conservation scientist at the Art Institute. “It’s a stamp

Jatte —1884 was the team’s first major project. After that,

of approval that the Mellon Foundation thought highly

investigators tackled bronze sculptures by Pablo Picasso,

enough of our partnership to move it to the next level,”

pastel sketches by Marie Cassatt, paintings by Henri

Faber says. “I see this as an extraordinary opportunity to

Matisse and Winslow Homer, ancient Chinese jade statues,

teach people about science and engineering through art.”

and much more. The collaboration was so successful that

2 Northwestern University Office for Research

Georges Seurat, French, 1859-1891, A Sunday on La Grande Jatte —1884, 1884–86, Oil on canvas,
81 3/4 x 121 1/4 in. (207.5 x 308.1 cm), Helen Birch Bartlett Memorial Collection, 1926.224,
The Art Institute of Chicago. Used with permission.

Artistic Diagnoses
“Conservation science has a parallel with the medical field,”

By better understanding the materials, conservation scientists

Casadio says. “First, we diagnose the issue, and then we

working with art historians can also distinguish fake pieces

formulate a cure.”

from authentic ones, identify dates of creation, and learn

By understanding the materials that go into cultural

about the context of a piece’s creation.

heritage objects, conservators can better preserve them

“The materials used in art are a testimony of the culture that

by reversing discoloration, repairing cracks, and slowing

created them,” Casadio says. “Knowing what materials were

the aging process. In the case of Seurat’s masterpiece,

used gives us information about where the people gathered

not much could be done about the darkened zinc yellow.

the material from, which can elucidate trade routes.”

According to Faber, one way to restore the pigment’s

Creative Hub

original bright yellow hue involved bases, such as
ammonium hydroxide, that would potentially damage the
painting further. Instead, the Art Institute digitally restored
the original colors and reaffirmed its commitment to strict
humidity control (the museum’s humidity is kept at 50
percent for most areas of the collection).

While the original partnership between Northwestern and
the Art Institute only examined pieces from the museum’s
collection, the new Center for Scientific Studies in the Arts
will bring more institutions into the fold. The center will serve
as a collaborative hub, facilitating interdisciplinary research
partnerships in art studies and conservation on a national
—continued on p. 5
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determine the composition of 62 bronze pieces cast in
Paris during the first half of the 20th century.
By determining that many of the Picasso sculptures are
made of high-zinc brass alloys, the team was able to trace
these works to Paris’s Valsuani foundry, where they were
cast. Fernande, on the other hand, has a low-zinc bronze
composition that is more typical of sand-cast sculptures
that were cast at the Rudier foundry. But it is unlike other
pieces cast at Rudier, so the mystery remains unsolved.
“Different foundries have different recipes for alloys,”
Dunand says. “It’s almost like a marker. When you know
the recipe, you can trace it to the foundry and determine
the casting methods and casting date.”
Serving as the metallurgical DNA equivalent for bronze
sculptures, the alloy composition can also be used to
authenticate artworks and unmask forgeries.
In addition to the Picasso pieces, the research team—
which also included Professor Emeritus Joseph Lambert,
chemistry—examined bronze sculptures by Matisse,
Renoir, and Rodin, among others.
Findings from the study were a part of the Art Institute’s
major exhibition Picasso and Chicago, which ran from
February 20 to May 12.
The newly established Center for Scientific Studies in the
Arts will continue to search for Fernande’s foundry. ■

Sam Levitan

Fernande: Pablo Picasso, Spanish, worked in France, 1881–1973, Head of a Woman
(Fernande), autumn 1909, Bronze, 16 1/8 x 9 7/8 x 10 9/16 in. (40.7 x 20.1 x 26.9
cm), Alfred Stieglitz Collection, 1949.584, The Art Institute of Chicago. This work is
represented by the Artists Rights Society (ARS). Used with permission.

Picasso and Northwestern
The long face, exaggerated nose, and harsh
angles of the sculpture are unmistakably
Picasso. The origins of his Head of a
Woman (Fernande) are less clear.
As a part of Northwestern’s collaboration
with the Art Institute of Chicago,
University scientists had the opportunity
to analyze several bronze sculptures—
including Fernande—from the museum’s
collection. Led by Marcus Young who was
a postdoctoral fellow in the lab of David
Dunand, materials science and engineering,
the research team used a form of optical
emission spectroscopy called ICP-OES to
Marcus Young (left) and David Dunand
4 Northwestern University Office for Research

Sally Ryan

Francesca Casadio, senior conservation scientist at the Art Institute (standing) and
Katherine T. Faber, materials science and engineering at Northwestern, are co-directors of the
new Center for Scientific Studies in the Arts. In this photo, they use instruments at NUANCE.
—continued from p. 3

scale. Academic researchers and scholars in training will

apply for support from the center through exploratory

meet and engage in mutual learning with scientists,

grants. The grant requires the faculty member to partner

conservators, and curators.

with the Art Institute staff on a project that interests both

Interested parties from museums and cultural institutions

parties.

can submit proposals for merit review to study objects in

Looking back at Northwestern's work with the Art Institute

their own collections or perform object-inspired research.

on A Sunday on La Grande Jatte —1884, Faber is inspired

Faber and Casadio expect three to five major projects and

by how many from the Northwestern community were

up to 10 minor projects each year involving researchers

involved. The team included Kimberly Gray, Jean-François

from inside and outside Northwestern and the Art

Gaillard, and Richard Warta from civil and environmental

Institute.

engineering, NUANCE staff member Ben Myers and former

“We expect to see proposals from museums or cultural

postdoc Sujing Xie, several students, and even a few high

institutions that wouldn’t necessarily have their own

school teachers in the Materials Research Center’s summer

laboratories or conservation scientists,” Faber says. “We

Research Experience for Teachers program.

also expect to see proposals from museums that have their

As Faber observes, “The project demonstrated how so

own labs but would like to use very specialized equipment

many different people can contribute to putting together

that we have at Northwestern that they wouldn’t normally

the complete story.”

have access to.”

The Whole Picture
The center will be staffed with one senior scientist and two

For more information about the Center for Scientific
Studies in the Arts, visit http://nuaccess.northwestern.edu.
—Amanda Morris

postdoctoral fellows. Northwestern faculty members can
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Science [of] Friction
What do a shark and a golf ball have to do with energy

A recent global study of energy consumption from friction

efficiency? According to Jian Cao, mechanical engineering

in passenger cars found that a third of a car’s fuel energy

and associate vice president for research, both are

is used to overcome friction in the engine, transmission,

examples of how surface texture can reduce friction.

tires, and brakes. Reductions in friction reduce not only

Cao cites a recent episode of the television show

fuel consumption but also carbon dioxide emissions.

Mythbusters that demonstrated how a car with golf-

Cao and her colleagues Jane Wang and Kornel Ehmann

ball-like dimples got 11 percent better gas mileage than

in McCormick’s mechanical engineering department are

the same car of the same weight with a smooth finish.

researching techniques for friction and wear reduction,

Similarly, because shark skin is made up of scales ribbed

especially how surface patterning on materials can

with longitudinal grooves, water moves over the surface

improve energy efficiency. They have found that texturally

more efficiently than if the scales were completely

patterning materials reduces friction by up to 40 percent.

smooth.

6 Northwestern University Office for Research

Andrew Campbell

Jane Wang (left) and Jian Cao

Using a picosecond laser, they ablate—or remove matter

The Ford Motor Company, the Boeing Company, and

from—certain materials. The ablation creates surface

the National Science Foundation fund Cao and her

texture features that can be measured in micrometers.

colleagues. Cao received a research grant from the

By numerically simulating the effect of surface texture on

Institute for Sustainability and Energy at Northwestern

friction, researchers found the optimal distribution and

(ISEN), enabling the preliminary work on designing an

geometry of these surface texture features and then used

innovative microrolling system that potentially can apply

ablation to implement the desired texture on metallic

such textures 10,000 times faster than ablation. The work

surfaces. They’ve found that the most successful patterns

received the Blackall Machine Tool and Gage Award from

are dimples with flat or wedge-shaped bottoms.

the American Society of Mechanical Engineers. Cao has

As Cao explains, using this technology to reduce friction

submitted a patent application for the system.

and wear could result in improved energy efficiency and

—Joan Naper

longer product lifecycles, which could conserve both fuel
and raw materials.
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cleanupdepue.org

Nort hw e st e r n' s
Envi ronm e nt a l
Advo c at e s

Worke r s at the now-closed New Jersey Zinc plant in
DePue, Illinois often worked in extremely hot conditions and
were afforded no protective gear.

8 Northwestern University Office for Research

Courtesy School of Law

W

hen people enter DePue, Illinois, the first thing
they see is the slag pile.

The dark 750,000-ton mountain casts a shadow over the
main road into town. The byproduct of a long-closed zincsmelting plant, the slag covers a 60-acre area and is piled
several stories high. DePue’s residents call it the “pile of
black death.”
There is good reason for the nickname. The slag pile is the
most visual reminder of DePue’s toxic past. The smelting
and other operations, including fertilizer manufacturing,
led to severe contamination of nearby Lake DePue and
most of the town. Both are polluted with high levels of
zinc, lead, arsenic, and other heavy metals. Exposure
to these contaminants can cause illness, neurological
damage, and even death.
“It’s not just the slag pile,” says Nancy Loeb, law. “The
contamination is in the ground water. It’s in the parks and

Nancy Loeb

baseball fields where children play.”
Loeb is director of Northwestern’s Environmental
Advocacy Center, which is a part of the School of Law’s
Bluhm Legal Clinic. Students in the center handle cases
and look for environmental solutions through litigation,
administrative proceedings, legislation, public advocacy,
and media. For two and a half years, the center has been
working with the Village of DePue in an effort to get the

cleanupdepue.org

responsible parties to clean up the hazardous waste.

The 750,000-ton, 60-acre large slag pile looms over DePue, polluting its earth and ground water.

The inset image is a close-up shot of the toxic mound that greets visitors when they drive into town.
The slag pile is leftover waste from a long-closed zinc smelting plant.
CenterPiece | Spring 2013 9
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Runoff from the plant turns patches of water neon blue, red, and green.
Pale white fish float belly-up to the lake’s surface and rot in the sun.

DePue’s Gritty Past
DePue was not always this way. It was once a bucolic town

Emissions from the smelting process were so powerful

known for its pure, spring-fed waters. Most residents

that the fumes peeled paint off cars. Runoff from the

made their livings through ice harvesting and fishing. St.

plant turned patches of water neon blue, red, and green.

Louis brewing companies kept icehouses along the lake to

Pale white fish floated belly-up to the lake’s surface

collect DePue’s famous ice for their frosty beer.

and rotted in the sun. In 1990 the facility stopped

New Jersey Zinc Company opened its zinc-smelting plant
in DePue in 1903. Because a byproduct from zinc smelting
is used in fertilizers, a diammonium phosphate fertilizer
plant opened in 1967. The result was a large waste pile—
more than 100 acres—of phosphogypsum, from the
conversion of phosphate rock into fertilizer.

10 Northwestern University Office for Research

operations, and New Jersey Zinc demolished most of
the remaining structures. Through various mergers and
acquisitions, responsibility for the site fell to CBS/Viacom
and ExxonMobil. The Environmental Protection Agency
declared the Village of DePue a Superfund site, signifying
severely harmful toxic waste.

“These companies say they never did anything on the site

17 years of DePue test data. Working with Groundswell

because they never operated anything there,” Loeb says.

Educational Programs, Geiger’s students created an online

“In my view, that’s nonsense. The price they paid for the

interactive map showing the points of contamination. By

land reflected a lot of profit to be gained from it. Then

clicking on any point, the user can view details about the

they just walked away and left the people of DePue with a

contamination as well as compare it with normal health

massive slag pile and a contaminated town. It’s not right.”

and water standards. (Visit the site at www.cleanupdepue.

The State of Illinois sued the companies in 1995. But

org, which was made possible by a grant from the

after 15 years with no progress in the case, the Village

Initiative for Sustainability and Energy at Northwestern.)

of DePue approached Northwestern’s Environmental

Kimberly Gray, civil and environmental engineering, and

Advocacy Center for help. Students in the center gathered

her students analyzed the health and contamination

information, developed advocacy strategies, and

reports and wrote expert comments about them.

consulted with several experts, including researchers at

According to Loeb, these materials have been highly

Northwestern.

effective in her contacts with the Illinois Environmental

It Takes a Village

Protection Agency (EPA) about how to proceed.
“The clinic has engaged a number of scientific experts in

After hearing about his work for Native Americans facing

geology, hydrogeology, and toxicology to provide expert

uranium contamination, Loeb contacted Franz Geiger,

comments on reports,” Loeb says. “Being an entity within

chemistry, for help in understanding reports on DePue’s

Northwestern has given us access to so much support and

contamination levels. Geiger enlisted his students to study

enabled us to do more good.”

E ac h red marker indicates contamination. The sample data contained
on this contamination map was originally created by contractors employed
by the responsible parties (ExxonMobil and CBS/Viacom). The data was
obtained from the IL EPA via the Freedom of Information Act and was then
digitized by a team of Northwestern University interns.
Source: http://cleanupdepue.org/contamination-map/.
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Bo arde d up and closed many years ago, the former plant site
stands shuttered in the center of town.
Teresa Woodruff, obstetrics and gynecology, and her

students, a few have been from the Evanston campus

colleagues have recently put together a grant proposal

(including one this quarter from the Chicago Field Studies

to study reproductive health issues in DePue. If the

program). The first day of class, Loeb outlines the center’s

funding is granted, then it will be DePue residents’ first

various project partnerships with the Environmental Law

participation in a scientific study to provide meaningful

and Policy Center and allows students to choose one for

information about the contamination’s health effects.

that semester.

Future Lawyers

Loeb says the clinic gives students experience with not
just litigation but all types of advocacy. “There is a great

When evaluating environmental cases to tackle, Loeb

complexity to most legal problems,” she says. “Having the

says, the clinic looks for those that will provide students

ability to be very creative in using legal skills is important

with hands-on learning experiences. “The center exists

to make things happen.”

first to enable students to learn how to be lawyers,” she

The Environmental Advocacy Center is partially funded by

says. “We also choose cases where the center can make

ISEN. To learn more about the center, visit http://www.law.

a real difference in cleaning up the environment and in

northwestern.edu/legalclinic/environmental.

people’s lives.”

—Amanda Morris

Consisting of eight students, the clinic class meets once
a week for two hours. While most class members are law

12 Northwestern University Office for Research

Sustainable Englewood
In addition to DePue, the Environmental Advocacy
Center is working with a Southside Chicago group
called Sustainable Englewood Initiatives. Norfolk
Southern Railroad is planning to expand a rail yard in
the Englewood neighborhood. Residents in the area
are concerned about the drastic increase of diesel
fuel exhaust from truck traffic coming in and out of
the rail yard. The yard is being built on 84 acres of
land that used to be dedicated to open space and
homes.
“Englewood already has a lot of pollution in
the air,” Loeb says. “The neighborhood borders the
Dan Ryan Expressway, and a lot of truck traffic goes
over the Dan Ryan. The combination of that with the
train traffic and industrial sources has led to very
high levels—perhaps one of the highest levels in the
country—of asthma.”
The expanded rail yard will add 2,500 daily
truckloads traveling through the area. Diesel
pollution also can cause fatal diseases, such as
cancer, strokes, and heart attacks. Those who live
and work in close proximity to where diesel engines
are concentrated are especially vulnerable.
The center has partnered with the Environmental
Law and Policy Center (ELPC) in the Midwest and the
Respiratory Health Association of Chicago to work
with the mayor’s office and the Chicago city council.
The center has been negotiating with Norfolk
Southern to put protections in place, such as filters
on trucks or anti-idling equipment for trains. They
hope these solutions will make Chicago’s air safer
to breathe. —Amanda Morris
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ON THE BOOKSHELF
The Land of Too Much
American Abundance and the
Paradox of Poverty

growth models focused on investment and
exports, the United States developed a
growth model based on consumption.

Monica Prasad, sociology

These large-scale interventions led
to economic growth that met citizen
needs through private credit rather than
through social welfare policies. Among
the outcomes have been higher poverty, a
backlash against taxation and regulation,
and a housing bubble fueled by “mortgage
Keynesianism.” This book will launch a
thousand debates.

Harvard University Press, 2012
The Land of Too Much presents a simple
but powerful hypothesis that addresses
three questions: Why does the United
States have more poverty than any other
developed
country?
Why did it
experience
an attack
on state
intervention, known
today as the
neoliberal
revolution,
starting
in the
1980s? And
why did
it recently suffer the greatest economic
meltdown in 75 years?
Although the United States is often considered a liberal, laissez-faire state, Monica
Prasad marshals convincing evidence to
the contrary. Indeed, she argues that a
strong tradition of government intervention undermined the development of a
European-style welfare state. The demandside theory of comparative political economy she develops here explains how and
why this happened. Her argument begins
in the late 19th century, when America’s
explosive economic growth overwhelmed
world markets, causing price declines
everywhere. While European countries
adopted protectionist policies in response,
in the United States lower prices spurred
an agrarian movement that rearranged the
political landscape. The federal government instituted progressive taxation and
a series of strict financial regulations that
ironically resulted in more freely available
credit. As European countries developed
14 Northwestern University Office for Research

African Dress
Fashion, Agency, Performance
D. Soyini Madison, performance studies
and Karen Tranberg Hansen, anthropology (Editors)
Bloomsbury Academic, 2013
Dress and fashion practices in Africa and the
diaspora are dynamic and diverse, whether
on the street or on the fashion runway. Focusing on
the dressed
body as
a performance site,
African
Dress explores how
ideas and
practices
of dress
contest or
legitimize
existing
power structures through expressions of
individual identity and the cultural and
political order. Drawing on innovative interdisciplinary research by established and upand-coming scholars, the book examines
real-life projects and social transformations
that are deeply political, revolving around
individual and public goals of dignity,
respect, status, and morality.
With its remarkable scope, this book will
attract students and scholars of fashion

and dress, material culture and consumption,
performance studies, and art history both in
relation to Africa and on a global scale.

John Brown's Spy
The Adventurous Life and Tragic
Confession of John E. Cook
Steven Lubet, law
Yale University Press, 2012
John Brown's Spy tells the nearly unknown
story of John E. Cook, the person John Brown
trusted most with the details of his plans to
capture the
Harper's Ferry
armory in
1859.
Cook was a
poet, marksman, boaster,
dandy,
fighter, and
womanizer
—as well as
a spy. In a
life of only
30 years, he
studied law in Connecticut, fought border
ruffians in Kansas, served as an abolitionist
mole in Virginia, took white hostages during
the Harper’s Ferry raid, and almost escaped
to freedom. For 10 days after the infamous
raid, he was the most hunted man in America,
with a staggering $1,000 bounty on his head.
Tracking down the unexplored circumstances
of John Cook’s life and disastrous end, Steven
Lubet is the first to uncover the full extent
of Cook’s contributions to Brown’s scheme.
Without Cook’s participation, the author
contends, Brown might never have been able
to launch the insurrection that helped spark
the Civil War. Had Cook remained true to the
cause, history would have remembered him
as a hero. Instead, when Cook was captured
and brought to trial, he betrayed Brown and
identified fellow abolitionists in a full confession that earned him a place in history’s tragic
pantheon of disgraced turncoats.

Font of Life
Ambrose, Augustine, and the
Mystery of Baptism
Garry Wills, history
Oxford University Press, 2012
No two men were more influential in the
early church than Ambrose, the powerful
Bishop of Milan, and Augustine, the philosopher from provincial Africa who would
write The
Confessions
and The
City of God.
Different in
background,
they were
also extraordinarily
different
in personality. In
Font of Life
Garry Wills
explores the remarkable moment when
their lives intersected at one of the most
important—yet rarely visited—sites in the
Christian world. Hidden under the piazza
of Milan’s Duomo lies the partial foundation of a fourth-century cathedral where,
at dawn on Easter of 387, Augustine and
a group of catechumens seeking baptism
gathered after an all-night vigil. Ambrose
himself performed the sacrament, and the
new converts were greeted by Augustine’s
mother, Monnica, and other fellows in
the faith. Though the occasion had deep
significance for the participants, these
devotees were unaware that the event was
to create the future of the Western church.
Ambrose would go on to forge new
liturgies, new forms of church music, and
new chains of churches; Augustine would
return to Africa to become Bishop of Hippo
and one of Christianity’s most influential
writers. Wills uses the ancient baptistry
to chronicle a pivotal chapter in church
history, highlighting the often uncomfortable relationship between the two church

fathers and exploring the mystery and
meanings of the sacrament of baptism. In
addition, he brings long overdue attention
to an unjustly neglected landmark of early
Christianity.

membership. As Shannon argues, using this
political idiom to frame cross-species relations
carried with it the notion that animals possess
their own investments in the world, a point
distinct from the question of whether animals
have reason. It also enabled a sharp critique of
the tyranny of humankind. By answering “the
question of the animal” historically, The Accommodated Animal makes a brilliant contribution
to cross-disciplinary debates engaging animal
studies, political theory, intellectual history,
and literary studies.

After La Dolce Vita: A Cultural
Prehistory of Berlusconi's Italy
Alessia Ricciardi, French and Italian
Stanford University Press, 2012

The Accommodated Animal:
Cosmopolity in Shakespearean
Locales
Laurie Shannon, English
University of Chicago Press, 2013
Shakespeare wrote of lions, shrews, horned
toads, curs, mastiffs, and hellhounds. But,
in keeping with 16th-century usage, the
word “animal” appears very rarely in his
work. As Laurie Shannon reveals in The
Accommodated Animal, the modern
human-animal divide first came strongly
into play in the 17th century with
Descartes’s famous formulation that reason
sets humans above other species: “I think,
therefore I am.” Until that moment, animals
could claim a firmer place alongside
humans in a larger vision of belonging, or
what she terms cosmopolity.
With Shakespeare as her touchstone,
Shannon explores the creaturely dispensation that held sway until Descartes.
She finds that early modern writers used
classical natural history and readings of
Genesis to credit animals with various
kinds of stakeholdership, prerogative, and
entitlement, employing the language of
politics in a constitutional vision of cosmic

This book chronicles the demise of the supposedly leftist Italian cultural establishment
during the long 1980s, when the nation’s
literary and
intellectual
vanguard
managed
to lose the
prominence
it was accorded after
World War II
and the defeat of Fascism. What
emerged
instead was
a uniquely
Italian brand of cultural capital that deliberately avoided any critical questioning of the
prevailing order. Alessia Ricciardi criticizes
the development of this new hegemonic arrangement in film, literature, philosophy, and
art criticism. She focuses on several turning
points: Fellini’s futile, late-career critique
of Berlusconi-style commercial television,
Calvino’s late turn to reactionary belletrism,
Vattimo’s nihilist and conservative responses
to French poststructuralism, and Bonito
Oliva’s “Transavanguardia” movement of art
commodification. 
CenterPiece | Spring 2013 15

Hail JCESR: The Joint Center for
Energy Storage Research
If you were buying an electric car today, you’d probably
consider the Chevy Volt. Its innovative lithium-ion battery
design—developed at Argonne National Laboratory—
enables it to last longer, run more safely, and perform
better at lower cost than other batteries currently on the
market.
According to Chevrolet, Volt offers an initial electric
range of 38 miles—totally gas-free and without tailpipe
emissions—and runs for a total range of up to 380 miles

Joint Center for Energy
Storage Research Team
Department of Energy National Laboratories

• Argonne National Laboratory
• Lawrence Berkeley National Laboratory

with its gasoline generator until you can plug it in or fill it

• Pacific Northwest National Laboratory

up again.

• Sandia National Laboratories

But what if you could buy an electric
car that could quintuple the range
of today’s electric cars? You’d
probably join a long line of people
throughout the world waiting for
their chance to buy such a vehicle.
The new Department of Energy Batteries and Energy

• SLAC National Accelerator Laboratory
Universities

• Northwestern University
• University of Chicago
• University of Illinois, Urbana-Champaign
• University of Illinois, Chicago
• University of Michigan
Industry

Storage Hub at Argonne National Laboratory, announced

• Dow Chemical Company

in December, has set its sights on developing new

• Applied Materials

technologies that move beyond today’s available batteries

• Johnson Controls

to store at least five times more energy at a fifth of the
cost—and to achieve this objective within five years.
In shorthand, the goal of this new energy innovation

• Clean Energy Trust
Individual Members’ Home Institutions

hub—the Joint Center for Energy Storage Research

• Massachusetts Institute of Technology

(JCESR, pronounced “J-Caesar”)—is 5 x 5 x 5. These

• University of Waterloo

scientists don’t promise an electric car that will run longer
on a single charge—but they are working on the battery
technology that could make it possible.

16 Northwestern University Office for Research

Andrew Campbell

Bringing It Together
JCESR is an integrated research center, modeled after the
Manhattan Project and Bell Labs, that brings together
scientists and other innovators from across the nation.
It combines the research and development strengths
of five Department of Energy national laboratories,
five universities, and four private firms (see sidebar on
previous page) in an effort to achieve revolutionary
advances in battery performance. The center is funded
by up to $120 million from the US Department of Energy’s
Office of Science for an initial five-year period.
Leading JCESR is George W. Crabtree, Argonne senior
scientist, distinguished fellow, and associate division
director; distinguished professor of physics, electrical and
mechanical engineering, University of Illinois at Chicago;
and an internationally recognized leader in energy
research. As one of the partner universities, Northwestern
is represented by Kenneth Poeppelmeier, chemistry,
and director of Northwestern’s Center for Catalysis and
Surface Science, which will administer the subcontract
Ken Poeppelmeier

The innovations that the JCESR partners are developing
will influence more than just automobiles—they will
transform sustainable transportation and electric grid
storage. They will also benefit many industries that
rely on products using rechargeable batteries, such as
construction, electronics, utilities, medicine, aerospace,
and defense.

According to President Obama,
who spoke at Argonne on March 15,
“After years of talking about it, we’re
finally poised to take control of our
energy future.”

from Argonne. Poeppelmeier also serves at Argonne as
associate division director for science.

“It’s a very exciting proposal.
The way it’s constructed is a little
different from typical proposals
where a university would take the
lead," says Poeppelmeier.
"It was constructed based on the overarching challenges
described by the phrase 5 x 5 x 5. And then the teams
were put together.”
The teams are based on three core scientific challenges
to making major advances in energy storage technology:
increasing charge density, storing energy in chemical
bonds, and storing energy in liquids.
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In the chemistry lab at Northwestern, Ken Poeppelmeier works with Lindsay Fuoco (postdoc) and
Jared Incorvati (graduate student).

Multiplying the Charge
Poeppelmeier is a member of the research team
dedicated to increasing the charge density of batteries.
Team members—drawn from MIT and Berkeley as well as
Argonne and Northwestern—are working to multiply the
charge associated with every ion that shuttles between a
battery’s two poles. Their approach involves replacing the

could lead to high-capacity, highvoltage batteries that store more
energy in the same space as
today’s batteries,” he says. “And
that’s the idea.”

singly charged lithium ion with one that has a double or

Using a similar concept, Poeppelmeier developed a new

triple charge, such as magnesium or aluminum.

type of battery based on silver-ion chemistry to use in an

“Success with this process,
which we’re calling multivalent
intercalation, coupled with
improvements in battery electrodes,
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implantable defibrillator, for which he received a patent
last year. “It wasn’t the question of a multivalent ion,” he
explains, “it was how we got more energy packed in the
same space, which is what you need if you are going to
put defibrillating together with the pacemaking abilities
of this implantable device.” Many of Poeppelmeier’s

Images at right: Top: From left to right: Argonne researchers Khalil
Amine, Michael Thackeray, and Chris Johnson co-developed battery
materials currently in the Chevy Volt. Middle: Argonne chemist Chris
Johnson studies materials for batteries. Bottom: Argonne researcher
Sabine Gallagher prepares a surface area analyzer for characterizing
battery materials. Images courtesy of Argonne National Laboratory.

impressive array of patents are based on improving
battery technology.
Argonne has had an innovative battery research group
for decades; its scientists have been instrumental
in developing the lithium-ion battery that powers
the Chevy Volt as well as many other technologies.
Northwestern, too, has a long history of energy
and battery research successes. The new Batteries
and Energy Storage Hub will add to the better
understanding of electrochemical phenomena and
the discovery and design of new materials that will
make possible the creation of next-generation energy
storage technologies.
JCESR’s promising approach draws on the emergence
of a new generation of scientific tools that allow
researchers to observe, characterize, and manipulate
matter down to the atomic and molecular scales. This
enhanced ability to understand materials and chemical
processes at a fundamental level will enable the
reinvention of electrical storage and the achievement
of major improvements in battery performance
at reduced cost. The hub’s industrial partners will
help to guide the scientists’ efforts to ensure that
their research leads to practical solutions that are
competitive in the marketplace.

“I believe this is the natural
progression and extension of the
collaborative nature of science,”
says Poeppelmeier.
“JCESR’s research program is based on fundamental
science questions and who can best carry out the
fundamental research," he says. "This is research that
goes to the next level and continues to transform the
technology. It really is a different approach, and I’m
pretty excited about it.” —Joan Naper
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Solar: Shingle Style
Research at Argonne’s Advanced Photon Source played a

of 25 years. The shingles are currently being distributed in

significant role in the development of Dow Powerhouse™

California, Texas, and Colorado. All current manufacturing

roofing shingles, which provide power for a house by

will be done in the United States at a new manufacturing

incorporating a photovoltaic system in the roofing

plant slated for Midland, Michigan, that will employ 1,200

material. Or as Dow puts it, “Solar power that isn’t on the

people by 2015.

roof, but is the roof.”

The Dow researchers studied the process, structure, and

The three-part solar roofing system package includes

property relationships in CuInGaSe—the active material

shingles, an inverter, and an energy monitoring system.

in these “solar shingles”—via in situ x-ray diffraction-

The inverter converts DC produced from the shingles into

differential scanning calorimetry at the Dow-Northwestern-

AC, which is then fed to the home’s appliances or back to

DuPont Collaborative Access Team beamline at the US

the power grid. A real-time monitoring system provides

Department of Energy Office of Science’s Advanced Photon

homeowners with readouts to assess energy usage,

Source at Argonne National Laboratory.

production, and the amount of excess power flowing back
to the grid.

Source: Argonne National Laboratory (used with permission).

Dow estimates that for every $1 invested in the shingles,

© East Pole Productions

a homeowner will save $4 in energy costs over the course
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the secrets of
shrouded stars
Who ripped a hole in the universe? The black field in this image is not a hole but is Barnard 68, a dark
cloud within the Milky Way. Captured at optical wavelength, it is so dense that the nearby starlight
cannot penetrate it, so it looks like a galactic void. Farhad Zadeh has developed a new way to examine
these dark clouds—and the stars within them—by using radiowaves. Image used courtesy of the
European Southern Observatory.

Farhad Zadeh could not help but notice the similarities

“It never occurred to me that anything was there,” says

between the two images. A radio-wave photograph of the

Zadeh, physics and astronomy, referring to the dark

center of the Milky Way galaxy showed five dark features in

features. “If it’s dark in radio images of the sky, then

the exact same areas where a conventional image showed

nothing is there. But then I looked at the two maps and

five known dense molecular and dusty clouds.

tried to correlate them. They fit like a hand in a glove.”
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Assuming that it might be an accident, Zadeh compared
radio-wave images of the universe with other images
that showed known dusty clouds. After several
attempts and verifications, he realized that he was
onto something; by taking pictures with radio waves,
he could detect dusty clouds and stars. Zadeh recently
became the first to identify what he calls “radio dark”
clouds and stars, so named because in a picture they
show up dark, as in a photographic negative.

Making Waves
Unlike optical, x-ray, and infrared waves, radio
wavelengths are long and not easily absorbed, so they
pass through whatever is in their way. However, Zadeh
found that these long waves could identify dark objects,
such as dusty clouds, if those objects are embedded in a
hot medium. The radio-wave technique captures a lack
of emission from the hot medium, creating a dark spot
in the photo—the imprint of a shrouded star or a dense
cloud.
“It tells you indirectly where the dusty cloud might be,”
he says. “The clouds show up as dark because they are
The top frame shows a black and white picture of emission from a dense
molecular cloud. The bottom panel shows an image of the emission at radio
wavelength. The dark features in the radio dark cloud trace the lighter
features in the dense molecular cloud, showing that both photos are looking
at the same phenomenon.

so dense that they absorb background light.”
Not only do the radio waves provide a threedimensional photo of the cloud, the technique is so
sensitive that it produces images with higher resolutions
than many other methods.

Stellar Nurseries
Pinpointing the location of a galactic cloud is more
important than it might sound. Clouds serve as stellar
nurseries. It is the dust and gas particles from these
clouds that clump together and accrete to create stars.
But the very dust that conceives a star also conceals it,
making it hard for astronomers to study star formation.
“Young stars are shrouded in huge dusty envelopes,”
Zadeh explains. “So we can’t really see what’s happening
inside. We know much more about star death than star
birth.”
As the star’s mass builds, it eventually reaches a point
where nuclear fusion takes place. Then the radiation
becomes so hot that it burns off the dusty exterior,
This image shows the superposition of the two black-and-white images
above. Red is the radiograph and green is the molecular cloud. Both images
on this page are used courtesy of Farhad Zadeh.
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revealing a star that actually looks like a star. Zadeh’s
radio-wave method allows researchers to probe clouds
to see whether or not stars are forming inside.

Andrew Campbell
Andrew Campbell

Farhad Zadeh

He currently is using the technique to study a young,

stars, dust clouds, magnetic filaments, and other objects,

dusty star near the center of our galaxy, 25,000 light

experiencing regular explosions and dynamic events

years away from Earth. The young star is doing a cosmic

that continually shift the landscape. Astronomers find it

death dance with Sagittarius A*, the Milky Way’s central

easier to view other galaxies than to view the nucleus of

supermassive black hole. Just one light year away from

our own.

the black hole, the star is close enough to feel its tidal

“You have to go to the top of the mountain to see what

tug. One side of its dusty envelope is pulled to a distorted
elongation that points right at its tormentor. By observing
the interaction, Zadeh hopes to learn more about stars
that form near black holes.
“You would think that near a supermassive black hole is
a place where stars are forbidden to form,” he says. “Yet
there are hundreds of stars within a light year of this black
hole. Nature is very clever. It always finds a way to do
things we do not understand.”

Violent Metropolis

the city looks like,” Zadeh says. “But we don’t have that
advantage because we’re right inside this village, and
we’re trying to figure out where we are.”
By taking photos with radio waves, Zadeh can image the
Milky Way’s exotic features and learn more about where
they—and we—are located in the galaxy.
For this research, Zadeh used Green Bank Telescope maps
and Very Large Array images from the National Radio
Astronomy Observatory. His work is partially supported by
the National Science Foundation. —Amanda Morris

Most of Zadeh’s research focuses on the mysterious and
lively center of our Milky Way. It is a violent metropolis of

CenterPiece | Spring 2013 23

Capturing the Carbon
One hundred million years ago, the Earth was a relative

“We are currently involved in a short-term experiment in

sea world. Intense volcanic activity pumped large

the temperature of the planet, and it is related to human

quantities of carbon dioxide (CO2) into the atmosphere,

activities,” says Sageman, who has served as chair of Earth

temperatures rose severely enough to prevent ice caps

and planetary sciences for several years. “Our research

from forming at high latitudes, and shallow seas flooded

seeks to understand how the Earth’s linked ocean-

large areas of continental crust. At times, the surface

climate system functions during rapid warming events.

waters of the ocean bloomed with explosive algal growth,

By documenting what happened in the oceans, in the

presumably due to increased nutrient levels. This led to

atmosphere, and on land 94 million years ago, we hope to

depletion of oxygen in the deeper waters and choking of

improve our ability to predict the changes that will occur

the marine ecosystem below.

in the next century as CO2 levels continue to rise.”

Brad Sageman has been studying these episodes of

In the course of his research, Sageman has visited and

oxygen depletion—one in particular at the Cenomanian-

revisited the rocky terrain near Pueblo, Colorado. Once at

Turonian boundary—for the past 30 years. By carefully

the middle of an inland sea, Pueblo is a time capsule of the

analyzing how the Earth responded to this perturbation in

Cenomanian and Turonian ages, which spanned from 90

the carbon cycle, he hopes to improve our understanding

to 100 million years ago. Cores and outcrops from the area

of how the oceans and atmosphere behave when

just west of Pueblo offer three types of data that allow

atmospheric CO2 and global temperatures are elevated.

geologic time to be precisely determined at these sites.
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The image above shows the Earth during the Cretaceous Period
(145-66 million years ago). Brad Sageman studies this time period
to learn more about the planet's natural carbon cycle. Rendering
of the globe by Ron Blakey, Colorado Plateau Ecosystems.

(Above) Brad Sageman takes notes during a field research
trip in Southwestern Utah. The dark stone behind him is coal,
which marks the location of the western shoreline for the
rocks in Pueblo, Colorado where Sageman's work is focused.
(Right) Sageman studies the stratigraphy in rocks in Pueblo.

They include the first and last occurrences of fossils, volcanic
ashes that contain materials that can be radio-isotopically
dated, and alternations of limestone and shale that were
paced by the Earth’s orbit and also record time. With a more
refined time scale, changes in the ancient ocean and climate
can be more precisely constructed.
Processes related to the Cenomanian-Turonian event,
including increase of atmospheric CO2 and its absorption
by the oceans—possibly leading to acidification—are
characteristic of the Earth’s natural carbon cycle. Carbon
capture and sequestration are often mentioned in
discussions about geoengineering solutions for climate
change. Many suggest that global warming could be
reversed by removing CO2 from the atmosphere and
depositing it in a secure reservoir.
As scientists and engineers work to develop the feasibility
of such projects, Sageman says it’s also important to
understand the Earth’s natural carbon cycling processes.
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materials that have the potential to capture the CO2
emitted from power plants. Metal-organic frameworks
(MOFs) are compounds made of metal clusters and
organic molecules that form one-, two-, or threedimensional structures.
About 10 to 15 percent of the power-plant exhaust is CO2;
the rest is mainly nitrogen and some water vapor. Hupp
and Snurr have designed a MOF that takes advantage of
how CO2 and nitrogen are different in order to sort them.
“Both gases are neutral over all, but CO2 is mildly acidic,”
Snurr says. “So you can put sites in the MOF that are more
basic. The acids and bases will attract one another, so the
site will selectively attract the CO2 and not the nitrogen.”
Snurr imagines attaching beds of MOFs to power plants’
flues. As one bed gets filled with CO2, the incoming stream
is stopped and sent to another bed. After the first bed is
regenerated, it can collect CO2 again. One power plant can
generate 6,000 tons of CO2 per day—2.2 million tons per
year. For Snurr, a major challenge of his project is learning
how to address the problem’s enormous scale while
Randall Snurr tosses a plastic model of a MOF in the air.
Made of metal clusters and organic molecules, MOFs
could potentially be used to separate carbon dioxide from
factories' flue exhaust.

“To determine the appropriate targets for carbon

making the solution relatively inexpensive.
Another challenge is finding a place to store the CO2 after
it is captured. Sageman notes that some companies are
looking for ways to inject the gas deep into the Earth
where it would stabilize as a liquid or solid.

sequestration projects, we need to understand how

“I don’t think carbon capture is the only way to go,”

natural carbon fluxes will vary as the Earth warms,”

Snurr says. “I don’t think there is a single solution. But we

Sageman says. “If we design for one target but increased

can investigate this, find out how much it will cost, and

temperatures double fluxes to the atmosphere from,

compare it with other options.”

say, melting permafrost, then we will have significantly

“Barring a large-scale technological fix, the global

underestimated the problem. It might be that nothing we
can engineer will be able to address the problem once we
pass a certain tipping point, so it’s better to save the time
and money.”

warming path we are currently on is likely to result in
serious and very long lasting impacts,” Sageman says.
“Evidence from the rock record shows that rapid swings in
climate are possible and that the environmental impacts

However, Sageman does see great potential in a carbon

are profound. This is the leading environmental issue

capture project that is happening right at Northwestern.

for the 21st-century and a number of research groups at

Faculty in chemical engineering and chemistry, including

Northwestern are working on different aspects of it.”

Randall Q. Snurr and Joseph Hupp are developing new

—Amanda Morris
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Sustainability U
This year’s Dance Marathon included 1,000 boogying
undergraduates, multi-colored swirling lights, and—for
the first time ever—strategically placed compost bins for
food waste.
The new addition was a part of Dance Marathon’s effort
to become a “zero-waste event,” a recent objective
established by Northwestern’s Office of Sustainability.
Energy usage was monitored throughout the dance,
and dancers carried reusable water bottles instead of
the disposable cups used in past years. At the end of the
night, the only footprints left were from dancing shoes.
The carbon footprint was zero.
Zero-waste events
are just one part
of the Office of
Sustainability’s
plan for making
Northwestern
a leader in
sustainability.
With the hire of
Rob Whittier, the
first director of

Rob Whittier

various departments. Brad Sageman, Earth and planetary
sciences, and Eric Masanet, mechanical engineering, are
co-chairs. The role of the council is to provide oversight
for Northwestern’s strategic plan for energy while drawing
ideas from the whole community. The council works
closely with the Initiative for Sustainability and Energy at
Northwestern (ISEN).

sustainability,

“ISEN was created with a three-part goal: to foster

two years ago,

research, to foster education, and to do outreach,”

Northwestern

says Sageman, ISEN’s director of education and special

made a long-term

projects. “It has done an excellent job in those three

commitment to

areas, but we were missing the facilities aspect. By

strengthening

getting facilities on board, we can influence the

its sustainable

University’s behavior.”

practices and
offsetting climate change. The new office is a part of
Northwestern Facilities Management.
“Our main goal is to set a long-term vision for the
University,” Whittier says. “There are already a lot of great
things happening for sustainability, but we want to make
sure everyone is focused in the same direction.”

Scoring Sustainability
One of the first things Whittier accomplished after joining
Northwestern was the development of an inventory of
campus-wide greenhouse gas emissions. After totaling
the numbers from commuters, electricity, and natural gas,
Whittier found that more than 90 percent of the climatechanging emissions came from buildings.

Energy Guides

“By making our buildings more energy efficient,” Whittier

To support Whittier, the office established a Sustainability

says, “we can greatly reduce our carbon emissions and our

Council that includes 25 faculty, staff, and students from

environmental footprint.”
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executive director, Michael
Blayney, for these upgrades.
Using technology to ventilate,
heat, and cool the buildings
more efficiently will also save
money over the buildings’
lifetimes. The project to retrofit
the laboratories at Feinberg
alone is estimated to save a
half-million dollars annually.
“Not only is it more
sustainable, it’s smart
business,” Whittier says.

Take the Pledge
Earlier this year, the Office
of Sustainability created the
sustainNU Green Pledge, a
simple online checklist of
behaviors that Northwestern
community members can

Eric Masanet

commit to, such as turning off lights when leaving a room,
To address the problem, Northwestern is exploring

canceling junk mail, and car pooling.

geothermal heating and cooling for some of the new

“Some people don’t know how to contribute,” Whittier

buildings that will be constructed in the coming years,

explains. “The pledge outlines simple behaviors that can

including the visitors center, the new Kellogg building,

add up to a big impact.”

and the lakeside athletic complex.

When signing the Green Pledge, participants are required

Geothermal heating and cooling take advantage of

to list the buildings they work or live in. This way, the

constant temperatures that reside a few feet below the

Office of Sustainability can see if signing the pledge

Earth’s surface. The idea is to transfer that temperature

impacts those buildings. Participants receive regular

into the building, then make the relatively small leap from

emails of encouragement that detail how their pledge is

there to a comfortable indoor level. The system uses zero

positively affecting the University.

carbon and is cost competitive.

“Education is our primary mission,” Masanet says. “We

Green Labs

can teach about sustainability in the classroom, but

Not only will new buildings be more efficient, but
older ones will be improved as well. The University has
committed more than $30 million to the Northwestern

unless students have the chance to see the nuts and
bolts actions of sustainability, like recycling, research,
and building standards, then they are not getting the

Energy Retrofit Initiative (NERI). One NERI project is a

full experience.”

major upgrade to lab ventilation and controls in five

To sign the Green Pledge, visit www.northwestern.edu/

medical research buildings on the Chicago campus. The

greenpledge. After you fill it out, you will receive an email

project will include a “demand-controlled” ventilation

with a PDF copy of your pledge.

system, which detects particulates and chemicals in the
air and adjusts airflow volumes accordingly. It is also
safer due to a “purge” capability. Facilities Management
is working with the Office for Research Safety and its
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To learn more about the Office of Sustainability, visit
http://www.northwestern.edu/fm/sustainability or email
sustainability@northwestern.edu. —Amanda Morris

Students Meet Sustainability
When it comes to climate change, unfortunately, most
of the burden will fall to the younger generations.
To ensure that students are equipped to handle the
challenges, ISEN added a new class this past fall.
ISEN’s “Introduction to Sustainability: Challenges and
Solutions,” is taught by Eric Masanet, mechanical
engineering and co-chair of Northwestern’s
Sustainability Council. The annual course is designed
for freshmen in various fields of study, including theater,
music, journalism, social policy, and more.
“The purpose of the course was not to be too focused on
the science and engineering of sustainability,” Masanet
says. “Because everyone plays a role in sustainability,
whether you are making movies or writing articles.”
The course introduces students to “life-cycle analysis,”
which takes into account the environmental impacts
for the entire life cycle of products, from manufacturing
to consumption to disposal. A sustainability expert
who joined Northwestern in June, Masanet says people
always want to know what is “greener,” but the answer is
often more complicated than it seems.
“People might look at this plastic bottle and think it’s
OK because it’s recyclable,” Masanet says, gesturing
to a soft drink bottle on his desk. “But it’s plastic, so it
came from petroleum or natural gas. Then it had to be
molded, filled, and refrigerated. Any time we consume
anything, it has a trail of environmental impacts
associated with it, so it’s important to look at the big
picture.”
The introductory course is the first requirement in
a series of courses for a new ISEN undergraduate
certificate in sustainability. The certificate is open to any
undergraduate at Northwestern.
Masanet also teaches two new courses in McCormick—
an upper-level course about lifecycle assessment
for engineers and a course about sustainable
manufacturing.
“I want students to see that there are no quick and easy
technological fixes,” Masanet says. “There is no one silver

K. Mandell

bullet for solving the climate problem. It’s a complex
system with many competing issues.”
—Amanda Morris
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Wedding Cake
These stacked, spongy layers might be part of the future
of batteries. Silicon (shown here in gray) is a promising
next-generation anode material for lithium-ion batteries.
It is capable of holding many more lithium ions (shown in
pink) than current batteries, which commonly use carbon
as an anode. This could help enable a laptop, cell phone, or
electric vehicle battery hold their charges much longer.
“The problem is that when lithium goes into silicon, it
expands by 300 percent,” says Christopher Wolverton,
materials science and engineering. “When you
repeatedly insert and extract lithium from silicon, it
pulverizes the material. The silicon falls apart.”
Wolverton, along with Maria Chan and Jeff Greeley
from Argonne National Laboratory’s Center for
Nanoscale Materials, used quantum mechanical
calculations to study the lithiation of silicon, atom
by atom. The image at left shows the silicon’s large
volume expansion as it soaks up lithium like a sponge.
The silicon also transforms from a regular, crystalline
structure into an amorphous, irregular pattern.
Wolverton says one possible solution is to add a metal
to silicon as a mechanical buffer to help ameliorate
the expansion. His research group has developed
computer models to test this and other options to
quickly find the best materials for better batteries.
Along with Northwestern engineers Mark Hersam, Michael
Bedzyk, and Harold Kung, Wolverton is a member of the
Center for Electrical Energy Storage (CEES), an Energy
Frontier Research Center that is a partnership between
Northwestern, Argonne, and the University of Illinois at
Urbana-Champaign. The CEES is focused on researching the
interfacial boundaries of materials used in lithium batteries.
—Amanda Morris
M.K.Y. Chan, C. Wolverton, and J.P. Greeley, "First Principles Simulations of
the Electrochemical Lithiation and Delithiation of Faceted Crystalline Silicon,"
J. Amer. Chem. Soc. 134, 14362 (2012).
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