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Upton, NY 11973-5000

Phone: 631-344-4522, Fax: 631 344-5815
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Education:

University of Belgrade: M.Sci. faculty of Technology 1965
University of Belgrade: Dr. Sci. Chemistry 1974

Professional Employment:

Institute of Electrochemistry, ICTM, 1965-1992 (Research Director 1978-1983; Director 1983—-1992)
Research Associate, Case Western Reserve University, 1971-1973

Visiting Faculty, Case Western Reserve University, 6. -9. 1977; 6-9. 1983

Visiting Professor, Case Western Reserve University, 1988—-1990

Center for Multidisciplinary Studies, U. Belgrade, Professor from, 1990, 1975-1992

Brookhaven National Laboratory (BNL), Scientist, 1992; Chemist with Tenure, 2001

BNL, Electrochemistry Group Leader, 2004; Senior Chemist, 2005.

Stony Brook University, Adjunct Professor, 2006

Selected Professional Activities:

Membership professional organizations: Serbian Chemical Society, The Electrochemical = Society,
International Society for Electrochemistry (ISE), American Chemical Society

Organizer 13" Yugoslav Symposium on Electrochemistry, Dubrovnik, Yugoslavia, 1983

Editorial Boards of: J. Serbian Chem. Soc., 1984; Electrocatalysis,; J. Transactions SAEST

ISE., Co-Chair, Div. Fundamental Interfacial Electrochememistry, 1987—1989

Co-organizer, Symposium on Oxygen Electrochemistry, Chicago, 1995

The Electrochemical Society, Executive Committee, Phys. Electrochem. Division, 1995-1999
Co-organizer, Symposium on Electrocatalysis, Québec City, 2005.

Member Advisory Board: Energy Materials Center, Cornell U.

Honors and Awards:

Annual Award of the City of Belgrade for Natural Sciences and Mathematics, 1983
Correspondent Member of the Serbian Academy of Sciences and Arts, 1993
Honorary Member of the Serbian Chemical Society 1996

Medal of the Serbian Chemical Society on its 100" Anniversary, 1997
Science and Technology Award, Brookhaven National Laboratory, 2005
Fellow of The Electrochemical Society, 2005

Inventor of the Year, Battelle Memorial Institute, 2005

Energy Technology Award, The Electrochemical Society, 2006

The SciAm50, 2007

Department of Energy's Hydrogen Program R&D Award, 2008

Top Five Discoveries of Brookhaven National Lab. 2010

Inventor of the Year, Battelle Memorial Institute, 2011

Research Interests:

Surface electrochemistry, electrocatalysis, direct energy conversion, fuel cells

Publications: 260 career total, 8 US patents issued
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2. INVENTION(S) FORMING THE BASIS OF THE NOMINATION
Nanocatalysts with reduced platinum loading

3. SUMMARY OF THE POTENTIAL IMPACT OF THE INVENTION(S)

These newly patented nanocatalysts have the potential to make fuel cell vehicles
practical by addressing critical durability and cost barriers. Fuel cells would be a
mainstay of a hydrogen economy, and would be used in numerous applications. Fuel
cells are already being used to advantage in forklift trucks, where they last longer than
batteries. In addition to vehicle applications, they can supply power either connected to
the grid or in a grid-independent generator, or they can supply portable power. Other
applications include telecommunications and consumer electronics. This increased use
of fuel cells would decrease pollution and global warming, as well as decrease U.S.
dependence on foreign oil.

4. DESCRIPTION OF THE INVENTION(S)

Dr. Radoslav Adzic and his team at Brookhaven National Laboratory (BNL) have
developed nanostructured electrocatalysts that address critical needs of improved
durability, lower cost, and higher activity for applications in hydrogen fuel cells. The
catalysts are nanometer-scale core-shell particles with monolayers of platinum
supported by metal, metal alloy, or nanostructured metal/non-noble metal cores. Proper
choice of core material, dopant, and structure result in higher activity and dramatically
increased durability of the catalyst compared to traditional platinum electrocatalysts.
Because they contain only about one-tenth the platinum of conventional catalysts, these
new nanocatalysts are also lower in cost. The advances in these catalysts substantially
reduce the technical barriers to durable, economical fuel cells, particularly for



automotive applications that will enable clean hydrogen fuel cell transport alternatives.
The BNL team has also developed advanced materials synthesis procedures to enable
scale-up production of these well-defined nanostructured catalysts for practical
applications in pilot-scale fuel cell testing.

Dr. Adzic and his colleagues designed the first platinum monolayer fuel-cell anode
electrocatalyst, which consists of ruthenium nanoparticles with a few platinum islands of
monoatomic thickness. (See Figure 1.) This electrocatalyst has long-term stability and
the same catalytic activity as a standard, all-platinum electrocatalyst, which contains 10
times more platinum, and is therefore very expensive. This new electrocatalyst has the
potential to reduce the cost and increase the efficiency of fuel cells in electric vehicles,
among other applications.

Figure 1: Platinum clusters on a ruthenium nanoparticle.

The initial anode catalyst research demonstrated that the monolayer core-shell design
had promise for high activity, low platinum content, and good durability. In a very
important second stage of research, Dr. Adzic and his team also developed several
types of platinum monolayer cathode electrocatalysts for the difficult oxygen reduction
reaction (ORR). The fuel cell cathode has required high platinum loading due to the
challenges of ORR kinetics and poor durability of platinum to corrosion. Dr. Adzic and
his team have demonstrated that the core-shell catalyst can substantially address these
challenges. In basic science research, they demonstrated that high ORR activity could
be obtained for platinum monolayers on properly chosen metal substrates, and that the
activity could be even higher than that of pure platinum. A very promising example is a
platinum monolayer on a palladium substrate. The team then developed synthesis
procedures for nanostructured core-shell catalysts based on this concept; see Figures 2
and 3.

Figure 2: Schematic illustration of a nanoparticle having a platinum monolayer shell on a palladium core
(Ptw/Pd).



Figure 3: a—c) High-angle annular dark field (HAADF) scanning electron microscope (SEM) images of the
Ptw/Pd/C electrocatalyst obtained in a 200mg scaled-up synthesis. d) Distribution of components in a
Pty /Pd/C nanoparticle in (c) obtained by a line-scan analysis using energy dispersive spectroscopy
(EDS).

In related work, Dr. Adzic and his team demonstrated that platinum catalyst durability
could be dramatically improved by doping with gold. This doping, which was done in a
manner that formed small gold clusters on the platinum, improved the resistance to
oxidative corrosion during voltage cycling, which is a challenge in automotive fuel cell
applications due to stop-and-go driving cycles. (Zhang, Science 2007; U.S. Patent No.
7,704,919)

The innovations in platinum monolayer catalysts and the gold doping were recently
combined to demonstrate both high activity with low platinum content and high
durability. Platinum monolayer catalysts were formed on gold-doped palladium cores.
These electrocatalysts have high activity and extremely low platinum content. (See
Sasaki, Angew. Chem. Int. Ed. 2010.) This work is a practical demonstration that gold
doping the palladium core accomplishes the same dramatic increase in durability for a
core-shell catalyst as seen in the original case of gold clusters on solid platinum
catalysts.

The team has incorporated the Pt/Pd/C electrocatalysts into a membrane electrode
assembly (MEA) for use in a fuel cell to test the activity and durability of the
electrocatalysts under operating conditions. Figure 4 shows the distribution of platinum
and palladium in an MEA as fabricated (a) and after 100,000 potential cycles (b, c, d).
The core-shell catalysts retain their structure during the test (c, d), while they move
somewhat within the MEA (b).



Figure 4: Cross-section of a membrane electrode assembly (MEA) incorporating the Pty /Pd/C
electrocatalysts showing the concentration profiles for Pd and Pt before (a) and after 100 K potential
cycles (b). ¢) HAADF image of Pty /Pd/C particles and d) the distribution of a Pt monolayer on a Pd

core/shell nanoparticle, obtained by line analysis of EDS after the test.

The U.S. Department of Energy (DOE) target for platinum mass catalytic activity for the
oxygen reduction reaction is 0.44 A/mg at 0.9 V. Figure 5 shows activity (a) and
electrochemical surface area (b) measurements for the Pt/Pd/C catalysts incorporated
into the MEA. Initial platinum mass activity is two to three times higher for the Pt/Pd/C
compositions than for Pt/Ketjen or Pt/C catalysts. The loss in mass catalytic activity
during cycling can be explained by a reduction in electrochemical surface area (SA) for
all three types of cataly?t.
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Figure 5: The Pt mass activity A for the oxygen-reduction reaction (ORR) as a function of the number of
potential cycles n during fuel cell testing of the Pty /Pd/C electrocatalyst. The limits of the potential cycle
were 0.7 and 0.9 V (RHE), with a 30-s dwell time at 80 °C. The results with Pt/C and Pt/Ketjen carbon



catalysts are shown for comparison. b) The electrochemical surface area (SA) of the three catalysts as a
function of number of potential cycles.

Further improvement of this catalyst involved using a PdAu alloy as a core that
increased catalyst stability. A uniform alloy causes a positive shift in the Pd oxidation, in
accord with its stabilization potential, and reduced PdOH formation. This effect is
evidenced from voltammetry and in situ extended X-ray absorption fine structure
(EXAFS) studies, in particular confirming the changes in coordination number of Pd-O.
Potential cycling did not entail any decrease in Pd, Pt, or Au content. The Pt mass
activity of the Pt/PdgAu+/C electrocatalyst in a test involving 200,000 potential cycles
decreased about 30%. The DOE’s target for 30,000 potential cycles under the same
protocol is a loss of 40%. For comparison, the mass activity of a commercial Pt/C
catalyst shows a terminal loss below 50,000 cycles.

The group has invented three different types of electrochemical cells for manufacturing
the monolayer-coated nanoparticle catalysts. They have also scaled up production of
the electrocatalysts to pre-commercial levels. Batches of tens of grams can be reliably
produced with uniform properties, including catalytic activity and durability. (Sasaki,
Electrochim. Acta 2010) This scale-up activity has proven that these materials will work
well, not only in the laboratory, but also in the field.

Recently Dr. Adzic and his team have been studying the effects of lattice strain, surface
coordination, and shape on the activity and durability of nanocatalysts. Engineering
nanocatalyst structures to take advantage of these effects promises to yield further
improvements in fuel cell catalysts for both oxygen reduction and fuel oxidation. For
instance, after setting the stage with the initial design, the team under Dr. Adzic’s
direction has continued to develop the technology over the last three years. They have
fabricated the monolayers on substrates of several materials and shapes, including high
surface area carbon, transition metal oxides, nanorods, nanowires, and palladium
tetrahedra, to name a few. (Xing 2010; Gong 2010)

To conclude, the new concepts have now been tested in fuel cells to demonstrate
dramatic durability improvement, lowered platinum loading, and higher activity. (See
Figure 6.) These results are regarded as very promising by the original equipment
manufacturer (OEM) partners, and are subiject to licensing discussions for automotive
applications as the OEMs plan for introduction of fuel cell vehicles in limited production
quantities in 2015.

Figure 6: Pty /Pd catalysts offer improved activity and durability over pure Pt nanowires.



5. POTENTIAL FOR SOCIETAL AND/OR ECONOMIC BENEFIT

The newly patented nanocatalysts will likely greatly increase the durability and reduce
the cost, as well as potentially increase the efficiency of fuel cells in electric vehicles, as
well as in stationary power applications. Fuel cells are expected to become a major
source of clean energy. As a number of major automobile OEMs prepare to introduce
fuel cell vehicles in limited quantities starting in 2015, Brookhaven Science Associates,
LLC is currently in licensing discussions with catalyst producers who hope to supply
automotive fuel cell needs and regard the BNL innovations as valuable elements for
successful fuel cell catalyst design. Broadly, concerns about climate change and the
need for renewable energy have made this research particularly relevant today.

The techniques used in these nanocatalysts for reducing platinum content can be
applied in other areas of platinum-based catalysis. The catalysts are currently being
tested in electrolyzers for the production of hydrogen. BNL envisions potential
applications in other heterogeneous catalytic reactions as well.

6. US PATENTS, PATENT APPLICATIONS/STATUS and
SIGNIFICANT PUBLISHED PAPERS AND ARTICLES

8 Issued U.S. Patents (6 since 2009):
U.S. Patent No. 6,183,894 issued 2/6/2001
Inventor(s): Radoslav R. Adzic and Nebojsa S. Marinkovic
U.S. Patent No. 6,670,301 issued 12/30/2003
Inventor(s): Radoslav Adzic, Stanko Brankovic and Jia Wang
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Inventor(s): Jia X. Wang and Radoslav R. Adzic
U.S. Patent No. 7,632,601 issued 12/15/2009 (foreign counterparts pending)
Inventor(s): Radoslav Adzic and Tao Huang
U.S. Patent No. 7,691,780 issued 4/6/2010
Inventor(s): Radoslav Adzic, Junliang Zhang, Yibo Mo and Miomir Branko Vukmirovic
U.S. Patent No. 7,704,918 issued 4/27/10
Inventor(s): Radoslav Adzic, Miomir Vukmirovic and Kotaro Sasaki
U.S. Patent No. 7,704,919 issued 4/27/10 (foreign counterparts pending)
Inventor(s): Radoslav Adzic and Junliang Zhang
U.S. Patent No. 7,855,021 issued 12/21/2010
Inventor(s): Radoslav Adzic, Yibo Mo, Miomir Vukmirovic and Junliang Zhang

12 U.S. Patent Applications pending, some with foreign counterparts (10 since 2009)

U.S. Patent Application Serial No. 11/132,378 filed 5/19/2005 and published as U.S.
Patent Application Publication No. US 2006/0263675 on 11/18/2006

U.S. Patent Application Serial No. 11/853,368 filed 9/11/2007 and published as U.S.
Patent Application Publication No. US 2009/0068505 on 3/12/2009

U.S. Patent Application Serial No. 12/603,216 filed 10/21/2009 and published as U.S.
Patent Application Publication No. US 2010/0097742 on 4/22/2011

U.S. Patent Application Serial No. 12/581,430 filed 10/20/2009 and published as U.S.
Patent Application Publication No. US 2010/0099012 on 4/21/2011

U.S. Patent Application Serial No. 12/709,836 filed 2/22/2010 and published as U.S.
Patent Application Publication No. US 2010/0177462 on 7/15/2010

U.S. Patent Application Serial No. 12/708,226 filed 2/18/2010 and published as U.S.
Patent Application Publication No. US 2010/0197490 on 8/5/2010



U.S. Patent Application Serial No. 12/709,910 filed 2/22/2010 and published as U.S.
Patent Application Publication No. US 2010/0216632 on 8/26/2010

U.S. Patent Application Serial No. 13/033,764 filed 2/24/2011 and published as U.S.
Patent Application Publication No. US 2011/0151356 on 6/23/2011

U.S. Patent Application Serial No. 13/000,800 filed 12/22/2010

U.S. Provisional Patent Application Serial No. 61/466,842 filed 3/23/2011

U.S. Provisional Patent Application Serial No. 61/466,853 filed 3/23/2011

U.S. Provisional Patent Application Serial No. 61/537,814 filed 9/22/2011

2 PCT Patent Applications in the International Stage
PCT/US2011/29773 filed 3/24/2011

PCT/US2011/43901 filed 7/13/2011
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Wang, J. X., Brankovic, S.R., Zhu, Y., J.C. Hanson, and Adzi¢, R.R., “Kinetic
Characterization of PtRu Fuel Cell Anode Catalysts Made by Spontaneous Pt
Deposition on Ru Nanoparticles,” J. Electrochemical Society, 150(8), pp. A1108-
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7. BACKGROUND ON STATE OF THE ART IN THIS FIELD

Dr. Adzic’s work has been pioneering and is widely cited. (See Figure 7.) He also
collaborates broadly. In a very real sense, this work represents the state of the art in the
field of electrocatalysts for fuel cell applications.

Published Items in Each Year Citations in Each Year

Figure 7: The two charts show Dr. Adzic’s publishing history over the past twenty years, and his citation
history over the same period. Dr. Adzic has over 260 publications, including over 20 pending applications
and issued patents. According to the Web of Science®™, his work has been cited 7,613 times excluding
citations by his own group.

Conventional Pt/C electrocatalysts require a loading of 0.133 mg of Pt per square
centimeter. Commercial catalysts, Pt/Ketjen, have a loading of 0.3 mgp/cm?. Dr. Adzic’s
catalysts have a loading of 0.085 mgp/cm?. (See Figure 5.) At these loading levels, the
initial mass catalytic activity of Pt/Ketjen catalysts is just under 0.1 A/mgg; at 0.9 V, that
of Pt/C is about 0.12 A/mgg:, and that of the Pty /Pd/C catalysts is 0.3 A/mggpt.

Pt/Ketjen experiences failure after only a few thousand cycles. Pt/C activity falls by 68%
over 60,000 cycles. The Pty /Pd/C catalysts retain 59% of the initial activity for at least
100,000 cycles. DOE has established goals for activity and durability of fuel cell
catalysts. The DOE'’s target for 30,000 potential cycles under a test protocol is a loss of
40%. As mentioned previously, the new catalysts developed by Dr. Adzic’s group meet
or exceed this target.

8. FUNDING

The basic science underlying the innovation was done at BNL under U.S. Department of
Energy (DOE) Office of Science Basic Energy Sciences (BES) funding. The applied
research that leveraged the science to create improved catalysts was also carried out
by BNL researchers, under DOE Office of Energy Efficiency and Renewable Energy



(EERE) funding. The fuel cell testing and post-test characterization were carried out in
collaboration with other national laboratories (LANL) and industry.



