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Energy Storage for a Sustainable Future

Current Energy Supply = Supply Challenge
(~90% fossil) - Unsustainable
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Bridge the gap




Oxygen Reduction and Evolution Critical to
Clean Energy Technologies

Source: Reuter Pictures Source: http://www.gm-volt.com
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H,/Li/M storage for clean energy technologies

Reversible reaction: O, + 2H, <= 2H,0 (E =1.23 V) M.O
MXO Reversible reaction: O, + 2Li <= Li,O, (E =2.96 V) X

Understanding and using the redox of oxygen is at
the heart of clean energy technology development



O, Electrocatalysis in Fuel Cells + Li-Air Batteries
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Scientific Challenges

Oxygen Reduction Reaction Oxygen Evolution Reaction
(ORR) (OER)
A four-electron reaction A four-electron reaction
Electrical de 4e
Energy % ¥ Solar % a5 k(\j\)
@) Electrical 2 H,0==>H,
2
/ ~ Energy / N
H,O 4H O, 4H |
oxidation reduction

Understand catalytic processes at the molecular level
Design new catalysts and materials for energy storage



Electronic Structure => O Binding => ORR Activity
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Current understanding of ORR mechanism on Pt
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Current Understanding of ORR mechanism on Pt
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Current Understanding of ORR mechanism on Pt
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OH binding on Pt surface limits the ORR kinetics
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Modifying Surface Electronic Structure to enhance ORR
activity on Pt-alloy surfaces
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Polarizatlon (V versus DHE)

Non-noble-metal-containing oxides for ORR at high PHs
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Perovskites for O, reduction and evolution

Objective

Search for ORR activity descriptor on oxide surfaces

0, + 2H,0 +4e < 40H-

Flexible Chemistry

-L2BO4(B = Cr, Mn, Fe, Co, Ni)
-La...B,0;,,, (n=1, 2, 3, and infinity)
-La/A'BB’O; (~- and B-site substitution)



How to assess ORR/OER activity on perovskite powder
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Intrinsic ORR activity can be estimated from thin films of oxide powder

Suntivich, J., H.A. Gasteiger, N. Yabuuchi and Y. Shao-Horn, Journal of the Electrochemical Society, 8, B1263-B1268 (2010).



Intrinsic ORR activity of perovskites vary greatly

Up to ~4 orders of magnitude

0.75 0.80 0.85 0.90
EN vs. RHE

Suntivich, J. et al., Nature Chemistry, 2011



Two types of antibonding d-electrons for TM ions
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Using E, filling as a primary descriptor of ORR activity
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Using E, filling as a primary descriptor of ORR activity
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ORR mechanism for perovskites
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Perspectives and open questions
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Would the ORR descriptor found for perovskites be applicable for all oxides?
Would the ORR descriptor influence OER activity?

Suntivich, J. et al., Nature Chemistry, 2011




Challenges in ORR/OER at high temperatures

ASR/ Q-cm?

preparation

pre-treatment

T p orientation
microstructure
surface
strain grain composition
boundaries
impurities segregation

I Oy [1] Webpage RWTH Aachen, [2] M. Mogensen, P. V. Hendriksen, in: High Temperature Solid Oxide Fuel Cells — =
I I I Fundamentals, Design, and Applications, Elsevier 2003



High-Temperature ORR/OER on Perovskites

1,0,+ 2e> 0%




Reduced Complexity: a Model System Approach

{ Fundamental

< under-
+  standing

.
.
LI

New cathode [1]
development

. Improvement :

Powder properties/
Microstructure

Cell design /
Processing
Durability
I - [1] F.Tiez, A. Mai, D. Stover, Solid State lonics 179, 2008, 1509-1515 @2
I I i I LSC = La, ¢Sr,,C00; 5, GDC = Gadolinium doped Ceria, YSZ = Yttria-stabilized Zirconia Lan



Understanding surfaces to enhance ORR/OER activity

art A ‘/ @ Part B

@? Surface L” @ FUfUr Q

‘,, Modification'”’
[1-3]

Preparation
Characterization

. [11G. J.la O’ et al., Angew. Chem. Int. Ed. 2010, 49, 5344-5347, [2] E. J. Crumlin, E. Mutoro et al., JPCL 1, 2010, 3149,
Ill I [3] E. Mutoro et al., Energy Environ. Sci., 2011, in press (doi:10.1039/C1EE01245B) @



Surface decoration: 113-La, 3Sr, ,C00,/214-(La, ;Sr, ;),C00,

Reference

Partially
covered

YSZ

Fully
covered LSC214

STEM: 004
D.Leonard ©
A. BorisevichQ,
(ORNL) %%
N

E. J. Crumlin, E. Mutoro et al., JPCL 1, 2010, 3149 @



Surface decoration enhances ORR/OER activity

14 surface addition

greatly enhances\
ORR activity

Films more active for
ORR/OER than

powder \

\

il activate LSC

Sr-rich surface
phases can

Information of surface
composition under
operating conditions

log (p(0,)/ atm)
necessary
l Ch [1] E. Mutoro et al., Energy Environ. Sci., 2011, in press (doi:10.1039/C1EE01245B), E. J. Crumlin, E. @
I I I Mutoro et al., JPCL 1, 2010, 3149, [2] G. J. la O’ et al., Angew. Chem 2010.



H,/Li/M storage for clean energy technologies

Reversible reaction: O, + 2H, <= 2H,0 (E =1.23 V) M.O
MXO Reversible reaction: O, + 2Li <= Li,O, (E =2.96 V) X

Understanding and using the redox of oxygen is at
the heart of clean energy technology development



Exploring redox of oxygen for new lithium storage technologies
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Li-air batteries offering ~5 fold in gravimetric energy

vs. Li-lon batteries

assumptions:
O, + 2Li < Li,O, (E =2.96 V) 0.360 e pon/€M >, 15% Ecarpons 25% Eeiectronte: 60% ELpox

@R 2Lit+2e7+0, b O Li,0, Li,O0 LiCoO,
ey Y Q; wrt. C [MAh/Qcaro0n] 4600 6000
Q, wrt. C+Li,O, [NANG c.ipoy] 900 1350 160

average discharge voltage [V] 275 275 3.9

E; wrt. C+Li,0, [Wh/Kgc.ipon] 2450 3700 620

7W. Gu, D.R. Baker, Y. Liu, HA. Gasteiger; in: Handbook of Fuel
Cells (eds.: W. Vielstich et al.); Wiley (2009). vol. 6, p 631

current

membrane [ /~ collector

Li-lon (Licoo,)

Li-Air
Estimated gravimetric energy Estimated gravimetric energy
~ 3000 Wh/ kgLiZOx_cathode ~ 620 Wh/ kgLiCoOZ-cathode

Projecting on the cell level — 1/3

~ 210 Wh/K8,.c002 cell

Projecting on the cell level — 1/3
~ 1000 Wh/kgLi-air cell
Lu et al, ESSL 2010



Using O, electrocatalysis for Lithium Storage
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PtAu/C exhibits record round-trip efficiency to date

C: ~0.6 mg and Pt/C: ~0.5 mg; thickness: ~14 microns
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Achieved record round-trip efficiency: 75%

Lu and Shao-Horn et al, J. Am. Chem. Soc. September Cover 2010



Functionalized O-MWNTs for High-Power Lithium Storage
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Functionalized O-MWNTSs for high-power lithium storage
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Demonstrated high energy, power and lifetime of nanostructured electrodes for thin-film energy storage

Technology licensed to Contour Energy Systems, CA

S.W.Lee, B.M. Gallant, H. R. Byon, P.T. Hammond, Y. Shao-Horn, Energy and Environment Science, 2011
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Oxygen Reduction and Evolution Critical to
Clean Energy Technologies

Source: Reuter Pictures Source: http://www.gm-volt.com
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