
XDL2011 Workshop 5
Materials Science with Coherent Nanobeams at 

the Edge of Feasibility
Cornell University, June 27-28, 2011

“In-situ Probing of Fuel Cell and 
Battery Systems”

Héctor D. Abruña
Dept. of Chemistry and Chemical Biology and

Energy Materials Center at Cornell; EMC2

Baker Laboratory, Cornell University
Ithaca, New York 14853-1301



2

Road map

Introduction
Brief introduction to fuel cells and batteries
Why X-rays?y y

Representative studiesp
Fuel cells

In-situ studies of PtBi; XRD, XAS
Batteries

MnOx For Lithium Anode
XRD of Organics
In-Situ XAS and XRD of Sulfur

 Conclusions and future directions



In principle, a fuel cell can convert chemical energy to 
electrical (and thus mechanical) energy more efficiently
than internal combustion (heat) engines or even turbines 
due to Carnot Cycle limitations of heat engines.

High T

Low T

Q1 > W,  Q2 > 0 
Thermal efficiency η = Th- Tc / Th

Carnot Cycle Heat Engine

Why Fuel Cells?
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U.S. Energy Production and Usage in 2008
Units in Quadrillion BTUs (Quads)

Source: Lawrence Livermore National Laboratory and the Department of Energy, Energy Information Administration, 2009 (based on data 
from DOE/EIA-0384(2008), June 2009).
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Courtesy: H. Kung @ DOE



Electrical Energy Storage Is A Key 
Need for the Nation’s Future

Achieving an electric fleet and storing energy from intermittent 
sources  will not be possible without innovations in electrical 

energy storage

• These applications place 
great demands on energy 
storage

– Higher energy and power 
densities

– Appropriate recharge rates

– Long life cycle

– Reliability

– Safety

US in 1900   
1500 electric cars compared with 
1000 ICE cars
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X-rays, batteries & fuel cells



�������	
�
	����
�
������
��������������������	
��
����������

��������	

������������
����

����	
������
	���������	
�
����������



��������� �

0 2 4 6 8 10

0.00

0.05

0.10

0.15

0.20

 

 

lχ
(R

)l
 (

1
0
0
p

m
)

-2

R (100pm)

 bismuth metal powder
 bismuth oxide powder150pm

117pm

231pm

328pm

416pm

0 2 4 6 8 10

0.00

0.05

0.10

0.15

0.20

 

 

lχ
(R

)l
 (

1
0
0
p

m
)

-2

 bismuth oxide powder
 PtBi Nanoparticles

R (100pm)

150pm182pm

260pm

139pm

13400 13500 13600 13700 13800

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 

N
o

rm
 μ
(E

)

Energy (eV)

 bismuth metal powder
 bismuth oxide powder
 PtBi Nanoparticles

13.4 13.6 13.8 14.0

50000

52000

54000

56000

58000

60000

62000

64000

66000

68000

70000

C
o
u
n
ts

Energy (KeV)

13.4 13.6 13.8 14.0
60000

70000

80000

90000

100000

110000

120000

130000

C
o
u
n
ts

Energy (KeV)

�����α

������β

PtBi NPs Modified GC Electrode EEulpp=0.40V PtBi NPs Modified GC Electrode EEulpp=1.20V 

�����α

������β

13.4 13.6 13.8 14.0

50000

100000

150000

200000

250000

300000

C
o
u
n
ts

Energy (KeV)

3 4

���������� !��
"�#�����

�������αα�$%�#
"	#&����


'������"��"" � !��
"�#&&���


'�����βββ�$%�#
""#	(���



����	�)*�+,��
0���	�����

,���
1�%�������������

Battery Cell for In-Situ
X-ray Studies 

Systems Studied:
Manganese Oxide Anodes (XAS, XRD)
Organosulfur Cathodes (XRD)
Elemental Sulfur Cathodes (XAS, XRD)
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Next-Generation Lithium 
Battery Anodes



Summary of Mechanism
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Why Lithium-Sulfur Batteries?



Redox Behavior of S8 in
N, N′-Dimethylformamide

20 μA

0.50.0-0.5-1.0-1.5-2.0-2.5
Potential, E / V vs. Ag/Ag+

3.83.32.82.31.81.30.8
Potential, E / V vs. Li/Li+

Experimental Conditions
Soln. 0.1 M LiTFSI/DMF containing 2 mM S8

Scan rate: 20 mV/s
WE: glassy carbon electrode (GCE)

*measured in a drybox (Ar)

N, N′-dimethyl-
formamide

(DMF)

H N

O
background

1e- 
process

Fe
① S8c + e- = S8c•- (E step)

② S8c•- = S8l•-

③ S8l•- + e- = S8l2- (E step)

④ S8c•- + S8l•- = S8c + S8l2-

⑤ S8l2- = S62- + 1/4S8c

⑥ S8c•- + S62- = S8c2- + S6•-

⑦ S8l•- + S62- = S8l2- + S6•-

⑧ S62- = 2S3•-

⑨ S3•- + e- = S32- (E step)
⑩ 2S32- = S22- + S42- (disproportionation)
⑪ 2S62- = S42- + S8l2- (disproportionation)

⑫ S42- = 2S2•-

⑬ S8l2- = 2S4•-

⑭ S4•- + e- = S42- (E step)
⑮ S3•- + S42- = S32- + S4•-

① & ③

⑨ & ⑭

⑯ S2•- + e- = S22- (E step)
⑰ S22- = 2S1•-

⑱ S1•- + e- = S12- (E step)

J. Electroanal. Chem. 440 243 (1997)
J. Electroanal. Chem. 432 129 (1997)
J. Electroanal. Chem. 420 167 (1997)
J. Electroanal. Chem. 398 77 (1995)

soluble species
in solution

insoluble species
precipitated

Ouch!!!
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Possible Mechanisms

No in-situ measurements of Li2S!
No in-situ speciation of reaction 

intermediates!
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Sulfur Disappearance
2D Diffraction Movie
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Conclusions & Outlook
The use of x-rays is enabling in-situ studies of energy 
materials and interfaces  providing extraordinary levels of 
structural, compositional and mechanistic details.

Sources like the ERL (and new detectors) will enable 
d i f f ract ion/spectroscopy exper iments wi th t ru ly 
unprecedented levels of spatio-temporal resolution; down to 
the single particle, in-situ and in real time.

X-rays
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2���������� Au(111) crystal, Bragg geometry, 
under water: note water ring.  Spots are TDS 
peaking up at Bragg positions.

New X-ray Detector
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As featured in the Oct. 2001 
issue of National Geographic.
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