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Lithium ion battery samples are vulnerable to both environmental and radiation damage in the
transmission electron microscope. As a light element, Lithium is particularly vulnerable to knock- on
displacement damage. Features such as the Solid Electrolyte Interphase (SEI) layer are disrupted by
ionization damage. Optimizing the microscope for ultra-low voltage operation could lead to a factor
of 4 increase in allowed signal, with additional benefits from cryo-immobilization in reduced
environmental and beam-induced degradation.

In the metallic electrodes, the primary damage mechanism is Knock-on displacement damage from
the collisions between electrons from the beam and the nuclei of atoms in the sample. This is
normally computed from the McKinley-Fesbach or Mott cross sections [1]. However, this gives only
a lower bound to the knock-on damage cross section because it neglects the possibility of displaced
atoms causing atomic cascades. An upper bound is obtained using the Kinchin-Pease cross section,
which assumes displaced atoms with sufficient energy cause a cascade [2]. When one also considers
that a single electron may displace multiple atoms, one finds that the total knock-on damage cross
section for Lithium decreases more slowly with electron beam energy than one might otherwise
expect (Fig. 1a) [3]. lonization damage occurs when an electron from the beam ionizes atoms in the
sample. In conductors, an ionized electron is easily replaced; however, in an insulating material, this
may break bonds. Fig. 1b shows the Lithium valence cross section (the primary ionization cross
section), the knock-on damage cross section, and as a potential spectroscopic signal the Lithium K-
edge cross section [4]. The best imaging conditions for a sample are achieved when the ratio of
signal events per damage event is maximized. This ensures the maximum signal for the maximum
allowed dose when imaging [5, 6]. Figure 1 c¢) shows that more signal Li K-edge events occur per
knock-on damage event at lower electron beam energies. The effect is especially dramatic from 60 to
20 keV. A similar result can be found for elastic annular dark field imaging as the chosen signal as
well. This implies that lower voltage electron microscopes are more suitable for studying Lithium
ion batteries. Of course, the actual energy used will be balanced by the need for high resolution and
penetration of the sample.

Typical battery elements are air sensitive making it difficult to prepare and transfer thin sections.
Common electrolytes, as well as some electrode materials like Sulfur, are prone to sublimate when
exposed to high vacuum. Both problems can be solved by cryotransfer and imaging. Fig. 2a shows
the vapor pressure curve for solid Sulfur [7]. Figure 2 b) shows the mass loss rate of selected solids
along their vapor pressure curves. Both indicate that mass loss by sublimation can be significantly
reduced by handling battery samples at low temperatures. This could be readily achieved with Cryo-
TEM. Freezing a battery sample to cryogenic temperatures in its electrolyte, would allow oxygen-
free transfer to the TEM, preserving oxygen-sensitive features such as the SEI layer.

References:

[1] W.A. McKinley and H. Feshbach, Phys. Rev. 74 (1948), p. 1759-1763.
[2] G. Kinchin and R. Pease, “The Displacement of Atoms in Solids by Radiation” (1955)

https://doi.org/10.1017/51431927613008131 Published online by Cambridge University Press


https://doi.org/10.1017/S1431927613008131

Microsc. Microanal. 19 (Suppl 2), 2013 1229

[3] C. R. Bradley, “Calculations of Atomic Sputtering and Displacement Cross-Sections in Solid
Elements by Electrons with Energies from Threshold to 1.5MV”, ANL.

[4] R.F. Egerton, “Electron Energy Loss Spectroscopy in the Electron Microscope” 3rd ed.
(Springer, NY, USA).

[5] R. Henderson, Quarterly Reviews of Biophysics 28 (1995), p. 171-193.[6] J. R. Breedlove and
G.T. Trammell, Science 170 (1970), p. 1310-13 .

[7] A.G.M. Ferreira and L.Q. Lobo, J. Chem. Thermodynamics 43 (2011), p. 95-104.

[8] Work supported by the Energy Materials Center at Cornell, DOE EFRC BES (DE-SC0001086).
EM Facility support from NSF MRSEC program (DMR 1120296).

a a
‘g I Solid (Rhombic)
= 1500 | ] 10* |
=2 Kinchin Pease
c Cascade Damage ‘E -
2 1000 S 10*
7} = 10° b
D
o g L Gas
§ 500 Mckinley Fesbach @ 10'5
5 Displacement Damage E

o - Typical TEM sample pressure
10 10
b
10

-
Q
G

N 10—12 A ) L L

K Lithium Plasman 3 220 260 300 340 380
Temperature (K)

E Lithium K-Edge (EELS) 1}

Cross Section (barns)
=)
w

10* [ b 10° :
Water Ice
3 [ e Knock On Damage _—
10 T o 10" | Ethylene Sulfur |
— Carbonate
% 10-2 107 Torr |

Cc o
(=] w
B 200 - 2
= %] 3 10" Torr
3 g 10
‘g 150 - 5 .
8 & 10°
3 100 L K-Edge / Knock On Damage °
g E 5 107" Torr
8 = 10
o 50 -

0 = (K-Edge / Plasmon} x 100 10'61 00 15'0 2|I]0 25'0 3"]0
0 50 100 150 200 250 300 350 400
Electron Energy (keV) Tem perature (K)

Figure 1. a Knock-on damage cross cross section for Lithium. The lower bound is given by the
McKinley Fesbach approximation to the Mott scattering cross section, assuming no interactions
between displaced atoms. The upper bound is given by Kinchin and Pease, assuming displaced
atoms will cause an atomic cascade. b Cross section for Li plasmon edge - the major part of the
ionization cross section, Li K-edge cross section, and Knock-on damage cross section. ¢ Ratios of
Li K-edge cross section to knock-on damage cross section and to plasmon cross section. A larger
ratio implies that radiation damage will be lower when imaging. The ratio of K-edge signal to
knock on damage cross section increases as electron beam energy decreases.

Figure 2. a Extrapolated vapor pressure curve of solid Sulfur. b Rate of sublimation of different

materials along their vapor pressure curve, measured in molecular monolayers per second. Note
the rapid decrease in loss rate as temperature is reduced, even as pressure is reduced.
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