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EELS Features Discussed in Main Text

	Material
	Edge
	Energy (eV)

	LiCo0.9Ni0.1O2
	Li-K
	62.1

	 
	Co-M3
	64.3

	 
	Ni-M3
	67.8

	LiCoO2
	Li-K
	62.3

	
	Co-M3
	64.4

	LiFePO4
	Fe-M3
	57.9

	 
	Li-K
	60.3

	LiMn2O4
	Mn-M3
	55.2

	 
	Li-K
	61.3

	Li2MnO3
	Mn-M3
	54.9

	 
	Li-K
	61.3



Supp. Info. Table 1.  Low-Loss EELS Edges of LIB Materials from Figure 1a. 

The effect of the EELS acquisition time on the observed jump ratio of the Li-K edge is shown in Supp. Info. Figure 1. To do this, a series of linescans with varying acquisition times were collected from different thin regions of a LiCoO2 sample. This fully automates the acquisition process and minimizes additional exposure to the sample caused by manual EELS acquisition. A representative EELS spectrum was taken from each linescan, deconvoluted, and the jump ratio of the Li-K edge was calculated.   The jump ratios are plotted with respect to the acquisition time used on the Hitachi HD2300 STEM. The corresponding electron doses (e- / nm2) are shown, calculated as outlined in the Methods section, using a 1 nm2 pixel size from the linescan.  Although there is typically a large variation in the measured jump ratios at each acquisition time, there is a notable downward trend in the measured jump ratio. A 1e-6 s acquisition (455 e- / nm2) gives a jump ratio of ~2.5 while a 1e-3s acquisition (455,000 e- / nm2) gives a jump ratio of ~2.35. This decrease to the Li-K jump ratio is likely due to a combination of knock-on beam damage to the sample and minor carbon contamination as the acquisition time increased. Continued EELS analysis of the same region, using any acquisition time, would only decrease the Li-K edge jump ratio. This would result in a larger difference between jump ratio measurements of EELS spectra with different acquisition times and electron dosages. 

[image: ]
Supp. Info. Figure 1. Li-K Jump Ratio with different EELS acquisition times. The bottom x-axis shows the acquisition time used when capturing the low-loss EELS spectra, with the top x-axis showing the electron dose calculated for each acquisition time.


[image: ]
Supp. Info. Figure 2. Example background subtraction and deconvolution routine for LiCoO2. (a) Data processing routine for LiCoO2 low-loss EELS spectrum, involving Fourier-log deconvolution of the spectrum followed by background subtraction from the Li-K and Co-M edges with a power-law model.  (b) Magnified view of Li-K and Co-M edge processing from (a) to highlight the residual signal after background subtraction. (c) Data processing routine for LiCoO2 O-K EELS edge, involving background subtraction using a power-law model. This was followed by Fourier-ratio deconvolution to remove plural scattering effects. (d) Data processing for the LiCoO2 Co-L3,2 EELS edge, which used the same method as in (c). The spectra shown were collected from a sample region with an approximate thickness of 1.9 , and thus have a large change in pre-edge and post-edge intensity after deconvolution.



	Material
	Plasmon Energy (eV)

	LiCo0.9Ni0.1O2
	24.9

	LiCoO2
	24.3

	LiFePO4
	23.9

	FePO4
	24.7

	LiMn2O4
	23.6

	Li2MnO3
	24.3

	-Fe2O3
	24.2

	NiO
	22.7



Supp. Info. Table 2.  Plasmon Peak Positions for Figure 2.


[image: ]
Supp. Info. Figure 3.  STEM images of the EELS linescan used in Figure 3 of the main text. (a) Bright-Field (BF) STEM image. (b) High-Angle Annular Dark-Field (HAADF) STEM survey image. The LiCoO2 is made of 20 nm – 50 nm particles that have agglomerated on the lacey carbon grid. The combined BF STEM (left) and HAADF STEM (right) images of the LiCoO2 sample show regions of increasing thickness. The green line shows the range of the linescan with the arrow showing the linescan direction. Markers along the linescan in (a,b) are positioned and colored to represent the location where each spectrum in Figure 3a was collected. The thickness of the sample (in inelastic mean free paths) at each position is also labelled in (a).

[bookmark: OLE_LINK2][image: ]
Supp. Info. Figure 4.  Second derivatives of EELS spectra collected from a region of LiCoO2 and lacey carbon seen in Figure 4a. (a) Interband transition region (b) Low-loss region with Li-K and Co-M3 edges. The positive values of 8 – 9 eV region was plotted in Figure 4e. This region gives only the LiCoO2 component of the interband transition region.  The 60 – 70 eV region was plotted in Figure 4f.

[image: ]
Supp. Info. Figure 5. Spectrum imaging maps of the Li-K EELS edge, after taking the second derivative as shown in Supp. Info. Figure 4. The intensity of the second derivative spectra was integrated over (a) 62 – 63 eV, (b) 64 – 65 eV, (c) 66 – 67 eV, and (d) 68 – 69 eV to compare directly with Figure 4e in the main text. Color bars to the right of the maps indicate the integrated intensity of the second derivative spectrum at each pixel. The observed SI maps vary greatly with the energy window chosen.



Strategies for Studying LIB Materials with EELS
Supp. Info. Table 3 provides an overview of several EELS analyses useful for studying LIB materials, with additional considerations for each type of analysis. A complete analysis of an LIB material will require careful consideration of all edges available across the energy-loss region. There are several experimental settings for both the microscope and the EELS spectrometer that must be considered to acquire good EELS spectra for a given analytical goal. Within the TEM or STEM, the appropriate operating voltage, probe size and beam current must be chosen to minimize sample damage and maximize EELS signal. These settings usually need to be changed based on the microscope used and the sample being analyzed. 
	Goal
	Edge
	Analysis
	Comments

	Measure Sample Thickness
	ZLP
 Plasmon 
	Calculate Intensity ratio with Digital Micrograph
	1) Use minimum exposure to avoid contamination build-up, which may change measurement
2) Need α,β, effective atomic number for absolute measurement

	Identify Composition
	Li-K
 TM-L, M
O-K
	Determine edge presence
	1) Thick samples may make low-loss features difficult to detect
 2) Minimize acquisition time to prevent beam damage to lithium, oxygen
3) Ensure sufficient probe intensity to achieve high SNR in core-loss features without long acquisition time

	Elemental Quantification
	O-K
 TM-L
	Quantification Routine in Digital Micrograph
	1) High SNR needed for accurate results
2)Low-loss elements need external standards or additional technique to correlate data for quantification

	Determine Oxidation State
	TM-L, M 
O-K
	1) L3:L2 Intensity Ratio
2) Edge onset shift                   3) Fingerprinting of fine structure
	1) Calculate L3:L2 intensity ratios and compare to standard to determine oxidation state
 2) Use C-K edge for help with calibrating core-loss spectra.

	Investigate Atomic Coordination
	Li-K
O-K
	Fingerprinting of fine structure
	Edge fine structure changes with coordination, i.e. O-K pre-peak intensity



Supp. Info. Table 3. Overview of EELS analysis strategies for studying LIB electrode materials. 
Determination of Spectrometer Collection Angle
[bookmark: _GoBack]The spectrometer collection angle () is chosen to maximize the collection of electrons scattered over different angular ranges after inelastic collision.  It is also one of the primary variables used in calculations for quantifying EELS spectra, meaning that the correct  is crucial for optimizing signal and ensuring accurate quantification. The  available are determined by the EELS spectrometer entrance aperture size,  and are usually provided by the spectrometer manufacturer but can also be calculated by the user. 
One must consider the characteristic scattering angle () of the electrons being detected to choose an appropriate . These characteristic scattering angles can be approximated: 

where E is the energy-loss of the electron, m0 is the electron mass, v is the electron velocity (determined by the microscope’s accelerating voltage), and  =  with c being the speed of light. (Williams & Carter, 2009) Supp. Info. Table 4 shows calculated characteristic scattering angles for several important EELS features for LIBs, at two common accelerating voltages of 80 kV and 200 kV.  







	Energy (Edge)
	θE (mrad), 80 kV
	θE (mrad), 200 kV

	55 eV (Li-K, TM-M)
	0.37
	0.16

	285 eV (C-K)
	1.93
	0.83

	532 eV (O-K)
	3.60
	1.56

	700 eV (Fe-L)
	4.74
	2.05

	900 eV (Cu-L)
	6.09
	2.63



Supp. Info. Table 4. Characteristic electron scattering angles () for EELS edges relevant to LIB electrode materials. Scattering angles are calculated for both 80 kV and 200 kV accelerating voltages.

The characteristic scattering angles are fractions of a mrad for low-loss edges to a few mrad for core-loss edges. The typical rule of thumb for maximizing collection of scattered electrons suggests that . This condition can be easily satisfied for electrons in the low-loss region. The EELS acquisition in this work was carried out with a 200 kV accelerating voltage,  as literature reports showed that inelastic scattering cross-sections for lithium were smaller at higher accelerating voltages, resulting in less sample damage. (Wang et al., 2011)  The  2 mm spectrometer entrance aperture used gives  = 14 mrad, which enables proper collection of scattered electrons in both the low-loss and core-loss range based on the calculated  values shown in Supp. Info. Table 4.


Supplementary Information References

BERTONI, G. & VERBEECK, J. (2008). Accuracy and precision in model based EELS quantification. Ultramicroscopy 108, 782–790.
JIANG, N. (2015). On the in situ study of Li ion transport in transmission electron microscope. Journal of Materials Research 30, 424–428. http://www.journals.cambridge.org/abstract_S0884291414003550.
LIN, F., MARKUS, I. M., DOEFF, M. M. & XIN, H. L. (2014). Chemical and structural stability of lithium-ion battery electrode materials under electron beam. Scientific reports 4, 5694. http://www.nature.com/srep/2014/140716/srep05694/full/srep05694.html.
WANG, F., GRAETZ, J., MORENO, M. S., MA, C., WU, L., VOLKOV, V. & ZHU, Y. (2011). Chemical distribution and bonding of lithium in intercalated graphite: Identification with optimized electron energy loss spectroscopy. ACS Nano 5, 1190–1197.
WILLIAMS, D. B. & CARTER, C. B. (2009). Transmission Electron Microscopy: A Textbook for Materials Science. 2nd ed. Springer US.



2

image3.emf
BF STEM B'F HAADF STEM

Spectrum Image

100 Am

S — |











image4.emf
Second Derivative Counts

O 1 2 3 4 5 6 7 8
800 T e e
— LiCoO,
Carbon
600 | -

400

200

-200

-400

-600

Energy Loss (eV)

Second Derivative Counts

100

-100

62 63 64 65 66 67 68 69 70

— LiCoO,
Carbon

62 63 64 65 66 67 68 69 70
Energy Loss (eV)









ab


image5.emf




image1.emf
1E+03
1

Electron Dose (e/nm?)
1E+04 1E+05
! ! ! ! ! L |

1E+06
1

2.70
265 I
260 I

255 L

N

(&)

e}
T

N

N

(&)
T

Li-K Edge Jump Ratio

N

~

o
T

235 L

230

225 Lo o1

1E-06

1E-05 1E-04
Acquisition Time (seconds)










image2.emf
10 20 30 40 50 60 70 80

a 2000000

1800000 ~

R'aV\I/ Slpelctrtlj mI

600

Deconvoluted 7
] Extracted Signal
1400000 -
@ 1200000—_
S 1000000 -
8 1
800000 -
600000 -
400000 A
200000 -
0_
0O 10 20 30 40 50 60 70 80
Energy Loss (eV)
460 480 500 520 540 560 580
T YT rr 1 rrrrrrrrrrrrrrrr
c 400000 Raw Spectrum .
Power-Law Background
350000 - Extracted Signal .
Deconvolved ]
300000 |
¢ 250000 |
)
c
=
O 200000 |
(&)
150000 |
100000 | -
50000
0
PR S TR T TN T TN [N T T TN [N SN TR TN N TN ST S [ T O N [ O T
460 480 500 520 540 560 580

600
Energy Loss (eV)

160000 |
140000 |
120000 |
100000 |-
80000 |
60000 |
40000 |
20000

Counts

-20000

Deconvoluted

50 55 60 65 70 75 80
b4ooooo S —
Deconvoluted

Power-Law Background
Extracted Signal
¢» 200000 - -
wd
c
=
o
(&)
0 4
PR T T T I RN T RO T N T T TR T [N TR TR T M T O TN T N [ T N N
50 55 60 65 70 75 80
Energy Loss (eV)
600 650 700 750 800 850 900
240000 ———————————— T
d 920000 L Raw Spectrum ]
- Power-Law Background
200000 | ) -
I Extracted Signal
180000 -

600

650 700 750 800

Energy Loss (eV)

850









ab

cd


