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Overview

Purpose: To demonstrate a workflow using ion chromatography and high resolution
mass spectrometry for lithium ion battery (LIB) anode degradation product analysis.

Results: LIB anode degradation products were identified from four anode samples..

Introduction

The lithium ion battery (LIB) is the key component for electric vehicles (EV) and many
other electronic devices. The LIB quality directly affects the performance of EV and
other devices. Much research has been done in order to improve the performance and
increase the efficiency of LIB.

In this study, comprehensive analysis of LIB anode degradation products was conducted
using lon Chromatography (IC) coupled with High Resolution Mass Spectrometry
(HRMS).

Methods

Sample Preparation

The four LIB anode samples!lwere sonicated and rinsed in deionized water. Extracts
were filtered through Whatman PP 0.45 pm filters.

lon Exchange Chromatography

The ionic separations were carried out on Thermo Scientific™ Dionex™ ICS-2100 IC
System using Thermo Scientific™ Dionex™ lonPac™AG11, AS11 (2 mm) column.
Eluent: KOH from 1 to 65 mM in 45 min with gradient.

Eluent source: Thermo Scientific™ Dionex™ EGC 500 KOH Cartridge

Thermo Scientific™ Dionex™ AERS™ 500 (2 mm) Suppressor 2.

Mass Spectrometry

The MS analyses were carried out on Thermo Scientific™ Q Exactive™ hybrid
quadrupole-Orbitrap mass spectrometer using electrospray ionization in negative mode.

High resolution full-scan MS and top3 data-dependent MS/MS data were collected at
resolving power of 70,000 and 35,000 at FWHM m/z 200 respectively. Stepped HCD
normalized collision energy (NCE): 30, 45, 60.

Result

The anode samples were separated by ICS-2100 system based on conductivity, and
ions were eluted from the ion-exchange column based on their valences. The eluent was
introduced to a Q Exactive mass spectrometer for High Resolution Accurate Mass
(HRAM) measurement. The HRAM full scan and ms/ms data provided rich information
for confident elemental composition determination and structure characterization. The
data was processed using SIEVE for component extraction, followed by ChemSpider
and Thermo Scientific HR compound database searching for structure identification.
Small molecule structure analysis software (Thermo Scientific™ Mass Frontier™
software) was used to aid with known and unknown structure elucidation.

High Resolution Accurate Mass Ensured Accurate and Confident Results

Sultate (SO,) and phosphate (H,PO,) have the same unit mass 97.0 amu. High
Resolution Accurate Mass (HRAM) data clearly distinguish these two compounds, which
ensured unambiguous identification of ion species, especially for unknown degradation
product, see Table1. HRAM MS/MS fragments facilitated structure characterization
through accurate fragment ions elemental composition determination, see Figure 2. In
addition, HRAM MS/MS readily distinguished co-eluting compounds. See Figure 3.

TABLE 1. Unit mass vs. High Resolution Accurate Mass (HRAM).

m/z (-) m/z (-) Formula (-) lonic Species
Unit mass HRAM
97.0 96.9601 SO, Sulfate
97.0 96.9696 H,PO, Phosphate
139.0 139.0166 C;HgO,P Phosphate Ester
139.0 139.0071 C,H,0,8 Sulfonate

FIGURE 1. lon Exchange Chromatography and High Resolution Mass Spectrometry Workflow for Lithium lon Battery Anode Impurity Analysis
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FIGURE 2. HRAM MS/MS Fragments Ensure Confident Stracture Characterization FIGURE 5. Zoomed-in View for Details
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FIGURE 7. Components Identified from Sample 3

Components Identified in Cycle Aged Exhibited 20% Loss in Capacity Sample 3
Peak#t | RT (min) m/z Formula () Delta ppm Name (Based on MS results)*

1 3236 125.0009 C2H604P 0 Phosphate Esters

155.0116 C3H805P 06

169.0272 C4H1005P 06

185.0222 C4H1006P 06
2 38 139.0166 C3H804P. 04 Phosphoric acid
3 40 89.0244 C3H503 0.1
4 42 75.0088 C2H303 02 Methyl Carbonate
5 53 139.0071 C3H7045 04 Propyl sulfate
6 62 112.9810 CH303FP 03 Methyl Phosphorofluoridate
7 7.1 126.9966 C2H503FP 0.1 Ethyl
8 82 123.0122 C3H7035 03 Propyl sulfonate
9 98 140.9864 C2H5055 03 2-hydroxyethyl sulfate
10 100 155.0020 C3H7055 03
11 142 140.9958 C2H605P. 0.1 2-hydroxyethyl hydrogen phosphate:
12 143 125.0009 C2H604P 01 ethyl hydrogen phosphate
13 144 110.9853 CHA04P 02 methyl hydrogenphosphate
14 153 1310350 C5H704 0 3-carboxy-2-methylpropanoate
15 156 117.0193 CaHs04 02 methyl malonate
16 157 133.0143 C4H505 0.2 3-carboxy-3-hydroxypropanoate
17 159 117.0194 CaH504 02 Succinate
18 16.2 103.0037 C3H304 03 2-carboxyacetate
19 166 98.9653 HO3FP 0 hydrogen phosphorofiuoridate
20 17.1 118.9986 C3H305
21 17.2 96.9601 HOas 02 hydrogen sulfate
22 230 96.9696 H204P 0.5 dihydrogen phosphate
23 242 204.9674 C2H707P2 07 hydrogen (1-hydroxy-1-phosphono-ethyl)-phosphonate
24 244 190.9517 CH507P2. 11 Methyl trihydrogen diphosphate
25 261 131.0349 C5H704 04
26 267 175.0249 C6H706 03
27 269 147.0299 C5H705 03 4-carboxy-3-hydroxybutanoate
28 278 161.0092 C5H506 0.1 Ethanetricarboxylate
29 27.9 103.0037 C3H304 0
30 417 176.9360 H307P2 03 Trihydrogen diphosphate
31 49.2 175.0249 C6H706 03 Tricarballyllate
32 498 204.9312 C6H508 0.1

FIGURE 7. Components Identified from Sample 3
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Components Profile and Battery Performance

Figure 7 shows the intensity variations in different anode samples of two compounds
selected. Because these four anodes were aged under different conditions, the correlation
between the compounds and their intensities could be used as an indicator for battery

performance.

FIGURE 7. The Intensity Variations of Two Selected Compounds
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= lon chromatography coupled with a Q Exactive mass spectrometer provides a
powerful platform for li-ion battery anode impurity and degradant analysis.

= Phosphate degradation products in three aged lithium ion batteries were identified.

= This IC-HRMS platform can be used for QA/QC for lithium-ion battery manufacturers

and performance evaluations.

= Further study will be conducted to investigate the relationship of the compounds
identified and their intensities with the batteries performance.
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