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Clean Vehicles Consortium Project 1.1.1

Characterization of Degradation Mechanisms in Li -
lon Batteries

Joint Project

U.S.Research Team Lead China Research Team Lead
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ResearclObjectives

The project team aims to improve the robustness of currgeneration lithiumion batteries via detailed characterization
of degradation and aging mechanisrsaddition, the project is formulating design principles based on the knowledge of
degradation and aging mechanisms to improve battery cycle life.

Technical Approach

1 Generate aged cells by accelerated eledtrermal praocols that are representative of actual driving conditions
for electric vehicles (EVs), hybrid EVs (HEVS), andrpHigVs

9 Conduct multiscale ex situ analysis of the anodes and cathodes harvested from unaged and aged cells for chang
in physical and mrphological structures, surface deposits, micro structures, phase fraction, active lithium
concentration, etc.

1 Perform electrical and electrochemical characterization at nanoscale using an atomic force microscope (AFM)

1 Apply the aging mechanism data tdibeate and evaluate the microscale models for battery performance

Significant Results

Previously acquired commercial cells from A123 (LiFePO4, 20Ah, prismatic) have been successfully aged in battery cyc
A refined EELS (electron energy Isgsctroscopy) methodology for identifying light elements (lithium in this case) that
involves special sample preparation techniques as well as minimization of beam induced damage in the transmissi
electron microscope during analysis has been developed.

Two sample preparation techniques have been used. In the first type, cathode material (powder) is extracted using a raz
blade and subsequently ground in a pestle and mortar to obtain a fine powder with electron transparent regions. Thi
powder is sprinkld on a lacey film support transmission electron microscopy grid for EELS analysis. This is a fast meth
for determination of phases forming in the cathode but lacks information on spatial correlation between nanoparticles ir
the cathode. Figre 1 shows acanning transmission electron microscapyigh angle annular dark field detector (STFEM
HAADF) image of the cathode nanopatrticles sprinkled on a grid as an inset to several low loss EELS spectra acquired
within a nanopatrticle over several exposurasting for five seconds each. The lithigkhedge is clearly visible (marked)
after four exposures demonstrating a lack of beam damage either during specimen preparation or EELS analysis.
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In the second technique, electron transparent thin foils are createal focused ion beam instrument using a procedure
with modified parameters of ion beam voltage, ion beam current and ion beam milling angle on specimen surface [1]. Tl
parameters are designed to minimize knawk damage to the lithium during ion beam hmy. This technique retains
spatial correlation between various nanoparticles in the original cathodard=&gshows EELS spectra taken from several
areas of the FIB foil extracted from a cathode (blue box region). The spectra shows variation in éhefshapiK edge
across the sample. At this point, variations in the edge structure are purely qualitative and attempts to quantify them are
being pursued. Such spectra can be acquired from regions as small as 20nm, allowing phase determination at t
nanopatrticle level.
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Figurel: EELS spectra obtained from a region within a LiFePO4 nanoparticle powder (6/RADF image in inset) obtained from a battery
cathode, sprinkled on a lacey support film TEM grid. The lack of beam damageseveral exposures is demonstrated.

Scanning Transmission Electron Microsedfigctron Energy Loss Spectroscopy (SHEM) was used to simultaneously
obtain images of the cathode microstructure and also acquire energy loss spectra in the low loss 1EgimeQeV).
Multiple Linear LeasBquares (MLLS) fitting was used to prove that the phase composition of aged cathodes did no
correspond to a lineacombination by weight of FePO4 and LiFePO4 phases which prompted further probng of the loca
electronic structure. Lorentz oscillator modelling was used to interpret the electronic structure using the obtained low
loss EELS data. We developed a tooldokrthat can track these changes to a very high spatial resolution (nm) irrespective
of the complex phase composition. We also used the data to study electronic structure evolution in these cathodes wit
aging and its implications to local chemical bondingironments in the cathode. The data suggests that the electronic
structure of the cathode is homogenized as the battery is aged. These results have been discussed in more detail in
guarterly reports presented in 2015 and are summarized inrEi§ below. A hypothesis of {He antisite defects was
proposed to explain the trends in electronic structure and used to explain the observed system level trends of capaci
loss in the battery with aging. Future work must focus on capturing these phenomarraahtime environment (ksitu),
perhaps using some of the recently developed liquid cell TEM technology.

The team has developed and utilizeesitu AFM technique for studying aging mechanism in LiFePO4 cathode [2]. Project
team has developed ansitu AFM cell that is easy to assemble in a glove box. In tHs&unAFM cell design, special
attention was paid to limit the electrolyte evaporation duringsitiu experiments. lssitu AFM cell performed on par with

a commercial Lion battery at C rates édow C/10. Diffusion limitations (i.e., distance between working and counter
electrodes is around 2.5 mm) and ndateal counter electrode (CE) to working electrode (WE) surface area ratio (i.e., CE
is ring shaped to accommodate AFM probe) dictatesitinexperiments to be performed at C/10 rate or below:situ

AFM experiments conducted on LiFePO4 cathode revealed that particle size changes during discharge showed a v
distribution indicating the inhomogeneous nature of the cathode surfacer€sdg3 aml 4.
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Figure2: EELS spectra obtained from several regions within the blue box marked in the STAADF image on the right
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Figure3: (a) Insitu LiFePO4 cycling data. (b) AFM images at the start aner &th of discharge.
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Figure4: (a) Deflection and segmented images of areas 1 and 2 given ur&g(b). Four LiFePO4 particles were analyzed for surface area
change, (b) percent increase in particle surface area after 6 higétthrge at C/20 rate.
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Figure5: STEM microstructure images of unaged and aged samples with specific nanoparticles marked from which electronic structuraslata
obtained (plots below). Various colors in the plot represent van®nanoparticles marked in the microstructure.

Future Plans

Future work needs to focus on performing experiments to probe structure and chemistry of the cathode with nanometel
spatial resolution in a real time environment-gitu). These experiments will provide deeper insight into the role of defect
structures aml metastable phases in the aging mechanism of LiFePO4 battery cathodes. The team will also contint
utilizing insitu AFM technique to understand aging phenomenon in LiFePO4 cathode. The team started studying agit
mechanism in thin film samples, which agpecially useful for fundamental understanding of the aging mechanism since
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they only include active material (i.e., LiFePO4) as compared to composite cathodes (i.e., LiFePO4 active material, car
coating and binder); therefore, thin film samples allstudying the aging mechanism of LiFePO4 active material in
isolation.

Expected Outcomes

1 A refined EELS methodology for light element analysis in battery materials

1 In situ AFM capabilities for direct analysis of morphological changes and electrochemicahpace of LiFePO4

1 A robust understanding of aging mechanisms in batteries as a function of aging protocols and cell design and sha
9 Parameters to quantify and relate evolution of microstructure in the cathode with the sykesh aging metrics

References/Publications
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Clean Vehicle€onsortium Project 1.1.2

In -Situ Neutron Depth Profiling of Lithium lon
Battery Materials for Improved Electrochemical

Performance and Aging Models
CooperativeProject(U.S.)

U.S. Research Team Lead
1 Marcello Canova, The Ohio State University

1 Raymond Cao, The Ohio State University

U.S. Partners
9 The Ohio State University

Research Objective

I Toestablish a direct method to measure the lithium intercalation in the anode and cathode of commercialdithium
ion batteries

1 To establish a technique to conductsitu measurement of the lithium concentration distribution in the anode and
cathode of lithium-ion cells during cell utilization (dischargi@gharging)

91 To identify the effect of aging and shape factors on the lithium intercalation in anode and cathode through direct
in situ measurements

1 To improve the accuracy of performance and aging modetsutiir better understanding of the relatidretween
degree of lithiation and state of charge, diffusion kinetics and concentration in liquid and solid phase in the cell

Technical Approach

1 Improve capabilitie®f ex situand develogn situmethodology for he analysis of lithiuaon electrode materials
G ¢KS hKA2 {GF3GS | YyAGSNEAGEQA oO6h{! Qav wSaSlI NOK wS
1 Develop a lithiurdion ain cell design, enabling fam situNDP measurements
9 Conductin situandex situNDP to quantify the lithium concentration indtsurface region of electrodes and relate
the findingsto celtlevel testing results (electrochemical impedance spectroscopy, cycling data, calorimetry)
1 Achieve a systematic design of an experiment to evaluate the lithium concentration profile in elestnogdes
harvested from new and aged celsd relate the experimental results to cell usage data
1 Analyze experimental results from situand ex situNDP of lithiurdon cell electrodes through electrochemical
modeling that is inclusive of aging (e.d=] §rowth models)

Recent Progress

Q12015

In this quarter we fabricated a sealed electrochemical cell and investigated the charging/discharging of a series
materials including a high voltage Li1.21Ni0.15Mn0.54C00.1000.79 (NMC) electrode, high powgtittens titanate
(Li4Ti5012, LTO), and high energy LixSny electrode, and conducted neutron depth profiling experiments. The purpos
to validate that insitu neutron depth profiling can be used for a wide range of battery materials.

The structure othe assembled cell can be found in the previous quarter report. The NMC samples were supplied by
Argonne National Lab, while the LTO samples were from Idaho National Lab (INL). The thickness of the NMC were ab
cn >Y FYR FLLINRPEAYIHNEADt Syt @SyB8r OBIRNEFSIR YLIp >Y RSSLJ
signal. The electrolyte sandwich between the NMC and the Li metal is composed®fi25 St 3+ NR o6y k2 L
immersed in a conventional carbonate electrolyte (1.0 M LiPF6 in 1:1 w/w EC: DMC), which is the channel to transport
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Li+ ions between the NMC eteade and the Lifoil. The 300Y [ A F2Af &aSNBSa Fa 020K 4K
electrode. A75 Y YI L2yt FAEY O20SNAB GKS (2L adz2NFI OS 2F GKS
electrochemical substances to vacuum, and also stops the alpha particles avoiding signal interference of the measurec
triton signal. We also investiggd a2.5> Y (KA Ol a&ftl NJ gAyR2g GKIFG gAff &adzma
therefore improving the effective penetration depth for studyhe insitu NDP experiment was conducted at the
bFridAz2ylf LyadgAdGdziS 27F { G yiet Néddoa Relsedreh (MCBIR) ki fillpeéritdéntalo b L |
RSAAIY 2LIGAYATLFGA2Y 61 &4 O2yRdzOGSR Fd h{! Qa FlIOAftAlEO®
receives a cold neutron beam with a flux of 1.0 x 109 /eiring a controlled chging/discharging rate of C/10. NDP
spectra collected during charge/discharge cycles were recorded every 15 min. The resolution is low thus the curves are
smoothed by using 100 data average. However, the resolution can be improved by integrating th&igmalltiple

15 min period NDP spectra or channels. From these results we conclude that during the charging process, 1) changes
the Li+ ion concentration was observed in the bulk of the NMC sample 2) the Li+ concentration increases uniformly anc
steadly within the observed region. A 48% decrease in the Li concentration was observed by integrating the Li
concentration under the NDP spectra, this change amounts to a 1.47 mAh charge passed during 50.4% of delithiation.
The Li concentration from NDP coatds very well with the charged passed during electrochemical delithiation. This
research helped the understanding of Li transportation in NMC battery and validas# iNDP can be usedrfa wide

range of materialéncluding a higlkenergy density LiSiast charging/discharging LTO and high voltage NMC electrodes.

Q42014
The activities of Q4 2014 focused on continuing the verification of Hs@urNDP characterization process, specifically by
applying this measurement technique to diagnose thddifion and delithiation in different electrode materials provided
by national laboratory partners and from sslfnthesized.
To this extent, several experiments were conducted at NIST in December 2014. Sevesrdl saihples were built using
three different materials:

1. LTO, with samples provided by Idaho National Laboratory;

2. NMC, with samples provided by Argonne National Laboratory;

od [A{YyZ FNRBY al YL Sa aeyikSaAT SR G h{! o0& 5N /2Q

In the second year, we havabricated a sealed electrochemical cell at OSU and successfully demonstraitedsiudy

of lithium transportation in a living cell using the NDP facility, as shownuneFigA) and (B)At the National Institute of
Standards and Technology (NISHg dnapshots of lithiation/delithation of a thin Sn foil (ca. 12.5 um) were studied and
areshown in Figre 1 (C).

NDP spectra collected during charge/discharge cycles were recorded every 5 min during a potentiostatic hold at +0.4 V
Li/Li+ (lithiation) over a period of 12 hyamounting to ca. 200 mAhr/g.

The realtime evolution of the Li distribution at 60 min intervals is shown imf€@. Prior to lithiation (Figre 2 black
dashed line)the Li signal in the electrolyte regiorb(to Opum) of 6.2x 1020 atom/cm corresponds to the concentration
of Li in 1M LiBF Upon lithiation, it is evident that an enrichment of Li at the near surface region (upu)2f Sn is
prevalent (0 to 260 min¥ollowed by the diffusion of Li into the bulkhe surfae concentration of Li reaches a steady
state at 1.9x 1022 atoms/cm by 680 min (equivalent to ca. 200 mAhr/g).
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Figure 1(A) A schematic representation of the battery componen(8) illustration of the NDP seip; and (C) a snapshot of the itu
NDP spectra showing Li transport during charging/discharging a battery.

The experiment conducted also elucidated an interesting phenomenon occurring in the electrolyte Fegioe2 shows

an increase in the concentration of the electrolyte upon charge at relatively uniform increments withliimnsancrease

can be attributed to increased concentration of Li salt due to solvent consumption during the formation of the SEI or du
to a decrease in volume from the expansion of the electrodemther possible explanation is the preferential migration

of 6Li towards the Sn during lithiation induced enrichment of 6Li. We exhibited the kinetics of Li reactions, intercalatior
and transportby in situ NDP, providing information that is indispensable in the advancement of materials for energy

storage.
This work is published at Angewandte Chemie (IF: 13) and was pickesldnitors as a very important publication.

CVC Project Fact Sheets Pages December 2015












































































































































































































































































































