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Research Objectives 

The project team aims to improve the robustness of current-generation lithium-ion batteries via detailed characterization 
of degradation and aging mechanisms. In addition, the project is formulating design principles based on the knowledge of 
degradation and aging mechanisms to improve battery cycle life. 

Technical Approach 

¶ Generate aged cells by accelerated electro-thermal protocols that are representative of actual driving conditions 
for electric vehicles (EVs), hybrid EVs (HEVs), and plug-in HEVs  

¶ Conduct multi-scale ex situ analysis of the anodes and cathodes harvested from unaged and aged cells for changes 
in physical and morphological structures, surface deposits, micro structures, phase fraction, active lithium 
concentration, etc. 

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

¶ Apply the aging mechanism data to calibrate 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 cyclers. 
A refined EELS (electron energy loss spectroscopy) 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 transmission 
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 razor 
blade and subsequently ground in a pestle and mortar to obtain a fine powder with electron transparent regions. This 
powder is sprinkled on a lacey film support transmission electron microscopy grid for EELS analysis. This is a fast method 
for determination of phases forming in the cathode but lacks information on spatial correlation between nanoparticles in 
the cathode. Figure 1 shows a scanning transmission electron microscopy ς high angle annular dark field detector (STEM-
HAADF) image of the cathode nanoparticles sprinkled on a grid as an inset to several low loss EELS spectra acquired from 
within a nanoparticle over several exposures lasting for five seconds each. The lithiumςK edge 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 created in a 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]. The 
parameters are designed to minimize knock-on damage to the lithium during ion beam milling. This technique retains 
spatial correlation between various nanoparticles in the original cathode. Figure 2 shows EELS spectra taken from several 
areas of the FIB foil extracted from a cathode (blue box region). The spectra shows variation in the shape of the Li-K 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 the 
nanoparticle level. 

 
Figure 1: EELS spectra obtained from a region within a LiFePO4 nanoparticle powder (STEM-HAADF image in inset) obtained from a battery 
cathode, sprinkled on a lacey support film TEM grid. The lack of beam damage over several exposures is demonstrated. 

 

Scanning Transmission Electron Microscopy- Electron Energy Loss Spectroscopy (STEM-EELS) was used to simultaneously 

obtain images of the cathode microstructure and also acquire energy loss spectra in the low loss regime (-10 ŕ 90eV). 
Multiple Linear Least Squares (MLLS) fitting was used to prove that the phase composition of aged cathodes did not 
correspond to a linear combination by weight of FePO4 and LiFePO4 phases which prompted further probng of the local 
electronic structure.  Lorentz oscillator modelling was used to interpret the electronic structure using the obtained low 
loss EELS data. We developed a tool to track that 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 with 
aging and its implications to local chemical bonding environments 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 the 
quarterly reports presented in 2015 and are summarized in Figure 5 below. A hypothesis of Li-Fe antisite defects was 
proposed to explain the trends in electronic structure and used to explain the observed system level trends of capacity 
loss in the battery with aging. Future work must focus on capturing these phenomena in a real time environment (in-situ), 
perhaps using some of the recently developed liquid cell TEM technology.  

The team has developed and utilized in-situ AFM technique for studying aging mechanism in LiFePO4 cathode [2]. Project 
team has developed an in-situ AFM cell that is easy to assemble in a glove box. In the in-situ AFM cell design, special 
attention was paid to limit the electrolyte evaporation during in-situ experiments. In-situ AFM cell performed on par with 
a commercial Li-ion battery at C rates below C/10. Diffusion limitations (i.e., distance between working and counter 
electrodes is around 2.5 mm) and non-ideal counter electrode (CE) to working electrode (WE) surface area ratio (i.e., CE 
is ring shaped to accommodate AFM probe) dictates in-situ experiments to be performed at C/10 rate or below. In-situ 
AFM experiments conducted on LiFePO4 cathode revealed that particle size changes during discharge showed a wide 
distribution indicating the inhomogeneous nature of the cathode surface, Figures 3 and 4. 
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Figure 2: EELS spectra obtained from several regions within the blue box marked in the STEM-HAADF image on the right 

 

 
Figure 3: (a) In-situ LiFePO4 cycling data. (b) AFM images at the start and after 6 h of discharge. 
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Figure 4: (a) Deflection and segmented images of areas 1 and 2 given in Figure 4(b). Four LiFePO4 particles were analyzed for surface area 
change, (b) percent increase in particle surface area after 6 h of discharge at C/20 rate. 

 
Figure 5: STEM microstructure images of unaged and aged samples with specific nanoparticles marked from which electronic structure data was 
obtained (plots below). Various colors in the plot represent various nanoparticles marked in the microstructure. 

 

Future Plans 

Future work needs to focus on performing experiments to probe structure and chemistry of the cathode with nanometer 
spatial resolution in a real time environment (in-situ). These experiments will provide deeper insight into the role of defect 
structures and metastable phases in the aging mechanism of LiFePO4 battery cathodes. The team will also continue 
utilizing in-situ AFM technique to understand aging phenomenon in LiFePO4 cathode. The team started studying aging 
mechanism in thin film samples, which are especially 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, carbon 
coating and binder); therefore, thin film samples allow studying the aging mechanism of LiFePO4 active material in 
isolation. 

Expected Outcomes 

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

¶ In situ AFM capabilities for direct analysis of morphological changes and electrochemical performance of LiFePO4 

¶ A robust understanding of aging mechanisms in batteries as a function of aging protocols and cell design and shape 

¶ Parameters to quantify and relate evolution of microstructure in the cathode with the system-level aging metrics 

References/Publications 

1. Gilchrist, J. B., Basey-Fisher, Toby. H., Chang, S. C'E., Scheltens, F., McComb, D. W. and Heutz, S. (2014), Uncovering 
Buried Structure and Interfaces in Molecular Photovoltaics. Adv. Funct. Mater., doi: 10.1002/adfm.201400345 

2. Demirocak, D. E. and Bhushan, B. (2014), In situ atomic force microscopy analysis of morphology and particle size 
changes in Lithium Iron Phosphate cathode during discharge.  J Colloid and Interface Sci., vol. 423, pp. 151-157. 
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In -Situ Neutron Depth Profiling of Lithium Ion 
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Research Objective 

¶ To establish a direct method to measure the lithium intercalation in the anode and cathode of commercial lithium-
ion batteries 

¶ To establish a technique to conduct in situ measurement of the lithium concentration distribution in the anode and 
cathode of lithium-ion cells during cell utilization (discharging ς charging) 

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

¶ To improve the accuracy of performance and aging models through better understanding of the relation between 
degree of lithiation and state of charge, diffusion kinetics and concentration in liquid and solid phase in the cell 

 

Technical Approach 

¶ Improve capabilities of ex situ and develop in situ methodology for the analysis of lithium-ion electrode materials 
ŀǘ ¢ƘŜ hƘƛƻ {ǘŀǘŜ ¦ƴƛǾŜǊǎƛǘȅΩǎ όh{¦Ωǎύ wŜǎŜŀǊŎƘ wŜŀŎǘƻǊ 

¶ Develop a lithium-ion coin cell design, enabling for in situ NDP measurements 

¶ Conduct in situ and ex situ NDP to quantify the lithium concentration in the surface region of electrodes and relate 
the findings to cell-level testing results (electrochemical impedance spectroscopy, cycling data, calorimetry) 

¶ Achieve a systematic design of an experiment to evaluate the lithium concentration profile in electrode samples 
harvested from new and aged cells, and relate the experimental results to cell usage data 

¶ Analyze experimental results from in situ and ex situ NDP of lithium-ion cell electrodes through electrochemical 
modeling that is inclusive of aging (e.g., SEI growth models) 

Recent Progress 

Q1 2015 

In this quarter we fabricated a sealed electrochemical cell and investigated the charging/discharging of a series of 
materials including a high voltage Li1.21Ni0.15Mn0.54Co0.10O0.79 (NMC) electrode, high power density lithium titanate 
(Li4Ti5O12, LTO), and high energy LixSny electrode, and conducted neutron depth profiling experiments. The purpose is 
to validate that in-situ neutron depth profiling can be used for a wide range of battery materials.  
The structure of the 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 about 
сл ˃Ƴ ŀƴŘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ ƻƴƭȅ ǘƘŜ ŎƘŀǊƎŜŘ ǇŀǊǘƛŎƭŜǎ ƎŜƴŜǊŀǘŜŘ ŦǊƻƳ р ˃Ƴ ŘŜŜǇ ƛƴǘƻ ǘƘŜ ǎǳǊŦŀŎŜ Ŏŀƴ ŎƻƴǘǊƛōǳǘŜ ǘƻ ǘƘŜ 
signal. The electrolyte sandwich between the NMC and the Li metal is composed of a 25 ˃ Ƴ /ŜƭƎŀǊŘ όул҈ ǇƻǊƻǎƛǘȅύ 
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 electrode and the Li foil. The 300 ˃Ƴ [ƛ Ŧƻƛƭ ǎŜǊǾŜǎ ŀǎ ōƻǘƘ ǘƘŜ ŎƻǳƴǘŜǊ ŀƴŘ ǊŜŦŜǊŜƴŎŜ 
electrode. A 7.5 ˃ Ƴ YŀǇǘƻƴϯ ŦƛƭƳ ŎƻǾŜǊǎ ǘƘŜ ǘƻǇ ǎǳǊŦŀŎŜ ƻŦ ǘƘŜ ba/ ŜƭŜŎǘǊƻŘŜ ǎŜŀƭƛƴƎ ǘƘŜ ŎŜƭƭ ŦǊƻƳ ƭŜŀƪƛƴƎ 
electrochemical substances to vacuum, and also stops the alpha particles avoiding signal interference of the measured 
triton signal. We also investigated a 2.5 ˃ Ƴ ǘƘƛŎƪ aȅƭŀǊ ǿƛƴŘƻǿ ǘƘŀǘ ǿƛƭƭ ǎǳōǎǘŀƴǘƛŀƭƭȅ ǊŜŘǳŎŜ ǘƘŜ ǎǘƻǇǇƛƴƎ ǇƻǿŜǊ 
therefore improving the effective penetration depth for study. The in-situ NDP experiment was conducted at the 
bŀǘƛƻƴŀƭ LƴǎǘƛǘǳǘŜ ƻŦ {ǘŀƴŘŀǊŘǎ ŀƴŘ ¢ŜŎƘƴƻƭƻƎȅΩǎ όbL{¢ύ /ŜƴǘŜǊ for Neutron Research (NCNR), while all experimental 
ŘŜǎƛƎƴ ƻǇǘƛƳƛȊŀǘƛƻƴ ǿŀǎ ŎƻƴŘǳŎǘŜŘ ŀǘ h{¦Ωǎ ŦŀŎƛƭƛǘȅΦ ¢ƘŜ ǎŜǘǳǇ Ŏŀƴ ōŜ ŦƻǳƴŘ ƛƴ ǘƘŜ ǇǊŜǾƛƻǳǎ ǊŜǇƻǊǘΦ ¢ƘŜ ōŀǘǘŜǊȅ ǎŀƳǇƭŜ 
receives a cold neutron beam with a flux of 1.0 x 109 /cm2-s during a controlled charging/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 the signal from multiple 
15 min period NDP spectra or channels. From these results we conclude that during the charging process, 1) changes in 
the Li+ ion concentration was observed in the bulk of the NMC sample 2) the Li+ concentration increases uniformly and 
steadily 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 correlates very well with the charged passed during electrochemical delithiation. This 
research helped the understanding of Li transportation in NMC battery and validated in-situ NDP can be used for a wide 
range of materials including a high energy density LiSn, fast charging/discharging LTO and high voltage NMC electrodes.  
 
Q4 2014 
The activities of Q4 2014 focused on continuing the verification of the in-situ NDP characterization process, specifically by 
applying this measurement technique to diagnose the lithiation and delithiation in different electrode materials provided 
by national laboratory partners and from self-synthesized.  
To this extent, several experiments were conducted at NIST in December 2014. Several half-cell samples were built using 
three different materials:  

1. LTO, with samples provided by Idaho National Laboratory;  
2. NMC, with samples provided by Argonne National Laboratory;  
оΦ [ƛ{ƴΣ ŦǊƻƳ ǎŀƳǇƭŜǎ ǎȅƴǘƘŜǎƛȊŜŘ ŀǘ h{¦ ōȅ 5ǊΦ /ƻΩǎ ǘŜŀƳΦ  

Significant Results 

In the second year, we have fabricated a sealed electrochemical cell at OSU and successfully demonstrated in situ study 
of lithium transportation in a living cell using the NDP facility, as shown in Figure 1 (A) and (B). At the National Institute of 
Standards and Technology (NIST), the snapshots of lithiation/delithiation of a thin Sn foil (ca. 12.5 µm) were studied and 
are shown in Figure 1 (C).  

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

The real-time evolution of the Li distribution at 60 min intervals is shown in Figure 2. Prior to lithiation (Figure 2 black 
dashed line), the Li signal in the electrolyte region (-5 to 0 µm) of 6.2 × 1020 atom/cm3 corresponds to the concentration 
of Li in 1M LiBF4. Upon lithiation, it is evident that an enrichment of Li at the near surface region (up to 2 µm) of Sn is 
prevalent (0 to 260 min), followed by the diffusion of Li into the bulk. The surface concentration of Li reaches a steady 
state at 1.9 × 1022 atoms/cm3 by 680 min (equivalent to ca. 200 mAhr/g).  
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The experiment conducted also elucidated an interesting phenomenon occurring in the electrolyte region. Figure 2 shows 
an increase in the concentration of the electrolyte upon charge at relatively uniform increments with time. This increase 
can be attributed to increased concentration of Li salt due to solvent consumption during the formation of the SEI or due 
to a decrease in volume from the expansion of the electrodes. Another possible explanation is the preferential migration 
of 6Li towards the Sn during lithiation induced enrichment of 6Li. We exhibited the kinetics of Li reactions, intercalation, 
and transport by 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 picked by the editors as a very important publication. 

 
Figure 1. (A) A schematic representation of the battery components; (B) illustration of the NDP setup; and (C) a snapshot of the in situ 
NDP spectra showing Li transport during charging/discharging a battery. 

 

 








































































































































































































