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Project Objectives - Relevance

Energy fade during calendar-life and cycle-life
aging limits the application of lithium-ion cells
in transportation applications

= High-performing, high-energy, safe and long-life batteries are needed to
reduce petroleum consumption in vehicular applications

= Performance targets of plug-in electric vehicle (PEV) and electric vehicle
(EV) batteries can be met by cells containing layered-oxide-based
positive electrodes

= To achieve the energy and power density targets, cells with these
electrodes must be cycled to voltages that exceed 4.5 V vs. Li/Lit

= On extended cycling at these voltages, capacity loss, impedance rise and
voltage fade reduces the cell’s energy and power output

= Mitigating these performance degradation characteristics is, therefore,
critical to increasing longevity, thereby reducing lifetime cost, of these
high-energy batteries



Approach - Project

Electrochemical characterization is essential to evaluate
and benchmark cell performance characteristics

Develop standard electrochemical protocols to track, quantify and
characterize cell performance and performance degradation
characteristics in a reproducible and time-efficient manner

— Disseminate protocols to partnering institutions and individuals to allow

comparison of data generated at multiple laboratories

Provide continuous feedback to team members for the development of
electrolyte additive and coating technologies that minimize cell
performance degradation

— Data from AC Impedance spectroscopy and galvanostatic intermittent

titration experiments are used to develop models that explain the reasons
for performance degradation

— ldentifying sources of performance degradation is the first step towards
designing high-performance, high-energy, long-life cells



Technical Accomplishments and Progress _
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Technical Accomplishments and Progress
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capacity fade:
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Technical Accomplishments and Progress

Bootstrap methodology to evaluate

modifications to baseline chemistry
Benchmark Map: Capacity Loss
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For a sample size of n = 5 any proposed
modification to the NCM523 baseline chemistry
should yield a normalized capacity loss of less
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Technical Accomplishments and Progress

Impedance Rise on Cycling

N
impedance rise:
(HPPC 5 - HPPC 1)

HPPC discharge impedance

~3.7V ,
45 Q cm
— - B 30 Q cm? S NCA impedance rise
¥ 11O 2 At ~3.7V: 3.8 1.6 Q cm?
e o HPPC1 15Qcm
HPPC 5 15 cells: NCA, NCM523 and HE5050:
HPPC 1 (solid color), HPPC 5 (light color)
2
4> Qcm NCM523 impedance rise
A -ﬁ'_ﬁ'ﬁ_ 30 Q cm’ At ~3.7V: 8+ 1 Q cm?
e o HPPC1 150 sz
HPPC 5

Magnitude of HPPC impedance rise:
HE5050 > NCM523 > NCA

150 Q cm’ HE5050 impedance rise

|® ® HPPC1
HPPC 5

\le o

eoflle L] [ 2
4|—'qu1—\—‘— 50 Q cm

2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2
voltage (V)

100 Q cm? At ~3.7V: 100 £ 13 Q cm?2

v
increasing impedance rise



Technical Accomplishments and Progress _
Bootstrap methodology to evaluate

modifications to baseline chemistry
Benchmark Map: Impedance Rise
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Technical Accomplishments and Progress _
AC Impedance Spectra changes on Cycling
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Technical Accomplishments and Progress

Data from cells with Reference Electrode(s) complement

data from coin cells
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Technical Accomplishments and Progress

Data from Reference Electrode cells show electrode

contributions to initial cell impedance

NCM523/Graphite Cell
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Positive electrode impedance is larger AC impedance data show that positive
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Impedance values for charge and that of the negative, consistent with
discharge pulses are similar. HPPC data.

Cycling experiments (in progress) will yield aging-related information
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Electrochemical Model for HE/HV Studies Focused on

Interfacial Phenomena

= Phenomenological model developed for AC impedance and DC
studies using same constituent equations and parameters.

= Differential and algebraic equations describing the transport,
thermodynamic, and kinetic phenomena are solved to
determine current, potential, and concentration distributions.

= |ncludes a complex active material / electrolyte interfacial ‘?’@r,é/ﬁo%@
structure. Yy, /
— Film on active particles acts as a thin electrolyte layer with _ |
restricted diffusion (D,) and migration (x;) of lithium ions EleCtrOClﬁleglf;:CleReacuon

with capacitance (Cf).
— Surface layer of active particle inhibits the diffusion (D, K,) of lithium into the bulk
active material (D).
— Electrochemical reaction (i,) and double layer capacitance (C,) at film/layer interface
— Particle contact resistance (c,) and film capacitance (C,).

= Volume averaged continuum based transport equations account for the porous
multiphase character of lithium ion cells, including multiple active particle fractions.

= Models developed for multi-dimensional, multi-scale, and transient simulations



Technical Accomplishments and Progress

Electrochemical Modeling Studies on NCM-523
Electrodes: Initial Evaluation and Comparison
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Description of electrochemical model in Journal of The Electrochemical Society, 162 (4) A559 (2015)




Technical Accomplishments and Progress \

Electrochemical Modeling Studies on NCM-523
Electrodes: Initial Evaluation of DC Electrochemical
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Electrochemical Modeling was Utilized to Examine Why
Oversizing the Negative Electrode in Coin Cell Tests
Significantly Enhances Reproducibility

NCA/Grapite Coin Cell at Top of C/3 Charge
Active Material Li Distribution along Electrode Midpoint

cells with oversized negative
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= The greater the electrodes are misaligned, the more the current distribution becomes
non-uniform, causing greater variation in the cell-to-cell performance.

= Conversely, the oversized negative electrode coin cells essentially have a buffer already
built-in to deal with some misalignment. Effectively, the uniformity of the current
distribution has been sacrificed for improved reproducibility.
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Summary

= Established standard protocol to track performance changes in lithium-ion cells.
Protocol has been applied to 30 cells each containing the following chemistries

— NCM523/Graphite (3.0-4.4 V) ; NCA/Graphite (3.0-4.4 V); HE5050/Graphite (2.5-4.4 V)

= Data obtained from these baseline cells indicate the following:
— Capacity loss trends: HE5050 > NCM523 > NCA
— Impedance rise trends: HE5050 > NCM523 > NCA
= A “bootstrap methodology” has been developed to evaluate performance
degradation characteristics resulting from modifications to baseline chemistry

— For a sample size of n =5 any modification to the NCM523 baseline chemistry should yield
a normalized capacity loss of less than = 0.09 and an impedance rise of less than = 5.2 Q
cm? to be considered an improvement.

= Cycling experiments have been initiated in cells containing reference electrodes to
Identify electrode contributions to cell performance degradation

— For NCM523//Graphite couples, Initial data indicate that impedance of the positive is
larger than that of the negative electrode.

= Electrochemical Modeling Studies on NCM-523 Electrodes have been initiated
— Bulk lithium diffusion coefficient for NCM-523 is on the order of 101 cm?/s).

— Electrode misalignment makes the current distribution more non-uniform, causing greater
variation in cell-to-cell performance
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Future Work

= Complete electrochemical evaluation of baseline cell couples

= Develop performance metrics from the baseline cell data to
evaluate modifications to cell chemistry, which may include
the use of electrode coatings and electrolyte additives

= Develop electrochemical models that highlight causes of cell
performance degradation and recommend solutions to
improve cell performance and life

= Disseminate standard protocols to partnering institutions and
individuals

= Document data in reports and peer-reviewed articles
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