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IV Applied Battery Research for Transportation
[V.A Introduction

The Applied Battery Research (ABR) for transportation program is focused on materials and cell couples for high
energy batteries for use in PHEV40 (PHEVs with a 40 mile all-electric range) light-duty vehicles. The key barriers
associated with PHEV batteries are:

+  High cost

»  Insufficient energy density to meet the 40-mile all-electric range,
+  Limited calendar and cycle life,

» Insufficient tolerance to abusive conditions, and

+  Operation between -30°C and +52°C.

The program is seeking to develop higher energy materials, higher voltage electrolytes, combined into more optimal
cell chemistries that are more stable and long-lived in the cell environment; as well as possessing cost advantages over
current materials. The program is also focused on understanding and enhancing the abuse tolerance of the individual
materials, components, and cell chemistries, which will help reduce the level of complexity of the electronic control
system and thereby realize cost savings.

One of the unique characteristics of the ABR program is the full design of experiment approach to identifying,
diagnosing, and addressing issues with high-energy, high power cells. ABR investigators work to apply iterative, multi-
mode applied R&D processes that move from materials and advanced chemistry through design, fabrication, performance
testing, and diagnostics. Successful outcomes will lead to new, improved technical knowledge for the ABR program, but
more importantly, they will collectively provide a forum to directly address scientific and engineering barriers to the
commercialization of electric drive vehicle (EDV) electrochemical energy storage systems.

Seven DOE national laboratories and two external laboratories are collaborating in the program. Argonne National
Laboratory (ANL) provides coordination of the program activities for DOE. The other participating DOE laboratories are
Brookhaven National Laboratory (BNL), Idaho National Laboratory (INL), Lawrence Berkeley National Laboratory
(LBNL), Oak Ridge National Laboratory (ORNL), the National Renewable energy Laboratory (NREL), and Sandia
National Laboratories (SNL). The two additional laboratories contributing to the program are the Army Research
Laboratory and the Jet Propulsion Laboratory. As part of this program, ANL researchers maintain close communications
and collaborations with a large number of international material supply companies, through which they gain access to the
latest advanced electrode and electrolyte materials for evaluation.

Research and development within the ABR program can be characterized by two major features: what are the
technologies under study and what is the common approach to all ABR scientific investigations. ABR projects all must
deal with technological development with a near-term societal benefit—battery chemistries are selected for optimization
and development that are expected to be in EDVs, commercially available, within a window of four to eight years. The
common philosophy among all ABR projects is a problem-centric focus. This strongly complements the discovery-based
research activities within the VTP-BATT program and those supported by the DOE Office of Basic Research.

The year 2011-2012 was a transitional year for the program, with major supporting facilities becoming operational.
ANL has installed and is bringing into full operation three new facilities: a materials scale up facility, a cell fabrication
facility, and a cell tear down and diagnostics facility. These three operations will be critical to the future success of this
program as they will enable full investigation and characterization of new material and cell variations in commercially
relevant cells (18650s and 1 Ah pouch cells).

Central to the mission of ABR is the ability to test and study the most promising new cell materials as complete cells
with cells and components fabricated as functional battery components. The service facilities established under the
Recovery Act and completed last year make this possible. The three service facilities at Argonne National Laboratory
provide cell materials (the Battery Materials Scale-Up Research program within Argonne’s Materials Engineering
Research Facility (MERF)), fabricated electrodes and full cells (the Cell Fabrication Facility), and post-test breakdown and
diagnostics (the Post-Test Facility.) These services are available to all participants in ABR, as well as other DOE
programs. Over 150 square meters of electrodes have been supplied to DOE researchers across eight different national labs
to serve their testing needs. The scale-up work in electrolyte and electrolyte additives at MERF has produced four
additives/components all being evaluated for use in next-generation Li-ion batteries. Three more components are in the
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manufacturing scale-up process right now. The post-test facility has provided spectroscopic, microscopic, and
electrochemical characterization of hundreds of samples, the majority coming from materials fabricated into Li-ion
batteries.

In fiscal year 2012, several projects were either started or re-aligned with the overall objective of providing a more
detailed understanding of various critical materials and component processing functions. These processing R&D projects
included work at Oak Ridge National Laboratory directed at on-line characterization and quality control during electrode
fabrication and at utilizing aqueous slurry technology in electrode preparation, moving away from the cost and safety
issues of a flammable, toxic manufacturing solvent. At Argonne National Laboratory, in addition to work in optimizing
electrode composition and fabrication conditions in the Cell Fabrication Facility, researchers who had previously focused
on developing new active cathode materials (ACMs), moved their efforts onto improving the understanding of the role
precursor compounds played in synthesizing ACMs. The National Renewable Energy Laboratory in Denver, CO joined
the ABR teram in 2012 to begin work on applying state-of-the-art atomic layer deposition (ALD) coating technologies to
treating electrode materials and electrodes with the aim of extending life, and improving performance and safety.

The remainder of this section provides technical highlights and progress on the Applied Battery Research program
for FY 2012. The information provided is representative only and detailed information is available from publications cited
in each project overview.
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IV.B.1 ABR Project: Mitigation of VVoltage Fade in Lithium-
Manganese-rich Oxide Cathode Materials (ANL)

Anthony Burrell

Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL 60439-4837

Phone: (630) 252-2629

E-mail: Burrell@anl.gov

Collaborators:

Ali Abouimrane, Daniel Abraham, Khalil Amine,
Mahalingam Balasubramanian, Javier Bareno Garcia-
Ontiveros, Ilias Belharouak, Roy Benedek, Ira Bloom,
Zonghai Chen, Dennis Dees, Kevin Gallagher,

Hakim Iddir, Brian Ingram, Christopher Johnson,
Wenquan Lu, Nenad Markovic, Dean Miller, Yan Qin,
Yang Ren, Michael Thackeray, Lynn Trahey, and
John Vaughey all from Argonne National Laboratory

Start Date: March 2012
Projected End Date: September 2014

Objectives

Define voltage fade. September 2012, (complete)

Establish test protocols. September 2012, (complete)

Benchmark materials properties using different
synthesis techniques. September 2012 (complete)

Initiate detailed structural analyses of composite
electrode structures at the Advanced Photon Source
(APS) by X-ray diffraction, X-ray absorption and
pair-distribution function (pdf) analyses. September
2012, (complete)

Initiate measurement of entropy changes in standard
composite cathode material. September 2012,
(complete)

Technical Barriers

The objective of the work is to enable the Argonne
high energy composite layered cathode xLi,MnO’+(1-
x)LiMO, (M = Ni, Mn, Co), also referred to as lithium and
manganese rich NMC material (LMR-NMC), for the 40-
mile PHEV (PHEV-40) application. This class of materials
offers the potential for capacities exceeding 250mAh/g,
excellent cycle and calendar life, and outstanding abuse
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tolerance. This material currently possesses a voltage fade
issue (and other related issues) that effects its long-term
cycle life and this issue needs to be resolved.

Technical Targets

Develop a cell to meet the 10-mile PHEV goal.

Obtain a positive-electrode material that can operate
in the high-potential range (4V — 5V vs. Li/Li+) while
still achieving approximately 130 mAh/g of capacity.

Develop and utilize a high-potential, stable electrolyte
system that can operate in the temperature range of -
30°C to 55°C.

Accomplishments

Established performance metrics for the LMR-NMC
materials.

Established voltage fade test protocols.
Established data presentation format for voltage fade.
Established a database for all voltage fade data.

Initiated compositional analysis of Li, Mn, Ni, and Co
for database.

Produced single particle mounted samples for in situ
analysis.

Design and fabrication of an in situ cell-mount was
successfully carried out which allowed easy
acquisition of reliable electrochemical and X-ray
diffraction data.

Two composite cathode materials were prepared with
different compositions and synthesis conditions and
tested against the Toda HE5050 baseline material
under various cycling protocols. I situ and ex situ X-
ray absorption and diffraction data were also collected
and analyzed.

Initiated atomic scale modeling to develop and
evaluate hypothesis for fade mechanisms.

A purchase order was finalized for a 300 MHz (7.02
Tesla) Solid State NMR dedicated magnet and
spectrometer with high spinning speed capability. A
static probe is also included to initiate additional in
situ studies. Bruker Inc. estimates Spring 2013
delivery.

Synthesis of lithium-6 and deuterium enriched
electrolyte and cathode materials.
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- Li MAS NMR experiments on pristine and cycled
Li,MnO; and TODA HES050 cathode materials.

+  ’H MAS NMR experiments on pure electrolyte and
pristine/charged and discharged electrodes.

+  The electrochemical properties of lithium-nickel-
manganese-oxide composite electrode structures in
three-component ‘layered-layered-spinel” systems,
prepared by lowering the lithium content of ‘layered-
layered’ Li,MnQO;°LiMO, materials (M=Mn, Ni),
were evaluated.

»  The effects of Mg substitution and AlF; coatings on
‘layered-layered-spinel’ electrode materials were
studied.

+ A baseline system, xLi,MnO;*(1-x)LiC0O,, was used
to initiate in-depth studies at the Advanced Photon
Source to determine structural features that would
shed light on, and provide clues to counter, the
voltage decay phenomenon in ‘layered-layered’
electrodes.

+  Established an electrochemical quartz crystal
microbalance in an inert atmosphere for the
measurement of cathode SEI mass change.

+  Submitted request for synchrotron time to perform
fluorescence-overlaid-tomography of single, cycled
LMR-NMC cathode particles.

R S SR S

Introduction

xLi,MnO3°LiMO, (M = Ni, Co, Mn) composite
cathode materials currently receive world-wide attention as
promising candidates for the next generation of high-
capacity lithium-ion batteries. This class of materials is
capable of delivering 250 mAh/g or more over extended
cycling. However, in order to access such capacities, these
materials must first be ‘activated’ to high voltages (>4.5
V) to access lithium associated with Li,MnOs-like
domains. During the activation process oxygen loss and
transition metal (TM) migration and rearrangement have
both been reported; after which, a continuous decay of the
average voltage with cycling is observed. In addition, a
large hysteresis in voltage is observed when cycling over
the extended windows (~4.6 — 2.0 V) needed to obtain the
desired capacities. Therefore, the decrease in energy output
with cycling is accompanied by an overall energy-
inefficiency. To date, no work, to our knowledge, has been
directly aimed at understanding hysteresis in lithium-
excess materials. This work begins an initial investigation
into the hysteresis phenomenon in order to better
understand the structural and chemical properties of
composite materials as a function of lithium content and to
explore possible correlations, if any, related to voltage
fade.
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We propose an integrated approach to solving this
critical issue which involves a coordinated set of
characterization and synthesis experiments designed to
both understand the causes of voltage fade and then
eliminate the problem. To do this, we have formed a team
of researchers that can maximize the ANL capacities in
theory, materials development, characterization, cell level
modeling, testing, scale-up and characterization.

Approach

Bring together a diverse technical team that will share
data and expertise to “fix” voltage fade in the LMR-NMC
cathode materials. This will be a single team effort (i.e. not
multiple PI’s working independently on the same
problem).

Definition of the problem and limitations of the
composite cathode materials.

Data collection and review of compositional variety
available using combinatorial methods.

Modeling and Theory.

Fundamental characterization of the composite
cathode materials.

Understand the connections between electrochemistry
and structure.

Synthesis.
Post treatment/system level fixes.

Results

Underpinning data collection and methodology.
Baseline materials selection.

While there cannot be a “perfect” baseline material in
the LMR-NMC class due to the breath of potential
materials compositions and almost infinite processing
variations we selected a commercial batch of HES050
(0.5Li;Mn0O5+0.5LiMny 375Nij 375C09 250,,) as our initial
reference point. We have 10kg of well characterized
material which has been validated in our Materials
Validation Facility and electrodes prepared in the Cell
Fabrication Facility (CFF). The Toda HE5050 electrodes
have also been sent to ARL, JPL, LBNL, BNL, ORNL,
NREL and INL and as such present the most well
characterized sample of an LMR-NMC material known.
This baseline material will be used to validate any post
formation modifications (coating for example).

Materials and experimental details.

The LMR-NMC,
0.5Li,Mn0O30.5LiMny 375Nig375C00 250, is supplied by
Toda according to specifications provided by Argonne. It
is commonly referred to as “TodaHES5050”. The other two
oxides are LiNij sCoyg 15Alp 0502, also known as NCA, and
Li1‘05(Ni1/3C01/3MH1/3)0'9502, also known as NCM333.
Note, that the NCA does not contain any Mn and Li
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charge and discharge rates of <C/10 to reduce electrode
polarization. Electrochemical cycling is carried out over a
2.0 and 4.7 V vs. Li'/Li voltage window. The protocol also
measures cell resistances via a current interrupt technique
at various cell voltages during charging and discharging.
The current is stopped for 10 minutes and voltages are
recorded before and after the stopping period to estimate
the cell resistance. This value is then used to estimate the
near equilibrium voltage, also referred to as resistance
corrected voltage.

concentration is stoichiometric; the NCM contains 31.3%
Mn and is slightly Li-rich.

Table IV - 1 summarizes chemistries and electrode
formulations of the positive electrodes tested.
Galvanostatic cycling is conducted in 2032-type coin cells
(1.6 cm” area electrodes) with Li-metal counter electrodes.
They are assembled in an Ar-atmosphere glove box (O, <
10 ppm, H,O < 1 ppm) and cycled at exactly 30°C. A
standard cycling protocol is used to allow all future work
to be directly comparable. This protocol uses moderate

Table IV - 1: Chemistry and Formulation of Positive Electrodes Tested for Voltage Fade

Desciption TodaHES5050 baseline NCA NCM333
Active material 86 wt.% Lis2Nip 1sMng55C00102 84 wt% LiNigsC00.15Al0.0s02 84 wt%
(Toda HE5050) (Fuji CA1505) Li1.05(Ni113C013MN1/3)0.9502
(Enerland)

Binder 8 wt.% PVdF (Solvay 5130) 8 wt% PVdF binder (Kureha KF-
1100)
4 wt% SFG-6 graphite (Timical)

4 wt% carbon black (Chevron)

8 wt% PVdF binder (KF7208)

Additives 4 wt.% SFG-6 graphite (Timcal) 8 wt% SuperP carbons

2 wt.% SuperP (Timcal)
Al, 20 ym

Current collector  Al, 15 um Al, 30 ym

Electrolyte 1.2 M LiPF  in ethylene carbonate : ethyl methyl carbonate (3:7 by wt.)
Separator 25 ym thick (Celgard 2325)
Active loading density  6.64 mg-cm™ 8.0 mg-cm™ 10.24 mg-cm™
Electrode porosity 37% 29.3%
Laminate thickness 35 ym 35 um 58 um

LMR-NMC baseline performance.

Figure IV - 1 shows charge and discharge voltage
profiles of the first 20 cycles. Some capacity loss is
apparent. Most of this occurs during and after the
activation cycle (0" cycle). This is well known, and is
mostly due to loss of oxygen from the active oxide, but
also due to additional electrolyte reduction/oxidation
processes. A gradual capacity loss from then on is related
to a variety of degradation processes, including surface

structural changes of the oxide particles, transition-metal
ion dissolution from them, particle isolation, as well as cell
resistance increase (apparent at the end of charging).
Electrochemical cycling and impedance spectroscopy of
three-electrode cells show that cell resistance
predominantly originates from the positive side, and is
related to surface film formation between the active oxide
and electrolyte which impedes Li-ion motion, as well as a
degrading electronic network.
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Figure IV - 1: Charge and discharge voltage profiles of the LMR-NMC 0.5Li2MnOs+0.5LiMno.s75Ni0.375C00.2502 cycled against metallic Li for 20 cycles. Various
mechanisms have been identified to cause the apparent capacity fade.

To identify voltage fade, capacity loss and increasing
cell resistance need to be factored out first. One way of
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doing this is to show capacity-normalized voltage profiles.
This is done in Figure IV - 2. If the normalized charge
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profiles drop in voltage, despite an increase in cell is clear that cell potentials drop over a wide range of
resistance, the oxide material experiences severe voltage charge states and discharge depths throughout cycling.
fade. Figure IV - 2 also shows normalized profiles during

discharging. Here, however a drop in voltage can also be

partly related to increasing cell resistance. Nevertheless, it

Charge 0 —
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Discharge 0

voltage
fade voltage

> .
E Discharge 20
z

£

g fade

&
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Figure IV - 2: LMR-NMC voltage profiles during charge and discharge versus normalized capacity. Voltage fade is clearly evident.

Another way of demonstrating voltage fade is to (~0.17% per cycle) after 20 cycles. Note that the biggest
calculate average charge and discharge voltages and plot drop in average voltage within one cycle occurs after the
them versus cycle number. This is done in Figure IV - 3 in initial activation charge, clearly evident in Figure IV - 1
which resistance-corrected average voltages are shown. and Figure IV - 2. Note also that the average charge
Voltage fade is clearly evident: The average charge potential drops faster than the average discharge potential.
voltage decreases from 3.95 V to 3.77 V (~0.24% or 10 Extended cycling up to 80 cycles (data not shown) reveals
mV per cycle, excluding 0" and 1 cycles); and the that the average voltage continues to decay steadily at a

average discharge voltage decreases from 3.65 Vt03.53 V. rate of 1.5 mV per cycle from the 50™ cycle onward.
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Figure IV - 3: Resistance-corrected average cell potentials plotted versus cycle number. A continuous drop in average potential exceeding 0.1V is apparent
during charging and discharging. The drop in average charge potential is larger than the drop in the average discharge potential. The average potential is
calculated by dividing the measured total energy (current x time x voltage) by the measured cell capacity (current x time).
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Comparison of the LMR-NMC baseline to NCA
and NCM oxides.

Capacity-normalized voltage profiles for the NCA and
the NCM333 materials are shown in Figure IV - 4 and
Figure IV - 5, respectively. Voltage windows and cycling
conditions are comparable to those of the baseline
material. Note, that the cycling window of 2.0 to 4.7 V vs.
Li'/Li is relatively wide for these oxides; it is however of
technical interest to investigate performance over a wide
voltage range to maximize the cell’s deliverable energy,
and simply to also allow direct comparison to the baseline
material.

A closer look at NCA and NCM materials in
Figure IV - 4 and Figure IV - 5 shows that voltage fade is
not unique to Li- and Mn-rich materials. However, the
voltage fade of the LMR-NMC appears to be unparalleled.
Only moderate voltage fade is apparent for the NCA and
NCM oxides. While the NCA shows signs of fade only
when above 4.2 V (i.e. at high state-of-charge), the NCM
shows signs of fade across all charge states and discharge
depths.
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Figure IV - 4: Capacity-normalized voltage profiles for NCA. Some minor voltage fade is apparent at the end of charge and beginning of discharge.
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Figure IV - 5: Capacity-normalized voltage profiles for NCM333. Some voltage fade is apparent over all charge states and discharge depths.

FY 2012 Annual Progress Report

301

Energy Storage R&D



IV.B.1 ABR Project: Mitigation of Voltage Fade (ANL)

Burrell - ANL

4.1

charge

discharge

39

charge
discharge

charge \
~

e ——

38

3.7

ischarge

Corrected average Voltage vs. Li, V

EX

35 a MA-NMC Avg. V-iR (D)

——MNCI333 Avg, VIR (D)
——NCA Avg. V-IR (D)

34

\

\

] ME-NMC Avg, ViR (C)
——MNCM333 Avg. V-iR (C)
——NCA Avg. V-IR [C)

o 5

10

15 20

Curla Numbar

Figure IV - 6: Resistance corrected average charge and discharge voltages for the LMR-NMC, NCA and the NCM333 oxides. All three materials show

voltage fade, however fade is strongest for the baseline material.

Figure IV - 6 contrasts these three materials in terms
of their resistance-corrected average charge and discharge
voltages and confirms the observations just described.
While only minor voltage fade is observed for the NCA
oxide (~1 mV per cycle), more fade is experienced by the
NCM oxide (~5 mV per cycle) during charge and
discharge. Noteworthy is also that all materials fade
primarily during the initial cycles. However, voltage fade
of the NCA appears to slow down and its average voltage
approaches a constant value of 3.85V. The NCM and
LMR-NMC continue to show voltage fade over 20 cycles -
with no sign of approaching a constant average voltage.
After 20 cycles, the average discharge voltages of both
drop below 3.90V and 3.55V. Figure IV - 6 also displays
the hysteresis (difference between charge and discharge
voltage) of the three materials. Note that the baseline’s
hysteresis is exceptionally large and close to 250mV
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(NCA: ~30mV; NCM: ~60mV). These initial data suggest
that voltage fade is a phenomenon experienced by at least

some, if not all, layered oxide materials. Future work will

investigate exactly this phenomenon in greater detail.

Voltage fade, along with capacity losses and
resistance increases result in decreasing energy densities.
Loss of deliverable energy for the three oxide electrodes is
shown in Figure IV - 7. Here, it is apparent that the LMR-
NMC material, when compared to NCA and NCM, is
indeed a high-energy material, despite the observed
voltage fade. However, future work will need to
investigate whether voltage fade eventually leads to
inferior energy densities after 100+ cycles. The
gravimetric energy density of the LMR-NMC drops by
approximately 0.7% per cycle with energy efficiencies
around 91% for the first 20 cycles. All oxides show
capacity fade on cycling, which contribute to the energy
loss on cycling is also shown.
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Figure IV - 7: Gravimetric energy densities during discharge plotted versus cycle number for LMR-NMC, NCA, and NCM. Voltage fade, along with capacity
loss and cell resistance increase, lead to an overall loss in deliverable energy for a given amount of active oxide.

Metrics.

An initial set of performance targets have been
created using the Battery Performance and Cost model
(BatPaC is available from www.cse.anl.gov/batpac). The
most significant value of the LMR-NMC cathodes is
realized when they are paired with an advanced Li-ion
anode. Thus, we used data from a modified graphite-
silicon composite electrode (GrSi) to understand the
relationship between cathode performance and pack level
cost. The assumed properties of the advanced Li-ion anode
electrode are as follows:

+ 1,300 mAh g and 1,040 mAh cm™
« 85% 1™ cycle efficiency

*  50% electrolyte porosity in the discharge state
+ 80:10:10 active:binder:carbon

8500

Battery price for "Next Best Option"
based on high performance, low-
cobalt NMC material
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7500 -
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cathode materials
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Battery Price to the OEM, US$

5500
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3.4

Price to OEM, US$

Two benchmarks are used to set the performance
targets for the LMR-NMC cathode. The first comparison is
to the next best cathode option. The LMR-NMC material
must result in a lower cost, higher performance battery
than the other options or it will not be utilized. A high
performance, low cobalt NMC material is selected as the
next best cathode option for Li-ion batteries. This cathode
has a specific capacity of 175 mAh g™ at the C/3 rate and
an average open-circuit voltage (OCV) of 3.85 V vs Li
when operated up to 4.4 V. The second comparison is
against the DOE/USABC PHEV40 cost targets. Batteries
were designed for both PHEV40 (17 kWh, 65 kW, 360 V)
and EV150 (40 kWh, 100 kW, 360 V) applications. Figure
IV - 8 displays the result of these calculations against the
benchmarks.
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Figure IV - 8: Battery Price to OEM for an advanced Li-ion anode with LMR-NMC cathodes with varying capacities as a function of cathode OCV for (left) an
EV150 compared against the next best Li-ion cathode option and (right) a PHEV40 compared against DOE goals.
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Analysis of these two figures leads to similar
requirements for the LMR-NMC material. As the capacity
of the electrode increases, a slightly lower average voltage
is allowable to still beat the benchmarks. An increase of 25
mAh g'1 is roughly equivalent to a 10 mV increase in
voltage. The minimum average OCV for the following
capacities (C/3 rate) are below. Since uncertainty exists in
the input prices, advanced anode material, and other areas,
these values below should be considered estimates of the
minimum performance necessary.

It remains to be seen if higher valued OCVs (+20 mV)
than those listed below are necessary for the
implementation of LMR-NMC in commercial cells.

LMR-NMC minimum performance target (capacities
at C/3 rate)

+ 225 mAh/g and Uy, >3.60 V vs Li
+ 250 mAh/g and U, >3.50 V vs Li
+ 275 mAh/g and Uy, >3.40 V vs Li

As an aside, a current area of intense development by
OEMs and battery manufacturers is the design of a
powertrain that makes the most efficient use of cell
chemistries that operate over a wide voltage window such
as LMR-NMC, particularly LMR-NMC/GrSi. Success in
this industrial effort is necessary for the use of the LMR-
NMC cathode materials in vehicle applications.

Testing Protocols.

Based upon our understanding of the baseline material
and the use of the economic model we selected, a
standardized test protocol has been established to reliably
measure the average OCV for all investigators in the ABR
program. The protocol was written to correct for ohmic
losses and maximize the fraction of Li-ions accessed
within the LMR-NMC material. Initial testing is completed
at room temperature to expand the range of accessible test
stations. If voltage fade is minimal, accelerated testing is
then completed at 55 °C. Ira Bloom (ANL) has created an
Excel Macro that automatically processes the cycling data
for average voltage, ohmic loss correction, and plots
various figures of interest.

The initial test protocols are:
Electrode fabrication (laminate preparation)

The cathode material should be prepared with a
specific capacity near 1.5-1.75 mAh/cm’. This translates to
a specific active mass loading of 6 to 7 mg/cm’ for a
cathode material with 250 mAh/g of reversible capacity.
This loading was chosen as it will likely balance to
premade graphite negative electrodes (e.g. Saft made A12
graphite electrode). Further assessment of first cycle
capacity and other measurements is necessary to assure a
well-balanced cell.

The electrode is also recommended to be made with
the standard electrode composition of 84 wt% active
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material, 8 wt% PVDF binder, 8 wt% Super P Li carbon
black. Alternate compositions may be used as the tester
sees fit, but the change should of course be reported.

Cycling protocol

1st Electrochemical Evaluation

Cell configuration: Lithium metal as negative
Temperature: room temperature

First cycle: as the tester desires; 2-4.7V 10 mA/g
recommended. Cycling procedure: 20 mA/g and 2 V
to 4.7 V; Current interrupts will be implemented at
(charge) 3.5V, 3.9V, 4.3V and (discharge) 4.7V,

4.0V, 3.6V, 3.2V, and 2.0V each with a 10 minute rest
to measure a quasi-OCV. Further testing protocols at
55C are implemented for any material that passes this
initial testing.

Number of cycles: >20

Total test time: >20 days

Confirmation on the effectiveness of the test protocols
an evaluation of the effect that both initial charge voltage
and cycling voltages have on voltage fade in HE5050
(049L12MH03 M 0.51LiNi0‘37C00‘24Mn043902, TOda) was
carried out. Figure IV - 9 shows the 1% and 6" discharge
capacity for a range of cells charged to different voltages
and then cycled to different maximum voltages. It is
apparent that the discharge capacity increases with
increasing the high cut-off voltage. In addition, the
discharge capacity on the 6™ cycle is largely independent
of the charging voltage. It appears that the only factor that
limits capacity in this study is the high voltage cut-off.
Finally, the capacity seems increasing linearly with cut-off
voltage until 4.7V cut-off voltage, there is not significant
advantage in cycling to greater than 4.7V regardless of

charging voltage.
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Figure IV - 9: Discharge capacity after 1st and 6th cycles under various
testing conditions.

Moreover there is a perception that voltage fade does
not occur at lower cycling voltages. This is not the case
and using the normalized capacity then plotting average
voltage vs cycle voltage, as shown in Figure IV - 10, fade
is observed at all voltages.
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Figure IV - 10: Voltage fade observed after a 4.7V formation with various cycling voltages.

Database.

We have developed a database (see Figure IV - 11),
where all data generated in this project will be stored,
which is in the process of being populated. Data that is

[ Vg s S

Fade Project Datat

.................

collected using the standard protocols will be included and
directly comparable. Other data will be added as it
becomes relevant. Once there is sufficient data available
mining other factors and correlations will begin.

Figure IV - 11: Data base established for all voltage fade materials.

Materials characterization.

While many different compositions for LMR-NMC
have been described no systematic study of how chemical
composition affects voltage fade has been undertaken. We
have taken advantage of the combinatorial equipment
newly available at ANL to synthesize 147 different
samples to explore wide range of composition of LMR-
NMC material. We expect to get an overview of how the
chemical composition, such as Li, Ni, Mn and/or Co
concentration affects the voltage fade. There are many
synthetic methods available for the formation of cathode
materials we selected sol-gel as the most convenient and as

FY 2012 Annual Progress Report

the focus of this study is only comparing chemical
composition effects and the internal consistency of the
synthesis will provide the data required. The precursors
have been prepared and composition we are systematically
assessing the effect composition has on voltage fade all
data is being entered into the database.

Atomic-scale models of voltage-fade materials.

Atomic-scale simulation is one of the diagnostic tools
being applied at ANL to gain insight into characteristic
atomic arrangements and transformations that occur in
materials that exhibit voltage fade. During the first
reporting period (03-2012 to 06-2012), first principles
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DFT calculations at the GGA+U level were performed,
with the VASP code, for a set of lithium-excess materials.
We have focused initially on the pseudo-binary system
xLi;MnOs.(1-x)LiCo0,. The enthalpy of formation has
been calculated as a function of x, for Li,MnO; domains
with different shapes within the LiCoO, matrix. The
calculations employed 192-atom supercells, with each
layer containing 6x8 ions. 15 different domain sizes were
considered, in addition to the endpoints x=0, and x=1. The
preliminary calculations allowed us to extract few heuristic
rules with respect to the atomic arrangements within the
materials. The formation energy (relative to phase
separated Li,MnO; and LiCo0,) is found positive for all
domain sizes, which indicates that phase separation is
favored. Furthermore, no critical nucleus size exists below
which energy increases with increasing domain size, so
that agglomeration is favored for all domain sizes.

A positive surface energy exists between domains (of
any size and shape) and the matrix, which is proportional
to the under-coordination of the Li ions at the periphery of
the domains. Ribbon-shaped domains are lower in energy,
for given composition X, than compact domains, owing to
their smaller Li under-coordination. Although phase
separation and large domains are thermodynamically
favored, real cathode materials are expected to contain a
distribution of domains that span the full range of sizes;
the actual domain size distribution reflects the temperature
at which defect mobility and transition-metal atomic
transport become negligible upon cooling, following the
annealing step employed in most synthesis routes.
Preliminary calculations for domains in Li(Mng sNig 5)O,
and Li(Mn,5Ni;;3Co;,3)O,, along similar lines to those for
LiCoO,, suggest similar behavior, with slightly lower
domain formation energies than in xLi,MnO;.(1-
x)LiCo0O,, owing to shielding of the Li at domain
peripheries by Mn. Finally, simulations were performed of
the initial delithiation of xLi;MnO;.(1-x)LiCo0O,. It was
found that the thermodynamically favorable sites for
removing Li and creating Co(4+) lie at the periphery of the
Li,MnOj; domains, which enables the Co(4+) to shield the
domain Li ions (see Figure [V - 12).
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size for xLi,MnO,.(1-
x)LiCoO,

Figure IV - 12: Example LizMnO3 Domain within LiCoO2 Matrix.

Mixing enthalpy of xLi(Li;;3;Mn,/;3)0,.(1-x)LiMO,.
First principles calculations were performed, at the
GGA+U level, as a function of X, of the mixing enthalpy of
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Li,MnOj; with a layered system LiMO,. The periodic
computational cell included 48 formula units and 192
atoms, and employed the R-3m structure. Each Li;MnO;
domain in the M layer consisted in a compact cluster of
LiMn, trimers, arranged to maximize the number of Mn
neighbors for each domain Li. Most effort was given to the
model system M=Co (the subject of extensive
experimental work at ANL) with some results also
obtained for M=Mn, ,Ni,,. Positive enthalpies were found
for all x and all domain sizes considered. Ribbon domains
have lower energy than compact domains, for a given
domain size. Results are consistent with a phase diagram
in which solid solubility, with SRO, exists for all x at high
temperatures, and a miscibility gap, unobserved because of
slow kinetics, occurs at low temperatures. Further tests of
this picture would be valuable, however, since experiment
indicates that for M=Mn,,Ni,, and x=0.6, LiMO, is
dissolved in C2/m (rather than R-3m) Li(Li;;3Mny3)0,.

NMC cluster expansion (collaboration with J.
Bhattacharya, C. Wolverton, NU).

A DFT database is being generated for
M=Ni;;3sMn,;3Co,3, to be employed in fitting ECI
parameters for a cluster expansion. Calculations for thirty
low energy configurations of a twelve formula unit cell
were performed (see Figure IV - 13). The cluster expansion
will enable Monte Carlo simulations of thermally
equilibrated structures at elevated temperatures at which
synthesis and annealing are performed.

c30

.
et

Relative Energy per Formula Unit [eV)

Configuration

Figure IV - 13: DFT results for relative energies of thirty configurations of
Li(NitsMn13Co13)O2. The lowest energy configuration is the ordered
arrangement C1. The partially segregated arrangement of C30, with NiMn
zigzags interrupted by lines of Co, is still low enough in energy to be present
at elevated temperatures.

Thermodynamic easements.

Thermodynamically, the voltage of LMR-NMC is
directly related to the entropy change of the composite
cathode material. Investigation on thermodynamics of
composite electrode should shed a light on the root cause
of its voltage fade during cycling. In addition, lithium ion
diffusion and electronic conductivity of LMR-NCM will
be studied to better understand the thermodynamics and
kinetics role in voltage fade.

HES050 electrode was then chosen for in sifu heat
generation measurement using 2032 coin type cells. The
cell was charged and discharge at C/10 rate. Both
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voltage profile and heat flow rate during charge and
discharge were recorded and 3rd formation cycle is shown
in Figure IV - 14. The blue curve is voltage and the red
curve is for heat flow rate. The heat feature during
discharge is found different to that during charge, which
indicates the different process is taking place. This is
consistent with the electrochemical analysis which shows
significant hysteresis (Figure [V - 15) where relaxation is
extremely slow, potentially indicating a high barrier phase
change.
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Figure IV - 14: Voltage and heat profile of HE5050 during charge and
discharge.
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Galvanostatic intermittent titration technique
(GITT). Figure IV - 15 (a - d) display the potential and
path dependence of the hysteresis for
Li; 25Nig 33Mgg 0oMng 450y synthesized via traditional
precipitation methods. Starting from a discharged state,
Figure IV - 15 (a), removing lithium from the structure
follows the high potential boundary curve, or charging
curve. Alternatively, starting from the charged state,
Figure IV - 15 (b), lithiation of the structure follows the
lower potential boundary curve or discharge curve. These
scanning curves demonstrate critical states of lithiation
where the measured OCV moves from one boundary curve
to the other. The measurements show a jump from lower to
upper boundary curves near a lithium content of 0.3 in Li;.
yMy 30, and a jump from upper to lower near 0.7.
Examination of the corresponding dQ/dV plots, Figure IV
- 15 (¢) and (d), reveal a striking relationship between the
upper and lower boundary curves. Figure IV - 15 (c),
showing increasing apex potential scanning curves,
suggests that the lithium sites emptied above 4.3 V are not
filled again until 3.2 V on discharge; after which, charging
again follows the upper boundary curve. A change in
potential of 1 V is a dramatic hysteresis in site energy. The
fraction of lithium content associated is estimated at 12%
from electrochemical data.

04 06
vin Liy M, 40,

Open Circuit Voltage (V)

Figure IV - 15: Measured Open Circuit Voltages (a) and (b), and the corresponding dQ/dV (c) and (d) for Li1.25Ni0.33Mgo.02Mnos50y.

The stability of the hysteretic loop is examined in
Figure IV - 16. In this experiment, two cells are cycled
through the activation process and then fully discharged to
2V at 10 mA/g. The first cell is then charged to 3.7 V at
10 mA/g and potentiostated at this potential for 7 days.
The second cell is charged to 4.6 V, discharged to 3.7 V at
10 mA/g, and potentiostated at this potential for 7 days.
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Both cells were then discharged at 10 mA/gto 2 V to
measure the accessible capacity of the material after the
week long potentiostatic hold. As shown in Figure IV - 16,
the hysteresis loop is not closed even after 7 days. Clearly,
the hysteresis is stable on the timescales of interest to
battery developers.
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Figure IV - 16: Measured open circuit voltages at 3.7V on charge (red)
and discharge (blue) after a 7 day potentiostatic hold for
Li1.25Ni0.33Mgo.02Mno.5Oy.

Figure IV - 17 shows the electrochemical and in situ
diffraction results from a Li; ;Mng 4Niy,0, composite made
by ion-exchange from a Li,MnOj; precursor. The samples
had been cycled 9 times prior to measurements between
4.6 —2.0 V to activate and establish a ‘stable’ structure.
XRD data along the voltage curve (a) and the
corresponding dQ/dV (b) were extracted from the in situ
XRD data; 500 scan of which are shown from the (003)
region in Figure IV - 17(c).
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Figure IV - 17: (a) Voltage profile of cycle #10 during in situ XRD measurements and (b) the corresponding dQ/dV plot. (c) Raw XRD data during the

charge/discharge process.

Figure IV - 18 (a) and (b) show the results of
refinements for the sample shown in Figure IV - 16 and
similar experiments conducted ex situ for the baseline
Toda HE5050 CompOSite (Li1A2Ni0‘15Mn0A55C00‘1002). As
can be seen from the data, the same general trend is
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observed for each composite despite the different
compositions and ex situ versus in situ conditions. That is,
a smoothly varying a lattice parameter and a more dynamic
behavior along the c axis.
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Figure IV - 18: Refined lattice parameters as a function of charge and discharge for Li12MnosNio.202 (a) and the Toda HE5050 (b).

Figure IV - 19 shows ex situ, Ni K-edge X-ray
absorption near edge spectroscopy (XANES) data for the
Toda HE5050 at various states of charge and discharge.
Comparing the edge at 4.2 V on charge (red) and discharge
(purple) we observe similar edge energies (oxidation),
however, there is almost a 15% difference in the SOC
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between these points. Similarly, comparing the same
SOCs, i.e. ~75%, on charge (red) and discharge (orange),
we observe clearly different edge energies (oxidation)
between the two. Therefore, the same amount of lithium in
the structure does not lead to the same voltage or oxidation
of TMs on charge and discharge.
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Figure IV - 19: Ni K XANES data for the Toda HE5050 comparing edge
energies at different SOCs on charge and discharge.

The In situ and ex situ X-ray and electrochemical
studies reveal that regardless of composition, synthesis
method, or cycling protocol, ‘activated’ lithium-excess
composite materials undergo hysteresis accompanied by
similar lattice dynamics. The hysteresis in the composite
materials is not due to kinetics, but rather, is a stable and
persistent phenomenon. In addition the GITT studies show
that lithium extracted above ~4.2 V cannot be re-
accommodated on discharge until much lower voltages;
revealing a ~1 V hysteresis in site energies. This voltage
also corresponds to the limit to which ‘activated’
composite materials can typically be cycled without the
onset of voltage fade. The XANES data reveal that similar

lithium contents (SOC) on charge an discharge lead to
differing edge energies (oxidation) corroborating the GITT
results that lithium does not have access to the same set of
sites on discharge as on charge.

Material characterization during charge discharge.
High-resolution synchrotron x-ray diffraction.

The HE5050 standard material shows the typical
superlattice reflections in the diffraction pattern due to the
ordering of Li and transition metals (TMs) in the TM
layers. The main features of the XRD pattern can be well
described by a layered structure with the R-3m symmetry.
The composition can be written as HE5050 = {Li;.

«Niy [ {Lig 2xNio.15.:Mng 5sCog 1 }*°10%, with 1.0(1)% of
Li/Ni exchange between Li in the Li layers and Ni in the
TM layers. The lattice parameters are a,=b,=2.85518(2) A,
c,=14.2479(2) A, and V,=100.589(2) A*. If the monoclinic
structure (C2/m) is used for profile fits (Figure IV - 20,
left), one gets lattice parameters a,,=4.94610(8) A,
by=8.56459(9) A, ¢,=5.02830(6) A and B, =109.178(3)
deg, V,,=201.184(3) A’ (in comparison with a,=4.937(1)
A, b,=8.532(1) A, ¢,=5.030(2) A and B,,=109.46(3) deg,
V=201.137(1) A’ from single crystal study by Strobel et
al.). Note that b,,/a,,=1.732=sqrt(3). One can see the
relationship between the two symmetries: b,~sqrt(3)*
ay~3* ay, and ¢, *cos(B,-90)~ cy/3.
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Figure IV - 20: (left) HR-SXRD pattern of HE5050 shows the super-reflections (020), (110), (11-1), (021), etc. due to the presence of Li/M ordering and
associated monoclinic phase (C2/m). (right) HR-SXRD patterns of HE5050. HE5050_4.3V-2V_1 cycle, and HE5050_4.7V-2V_1cycle. The inset drawing shows
a possible interconnected layered structure for the heterogeneous structure after the activation.

The HE5050 cathode was charged to 4.3 V and 4.7 V,
respectively, and then discharged to 2.0 V. The diffraction
patterns of the two cathode materials after first cycle were
plotted together with the original HE5050 in Figure IV -
20 (right). The material that was charged to 4.3 V and
discharged to 2.0 V (HE5050 4.3V-2V) showed almost
identical XRD pattern to the HE5050, except slightly
broadened peaks. But the materials that was charged to 4.7
V and discharged to 2.0 V (HES050 4.7V-2V) has a
pattern quite different from the raw HE5050, indicating a
clear irreversible structural change. At first glance, the
XRD can be well fitted using the layered structure with
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lattice parameters of a,=b,=2.86370(2) A, ¢,=14.3315(2)
A, and V,=101.784(2) A®. There is 3.2(1)% of Li/Ni
exchange between Li in the Li layers and Ni in the TM
layers, indicating a slightly more Ni moved to the Li layers
after the activation. The activated HE5050 (4.7V-2V) has a
lattice expansion of 0.30% along a, and 0.59% along ¢ and
a volume expansion of 1.19%, in comparison to the raw
HES5050.

However, close inspections revealed that all peaks
become broad and, especially, (001) peaks are split. This
indicated that after the activation (charged above 4.5V),
the materials become structurally heterogeneous, or phase
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separated. One possibility for the phase separation could
be that two similar layered structures interconnected (the
inset drawing in Figure IV - 20 (right)), but with a misfit
(lattice strain) of 0.26% along the c axis (perpendicular to
the layers) and 0.16% within the layers. But there might be
other possibilities for the structural inhomogeneity.

With electrochemical cycling, the cathode particles
undergo structural changes. We studied samples harvested
from a coin cell that had been cycled 1,500 times.
Transformations to spinel or “spinel-like” phases are
commonly reported and were the dominant transformation
observed in this work. However, a transformation to a
rock-salt-related structure was also observed. Examples of
each of the structures observed are shown in Figure IV -
21, for which Li,TMOj; and the layered phases were
recorded from the as-prepared material and the spinel and
rock-salt structures were recorded from cycled material.

a) b) <) d)
R R
e) f) g h)

Figure IV - 21: Crystal structure models for LixTMO2 phases; (a) Li2ZTMO3
(110 plane), (b) layered (1-100), (c) spinel (112) and (d) simple rock-salt
(112). Oxygen is drawn as red, TM as purple, and Li as blue. The atom
columns with circles represent randomly mixed Li/TM columns. The
corresponding experimental selctron diffraction patterns, high resolution
images, and Fourier Transform patterns from the high resolution images are
shown under each crystal model (e-h).

The spinel-like phase is the dominant transformation
product observed. This is illustrated in Figure IV - 22,
which shows representative electron diffraction and
high-resolution images for fresh, as-prepared oxide
(Figure IV - 22 a,c) and for oxide harvested from the coin
cell after 1500 cycles (Figure IV - 22 b,d).
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Figure IV - 22: Electron diffraction patterns from (a) fresh and (b) 1500
times cycled Li1.2Nio.1sMno.s5C00.102 showing the transformation from
layered to spinel-like structure. Corresponding high resolution images are
presented in (c) and (d).

Figure IV - 23 shows a region of cycled material that
reveals the rather uniform transformation to spinel-like
phase over a larger region. With respect to the ideal
layered phase, the transformation to spinel-like
involves reordering of both lithium and TM (with a
corresponding relaxation of oxygen) as can be seen by
comparing Figure IV - 21b and Figure IV - 21c. The
relaxation of TM to “Li positions™ likely takes place
during lithium extraction, induced by local structural
distortions as Li moves out of the structure. This leaves
TM-vacancy planes within the crystal in the delithiated
state. However, it is important to note that the as-prepared
oxide includes domains of both the layered Li(Mn,TM)O,
phase and Li,(Mn,TM)O;, the latter already incorporating
mixed layers containing both Li and TM (Figure IV - 21a).
The presence of these pre-existing mixed layers is
important — extraction of Li from these layers also leaves
TM-vacancy layers. Thus, when Li is reintroduced, it faces
an array of planes that begin to look more and more alike.
In essence, the “pure” Li planes are lost and the structure
tends towards a more uniform distribution of mixed TM-Li
planes. From Figure IV - 21d, one can see that in the limit
the rock salt structure may be a natural terminal phase.

FY 2012 Annual Progress Report



Burrell - ANL

IV.B.1 ABR Project: Mitigation of Voltage Fade (ANL)

Figure IV - 23: High resolution image of Li1.2Nio.1sMno.ssCQ0.102 after
cycling (1500x) showing the uniform transformation to spinel-like phase.

While our observations show this reordering of TM,
comparing the degree of cation mixing observed
experimentally with structural models suggests that the
reordering on the cation positions generally is not going as
far as a mixing on every second or every cation position
mixing (which would yield simple rock salt) even for
many cycles, but it is moving in that direction. Rock salt is
indeed one of the phases we observe in highly cycled
material although only as a minority phase.

Clearly over a large number of cycles there are
significant changes observed in the cathode material. The
major issue is discovering how fast these changes occur
and how much they are related to voltage fade. A major
challenge in establishing the correlation between structural
changes and voltage fade is that, even for small coin cells,
the cathode consists of millions of individual particles.
Thus, analyses on local regions that provide great detail
about atomic-level structure and chemistry are difficult, if
not impossible, to correlate with electrochemical behavior
measured globally. Our approach to address this challenge
is to carry out electrochemical measurements on single
Li;+x(Mn,TM)O, oxide particles so that the
electrochemical and structural characterization can be
carried out on the same region of material.

In order to carry out electrochemical measurements
and microstructural characterization on the same material,
we developed a microscale battery that uses a single oxide
particle as the active cathode. An oxide particle attached to
a probe serves as the cathode and the cell is completed by
partially immersing the particle in a liquid electrolyte
covering an anode/counter-electrode (Li for our current
studies). The entire set-up can be implemented in a
scanning electron microscope so that SEM imaging can be
carried out while the cell is cycled, either live during
cycling or by interrupting cycling to capture images at
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specific points in the process. An example of the
experimental set-up is shown in Figure IV - 24.

particle

electrolyte

Figure IV - 24: Scanning electron microscope image of our microscale
battery set up. A single Li1+(Mn,TM)O; particle is attached to a probe tip
which serves as one electrode and is used to place the particle in the
electrolyte covering the anode (Li metal in this case). In this image, the
particle is just above the electrolyte.

One of the first and most important tasks required for
this work was to perfect this measurement approach and
establish that our localized electrochemical measurements
truly provide a measure of voltage fade. Due to the size of
individual particles and the challenges associated with the
small currents required, the measurements we have carried
out to date have been at about a 1C rate (corresponding to
a~20 pA current). Although this rate is higher than that
used in the standard coin cell testing protocol for
voltage fade, we can achieve reliable electrochemical data
even from a single Li;(Mn,TM)O, particle, as shown in
Figure IV - 25. These data are reasonably consistent with
those obtained in real-world systems (coin cells) and
clearly show the voltage fade effect in this single particle.
However, much more work is required to confirm the
electrochemistry at this scale.
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Figure IV - 25: Electrochemistry cycling data from a single
Lit+x(Mn,TM)O2 particle collected using the setup shown in the previous
figure.

With the capability to carry out single particle
electrochemistry, the next challenge is to correlate those
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measurements with structure. Our microscale approach
provides the capability for scanning electron microscopy in
concert with cycling, and an example of this is shown in
Figure IV - 26 for the same particle for which cycling data
is shown in Figure IV - 25. In this case, the post-cycling
microscopy reveals a structure that is not significantly
different from that typically observed in as-prepared
material. This SEM-level observation is important. In other
Li battery materials (such as Li(Ni,Co,Al)O,), dramatic
changes in structure can occur even in just one charge
cycle, but no such phenomena are observed here. A subtle
but important aspect of this particular observation is that
we know the electrochemical response of this specific
particle and that it did indeed exhibit voltage fade as seen
in Figure IV - 25. In post-test characterization of particles
harvested from coin cells, we have no reliable way of
ensuring that any specific particle reflects the global
electrochemical performance due to variations from
particle to particle. It is this aspect of our localized
measurement approach that will be even more important in
the next phases as we move to more detailed
characterization approaches such as transmission electron
microscopy.

In future work, we will use this approach to further
assess voltage fade in single particles and incorporate more
comprehensive characterization approaches to complement
electrochemical measurements. Firstly, by electrochemical
cycling of single particles, we will learn if there are
variations in the evolution and degree in voltage fade from
particle to particle. This information can provide clues to
the origin of voltage fade. Secondly, with the development
of this single particle approach, we can now apply a
variety of characterization approaches to a single particle,
including tomographic and spectroscopic analysis. One of
our major thrusts will be to apply comprehensive electron
microscopy and spectroscopy, which provides atomic-level
information regarding structure and chemistry. Correlated
with baseline structural characterization that we have
reported previously, these studies will provide more
incisive insight into the role of local structure on voltage
fade.
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Figure IV - 26: Scanning electron micrographs of the Lit«x(Mn,TM)O2
particle from the previous figure (a) in the pristine condition before cycling
and (b) after 26 complete charge/discharge cycles.

Solid State NMR. Solid State NMR is a quantitative
local structure probe and can be used to determine which
species are removed on charging the battery and how the
local structure changed on extended cycling and how these
changes effect the electrochemical performance. The local
structure of the high energy materials and the changes
upon activation and subsequent cycling are closely
associated with electrochemical processes such as voltage
fade and performance of the materials.

Synthesis and preparation. Prior to the installation
of low field (7.02) high resolution NMR, preliminary
experiments have been performed with the high field (11.7
T) system in place at ANL. Electrode materials were
prepared using lithium-6 enriched precursors and a sol gel
based high temperature synthetic method. Electrochemical
evaluation was done using a lithium-6 enriched electrolyte.
The electrolyte salt was synthesized via a precipitation
reaction using SLiCl and AgPF; to obtain ®LiPFy. The cell
enrichment is completed using lithium-6 metal as anode.

In addition to following the movement and re-
distribution of lithium cations, several models for voltage
fade have invoked proton insertion (from electrolyte
decomposition) as a component of the phenomena.
Samples for detecting the presence of inserted protons into
cathode lattice were prepared by using electrolyte prepared
with deuterated solvents.
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Preliminary NMR results. The °Li MAS NMR
spectrum of the industry standard TODA HES5050 material
is shown in Figure IV - 27 and reported for the 1* time for
Li-rich NMC type materials. Two groups of resonances
were observed for the Li species present in the lattice; Li in
Li layers around 480-707 ppm and Li in transition metal
layers around 1330-1430 ppm. For the lithium in Li layers,
three resonances (480, 550 and 707 ppm) were observed
indicating, presumably, the different local
ordering/domains originating from Fermi-contact shifts of
neighboring Ni, Co and Mn. Additionally, a large buildup
of diamagnetic lithium species (-3 ppm) is detected upon
cycling which requires further characterization.

Li ordering in Li layers, 3

different local Li, due to
Mn/Ni/Co

BLiy ;Mng 55Coy,1Nig 150,
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Figure IV - 27: €Li MAS NMR of pristine TODA HE5050 material at a
spinning speed of 35 kHz at 11.7 Tesla magnetic field. * indicates spinning
side bands.

For the lithium in transition metal layers, two
resonances, at 1,330 and 1,430 ppm, were observed. These
resonances are tentatively assigned to Li within 1Ni/5Mn
and 6Mn type arrangements, respectively. However the
true origin of all the resonances listed above and the
corresponding Fermi-contact shifts are not clear and
collaboration within ANL, with computational groups is
currently in progress to aid in this regard. This study is
going to focus on generating a rule set to calculate NMR
chemical shifts and perform peak fitting from domain
models.

Another relevant model material is Li,MnO; which
pre-activation constitutes the lattice stabilizing inactive
component in the composite. However, during the
activation, the role and electrochemical activity of this
component is still unclear. A set of cycling experiments
were performed with low temperature synthesized (450°C,
electrochemically active) Li,MnO; and the spectra are
shown in Figure IV - 28. The resonances at 595 and 1240
are due to Li in Li layers and Li in transition metal layers
respectively, for pristine LiMnOs. Then the material is
fully charged (delivering more than 300mAhg™') more than
90% of the Li in the lattice has been removed (see Figure
IV - 28, Li;MnOs; full charge). The mechanism of such
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extensive Li removal and its balance with lattice oxygen
loss is unknown since previous studies indicated the Mn
oxidation state remains at Mn(IV). Subsequent discharge
results in intercalation of approximately 40% Li into the
lattice, filling both Li sites in Li layers and transition metal
layers. It must be noted that all the spectra are normalized
for Li quantification. The mechanism for reintercalation in
the activated material and post-activation structural re-
arrangements is currently being investigated.

°Li MAS NMR

640
. 680, * ) )
M@M—N Li,MnO, full discharge

. 660 * Li,MnQ, full charge

1) Ll T T T T L Ll 1
2500 2000 1500 1000 500 0 -500 -1000 -1500
ppm

Figure IV - 28: Li MAS NMR of cycled Li2MnOs material at a spinning
speed of 35 kHz at 11.7 Tesla magnetic field. * indicates spinning side
bands.

NMR characterization studies on the possibility of
proton insertion into the lattice were performed on industry
standard TODA HES5050 material. Samples were cycled
with deuterated electrolyte and characterized with “H MAS
NMR after one and ten cycles. The resonance observed at
4.7 ppm (1 cycle) is due to diamagnetic deuteron species;
presumably as a result of SEI build up (more concentrated
after 10 cycles) and residual electrolyte (see Figure IV - 29).
However, any intercalation deuterons were expected to
have Fermi-contact shifts due to the presence of
paramagnetic transition cations. This phenomenon should
have manifested possible resonances in the range of 200 to
400 ppm which was not detected at the end of the 10™
cycle. The effect of further cycling is currently being
studied.
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Figure IV - 29: 2H MAS NMR of cycled TODA HE5050 material at a
spinning speed of 20 kHz at 11.7 Tesla magnetic field. * indicates spinning
side bands.

Synthetic approaches and materials modification.

‘Layered-Layered-Spinel’ Electrodes. Using
knowledge gained from previous work and recognizing the
potential of using a LiMn, 5sNi, 504 spinel component to
stabilize high capacity ‘layered-layered’
0.5Li,Mn0O5°0.5LiMn, sNi, 50, electrodes and to counter
voltage decay, and given the tendency for manganese-rich
layered electrode structures to convert readily to spinel, as
shown above, studies of ‘layered-layered-spinel’ materials
were continued by exploring electrode compositions with a
lower manganese content. Focus was placed specifically
on the ‘Li,Mny¢sNig 350y’ system, for which the end
members are 0.3Li,MnQO;+0.7LiMng sNij 50, (x=1.3;
y=2.3), in which the average manganese and nickel
oxidation states are 4+ and 2+, respectively, and
LiMn 3Niy ;0,4 (x=0.5; y=2) in which the corresponding
average oxidation states are expected to lie between 4+ and
3.77+ for Mn, and 2.57+ and 3+ for Ni. This system is
highlighted by the dotted tie-line between
0.3Li,Mn0O3+0.7LiMO, and LiM',O4 (M and M' = Mn, Ni)
in Figure IV - 30. In particular, compounds with a lithium
content of x=1.3, i.e., the parent ‘layered-layered’
composition, and x=1.25 were selected for detailed
evaluation, the latter value corresponding to a targeted
spinel content of 6%. The beneficial effects of 1) using
Mg*" as a dopant ion and 2) treating the electrode particle
surface with an acidic solution of AlF; to enhance cycling
stability, reduce first-cycle capacity loss, and to slow
voltage decay on cycling were also studied.
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LiMO, (e.g., M=Mn, Ni, Co)

Li,MnOs LiM',0,
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Figure IV - 30: A compositional phase diagram of a ‘layered-layered-
spinel’ system with Li2MnOs¢(1-x)LiIMO2 (‘layered-layered’) and LiM'204
(spinel) components.

Based on the hypothesis that small amounts of spinel
are more likely to be effective in stabilizing high capacity
‘layered-layered’ composite electrode structures without
impacting their rate capability, initial electrochemical
experiments were conducted on LiyMng ¢sNig 350y
compounds in which the targeted values of x and y fell
within the range 1.10<x<1.30 and 2.22<y<2.30,
respectively, corresponding to compounds with a spinel
content between 0 and 25%. The maximum discharge
capacity and first-cycle efficiency, plotted as a function of
the lithium content, x, for these five samples are shown in
Figure IV - 31. The data clearly show that for higher spinel
content (i.e., lower values of x) the first cycle efficiency is
high because the spinel component can accommodate the
oversupply of lithium released from the electrode during
the activation of the Li;MnO; component on the initial
charge; for lower spinel content, the first-cycle efficiency
decreases, reaching about 78% when no spinel is present
(x=1.3). Conversely, when targeting a high spinel content,
e.g., 25% (x=1.10) and 19% (x=1.15), the capacity
delivered by the composite ‘layered-layered-spinel’
electrode is relatively low (92 and 140 mAh/g,
respectively). Figure IV - 31 therefore demonstrates that
optimum capacity and first-cycle efficiency are likely to be
obtained when x lies between 1.20 and 1.25, i.e., from
electrodes containing between about 6 and 12% spinel.
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Figure IV - 31: Variation in capacity (mAh/g) and first-cycle efficiency (%)
as a function of x in LixMno.gsNio.350y electrodes.

The X-ray powder diffractions of various products are
provided in Figure IV - 32, which include (a) a baseline
‘layered-layered’ Lij ;Mny ¢sNig 350, 3 (equivalent to
0.3Li;Mn0O;¢0.7LiNiy sMn, 50,); (b) a Mg-substituted
product of (a), Li; sMng ¢5Nig33Mgg.020,3; (¢) a ‘layered-
layered-spinel’ product with targeted composition
Li1'25MH0'65Ni0‘3502'28 equivalent to
0.94 {O.3Li2Ml’lO3'0.7LiNi0‘5MH0'502} 'O.O6LiMl’10‘65Ni0'35O
») with 6% spinel; (d) a Mg-substituted equivalent of (c),
Li; 2sMng5Nig 33Mgo.0202.5; and (e) an AlFs-treated
equivalent of (d). The X-ray diffraction patterns are
consistent with those expected for composite Li,MnO;-
based ‘layered-layered’ or ‘layered-layered-spinel’
structures.
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Figure IV - 32: XRD patterns of various materials derived from the
‘layered-layered-spinel’ LixMno gsNio 30y system.

Given the close similarity that can exist in the XRD
patterns of cubic-close-packed layered and spinel lithium
metal oxides, it is not surprising that the low spinel content
(6%) in the layered-layered-spinel’ products,
Li1'25MH0'65Ni0‘3302'28 and Mg—substituted
Lil'25MH0'65Ni0‘33Mg0‘0202'28, made it difficult to distinguish
the layered- and spinel components from one another
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(Figure IV - 32¢ and Figure IV - 32d). Nevertheless, the
asymmetric broadening of the peaks at approximately 37,
44 and 64 °20, indicative of spinel formation, was clearly
evident in the XRD pattern of the latter sample, as
highlighted by the arrows in Figure IV - 32d. These two
spinel peaks were unquestionably visible in the AlF;-
treated sample (Figure [V - 32¢); in this case, the slight
increase in peak magnitude and improved peak resolution
is attributed to the AlF; surface treatment that increases the
spinel content through Li removal (by acid leaching) and
subsequent drying and annealing, consistent with the
compositional analysis of this compound. It was therefore
concluded that an advantage of AlF; surface treatment
using acidic conditions is that it provides a technique to
simultaneously stabilize the surface and tailor the amount
of stabilizing spinel in the bulk of composite ‘layered-
layered-spinel’ electrode structures.

An experiment was conducted to assess the
feasibility of activating a ‘layered-layered-spinel’
Li1A25MH0§5Ni0]33Mg0‘0202A28 electrode at 4.95 V for 2
cycles to access the high capacity of the electrode, and
then to lower the upper cut-off voltage to 4.6 V to a)
minimize side reactions with the electrolyte solvent
and b) provide greater cycling stability (Figure IV - 33a-c).
Figure IV - 33a shows the voltage profiles of the first two
cycles of a Li/Li; ,sMny ¢sNig 33Mgg 020,25 cell obtained
between 4.95 and 2.5 V, and the subsequent 11" and 51
cycles between 4.6 and 2.5 V. This procedure yielded a
discharge capacity of almost 200 mAh/g. Of particular
interest are the dQ/dV plots of lithium cells with (i) an
untreated Li1A25MH0§5Ni0]33Mg0‘0202‘28 ‘layered—layered-
spinel’ cathode for the 1%, 2™, 11" and 50™ cycles between
4.6 and 2.5 V (Figure IV - 33b), and (ii) a corresponding
AlF;-treated cathode that was subjected
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Figure IV - 33: Effect of activation voltage on the performance of ‘layered-
layered-spinel’ Li1.2sMnosssNio.33Mgo.020226 and AlFs-treated electrodes: a)
typical voltage profile of an uncoated electrode; b) and ¢) dQ/dV plots of
lithium cells with uncoated and AlFs-coated electrodes, respectively. The
cells in a) and c) were subjected to two activation cycles between 4.95 and
2.5V, before being cycled between 4.6 and 2.5 V, whereas the cell in b) was
cycled only between 4.6 and 2.0 V followed by an additional 49 cycles
between 4.6 and 2.5 V (c). These data indicate that the untreated
Li1 25Mnao.ssNio.33Mgo.0202.28 cathode suffers from continuous voltage fade,
which is apparent in two dominant reduction peaks (indicated by arrows in
Fig. 32b), when cycled over a 4.6 to 2.5 V range. The chemistry of the AlFs
electrode has changed significantly from the untreated version and further
work is needed to determine the cause of this change.

To obtain a deeper understanding of the voltage decay
exhibited by ‘layered-layered’ lithium-metal-oxide
structures, high-resolution X-ray diffraction (XRD) and
pair-distribution function measurements (PDF) have been
initiated at the Advanced Photon Source. As a baseline,
xLi,MnO;(1-x)LiCoO, samples with x=0.1, 0.3, 0.7, and
0.9 were prepared and annealed at 850°C. XRD and PDF
plots are shown in Figure IV - 34a and b. These
preliminary data suggest the formation of a complex
structure, exhibiting solid-solution behavior within a
composite “Li,MnO;” and “LiCo0O,” matrix.
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Figure IV - 34: a) XRD patterns and b) PDF spectra of xLi2MnOse(1-
X)LiCoOyz, for x=0.1, 0.3, 0.7, and 0.9 annealed at 850°C.

Another approach to correcting voltage fade is to
change the synthesis method. In this study, the ammonia
effect on tuning the precipitate morphology was initiated.
Although ammonia was widely used in precipitation
reactions and its importance has been emphasized in the
previous reports a systematic investigation was needed to
correlate the ammonia concentration in the coprecipitation
medium to the crystal and agglomeration growth. This
research shows that ammonia is not only a chelating agent
and pH buffer during the precipitation reaction, but also
plays a significant role in tailoring the morphology of the
primary and secondary particle and the particle size
distributions.

Ammonia concentration has direct impact on the
secondary particle growth rate and the way in which the
primary particles pack. Evolutions of four selected
experimental conditions were compared in Figure IV - 35.
Neither the low Mg/M, (Ms/M=0.667, red line in
Figure IV - 35), nor the high Mg/M, (Ms/Ms=4, black line
in Figure IV - 35) can benefit the secondary particle
growth. After 10 hours of reaction, the D50 were still
under 10 pm for these two conditions. A compromised
ratio Mg/M,=1.8 (olive line in Figure IV - 35), however,
can lead to faster growth of D50, which stabilized between
10 and 11 pm after 5 hours. Further decrease of Mg/My
to 1.5 significantly boosted the growth rate (blue line in
Figure IV - 35): D50 quickly reached 23 um from the
initial 8 pm in the first 4 hours, with an average growth
rate of 4.28 pm/hr, after which, D50 slowly shrunk to 9
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pum and became stabilized at this size. One hypothesis is
when the agglomerates approach a critical size, the shear
stress exerted on the agglomerates by the hydrodynamic
motion becomes larger than the cohesive force among
primary particles, and then the agglomerates break down to
smaller fragments, resulting in smaller D50.
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Figure IV - 35: Average particle size evolution of Nio.2sMno.z5(OH)2
precursors as a function of reaction time.

The Mg/M, effect on the agglomerate morphology is
shown in Figure IV - 36. Both low Mg/M,4 (0.667) and
high Mg/M, (4) led to loosely packed secondary particles
with irregular morphology (Figure IV - 36a and Figure IV
- 36f). When the Mg/M, is 1.5, the agglomerates became
spherical with a very narrow particle size distribution
(Figure IV - 36b), which has led to the higher tap density
of the precursor.

g
20um_

Figure IV - 36: SEM images of Nio.2sMno.75(OH)2 secondary particles
synthesized with different Ms/Ma in the base solutions (a) 0.667, (b) 1.5, (c)
18,(d) 2, (e) 25, (f) 4.

The various agglomerate morphologies are a
result of diverse packing behaviors of the primary
particles synthesized with different Ms/M,. SEM images in
Figure IV - 37 showed the ammonia effect on the primary
particle morphology. In general, all of the precursors are
lamellar with a lateral dimension around 500 nm. When
the ammonia concentration is low, the primary particles
are multi-layered plates with rough edges (Figure IV - 37 a
and Figure IV - 37 b). With the increase of Ms/M, from
0.667 to 1.5, the thickness of the nanoplates had an
increase from ~50nm to >100nm, which directly lead to
the mass increase of the agglomerates, adding the chance
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of effective collisions that can trim the agglomerate to

be spherical. Further increase in Mg/M, led to single

layer plates with smooth basal surfaces (Figure IV - 37 ¢ to
Figure IV - 37 e). Their irregular edges are results of
particle disruption created by strong fluid shear forces in
the CSTR reactor. When Mg/M, was increased to 4,
primary particles became regular hexagonal plates (Figure
IV - 37 ), which may relate to the anisotropic growth of
the six fold symmetry of the crystallites.

(a)f - (b) m'™ - i, (c |

PP

Figure IV - 37: SEM images of Nio.2sMno.z5(OH)2 primary particles
synthesized with different MS/MA in the base solutions (a) 0.667, (b) 1.5, (c)
1.8,(d) 2, (e) 2.5, () 4.

Analysis of the electrochemical performance of these
materials indicates that there is no significant change in the
voltage fade performance.

Conclusions and Future Directions

The complex nature of these materials requires rigorous
understanding of the experimental conditions and
comprehensive baseline comparisons to ensure that
“improvements” are not simply the result of unexpected
changes in the material but are infect due to the experimental
variable. The establishment of a single testing and data
presentation procedure as well as rigorous scientific
approached to data is essential to the success of this project.
To this end we have test procedure and standard samples
which enable real comparisons of data. It is our strong believe
that we need to understand the mechanism of the voltage fade
phenomena if we are to limit or fix this process. Over the next
year, we will determine if protons are present in the lattice and
contribute to fade, we will determine if coatings have a
positive effect on voltage fade and most importantly we will
determine the origin of the enhanced capacity in the LMR-
NMC materials.
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IV.B.2.1 Scale-up and Testing of Advanced Materials from the BATT

Program (LBNL)

Frank McLarnon (Program Manager)

Vincent Battaglia (Principal Investigator)
1 Cyclotron Road

Berkeley, CA 94960

Phone: (510) 486-7172; Fax: (510) 486-4260
E-mail: ysbattaglia@lbl.gov

Start Date: October 2010
Projected End Date: September 2014

Objectives

+  Identify, procure, and test promising materials
developed in the BATT Program.

»  Establish performance, compare to the baseline, and
communicate advances and limitations back to BATT
PL

Technical Barriers

High energy density and specific energy are critical
performance characteristics for batteries for PHEVs and
EVs. Li-ion technology currently is the technology that
comes closest to meeting the targets developed by DOE
and the USABC. The cost of electricity storage is
expensive and Li-ion batteries are no exception. New
materials capable of higher energy are needed to address
these barriers. They must also demonstrate thousands of
deep discharge cycles and a calendar life of 10 to 15 years.

Technical Targets

»  Energy density (PHEV) 207 Wh/l

+  Energy density (EV) 300 Wh/l

+ Cost (PHEV) 207 S/kWh (40 miles)
« Cost (EV) 150 $/kWh (150 miles)

Accomplishments

+  Evaluated a high-voltage electrolyte additive
recommended by Brett Lucht. (Prof. Lucht indicates
he was made aware of the HFiP additive through a
collaboration with ARL.)

«  Evaluated Ni-spinel materials from MIT, UT, and two
commercial material suppliers.
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A flame-retardant additive developed at CWRU was
demonstrated to show that it has no negative impacts
on cell cycleability.

< < < < <

Introduction

Batteries are very expensive when compared to other
means of storing energy, but essential if the US is to move
to a transportation infrastructure based on electricity. Thus,
it is critical to find new materials that operate and are
stable at high and low voltages. The BATT Program has
several investigators developing such materials. These
investigators have gone through a rigorous solicitation
process to join the BATT program and are experts in the
field of materials development - their labs are dedicated to
making new electrolytes or active materials.

The Office of Vehicle Technologies sees the need to
independently test these new materials and provide a
reference to the tests by comparing the results to a baseline
cell chemistry. In our BATT project, a baseline chemistry
is identified and a full evaluation performed. Once the
limitations of the baseline are identified, they are shared
with the other BATT PIs, who in turn develop new
chemistries. However, their labs may not be set-up for
making electrodes and cells of the required quality; our
labs are.

Our group is continuously improving its electrode
preparation methods and cell fixtures. It also develops
methodologies for assessing cell failures, all through
BATT Program support. However, it is the ABR Program
that supports the comparison testing of BATT materials.

In a meeting with the ABR management, it was
decided that this year’s effort would focus primarily on
materials developed for the BATT Ni-spinel Focus Group.
Argonne would also test Ni-spinel materials that it
received from industry and share the results with LBNL.
Argonne would also test other advanced materials from
industry and report the results at the AMR.

Approach

Every two years, investigators developing cathodes,
anodes, or electrolytes are encouraged to send to LBNL
samples of their material. To test appropriately, 10 g of
active material or 1 ml of electrolyte is required. If the
investigator would rather focus their resources on
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developing materials rather than scaling them up, then one
our group members visits their laboratory and learns the
processing procedures.

This year materials were received from Brett Lucht,
URI; Dan Scherson, CWRU; Ram Manthiram, UT; and
Gerd Ceder, MIT. For comparison, next generation
materials from NEI and Nippon Denko were also tested.

Results

High-voltage Electrolyte Additive. Figure IV - 38
shows the performance of the baseline chemistry for a
Focus Group of the BATT Program: LiNij sMn; 5O, with 1
M LiPF4 in EC:DEC1:2. One sees that the first charge
requires several milliamphours before reaching the cut-off
voltage of 4.9 V. Once it reaches the cutoff voltage, it
begins its first discharge, achieving a first-cycle efficiency
of just 0.04%. After this unusually poor cycle, the cell
cycles normally with a cycling efficiency ca. 91%.

Figure IV - 39 shows the same half-cell chemistry but with
the addition of 1% hexafluoroisopropanol (HFiP) as
recommended by Prof. Lucht. Here one sees that the long
first charge is suppressed with a first cycle efficiency of
92%. After the first cycle, the cell cycles normally with an
efficiency of 94%. We postulate that gas formed in the cell
during the first charge acts as a chemical shuttle between
the cathode and lithium metal counter electrode. The
addition of HFiP is believed to form a protective film on
the cathode much more quickly than without it. The film in
turn greatly limits the rate at which the shuttle is oxidized.
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Figure IV - 38: First 5 cycles of a half cell of LiNiosMn1.sMn4 with 1 M
LiPFs in EC:DEC 1:2.
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Figure IV - 39: First 5 cycles of a half cell of LiNiosMn1sMn4 with 1 M
LiPFs in EC:DEC 1:2 with 1% HFiP.

In a full cell, where graphite forms a compact film
during the first charge, this as-formed SEI is sufficient to
limit the shuttle and allow the cell to charge to 5.25 V
before reaching the oxidation limit of the liquid electrolyte.

Ni-spinel Cathodes. Figure IV - 40 shows the half-
cell rate performance of cathode materials from NEI,
Nippon Denko, University of Texas, and the
Massachusetts Institute of Technology. Only one of these
materials is doped: the one labeled LNMFO from UT is
doped with Fe. In addition, all of the materials but the one
from MIT has a disordered structure. Close inspection of
the data indicates that the materials generally have the
same capacity between 3.5 and 4.9 V, and that all of the
materials show the same rate capability to C/2, except the
MIT material. The poor rate capability of ordered material
was predicted by the DFT calculation performed in the
BATT Program.
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Figure IV - 40: Rate performance of LiNi12Mn3204 materials.

These same cathode materials were also tested in full
cells against a graphite anode. Tests against graphite
showed large capacity fade at high rates. In fact, all of the
materials demonstrated approximately half of their
capacity at C/2, except the MIT material. This material
showed the same decrease in rate capability when tested
against graphite as it did when tested against Li. This
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results in the MIT material in a full cell to have the highest
capacity at C/2 among all chemistries. It is believed that
this is a result of the ordered material showing less Mn
dissolution, where the Mn deposits on the graphite creating
a high-impedance film.

High-voltage Electrolytes. Four electrolyte additives
were evaluated in half cells, as shown in Figure IV - 41.
Two were recommended by Prof. Lucht, LIBOB and HFiP,
and two are well known electrolyte additives, FEC and
VC. For reference, a cell without an additive performs like
the cells with LiBOB and HFiP. If the loss of capacity of
the full-cell data as compared to the half-cell data as
described in the previous sub-section, then these additives,
which are intended to improve high-voltage cell
performance, appear to have little effect on the anode.
Furthermore, FEC, which is known to improve the anode
performance, also appears to have a positive influence in
this high voltage cell. This further supports the theory that
the deterioration of the full-cell performance arises from
the anode. Finally, VC, which is known to improve both
cathodes at 4.2 V and anodes, shows very poor
performance in our tests. However, VC also showed poor
performance in the half cell, indicating that the VC is not
stable to 4.9 V and causes major inefficiencies in the cell.
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Figure IV - 41: The effect of electrolyte additives on full-cell rate
performance.

Flame-Retardant Electrolyte Additive. Dan
Scherson has been working on FRIONs (flame retardant
ions) in the BATT Program for three years. He has made
some progress and demonstrated that some of his latest
additives can reduce the flammability of electrolytes with
just 0.5 % added. He sent a sample of his salt to LBNL to
test its cycleability. Some previous work with Novolyte
indicated that the electrolyte was further improved by the
addition of VC. Thus, we made an electrolyte formulation
of 1M LiPF6 in EC:DEC plus 1.5 % VC and 0.5 % CWRU
salt. Full cells with NCM cathode and graphite anode were
made with and without the additive.

Figure IV - 42 shows two plots, Figure [V - 42.a is
without the FRION and Figure IV - 42.b is with the
FRION. Clearly, the cell with the electrolyte with the
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additives is cycling at least as well as the cell without the
additive. Scherson has already demonstrated that the
electrolyte is nonflammable, and this effort was intended
to if it had any impact on cell durability. The next step is
be to make a sufficient amount of flame-retardant
electrolyte to put in 18650s and test them tested for abuse
tolerance at SNL.

Conclusions and Future Directions

This project has always been considered the bridge
between the applied research program (ABR) and the
directed fundamental research program (BATT). This year
we received several materials for evaluation, most of them
for the Ni-spinel system. These materials are already well
characterized for the physical characteristics before they
arrive at our lab. They are then incorporated into well-
made half and full cells and evaluated for rate and cycling
performance. Combining the known characteristics of the
materials with the performance allows us to identify
factors critical for cycling and rate.
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Figure IV - 42: a.) Graphite/NCM without additive, b.) Graphite/NCM with
VC and FRION.

This year, it was determined that additives designed
for high-voltage electrolytes were able to stop excessive
side reactions in half cells but had little effect preventing
the loss of rate performance found in full cells. It was also
determined that the additive VC, thought to improve cell
performance on both the anode and cathode sides in cells
cycled to 4.2 V, could not withstand the voltages seen in a
Ni-spinel cell. On the contrary, FEC, which is known for
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improving anode performance in full cells, was also
effective in the Ni-spinel high voltage cell.

It was also found that Ni-spinel materials all behave
similarly, independent of morphology or processing except
for a material specifically made with low transition-metal
disorder. This material showed low inherent rate capability
but may have had the highest stability against Mn
dissolution.

Finally, a material additive designed to reduce the
flammability of electrolytes appears to have no negative
impacts on cycleability. This investigator will be
encouraged to test his material in larger cells.

In the future, there will be new Focus Groups
identified in the BATT Program. Materials from industry
will have to be baselined and BATT materials evaluated
against the baseline. Other materials developed in the
program outside of the Focus Groups will also be
evaluated against the standard BATT Baseline
(Graphite/NCM).
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Rolled into Voltage Fade in the LMR-NMC Materials
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Objectives

+  We aim to correlate the electrochemical properties of
materials (ANL-composite cathodes) to their
structural, morphological, and physical properties by
coordinating the science of synthesis with the science
of function, in order to enable the use of these
compounds in vehicle technologies:

+  Develop a comparative study at the level of
precursors.

+  Investigate the origin of voltage fade observed in
LMR-NMC cathode materials using a material
synthesis approach.

+  Compare the electrochemical performance of LMR-
NMC type cathodes made through different synthetic
routes; carbonate, hydroxide, and oxalate.

+  Assist the materials screening and cell fabrication
efforts through the sampling of LMR-NMC cathodes.

+  Assist the material scale up effort at Argonne.

Technical Barriers

The challenges is the development of a safe cost-
effective PHEV battery with a 40 mile all electric range
that meets or exceeds all performance goals.

»  Develop cost effective synthetic methods for the scale
up of transition metal precursors.
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Synthesize high capacity materials with high packing
density, spherical morphology, and suitable porosity.

Comprehend the inconsistencies and fluctuations of
the electrochemical results in LMR-NMC type
cathodes.

Comprehend the voltage fade phenomenon
encountered in these materials.

Technical Targets

Design of CSTR reactor and cooprecipitation reaction
to produce Ni/Co/Mn carbonates and hydroxides.

Characterize and understand (correlation approach)
both the precursors and their lithiated materials using
structural, physical, chemical, and electrochemical
tools.

Investigate the origin of voltage fade observed in Li-
and Mn-rich cathode materials using a material
synthesis approach.

Accomplishments

Design of continuous stirred tank reactor and
coprecipitation reactions for the production of 1Kg
Precursor materials.

For the carbonate process:

o  Systematic investigations including
morphological, structural, compositional, and
electrochemical characterizations were conducted
on cathode materials prepared using co-
precipitated carbonate precursors in a CSTR
reactor.

o  Continuous particle growth has been observed for
carbonate precursors regardless of chemical
compositions.

o  The cathode samples were found to contain
secondary particles composed of highly
crystalline polyhedral primary particles whose
sizes depend upon lithium contents.

o  The particles larger than 20 pm developed
concentric ring layers within their cores, which
compromised the overall electrochemical
performance in terms of capacity and rate
capability due to the sequential void that
separates the inner layers.

o Ball milling improved the electrochemical
performance; however, it also accelerated side
reactions between the electrode and electrolyte at
high operating voltage, leading to gradual
capacity loss with cycling.

For the hydroxide process:
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o  Variety of morphologies were obtained using
CSTR-hydroxide process.

o  Secondary particles (10 um size) comprising
nano-plate primary particles were found to
deliver over 200 mAh/g capacity at the 1C rate.
However, the packing density was below 1
g/en’,

o NigysMny75(OH), precursor having spherical
particles (15 um) and high packing density (1.6
g/cm’) has been obtained by tuning the
experimental and engineering conditions during
CTRS co-precipitation.

< < < < <

Introduction

Key to the development of low-cost and high-
energy/power electrochemical couples for lithium batteries
is the cathode. Lithium-rich composite cathode materials
have been extensively investigated since 2001. Nowadays,
there is a consensus among researchers that these materials
are composites comprising two layered components with
an overall composition of xLi,MnO;+(1-x)LiMO, (M is a
transition metal). Nuclear magnetic resonance and
transmission electron microscopy studies have
corroborated the existence of Li,MnQ;-like domains
(space group C2/m) within a predominant LiMO, layered
phase (space group, R-3m). The major benefit of the
composite structure is that upon charge to a high potential
(>4.3 V), where conventional cathodes are unstable, the
material remains intact through the activation of Li,MnOjs;
hence, capacities in the range of 250 mAh/g have been
achieved. However, the composite delivers modest
capacity when it is charged at high rates. Reducing the
particle size to nano-scale levels has been suggested as a
means to improve the rate performance by shortening the
lithium diffusion pathways. However, nanoparticles have
low packing densities and high surface area and, thus,
promote side reactions. Also, they are not economical
because of the added synthesis cost. Nano-architecture
materials have the potential to overcome these problems
without jeopardizing the advantages conferred by the
nanotechnology.

Approach

Within a general approach consisting of coordinating
the science of synthesis with the science of function, three
synthetic routes, hydroxide, carbonate and oxalate
processes, were developed to prepare the precursors that
will serve to produce LMR-NMC cathode materials. A
comparative study using the three routes will be made at
the levels of the materials morphology, physical
characteristics, and electrochemical properties. Blending
between materials made through the carbonate or
hydroxide precursors and the same compositions made
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through the oxalate will be done in order to get the most
use of the high packing density for high energy density and
high porosity for high rate capability. A close examination
of voltage fade behavior in these materials was initiated
since the project rolled into voltage fade in the LMR-
NMC Materials for FY13.

Results

This report will focus on the carbonate process.
Carbonate co-precipitation by the CSTR method was
employed to prepare precursor materials that can be used to
produce large quantities of cathode materials for lithium-ion
batteries. Because of the continuous stirring in this method,
the carbonate precursor particles formed and trapped within
the reactor walls can undergo significant growth, as outlined
in our previous work. In our experimental setup, the precursor
Nig25sMny 75CO5 was continuously collected for 7 hours after
the solution reached steady state.

The XRD pattern of the collected precursor
Nig,5Mny 75CO5 is shown in Figure IV - 43. The material was
a single phase and could be indexed based on the space group
(R3c) of MnCO:s.
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Figure IV - 43: X-ray diffraction pattern of the synthesized carbonate
precursor.

The morphology and particle size distribution of
(Nig25sMng 75)CO; are shown in Figure IV - 44. The
particles, in general, seemed to be dense and spherical with
smooth surfaces. They had sizes however, ranging from 15
to 50 pm. The particle size distribution measured by laser
diffraction primarily exhibited a broad and symmetric peak
centered at 30 um (inset in Figure IV - 44). We anticipate
that the particles above 20 um would neither be suitable
for electrode fabrication nor yield high electrochemical
performance. The surface area of the particles determined
by the BET method was 150 m”/g, indicating that the
particles had a high porosity despite the dense appearance.
This finding confirmed that the particles were porous
secondary agglomerates made of nanosize primary
particles.
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Figure IV - 44: Particle size distribution superimposed on SEM image of
synthesized carbonate precursor.

Next, we mixed Nij »sMng 75CO5 with carbonate and
calcined the mixture at 900°C to prepare
Li; 4NigsMng 750,4,. Unlike a previous report, the as-
prepared material had a low specific capacity of only 155
mAbh/g, which could be due to the wide particle size
distribution that the material preserved from the precursor
(Figure IV - 45a and Figure IV - 45¢). To investigate this
matter, we classified the Li; 4,NigsMng 7504, secondary
particles into three size groups by sieving the as-prepared
material: below 20 pum, between 20 um and 38 um, and
above 38 pm. The morphology and particle size
distributions of the Li; 4,Nig2sMng 750,., before and after
sieving are shown in Figure IV - 45. Before sieving, the
cathode material had a wide particle size distribution, with
a peak centered at 30 um (Figure IV - 45¢), similar to
Nig»5Mny 75COs. Figure IV - 45f plots the three particle size
distributions, which are centered at 15 pm (red solid line),
25 um (blue solid line), and 40 um (green solid line),
respectively.
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Figure IV - 45: Cathode morphologies and particle size distributions
before and after sieving.

Thereafter, EDXS (Figure IV - 46) was performed on
cross-sectioned particles of Nig,sMn, 75CO; and
Li; 4Nig,5Mng 750,., along the diameters of the samples
sieved below 20 um (Figure IV - 46a), between 20 um and
38 um (Figure IV - 46b), and above 38 um (Figure [V - 46¢).
This experiment was conducted primarily to check the
manganese and nickel compositions across the secondary
particle of both the precursor and lithiated compounds
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after sieving. Nickel and manganese atomic percentages
are shown as green and red lines, respectively, in

Figure IV - 46. For all samples, we observed small
fluctuations around the nominal atomic percentages (25%
Ni and 75% Mn).

This finding indicates that the chemical composition
was relatively homogeneous for the precursors and cathode
materials within the composition analysis limits of EDXS.
One of the interesting observations was a “core-shell” type
morphology in both the precursor and cathode materials,
which was manifested as concentric circular rings for
larger particles (Figure IV - 46). The interfaces between
these layers can be distinguished by darker contrasts in the
case of the precursors, whereas, in the case of cathode
samples, the interfaces evolved into clear voids separating
the nearby layers. The number of concentric rings
increased with the increase in secondary particle size.
Indeed, for particles below 20 pm, only one interface
could be observed separating a core of about 15 um and a
thinner shell. For the particles larger than 38 pm, up to 10
rings could be found. The solid core and subsequent
rings of the Lij 4,NigsMng 75054, cathode sample are
clearly visible in the high-magnification SEM image in
Figure IV - 47. The cohesion between the adjacent dense
rings is ensured through the continuity between the
dendritic particles grown on each side of the rings. The
high porosities observed between the dense rings could be
useful for electrolyte impregnation across the layers.
However, because the dense character of the rings could
lead to the blockage of electrolyte, lithium diffusion
between the outer and inner rings and the core of the
particles could be inhibited.

Figure IV - 46: EDXS curves superimposed on SEM images of bisected
precursors with particle sizes of (a) <20 ym (b) 20-38 pm, and (c) 38-75 um
and cathode materials with particle sizes of (d) <20 um (e) 20-38 um, and (f)
38-75 ym.
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Figure IV - 47: SEM images of cathode materials with core-shell like
features: (a) low magnification image and (b) higher magnification image of
local area.

Because of the secondary particles with different sizes,
we suspected that, during calcination with lithium carbonate,
the cathode sample particles may have different degrees of
lithiation, depending upon their sizes. To investigate this
hypothesis, high-energy XRD and ICP were used to
characterize the structure and chemical composition of the
lithiated samples after sieving. The XRD patterns of all
samples are shown in Figure IV - 48.

I I Ball milled material
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L & Particles below 20 pm
I Li,MnO-like I
1
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As prepared materia
A

Figure IV - 48: High-energy XRD pattems for cathodes with different
particle sizes.

All of the cathodes with different particle sizes can be

mainly indexed to the R3m space group, and matched well
with the diffraction pattern of LiNiy sMn, 50, reference
material. The small additional peaks between 20 and 23° (20)
are usually assigned to Li" and Mn*" order in the manganese
layer of the Li;MnO; component in this material. Essentially,
we did not notice a measurable difference between the
diffraction patterns for the samples sieved below 20 pm,
between 20 pm and 38 pum, and above 38 pum. In fact, the
calculated cell parameters obtained using Rietveld
refinements were found to be similar for the different samples
(Table IV - 2). Furthermore, the ICP results do not reveal any
significant deviation in the Mn/Ni atomic ratio among the
samples (Table IV - 3). However, the compositions in all
samples were slightly lean in nickel, possibly due to the
incomplete precipitation of nickel during the co-precipitation
process.
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Table IV - 2: Cell parameters after GSAS refinement.

Sample a(A) b (A) c(A) Cell Volume (A%) c/a
Pristine | 5 g6(8) 2.862(8) 14.267(2) 101.266(7) 4.98(3)
>38um |5 862(7) 2.862(7) 14.266(9) 101.259(6) 4.98(3)
20-
38um 2.862(9) 2.862(9) 14.268(2) 101.279(7) 4.98(3)
<20um |5 862(7) 2.862(7) 14.268(8) 101.274(4) 4.98(4)

Table IV - 3: ICP result of cathode materials with different particle sizes.

Sample Mn (atomic . .o . . Li/(Mn+Ni)
%) Ni(atomic%) Mn/Ni(atomic) (atomic)

<20um 75.6+5.3 24.380+1.7 3.10£0.22 1.49+0.11

20-

38um 75.045.4 24.1111.7 3.14£0.22 1.5240.11

>38um 75.9+5.4 24.065+1.7 3.15£0.22 1.50£0.11

The charge-discharge profiles and capacities of
lithium cells made of size-selected Li; 4,Nig ,sMng 75054y
electrodes are compared to those of the as-prepared
Li; 4Nig 2sMng 7504, in Figure IV - 49. The current density
was 20 mA/g, which is equivalent to C/10 assuming that
200 mA/g is achieved at the 1C rate. The cell was initially
charged to 4.8 V, discharged to 2 V, and then cycled
between 2 and 4.6 V in the subsequent cycles. The charge
capacity of the as-prepared sample containing a broad
range of particles sizes (Figure [V - 49a) was quite similar
to that of all size-selected samples (Figure IV - 49D,

Figure IV - 49c¢, and Figure IV - 49d), which was around
250 mAh/g. The first discharge capacities were 176 mAh/g
(particles below 20 um), 170 mAh/g (between 20 and 38
pm), and 162 mAh/g (above 38 um). These results indicate
that the smaller the particles, the higher the discharge
capacity. The as-prepared material, which had a wide
particle size distribution, delivered a discharge capacity of
164 mAh/g, close to that of the material composed of the
largest particles (above 38 pum).
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Figure IV - 49: Electrochemical performance of cells prepared with
cathodes with different particle sizes: left, voltage-capacity profile; right,
cycling performance.

Starting from the second cycle, the cells with
electrodes composed of size-selected particles and as-
prepared material (Figure IV - 49a to Figure IV - 49d)
showed good capacity retention over 60 cycles. The cells
made of the smaller particle electrodes showed the lowest
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capacity fade. The low capacity observed for the large
particle electrode may have been due to the texture of the
concentric rings within the particles. As mentioned above,
effective lithium diffusion would be difficult from a
massive ring to a subsequent one because of the voids that
exist between these rings, which can increase the
interfacial resistance within the larger particles. Therefore,
the core of such particles may not be fully activated, and
thus lower capacities are to be expected. We also believe
that these particles could be vulnerable to mechanical
stress, which could result in pulverization during
calendaring. To verify this hypothesis, we used low-energy
ball milling to break down the secondary particles so that
larger material surfaces would be electrochemically
activated. The cathode sample was ball-milled for 1 hour
in a planetary ball miller. The ball-milled sample exhibited
spherical fragments. After the ball milling, the particle size
distribution of the sample became narrower compared to
the as-prepared sample, and the surface area became
larger, 6 m*/g (ball-milled sample) vs. 1 m*/g (as-prepared
sample). Subsequently, lithium cells were made of the
ball-milled sample and cycled under the same conditions
mentioned above (Figure IV - 49¢). As expected, the cell
exhibited a drastic increase in the initial charge and
discharge capacities, 290 and 215 mAh/g, respectively, as
compared with 250 and 176 mAh/g for the electrodes
whose particles were below 20 pm (Figure IV - 49¢ and
Figure IV - 49b). However, because of the larger surface
area, which usually promotes side reactions, the capacity
gradually faded upon consecutive cycling to 4.6 V. The
voltage profile during the discharge of the ball-milled
electrode did not show the voltage depression in the 3-V
region compared to the electrodes prepared from samples
before ball milling, despite the occurrence of an overall
voltage drop. Furthermore, the 3-V voltage depression
region seemed to be more pronounced for the electrodes
with larger particle sizes compared to those with smaller
sizes. The reason for this difference is still under
investigation, although the main factors that exacerbated
the voltage depression seemed to be linked to particle size
and surface area of the material.

The rate performances of all samples are shown in
Figure IV - 50. The cells were initially cycled between 2
and 4.8 V for 1 cycle under a C/10 rate to activate the
electrode material, and then cycled between 2 and 4.6 V at
C/10, C/4, C/2, and 1C for 10 cycles per step. In general,
the capacity retention of all samples declined with the rate
increase (Figure IV - 50). However, higher capacities were
achieved for the samples composed with smaller particle
sizes. For example, at the 1C rate the specific capacities
were 152 mAh/g (ball-milled sample), 115 mAh/g
(samples below 20 um and 20-38 pm), 97 mAh/g (as-
prepared sample), and 67 mAh/g (sample above 38 um).
The results clearly show that the rate capability is strongly
dependent upon the particle size of the samples. Also, the
inner ring texture by which the large particles are
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constructed could have contributed to the worsening of the
lithium diffusion and kinetics.
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Figure IV - 50: Rate performance of half cells prepared with cathodes of
different secondary particle sizes.

Conclusions and Future Directions

Systematic investigations including morphological,
structural, compositional, and electrochemical
characterizations were conducted on the cathode material
Li; 4Nig ,sMng 750,., with three ranges of secondary
particle size. These samples were prepared from co-
precipitated carbonate precursors in a CSTR. The cathode
samples were found to contain secondary particles
composed of highly crystalline polyhedral primary
particles, with average size around 100 nm, regardless of
the secondary particle size. The particles larger than 20 pm
developed concentric ring layers within their cores, which
compromised the overall electrochemical performance in
terms of capacity and rate capability due to the sequential
void that separates the inner layers. Ball milling improved
the electrochemical performance; however, it also
accelerated side reactions between the electrode and
electrolyte at high operating voltage, leading to gradual
capacity loss with cycling. Note that we used the milling
method for the purpose of proof of concept only, because it
cannot ensure long-term cathode functionality due to the
occurrence of side reactions. The following methods
should be investigated for obtaining high capacity and
stable materials via the carbonate co-precipitation method:
(1) prevent growth of the precursor particles above 20 pm
during co-precipitation; (2) optimize the Li/transition
metal ratio because the particles have Ni-hydroxide
enriched cores and are sensitive to moisture; and (3)
determine the proper balance between porosity and surface
area of particles because the former is suited for improving
the capacity and rate capability and the latter is unsuited
for long life due to parasitic side reactions.

The summary conclusions are the following:
Carbonate process:

Systematic investigations including morphological,
structural, compositional, and electrochemical
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characterizations were conducted on cathode materials
prepared using co-precipitated carbonate precursors in
a CSTR reactor.

Continuous particle growth has been observed for
carbonate precursors regardless of chemical
compositions.

The cathode samples were found to contain secondary
particles composed of highly crystalline polyhedral
primary particles whose sizes depend upon lithium
contents.

The particles larger than 20 um developed concentric
ring layers within their cores, which compromised the
overall electrochemical performance in terms of
capacity and rate capability due to the sequential void
that separates the inner layers.

Ball milling improved the electrochemical
performance; however, it also accelerated side
reactions between the electrode and electrolyte at high
operating voltage, leading to gradual capacity loss
with cycling.

Hydroxide process:

Variety of morphologies was obtained using CSTR-
hydroxide process.

Secondary particles (10 pwm size) comprising nano-
plate primary particles were found to deliver over 200
mAh/g capacity at the 1C rate. However, the packing
density was below 1 g/em’.

Nig»5Mng 75(OH), precursor having spherical particles
(15 pm) and high packing density (1.6 g/cm3) has
been obtained by tuning the experimental and
engineering conditions during CTRS co-precipitation.
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Objectives

To establish the scientific basis needed to streamline
the optimization of lithium-ion electrode processing.

+  To identify and characterize the physical properties
relevant to the electrode performance at the particle
level.

+  To quantify the impact of fundamental phenomena
associated with electrode formulation and fabrication
(process) on lithium ion electrode performance.

Technical Barriers

Develop a cost-effective and abuse tolerant lithium-
ion battery for a PHEV with a 40 mile all electric range
that meets or exceeds all performance goals.

»  Establish the interdependence of lithium-ion electrode
performance and the specifics of the electrode
fabrication process.

»  Reduce the complexity of the optimization process
caused by the broad range of active materials,
additives, and binders.

+  Quantify the impact of fundamental phenomena on
electrode performance.
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Technical Targets

Correlate the electronic conductivity with the
electrochemical performance of the electrode.

Develop a model to quantify the impact of electronic
conductivity on cell performance.

Accomplishments

Particle conductivity was measured using both nano
probe SEM and in-house developed power
conductivity apparatus.

Carbon coated LiNi;;3Co;3Mn; 30, samples were
characterized. The electrode conductivity was
investigated using 4 point probe modeling. The cells
made of NCM powder with and without carbon
coating were also studied in terms of their
electrochemical and physical properties.

Electrode optimization studies were carried out on
LiFePOj, electrodes using a COMSOL
electrochemical modeling software package. The
studies focused on establishing an optimum
composition zone to achieve the desired
electrochemical performance.

< < < < <

Introduction

In general, the performance of a lithium-ion electrode
is highly dependent on the specifics of the fabrication
process. Furthermore, the broad range of active materials
for both positive and negative electrodes (e.g. oxides,
phosphates, graphites, carbons, and alloys), as well as
polymer binders and conductive additives, compounds the
complexity of the optimization process. The literally
hundreds of variables associated with the fabrication of
new active material electrodes generally require lengthy
development efforts to be fully optimized. This sometimes
causes promising materials to be discarded prematurely.
Quantifying the impact on performance of the fundamental
phenomena involved in electrode formulation and
fabrication should greatly shorten the optimization process
for new electrode active materials. The goal of this work is
to establish the scientific basis needed to streamline the
lithium-ion electrode optimization process for new
materials.

Approach

The conventional approach is to optimize the
electrode by varying the amounts of conductive additive
and binder to overcome the percolation threshold at the
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laminate level. New electrode materials are generally
judged on their electrochemical properties. This method,
generally adopted by industry, requires lengthy
development efforts to fully optimize a single material and
sometimes causes promising materials to be discarded. Our
new approach in this project attempts to establish the
scientific basis at the particle level. The focus is on the
chemical and physical properties (e.g. primary particle
size, secondary particle size and extent of agglomeration,
as well as the surface characteristics, see Figure IV - 51),
which, in most cases, can dictate the overall performance
of the electrode.

Based on modeling work by Dennis Dees, it was
established that the electronic conductivity does not impact
on electrode impedance when the electronic conductivity is
much larger than the ionic conductivity (>0.01 S/cm).
Therefore, it will be very helpful to optimize the electronic
conductivity of the electrode to meet the energy and power
requirement for the lithium ion batteries. The factors
affecting the distribution of binder and conductive
additives throughout the composite matrix is being
systematically investigated at the particle level, as well as
their effect on overall electrode performance. Modeling
work is being conducted to help quantify the impact of
fundamental phenomena on electrode performance.

Particle Conduc
size tive
Separat
Particl o
article .
-
D Current
collecto
Surface Thickne
area SS
Tab
Pore .

New approach General approach

Figure IV - 51: Schematic diagram of streamlining the optimization of
electrode.

Results

Relationship between active material, conductive
additive, and binder: The 4 probe measurement on a
single particle, LiNiggCog 15Alg 050, (NCA), was carried
out using Omicron UHV Nanoprobe (Germany) at Center
for Nanoscale Materials (ANL), as shown in Figure IV -
52. The calculated conductivity was higher than that
reported in literature. Therefore, we speculate that the
interface resistance makes great contribution to the powder
conductivity.
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Figure IV - 52: Conductivity measurement using nano probe SEM.

Conductive carbon additive effect on LiFePO, was
then investigated using an in-house developed apparatus
and the results are shown in Figure IV - 53. Apparently,
the electronic conductivity of the physical mixture
increases with increasing the conductive additive,
especially at low additive composition. It can be seen from
this figure that as low as 5 wt.% carbon additive can
improve the powder conductivity of non-carbon coated
LiFePO, significantly from ~107 to ~10~* S/cm. The result
indicates that the percolation threshold is less than Swt.%
even for this extremely poor conductive electrode
materials, which suggests that less conductive carbon
additive is possible to make good conductive composite
electrode.

The effect of PVDF binder on the particle
conductivity was also investigated using nanoprobe SEM.
The resistance of the graphite with PVDF film was found
extremely high due to the poor conductivity of PVDF
binder.

The investigation above demonstrated that the
interfacial resistance of electrode particles is a significant
contributor to electrode resistance with fixed electrode
materials. It is rational to expect that the conductive
coating on active materials can improve the electrode
conductivity.
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Figure IV - 53: Carbon Additive Effect on Conductivity of LiFePO4/Carbon
Blend.

Novel carbon coating on LiNi;;;Co;,3;Mn;;0,
(NCM). The carbon coating of NCM particles was
engineered by Hosaka, using a novel carbon coating
technology without reducing the metal oxide. Two
different carbon coated NCM samples (1wt.% and 3wt.%)
were prepared. SEM and TGA results confirmed the
desired amount of carbon was coated on the surface of
particles.

The conductivity of electrodes made with both
uncoated and coated NCM particles were also investigated
using the 4-point probe method. The coated carbon on the
particle was taken into consideration when preparing the
electrode slurry. For instance, only 2wt% additional carbon
was added into composite when 5wt% carbon additive is
the target for 3wt% carbon coated NCM particles. The
subtrates for the electrodes are either conductive aluminum
foil or insulating polyester.

SEM was carried out on electrodes employing
both particles with and without carbon coatings (see
Figure IV - 54). It can be clearly seen from images that
less carbon additive is present in the matrix of the
electrode made of NCM with 3wt% carbon coating. For
this sample, the target carbon additive was Swt%. Only
2wt% additional carbon was added into composite since
there was 3wt% coated carbon on the particle. Therefore,
there was less carbon to form the conductive matrix in the
composite, leading to higher electrode sheet resistance,
which is confirmed by the 4 point probe measurement on
the electrode over the insulating polyester substrate.
However, the electrode resistance with aluminum substrate
from four point probe measurement was lower. We
speculate that the interface resistance is different for these
two electrodes and was further investigated using the
following model.
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Figure IV - 54: SEM images of electrode with no carbon coating (left) and
with 3% carbon coating on the particles.

The model adopted a three-layer geometry
(Figure IV - 55). The top layer is the coating of electrode
materials including active material, carbon additive, and
PVDF binder. The bottom layer is the substrate (either
metal foil or insulating substrate). Finally, the middle layer
is the interface between coating and substrate. The
conductivity of coating was assumed isotropic. The
electrode conductivity was calculated using the model by
varying the probe contact resistance and interfacial
resistance for electrode coating on either aluminum or
polyester.

sample
interface
substrate

Figure IV - 55: Four point probe electrode conductivity geometry.

The calculated conductivity is shown in Figure IV -
56. The calculated conductivity from modeling fits very
well with the 4 probe measurement. The probe contact
resistance was also obtained from this model, which was
used, along with the conductivity, to calculate the
interfacial resistance between electrode coating and
aluminum substrate. It was determined that the interfacial
resistance was 0.2 ohm-cm”, which is much higher than the
electrode resistance (less than 0.05 ohm). The modeling
results suggest that the interfacial resistance between the
coating and substrate plays a significant role to the total
electrode conductivity, which can in turn affect the cell
power performance for automobile applications.
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Figure IV - 56: Electrode conductivity of coating using polyester as
substrate.

The hybrid pulse power characterization (HPPC) was
carried out on the half cells containing NCM powders with
and without carbon coating. The calculated area specific
impedances (ASI) at the same depth of discharge (DOD)
are shown in Figure IV - 57. The impedance of both
electrodes is relatively constant with porosity. The left plot
of the ASI results for the electrode without carbon coating
as a function of electrode porosity is less constant with the
impedance decreasing with more calendering. As for
electrode with 3% carbon coating, the overall impedance is
reduced from around 40 ohm-cm® to 30 ohm-cm”. The test
results demonstrated that the carbon coating on NCM
powder did significantly improve the power performance
at the cell level.

NCM 0% 7% HPPC Plot (at 4 V) NCM 3% 7% HPPC Plot (at 4 V)
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Figure IV - 57: AS| of NCM electrode with and without carbon coating.

Modeling on the optimum composition zone: The
objective of this modeling work is to determine the
optimum electrode composition that will provide high
energy and high power with minimum carbon and binder
loadings. In this porous electrode modeling study, the
physical parameters such as electrical conductivity and
electrode porosity were used for a variety of compositions
to predict the corresponding electrochemical performance.
The porous electrode model along with cell design
parameters such as cathode thickness, electrode
delamination, and brittle nature of the electrode were also
used to screen the optimum composition zone for high
energy and high power. Thereafter, coin cells were
fabricated for the same range of electrode compositions
and the corresponding electrochemical performances of the
cells were measured. The results of the optimization
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studies of LiFePO, are presented in the Figure IV - 58
below.
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Figure IV - 58: ASI of NCM electrode with and without carbon coating.

Modeling results indicate that porosity is a more
dominating factor than electronic conductivity to decide
electrode performance. Higher carbon content in the
mixture improves capacity, but very large carbon content
leads to thicker cathode leading to voltage loss and hence
lowers energy. The optimum composition for high rate
performance is, 15% < Carbon < 20%; 70% < AM < 75%.
This optimum composition is not affected significantly by
nature of carbon coating on olivine material. Based on this
approach (model+experiment), we will attempt to search
the optimum zone for any given cathode material and
nature of binder/carbon materials.

Conclusions and Future Directions

In the past four years, we investigated the interactions
among active material, conductive additive, and binder. It
was found that percolation threshold is low even for
extremely poor conductive electrode materials, such as
LiFePO,, which suggests that less conductive carbon
additive is possible to make good conductive composite
electrode.

Then, the novel carbon coating effect on NCM was
studied using 4 point probe method. The interfacial
conductivity between the electrode coating and substrate
turns out to be very critical to the overall conductivity of
electrode.

Finally, a porous electrode model work was used to
determine the optimum electrode composition. The
modeling results indicate the optimum composition zone
for LiFePO4. A similar study will be attempted for lithium
manganese rich nickel cobalt oxide.

This fiscal year is the last year for “optimization of
lithium ion battery electrode”. Through four years study,
the effect of each component of lithium ion battery
electrode was better understood. We also successfully
discovered that the interficacial resistance between
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electrode and current collector is important factor to affect
the electrode’s overall conductivity. This finding will help
us to prepare better electrodes for high energy and high
power lithium ion batteries. Under this project, we started
the modeling work to determine the optimum composition
of the electrode for given electrode design. More effort is
needed to complete this study in the future.
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Objectives

»  To develop a deposition system for thin protective
electrode coatings using a novel “in-line” atmospheric
pressure atomic layer deposition (AP-ALD) reactor
design that can be integrated into manufacturing to
address needs for improvement in rate capability,
cycle life, and abuse tolerance in a cost effective
manner.

Technical Barriers

Thin electrode coatings produced by Atomic Layer
Deposition (ALD) have been shown to lead to significant
improvements in lithium ion battery performance. At present,
ALD is not likely suitable for large format coating of
deposited electrodes. This work seeks to develop new
equipment for ALD that allows in-line deposition of coatings
at room temperature.

Technical Targets

+  Limited calendar and cycle life
+  Abuse tolerance

+  High cost.

Energy Storage R&D

Accomplishments

Demonstration of improved performance for an ALD
alumina coated commercial electrode material.

Demonstration of ALD alumina coatings on up to 6”
by 6” substrates.

Demonstration of atmospheric pressure ALD
deposition on a moving substrate.

Design of a new in-line ALD system for deposition on
porous substrates.

< < < < <

Introduction

Recent work conducted between NREL and the
University of Colorado at Boulder has demonstrated
improved performance for both anode and cathode
materials following deposition of thin protective Al,O5
(alumina) coatings using Atomic Layer Deposition (ALD).
These protective ALD coatings have been shown to
improve durability, rate capability, operation at a higher
potential vs Li/Li" and may possibly improve cell safety.

As an example, Figure IV - 59 shows improved
cycling performance for LiCoO, before and after ALD
coatings. It is important to note that these samples were
cycled from 3.3V to 4.5V which is considered an abusive
condition for LiCoO,; however the ALD coating appears
to stabilize the electrode.

200
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—e— 2 ALD on powder

—e— 6 ALD on powder
2 ALD on electrode
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Figure IV - 59: Cycling performance for ALD alumina coated samples of
LiCoOz cycled between 3.3V and 4.5V.

ALD is performed using sequential, and separate,
exposures of two (or more) reacting species to a stationary
substrate at temperature and under a moderate vacuum
(100 mTorr). Extensive purging is required between

FY 2012 Annual Progress Report



Tenent - NREL

IV.B.2.4 Development of Industrially Viable Battery Electrode Coatings (NREL)

precursor exposure steps in order to eliminate the
possibility of cross reaction in the gas phase. ALD is not
likely compatible with present battery manufacturing
processes based on the need for vacuum as well as
sequential static exposures of precursor materials and
subsequent purging steps. NREL is developing a new
reactor design that will enable ALD to be performed not
only at increased pressures, but also on moving substrates.

Approach

As discussed above, ALD methods are conducted by
sequential and separate exposure of a sample substrate surface
to gas phase precursors which react to form a film. Deposition
is typically performed in a closed reactor system at mild
vacuum as is shown in Figure IV - 60. Precursor exposure
steps are conducted in a single chamber and are separated in
time. In a typical exposure “cycle” a sample is exposed to one
precursor and the chamber is then purged with inert gas prior
to exposure to the second precursor completing the coating
reaction. The “cycle” ends with another extensive inert gas
purging step before the process can be started again. Film
growth takes place by repeating this cycling precursor
exposure process multiple times. The sequential and separate
exposures are keys to achieving the excellent conformal film
deposition on highly textured substrates for which the ALD
technique is known.

ALD (Atomic Layer Deposition)

Heaters

Vapor Pulse 1 -

Vapor Pulsa 2

Vacuum
Pump Qut

Figure IV - 60: A typical ALD chamber with sequentially separated
precursor exposure which draws out overall processing time.

As an alternative to the temporal separation of
precursor exposure in the same reaction chamber, our work
proposes a spatial separation of precursor exposure steps
that is more consistent with “in-line” processing
techniques. Figure IV - 61 shows a simplified conceptual
schematic of our proposed apparatus.

Our “spatial” ALD approach employs a multichannel gas
manifold deposition “head” that performs sequential exposure
of precursor materials as an electrode foil translates beneath it.
It is important to note that similarly designed deposition heads
are currently employed by glass manufacturers for production
of a variety of coated glass products using high-volume, in-
line atmospheric pressure chemical vapor deposition (AP-
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CVD). Our approach leverages this existing knowledge base
as well as our ALD expertise in order to enable in-line ALD
coating that will allow the transfer of our previously
demonstrated ALD-based performance improvements to
larger format devices.
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Figure IV - 61: A simplified schematic demonstrating the in-line spatial
ALD concept.

Results

Our initial project focus has included two main thrusts.
The first involves studies of the effect of ALD alumina
coatings on a variety of commercial cathode materials. The
second thrust is focused on scaling of the ALD process. We
have demonstrated ALD coatings on electrode foils up to a
size of 6” by 6” and also conducted work on an improved
design for in-line ALD on porous electrode substrates. All of
these areas will be discussed in more detail below.

Development of In-Line ALD. Leveraging and building
upon previous work by our collaborators at the University of
Colorado at Boulder, we have recently completed a
preliminary design for an in-line ALD system specific for
deposition on porous substrates. The majority of our previous
work was focused on the deposition of aluminum oxide via
the reaction of trimethyl aluminum with water vapor. More
recent work performed by Professor Steven George’s group at
the University of Colorado at Boulder (CU-Boulder) showed
that aluminum oxide could be deposited onto flat silicon
substrates using an in-line atmospheric pressure ALD (AP-
ALD) format.

Figure IV - 62 shows the design for the initial in-line
AP-ALD demonstration from our collaborators at CU-
Boulder. The deposition system consists of a multichannel
gas manifold that creates separated exposure zones for
both trimethyl aluminum and water. A silicon wafer was
placed on a heated substrate which was translated
underneath the gas flow head. The wafer substrate was
moved back and forth below the deposition head to drive
two full ALD alumina deposition cycles per translation.
All deposition was performed at atmospheric pressure. An
example of an alumina film deposited on a silicon wafer
using in-line AP-ALD is shown in Figure IV - 63.
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Figure IV - 62: A preliminary design from the George Group for
demonstration of in-line AP-ALD.

Figure IV - 63: Demonstration of in-line deposition of aluminum oxide
onto a silicon wafer at atmospheric pressure.

Design of In-Line AP-ALD for Porous Substrates.
While the above work has demonstrated the feasibility of
in-line AP-ALD, a crucial factor for successful coating of
battery electrodes using this technique is the ability to coat
porous substrates. Coating of a porous substrate presents a
specific technical challenge as precursor materials must be
able to fully penetrate as well as be removed from the
porous film as rapidly as possible. This requires that the
porous film be exposed to alternating high and low gas
pressure regimes. Under viscous flow (high pressure)
conditions, a high number of gas phase collisions drives
penetration of precursor gases into the film, while
molecular flow conditions (low pressure) allow rapid
removal of unreacted precursor prior to the next precursor
exposure step. Figure IV - 64 shows a recently completed
improved design that will allow in-line deposition to be
performed with alternating pressure regimes.

As shown in this new design, the coated electrode foil
translates underneath multiple gas source heads which
would be similar to the gas head designs shown
previously, but these gas deposition heads would also be
contained in a larger chamber that would be at a lowered
pressure to facilitate removal of unreacted precursor. We
are currently in the process hiring a post-doctoral
researcher who will construct and test the initial prototype
for this new reactor.
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Figure IV - 64: Initial design of an in-line ALD reactor for deposition on
porous substrates.

Deposition on Large Format Samples. In addition to
our work related to in-line AP-ALD, NREL has also
recently acquired a larger format ALD system. This system
allows ALD to be performed on electrode foils up to 6” by
6”. This system will be used to facilitate larger format
pouch cell testing while the in-line depositions systems are
completed. Figure IV - 65 shows a 6” by 6” foil of Toda
HES5050 provided by the Argonne Cell Fabrication facility
that has been coated with 5 cycles of ALD alumina. Cells
fabricated from this sample are currently under test and
larger format cells will be provided to external parties for
testing once initial efficacy of the coating method is
established.

Initial Screening of Commercial Electrode
Materials. NREL has obtained a variety of electrodes and
electrode materials (powders) from collaborators at
Argonne NL (Bryant Polzin and Andy Jansen) as well as
Sandia NL (Chris Orendorft) to enable preliminary
investigation of the effects of ALD coatings. Table IV - 4
lists the materials received.

Figure IV - 65: A 6" by 6" foil of TodaHE5050 following coating with 5
cycles of ALD alumina.
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Table IV - 4: ABR Electrode Materials Received for Coating with ALD
Alumina.

A12 Graphite
Toda HE5050 NMC
Toda NCA
AML Made LiNiMnO
Toda NMCl111
Toda NMC 523

All materials have been under extensive evaluation
initially on a coin cell format level at NREL prior to coating
with aluminum oxide using ALD. At present, ALD alumina
depositions have been performed on formed electrodes of
Toda NMC111 from Sandia as well as Toda HE5050 from
Argonne and samples are currently under test.

Toda NMCI111. In collaboration with Sandia, NREL
performed ALD alumina coating on electrode foils of Toda
NMC111 and CP A10 graphite. These foils were used for
fabrication of 18650 cells and subsequent thermal analysis to
determine the effect of ALD coatings on suppression of high
temperature thermal runaway. Figure IV - 66 shows coated
foils and 18650 cells fabricated at Sandia. These electrode
foils were coated by rolling the foils up and placing them
in a standard ALD deposition system. Upon return to
Sandia, 18650 cells were fabricated and tested. Cells were
formed with coated anode or coated cathodes paired with
uncoated electrodes in order to ease determination of the
effect of ALD coating on either electrode. Upon initial
testing, it was found that several cells failed and the cause
was attributed to damage due to the electrode rolling
process that was used to enable deposition in the existing
(not in-line) ALD systems. Cell failures were found to
predominate with the coated cathode cells; however,
several coated anode cells were functional and subjected to
accelerated rate calorimetry (ARC) testing at Sandia to
examine the effect of ALD coatings on thermal runaway.
Figure IV - 67 shows ARC data from Sandia for one of the
coated anode cells. Comparison of measurements made for
an identical cell fabricated without any ALD coating
appears to show an approximately 20°C increase in the
onset temperature for high rate thermal runaway. This
likely indicates that the ALD coatings stabilize the anode
and suppress high temperature decomposition.
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Figure IV - 66: (A) Samples of NMC 111 and A10 Graphite provided by
Sandia NL and coated with ALD alumina by NREL/CU (B) 18650 cells
fabricated from coated ALD foils for testing at Sandia.
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Figure IV - 67: Accelerated Rate Calorimetry Data for Cells with and
without an ALD alumina coated anode.

While this data is suggestive that ALD coatings may
improve safety, significant further work is needed and
planned to assess this. In order to avoid the earlier issues
with damage to electrode foils, NREL is currently
developing coating processes for powders of NMC 111
and 523 that can be used for further studies.

Toda HES050. In addition to testing of the NMC 111
material, NREL has also begun work on characterizing the
performance of ALD coatings on Toda HE5050 using already
formed electrodes provided by the Argonne Cell Fabrication
Facility (Bryant Polzin). Work in this area has been conducted
to date using standard, single chamber, ALD systems to
perform initial screening experiments. The HES050 material
was chosen for further experimentation due to interest in
understanding how ALD coatings may impact the voltage
fade phenomenon observed for this material. Figure IV - 68
shows initial cycling capacity data for HE5050 electrodes
tested in a half cell format under a variety of conditions with
and without ALD alumina coatings.
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Figure IV - 68: Cycling capacity performance for a variety of HE5050
samples with and without ALD coatings. Condition details are given in the
text.

The samples for the data shown in Figure IV - 68
consisted of an untreated sample that was tested as
received (bare) and two samples that were coated with
either 5 or 100 cycles of ALD alumina. In addition to these
coated samples another control sample was placed in the
ALD reactor and exposed to an identical process
temperature profile, but without deliberate precursor
exposure. The data in Figure IV - 68 appears to show that
the ALD coated and ALD control samples give better
cycling durability than the uncoated sample. It is
interesting to note that the ALD control sample that was
only exposed to heating does appear to give a similar
response to the 5 ALD cycle sample. Also, we note that
similar experiments with 10 and 20 cycles of ALD alumina
showed nearly identical behavior to the 5 cycle sample.
This result is inconsistent with multiple previous
observations that increasing number of ALD cycles leads
to a decrease in initial capacity. In an attempt to further
understand the situation, coating experiments were
performed with 100 cycles of ALD alumina on an HES050
electrode. The 100 cycle sample does show the initial
capacity loss as well as apparently improved cycling
durability as compared to a bare sample. Based on the
current data, our hypothesis is that while it is certainly
possible that the thermal treatment of the HE5050 sample
in the ALD chamber may well play a role in improving
performance, the absence of the expected capacity
decreases with the 10 and 20 cycle samples, likely
indicates incomplete coverage of the electrode at low cycle
number under the deposition conditions used. Issues with
nucleation of ALD films are not uncommon and NREL is
currently conducting further experiments based on
modifying deposition conditions as well as “post mortem”
analysis of existing samples to understand these issues. At
this time the observed behavior is not clearly understood.
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Conclusions and Future Directions

Significant progress has been made this year on the
development of an in-line ALD coating system compatible
with coating on formed electrodes. By leveraging existing
expertise with our collaborators in the George group at CU-
Boulder, we have been able to significantly reduce the amount
of time required to demonstrate in-line atmospheric pressure
ALD and have been able to move toward design refinement
specific to battery materials. We have completed an initial
design for a new battery specific in-line reactor and are
currently completing a post-doctoral hire to begin work on
prototype system construction and demonstration. We
anticipate work on this new system to initiate in early CY13.

NREL will continue to work with other ABR PIs not
only to supply ALD coated materials (both powders and
electrodes), but also to further understand the role that these
materials can play in a variety of systems.

FY 2012 Publications/Presentations
1. 2012 DOE Annual Peer Review Meeting Presentation.
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|V.B.2.5 Evaluate the Impact of ALD Coating on Li/Mn-rich Cathodes (NREL)

Shriram Santhanagopalan and Ahmad Pesaran

National Renewable Energy Laboratory
15013 Denver West Parkway

Golden, CO 80401

Phone: (303) 275-3944

E-mail: Shriram.Santhanagopalan@nrel.gov

Collaborators:

Chunmei Ban, National Renewable Energy Laboratory
Mohamed Alamgir, LG Chem Power, Inc., Troy MI
David King, ALD Nanosolutions, Broomfield CO
Karen Buechler, ALD Nanosolutions, Broomfield CO

Start Date: June 2012
Projected End Date: Projected September 2013

Objectives

+  To assess the technical viability of the Atomic Layer
Deposition (ALD) technique on commercial battery
active material such and Li/Mn-rich cathode
materials.

+  To mitigate durability and abuse tolerance issues
associated with high capacity Li manganese-rich
cathodes.

Technical Barriers

+  Rapid fade in capacity of the high voltage Li -
manganese rich cathode, particularly at high
temperatures (45°C).

+  Lack of uniformity data from large batches of
commercial active material treated with the atomic
layer deposition (ALD) technique to overcome
durability issues.

+  Ineffectiveness in coating sheets of electrodes
directly with ALD to achieve results similar to
coating powders of active material.

Technical Targets

+ Demonstrate capacity loss of less than 20% at C/2
rate over 500 cycles at 45°C for the high-voltage
manganese-rich cathode.

+  Demonstrate scalability of the ALD process by
coating batches up to 500g, of the manganese-rich
cathodes with alumina, to reproduce cell level
performance observed at the lab-scale.
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Build capabilities to directly coat electrode sheets up
to 6” X 6” in size.

Accomplishments

Collaborated with LG Chem Power Inc. (LGCPI)
and obtained commercial samples of Li manganese-
rich cathode materials.

Collaborated with ALD NanoSolutions, a leading
company for coating ALD on battery materials to
scale-up ALD coating using alumina on high
capacity Mn-rich cathode material.

Initial evaluation of the coated powders show little to
no reduction in cell capacity over 50 cycles.

Modification of reactor to coat electrode sheets was
initiated.

Initial results indicated that 2-3 cycle ALD coatings
with Al,O; could decrease the Li/Mn-rich fade rate.

< < < < <

Introduction

Extending the driving range of PHEVs requires the
use of high-voltage cathodes that offer consistent
performance over 5000 cycles, 15 years of battery life
without compromising safety. The Mn-rich cathode is an
excellent choice of material for these specifications and
has been shown to have the potential to be stable over a
wide voltage window between 4.5 and 2.7 V. Preliminary
work at the lab-scale, between NREL and LG Chem
Power Inc. (LGCPI) indicated that while ALD coating of
the cathode improved its cycling performance, no
enhancements were observed on coating carbon-based
anodes. In the current effort initiated in June of 2012, we
demonstrate the scalability of the ALD process and re-
affirm findings from the preliminary study, using large
format pouch cells. In addition to this, we will also
explore the viability of coating sheets of electrodes
directly.

Approach

Powders

Coat 200-500g batches of Mn-rich cathode powders
in pilot-scale reactors at a sub-contractor’s facility.
Optimize the coating conditions to minimize rate-
capability losses, if any, by building cells using
several batches of ALD-coated cathode material and
testing them at NREL.

Energy Storage R&D
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+  Evaluate optimized coatings by building and testing
pouch cells at LGCPI.

Electrodes
+  Modify ALD-reactors to hold sheet-electrodes.

+  Develop a process to coat electrodes uniformly
across the thickness of the sample.

+  Characterize and test samples at NREL and LGCPI.

+  Refine coating process based on initial evaluation
results.

Results

In FY12, the focus was on scaling up the ALD
coating of powder samples. Two different samples of
cathode powders were provided by LGCPI. Each of these
samples was subjected to two different ALD coating
profiles (Run 1 and Run 2) to assess the uniformity of the
coating and the resistance as a function of the number of
cycles. The profiles were chosen based on the
preliminary investigation of these cathode materials
carried out earlier at NREL.

ALD Coating. The pre-processing step included
drying at overnight. No unusual off-gassing or
decomposition reactions were observed. The coating
process involved the following steps:

i) loading the bed of powders into the fluidized bed
reactor (shown in Figure IV - 69),

ii) fluidizing the powders at the coating temperature
and pressure

iii) introducing the ALD precursors sequentially. Each
cycle comprised of the routine A-purge-B-purge —
and the process was repeated for the desired number
of cycles.

Figure IV - 69: Fluidized Bed Reactor to coat powders with ALD cycles:
the existing reactor at ALD Nanosolutions can process up to 8L of powder
per batch.

The coating was carried out at the vendor ALD
Nanosolutions’ facility in Broomfield, CO. ALD
Nanosolutions has been doing ALD coating of battery
materials and has the capability to process multiple batch
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sizes from tens of grams to tens of kilograms. The

Py 3 L
samples were fluidized at 10 cm” per minute after the
initial drying. The coating time per batch was about 2.5
hours. The initial trials focused on alumina coatings,
since we had demonstrated the proof-of-concept with
alumina on the Mn-rich cathode material.

Characterization. The baseline sample consisted of
spherical particles with a D5, of 11 and 12 pum for the two
batches (Sample 1 and Sample 2). The SEM images
before and after coating are shown in Figure IV - 70. A
uniform coating is observed for both the cycle profiles.
Upon coating, the alumina content after Run 1 and Run 2
are shown in Table IV - 5. Run 1 employed fewer cycles to
form a thin ALD coating and Run 2 involved a thicker
coating.

0 wi
Sample 1 (Baseline)

O b
Sample 1 (Coated)

-
Sample 2 (Coated)

Sample 2 (Baseline)

Figure IV - 70: SEM images of two different batches of Mn-rich cathode
powders coated with alumina: the coatings are uniform and conformal over
arange of baseline particle sizes.

Table IV - 5: Composition of Alumina on different batches of Mn-rich
cathode material coated with Al2O3 using ALD.

Sample ID Run 1 Run 2
1 0.98% 1.86%
2 1.12% 1.91%

Physical observations showed that the alumina on
Sample 2 tends to flake off readily (perhaps due to a
different surface treatment on the baseline particles).
Neither sample showed any degradation or discoloration
when stored in the electrolyte at 60°C over two weeks.

Cell-Evaluation. The coated material was evaluated
using coin cells at NREL and pouch cells at LGCPI. The
sample coated in Run 1 showed good cyclability and low
IR-drop during the 1C discharge pulses (Figure IV - 71).
The cells which were fabricated with the samples coated
in Run 1, showed almost no degradation after 50 cycles at
100% Depth of Discharge (DOD), when cycled at 25°C at

FY 2012 Annual Progress Report



Santhanagopalan, Pesaran - NREL

IV.B.2.5 Impact of ALD Coating on Li/Mn-rich Cathode Materials (NREL)

the C/2 rate. As shown in Figure IV - 72, the baseline
samples showed a detectable loss in cell capacity under
identical conditions.

Voltage (vs Li/Li+)

288 1 by b b e by b )

i
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Figure IV - 71: Initial evaluation of Sample 2 coated with Al203in Run 1
using coin cells at NREL: Charge and Discharge at C/5 (250C) with 1C-
discharge pulses for 20s after every 10% discharge.

SRR J—
5 Illllllll-/
E e as s s e e o |
> : : E
.ﬂ: 1
g —a— ALD Coated Mn-rich
% i —=a— Bare Mn-rich 1
8 - e B sl o _
T T -} T T T
0 10 20 30 40 50
Cycle

Figure IV - 72: Cycling performance of pouch cells at 25°C subjected to
100% DOD cycles at the C/2-rate.

The samples coated in Run 2 showed higher
resistance versus the baseline material as confirmed by
electrochemical impedance measurements (Figure IV - 73)
possibly because the coating thickness is higher.
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Figure IV - 73: EIS measurements on Mn-rich cathode material coated
with different ALD layers of Al2Os: the powders coated in Run 2 show
larger impedance build up compared to the baseline.

Conclusions and Future Directions

The initial results indicate that the ALD technique is
quite scalable with the cathode powders. A semi-
continuous production option has also been validated for
large scale manufacturing that will facilitate industry
adoption. Initial results indicated that 2-3 cycle ALD
coatings with Al,O; could decrease the Li/Mn-rich fade
rate. The initial cycles of the baseline particles coated
Al,O3, shows a gradual increase in the cell capacity. This
is indicative of the need for optimizing the coatings and
the cathode properties, to enhance mutual compatibility,
and maximize the cell performance. A predictive
roadmap is an integral feature to expedite the
commercialization of the technology. Future runs will
focus on such optimization based on these initial results.

The second part of the project focuses on coating
electrode sheets directly with ALD cycles. Towards this
end, modification of the reactors to coat electrodes is
underway. NREL has been working with ALD
Nanosolutions, to install electrode-racks to facilitate
coating of electrodes as large as 6” x 6”. Future work will
include coating of sheets of electrodes.

FY 2012 Publications/Presentations

1. Shriram Santhanagopalan, Mohamed Alamgir,
Karen Buechler, David King and Ahmad Pesaran,
“Evaluate ALD Coatings of LGCPI Cathode
Materials or Electrodes”, Milestone Report # 55894,
Submitted September 2012.
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Peter Faguy (ABR Program Manager)
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One Bethel Valley Road

P.O. Box 2008, MS-6134

Oak Ridge, TN 37831

Phone: (865) 574-1157; Fax: (865) 241 4034

E-mail: wooddl@ornl.gov

Collaborators: Andy Jansen (ANL), Chris Orendorff
(SNL)

Start Date: October 1, 2011
Projected End Date: September 30, 2014

Objectives

»  Eliminate costly, toxic, and flammable solvents.

+  Improve aqueous electrode suspensions via dispersant
addition.

+  Improve wetting of aqueous electrode suspensions to
current collector.

»  Reduce cost of manufacturing composite electrodes.

+  Validate processing achievements on baseline
materials

Technical Barriers

The major problems with aqueous electrode
dispersions are: 1) excessive agglomeration of active phase
particles and conductive carbon additive; 2) poor wetting
of the dispersion to the current collector substrate; and 3)
cracking of the electrode coating during drying. N-
methylpyrrolidone (NMP) based processing has the
inherent disadvantages of high solvent cost and toxicity
and the requirement that the solvent be recovered or
recycled.

Technical Targets
»  Selection of an appropriate dispersant for dispersing
electrode suspensions.

+  Control of rheological properties and agglomerate size
in electrode suspensions.

+  Improvement of wetting of aqueous cathode
suspensions on Al foil.

+  Achieving desirable cathode performance with
cathodes manufactured through aqueous processing.

Energy Storage R&D

Accomplishments

Confirmation of effectiveness of polyethyleneimine
(PEI) as the dispersant for LiFePQO,,
LiNig sMny3Co(,0, (NCM 523) and A12 graphite.

Improvement of wetting of aqueous LiFePO,
suspensions on Al foil via corona plasma treatment.

Successful manufacturing of LiFePO, composite
cathodes through aqueous processing.

Successful manufacturing of NCM 523 cathode and
ConocoPhillips (CP) A12 graphite anode.

< < < < <

Introduction

For conventional lithium-ion batteries, the
manufacturing process for LiFePO, cathodes involves a
slurry processing in which LiFePO, is mixed with other
additives in a solvent with polyvinylidene fluoride (PVDF)
and N-methyl-2-pyrrolidone (NMP) as the typical binder
and solvent, respectively. If the composite cathodes could
be processed by an aqueous method, in which the
expensive NMP is replaced with deionized water, the cost
would be significantly reduced, and the process for
recovery and treatment of NMP would be eliminated.
Based on a recent Oak Ridge National Laboratory (ORNL)
processing cost study, this approach has a potential to save
up to 70% in the electrode processing steps translating to a
12% reduction of the overall battery pack cost. However,
replacing NMP with water also creates some problems,
such as particle agglomeration and inferior wetting of
aqueous suspensions on current collector.

We have proposed to control particle agglomeration
using an appropriate dispersant(s). The addition of the
dispersant increases the charge on particle surfaces, and,
consequently, the repulsive potential. As a result, the
particles will repel each other when dispersed. Inferior
wetting of aqueous suspensions on the current collector
may be improved by increasing the surface energy of
current collector via corona plasma treatment. With the
appropriate dispersant and surface energy of current
collector substrate, LiFePO, cathodes were manufactured
through aqueous processing with excellent performance.
This is a significant step towards low-cost manufacturing
of composite electrodes for lithium-ion batteries.
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Approach

Fabrication of composite electrodes via organic
(baseline) and aqueous suspensions was completed. A
focus was placed on the effect of processing parameters
and agglomerate size on the aqueous-route cell
performance and microstructure of the composite
electrode. Several active anode graphite and cathode
(NMC, LiFePQ,, etc.) materials were selected with various
water-soluble binders. The conductive carbon additive was
held constant. Rheological (viscosity) and colloidal (zeta
potential) properties of the suspensions with and without
dispersant were measured with a focus on minimization of
agglomerate size. These measurements have shown the
effects of agglomerate size and mixing methodology on
suspension rheology and have helped determine the
stability (i.e. ion exchange processes across the surfaces of
various crystal structures) of active materials in the
presence of water. Composite electrodes were made by
tape casting and slot-die coating, and electrochemical
performance of electrode coatings was characterized in
half-cells.

Improved cell performance with reduced processing
and raw material cost will be demonstrated using pilot-
scale coatings. Half-cells were tested and evaluated for
irreversible capacity loss, AC impedance, capacity vs.
charge and discharge rates. Ultimately, long-term
performance through at least 500 charge-discharge cycles
will be obtained in coin cells and pouch cells. The coin
cells will be used for screening and coarse evaluation of
different suspension chemistries and coating
methodologies. A fine tuning of these research areas will
be completed using ORNL pouch cells and large format
cells with ORNL’s industrial partners. Electrode coatings
will be produced on the ORNL slot-die coater and supplied
in roll form to Argonne National Laboratory (ANL),
Sandia National Laboratories (SNL), and other industrial
partners for assembly into full coin and large-format cells.

Electrode morphology will be characterized by
scanning electron microscopy (SEM) and TEM. The bulk
structure and surface of the active materials will be
characterized using XRD and XPS, respectively.

Results

During the first half of the year, research focused on
LiFePO, cathodes as this project transitioned from the
Advanced Manufacturing Office (AMO) to the Vehicle
Technologies Program (VTP). During the second half of
the year, efforts were concentrated on the VTP Applied
Battery Research (ABR) baseline active materials of Toda
LiNij 5C09,Mny30, (NCM 523) cathode and CP A12
graphite anode in collaboration with ANL and SNL.
Round robin testing of these baseline electrodes (made by
ORNL, ANL, and SNL) is being conducted by ANL and
will be completed by December 2012.
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Figure IV - 74 shows the surface energy data for a
LiFePO, cathode dispersion with poly(ethyleneimine)
(PEI), which is added to reduce agglomeration of the
active and conductive additive particles, and for various Al
foil surfaces with and without corona treatment. It is seen
that the surface energy of the electrode dispersion is well
above that of the untreated Al foil (62.9 vs. 47.9 mJ/m?).
This situation results in poor wetting of the dispersion to
the current collector foil, but the data in Figure IV - 74
shows that corona treatment conditions of >0.4 J/cm” raise
the surface energy of the foil above the surface energy of
the dispersion, which is the condition required for good
wetting. Corresponding half cell performance data is
shown in Figure IV - 75 for the different surface treatment
energy densities. An optimum energy density of 0.4 J/cm®
was found, and cells with corona treatment (regardless of
energy density) significantly outperformed the cell with no
corona treatment. It is thought that the optimum value of
0.4 J/em® results from sufficiently cleaning the surface of
adsorbed hydrocarbons and subsequent hydroxylation, but
falls short of possible restructuring of the surface at much
higher energy densities. This restructuring could result in
significant roughening and formation of pits and voids,
which would lower the adhesion energy and raise the
interfacial tension of the electrode coating and result in
increased half cell high-frequency impedance.

100
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Il overal surface energy
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Surface Energy (mJ/im?) & Surface Polarity (%)
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Figure IV - 74: Surface energy of treated and untreated Al foils and
LiFePO4 aqueous dispersion; the surface energy and polarity of Al foils
increased with increasing corona treatment energy density.
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Figure IV - 75: Cycling of LiFePOx4 cathodes at 0.5C/-0.5C (0.34 mA/cm?)
confirming 0.4 J/cm? as the best corona treatment energy density for long
term performance.

ABR Baseline Coatings. A NCM 523 dispersion
consisting of 50.7 wt% and 49.3 wt% NMP was prepared
by first mixing NCM 523 with Solvay 5130 PVDF in
NMP solution, followed by dispersing the Denka carbon
black. An A12 graphite dispersion was prepared composed
of 45 wt% solids and 55 wt% NMP. Super P Li carbon was
first dispersed in the Kureha 9300 PVDF and NMP
solution. Then A12 was mixed into the resulting dispersion
with a planetary mixer. The dispersions were coated using
the ORNL slot-die coater, and the wet electrodes were pre-
dried using seven convective heating zones with
temperatures ranging from 150°F to 270°F.

Figure IV - 76 shows a roll of NCM 523 cathode and
A12 graphite anode with 6” width. The electrodes
demonstrate excellent quality free of defects. Desired solid
loadings were obtained for the round robin testing, and
Table IV - 6 lists the electrode properties. The electrode
balance between anode and cathode was 1.1 n/p.
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Figure IV - 76: A roll of NCM523 cathode and A12 graphite anode from
baseline coating.

Table IV - 6: Properties of ABR baseline electrode coatings.

Electrode | Composition Solid Capacity | Electrode
loading (mAh/g) | balance
(mg/cm?)
NCM 523 | NCM 523/ 12.92 160 Anode /
Denka carbon cathode =
black / Solvay 1.1
5130 PVDF =
90/5/5 wt fraction
Al2 A12/SuperPLi | 6.93 320
/ Kureha 9300
PVDF = 92/2/6
wt fraction

NCM 523 cells were evaluated by charging and
discharging at C/5 for 25 cycles, and rate performance was
investigated by charging at C/5 and varying the discharge
rates. C-rate was calculated based on a theoretical capacity
of 160 mAh/g for NCM 523. As shown in Figure IV - 77a,
NCM 523 demonstrated excellent first charge and
discharge capacity of 172.1 and 170.0 mAh/g,
respectively, with 2.1 mAh/g irreversible capacity loss
(ICL). The discharge capacity after 25 cycles was 165.7
mAbh/g, with retention of 97.5%. C-rate dependence is
shown in Figure IV - 77b, and excellent capacity at C/10
and C/5 was obtained — higher than 165 mAh/g. The
capacity dropped from ~165 mAh/g to ~140 mAh/g when
the C-rate was increased from C/5 to 1C. This rate
behavior indicates a well-produced electrode.
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Figure IV - 77: Initial performance of NCM 523 cathodes; a) 25 cycles
discharged at C/5 and b) rate performance.

Zeta potential of NCM 523 and A12 graphite. Zeta
potential was measured for dispersant selection for both
NCM 523 and A12 graphite using a ZetaPALS instrument
(Brookhaven Instrument Corporation). Carboxymethyl
cellulose (CMC) has been reported to be an effective
dispersant for graphite and was selected for this work as a
starting point. According to the zeta potential results in
Figure IV - 78, the isoelectric point (IEP) of A12 graphite
was pH=3. The addition of 1 wt% CMC (Fisher Scientific,
MW = 250,000 g/mol, DS = 0.7) shifted the IEP to lower
pH. More importantly, the zeta potential range of A12 with
1 wt% CMC was more negative compared to that of A12
and close to -30 mV at the natural pH of the A12
dispersion (pH=6). Generally, dispersed particles with a
surface charge more positive than 30 mV or more negative
than -30 mV are considered to be stably dispersed. Thus,
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the stability of the A12 graphite dispersion with 1 wt%
CMC was improved over that without CMC addition.
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Figure IV - 78: Zeta potential of A12 graphite with and without CMC; the
addition of 1 wt% CMC resulted in a more negative charge on the A12
surface.

Similarly, zeta potentials of NCM 523 with and
without CMC were also investigated (see Figure IV - 79).
The addition of 1 wt% CMC shifted the IEP to pH<2, and
the zeta potential with CMC was more negative than -30
mV at the natural pH of NCM 523 (pH~7.2). Therefore,
CMC was also effective in improving the stability of the
NCM 523 aqueous dispersion.
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Figure IV - 79: Zeta potential of NCM 523 with and without CMC; the
addition of 1 wt% CMC resulted in a more negative charge on the NCM 523
surface.

Rheological properties of aqueous NCM 523.
Aqueous NCM 523 (Toda America) suspensions with
various CMC (Fisher Scientific, M.W.=250,000 g/mol,
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DS=0.7) concentrations were prepared by mixing CMC
solution in water for 10 min followed by dispersing NCM
523 in the resulting solution for 10 min. The mixing
process was carried out by a high-shear mixer (model 50,
Netzsch). The CMC concentration was based on NCM 523
mass, and the NCM 523 to water ratio was 1:2.5.

Rheological properties of aqueous NCM 523 with
various CMC concentrations were investigated using a
controlled stress Rheometer (AR-G2, TA Instruments) and
shown in Figure IV - 80. The NCM 523 suspensions
exhibited shear thickening behavior with CMC
concentration below 0.5 wt%. The rheological behavior
switched to Bingham plastic/Newtonian behavior and
shear thinning at shear rate below 1000 s™ with 1.0 wt%
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Figure IV - 80: Rheologic properties of aqueous NCM 523 suspensions
with various CMC concentrations a) viscosity vs shear rate and b) shear
stress vs shear rate.

and 2.0 wt% CMC, respectively. The critical shear rate
(>1000 s™) was relatively high, which was above the
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operating window of most common coating methods. For
instance, coating using a doctor blade with 200 um gap
and a shear rate of 750 s™' translates to coating speed of
12 m min™', which is higher than the industrial coating
speed (~20 ft min™") in manufacturing lithium-ion

battery electrodes. Therefore, the low shear rate region is
more interesting and will be focused in the following
discussion. The rheological behavior change was further
evidenced by the shear stress and shear rate plot as shown
in Figure IV - 80b, which could be fitted with
Herschel-Bulkley (H-B) model. The fitting power-law
indices are listed in Table IV - 7.

Table IV - 7: Parameters from H-B model for the NCM523 suspensions.

CMC 0.0 0.25 0.50 1.00 2.00
concentration | wt% wt% wt% wt% wt%
Power-law 1.57 1.51 1.64 1.05 0.83
index, n

The H-B equation is one of the most employed
models for situations where a nonlinear dependence exists
of shear stress on shear rate. It is described by the power
law equation and is stated as the following:

T=1+tKy" ([f 1
if 1<t )

y=0

where 1, 7o, K, ¥ and n are the shear stress, yield stress
(stress needed to initiate the flow), consistency index,
shear rate and power-law index, respectively. If n = 1, this
function reduces to the classical Bingham plastic equation.

If 1o = 0 and n = 1, this function describes Newtonian
behavior.

The power-law index was 1.05 with 1.0 wt% CMC,
demonstrating the best suspension stability. In addition,
NCM 523 suspension exhibited higher viscosity with
increasing CMC concentration. This suggested that CMC
not only acted as a dispersant in aqueous NCM 523
suspension but also a binder.

Median agglomerate size, D5, of the aqueous NCM
523 suspension was measured by laser diffraction
(Partica LA-950 V2, Horiba Scientific) and is shown in
Figure IV - 81. Dsy was approximately constant and not
dependent on CMC concentration, which could be
attributed to the spherical structure of NCM 523 secondary
particles with large particle size and high density.
Although the effect of CMC on the agglomerate size of
NCM 523 is not pronounced, the addition of CMC
significantly affects the rheological properties of NCM 523
suspensions.
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Figure IV - 81: Agglomerate size of aqueous NCM523 suspension with
various CMC concentrations.

Conclusions and Future Directions

PEI has been shown to be an effective dispersant for
aqueous processing of LiFePO,4. The wetting of aqueous
LiFePO, on the Al foil was significantly improved via
corona plasma treatment, and the electrode performance
improved as well. High quality NCM 523 and A12
graphite electrodes were successfully manufactured as
baseline coatings for round robin testing between ORNL,
ANL, and SNL.

The addition of CMC shifts the surface charge of
NCM 523 cathode and A12 graphite anode to more
negative values and improves the dispersion of the two
materials. An NCM 523 suspension with 1 wt% CMC
demonstrates Bingham plastic behavior indicating a stable
dispersion.

ORNL will continue supporting the round robin
electrode testing and electrode processing standardization
activities led by ANL. ORNL will also optimize the
processing conditions to manufacture NCM 523 cathodes
and A 12 graphite anodes through aqueous processing with
emphasis on the formulation, dispersion chemistry, mixing
protocol, coating method, and drying protocol. Testing in
half-cells, full coin cells, and full-active-area pouch cells
will be carried out, and the cell performance from aqueous
processing will be compared to that of the ABR baseline
coatings.
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Objectives

»  Raise the production yield of lithium secondary
battery electrodes from 80-90% to 99% and utilize in
situ and ex situ diagnostic tools for electrode
structural characterization to improve the
performance.

+  Reduce associated cost by implementing in-line XRF,
laser sensing, and IR thermography as non-destructive
evaluation (NDE) and quality control (QC) tools.

«  Correlation of in situ XRD with TEM, SQUID
(magnetic susceptibility), and neutron scattering
diagnostics for understanding the microstructure of
electrodes in order to increase the performance,
safety, and calendar life.

Technical Barriers
+  Material processing cost and electrode quality control.
+  Cell calendar and cycle life and performance.

+  Electrode stability at high voltage.

Technical Targets

+  Implementation of critical QC methods to reduce
scrap rate by an order of magnitude (to meet
$300/kWh VTP storage goal for PHEV).

«  Correlation of cathode microstructural parameters
with performance to meet calendar and cycle life and
long-term performance needs.

Energy Storage R&D

Integrate material diagnostics findings with electrode
NDE development pathway to advance lithium
secondary battery manufacturing science.

Accomplishments

In-line IR imaging demonstrated the ability to identify
the defects and inhomogeneity in the electrodes.

In-line laser thickness measurement shows benefits of
tracking electrode coating thickness; uniformity
results of + 2-3% have been obtained.

Preliminary off-line XRF results have been obtained
for slot-die coated electrodes showing excellent
transition metal composition and areal loading
uniformity.

In situ XRD allowed for investigation and monitoring
of the voltage fading mechanism in Toda HE5050 Li-
rich cathode by identifying the spinel phase during
low voltage discharge after subsequent cycles.

Magnetic susceptibility measurement (SQUID)
provided information on the redox mechanism by
demonstrating the change in average transition metal
ion oxidation states in Toda HES050 cathode during
high-voltage (4.5 V vs. Li/Li") hold.

Both TEM and SQUID results were correlated to
provide detailed insights to structural degradation
pathways in Toda HE5050 during high-voltage (4.5 V
vs. Li/Li") hold and show oxygen loss followed by
migration of transition metal ions to the lithium layer
during prolonged voltage hold.

< < < < <

Introduction

Due to high scrap rates associated with lithium
secondary cell production, new methods of quality control
(QC), which have been successful in other industries, must
be implemented. The flaws in the electrodes are not
detected unit the formation cycling when the entire
manufacturing steps have been completed, and the
associated scrap rates drive the cost of lithium secondary
cells to an unacceptable level. If the electrode flaws and
contaminants could be detected in line near the particular
processing steps that generate them, then the electrode
material could be marked as unusable and the processing
equipment could be adjusted to eliminate the defects more
quickly. ORNL is considering in line nondestructive
evaluation such as X-ray fluorescence spectroscopy
(XRF), IR thermography for electrode uniformity, flaws,
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blisters as well as metal particle detection and laser
thickness sensing of the electrode wet thickness
measurement.

In addition, ORNL is providing off-line diagnostic
capabilities and expertise to address the materials issue
with ABR developed electrode. Currently, we are
concentrating on a Li-rich high voltage cathode, Toda
HES050 (0.5Li2MHO3- .5LiNi0_375C00A25Mn0A37502). This
lithium rich cathode oxide delivers promising discharge
capacities between 200-250 mAhg-1between the voltage
window of 2.0-4.7 V (vs. Li"). However, these materials
suffer issues such as voltage fade, low efficiency in first
cycle, and an unexpected impedance rise during high
voltage hold. Our diagnostics are focusing on those
unresolved issues and are establishing the microstructural
features of cathode materials that contribute to the
degradation of their electrochemical properties. We will
subsequently propose solutions to overcome these
degradation mechanisms. Materials are obtained from
ANL in collaboration with Dan Abraham.

ORNL is currently addressing the following questions
on ABR developed electrodes (Li-rich Toda HE5050).

1. Why does voltage of the battery containing Li rich
Toda HE5050 cathode drop after subsequent cycles?

2. What is the cause behind the impedance rise during
high voltage hold?

3. Why is the first cycle efficiency less at high voltage
cycling?

4. How does LiMnO; activation process relate to the
delithiation/lithiation in Li-rich Toda HE5050
composite oxide cathodes?

Approach

1. In line diagnostics.

1.1 Determining the feasibility of in-line XRF with
equipment supplier. Solar Metrology has been identified
as a top manufacturer of in line XRF instruments for roll-
to-roll applications and has a great deal of experience with
other industries. ORNL is working closely with them to
establish this technology for the lithium secondary battery
industry. ORNL is producing tape casted and slot-die
coated electrode rolls (anodes and cathodes) to test the
appropriateness of the method and determine any required
equipment modifications to the standard model. All key
process parameters, such as line speed, coating thickness
range, elemental homogeneity, etc., will be examined. In-
line XRF data will also be correlated with ex situ X-ray
Computed Tomography (XCT) data to gain a complete
chemical and structural picture of the electrode as it is
coated and dried.

1.2 Determining the feasibility of in-line laser with
equipment supplier. Keyence has been selected as the
partner for developing a set of laser thickness sensors for
lithium secondary battery electrode production. ORNL has
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purchased the sensors from Keyence and integrated them
directly into ORNL’s slot-die coating line for the proof-of-
concept experiments.

1.3 Correlation of wet and dry thickness
measurement. The output data from wet layer thickness
measurement using laser sensors will be correlated with
the thickness measurement capability by marking the
regions that are out of specification during coating process.
The coated electrode rolls with markings will be fed into
the in line XRF equipment to determine if the wet regions
out of specification match with the dry regions that are
determined to be out of specification. A feedback
mechanism will be determined that considers whether the
wet and dry thickness is a better input for adjusting the
dispersion flow rate into the slot-die coater. The IR
imaging QC will be correlated with the thickness variation
data to determine any further systematic flaw formation
mechanism.

2. Offline diagnostics.

2.1 Determining the microstructural changes in
ABR developed cathodes during cycling by combined
magnetic susceptibility and diffraction tools. ORNL will
utilize its expertise in material diagnostic tools such as
magnetic susceptibility, in situ XRD, TEM and neutron
diffraction to investigate the issues related to the ABR
developed cathodes. The pristine and cycled materials will
be investigated and the structure-electrochemical property
correlation will be furnished. The mechanism of
voltage/capacity fade in those cathodes will be reported
and the method to overcome this barrier will be proposed.

Results

1. In line diagnostics.

1.1 In line laser caliper set-up on slot-die coater
system. A Keyence laser caliper system was successfully
mounted on our slot-die coater, which is shown in
Figure IV - 82. To obtain baseline noise from the thickness
measurement (Figure IV - 83), a calibration shim was
used. Throughout the 30 minutes of data acquisition, the
data were clustered at 92 microns. Variation of £ 1 um
from this average was observed, which validates this
approach for measuring electrode thickness.
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Figure IV - 82: In-line laser caliper set-up inside slot-die coater for wet
thickness measurement.
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Figure IV - 83: Baseline noise determination from using calibration shim.

Initial laser thickness tests were performed on patch-
coated LiFePO, electrodes on Al foil using a coating speed
of 1 ft/min and the results are shown in Figure IV - 84. The
average LiFePO, thickness was found to be 41.3 micron
with Al current collector thickness as 18.5 + 4 micron.
These values were close to the expected values. To verify
the approach during a larger scale coating trial, these
measurements were performed while coating a
LiNij 5Cog,Mny 30, (NCM 523) electrode (also at 1
ft/min). The thickness measurements of two different
regions A and B are shown in Figure IV - 85, and the
average coating thickness was found to be 112.26 + 5.86
micron for region A. However, the average coating
thickness was found to be 126.98 4+ 2.98 micron in region
B. Hence, the non-uniformity of the coating thickness can
be precisely and effectively tracked by this laser caliper
thickness measurement system. In region A the standard
deviation was higher compared to the region B, which
indicates the coating in region A was less uniform.
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Figure IV - 84: Thickness measurement of LiFePOx electrode on Al foil.
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Figure IV - 85: In line thickness measurement of LiNio.sCoo.2Mno.302 (NCM 523) electrode at different regions; the y-axis represents the temperature at which
data were collected.

1.2 In-line IR set-up on slot-die coater. In order to shown in Figure IV - 88a-b. The temperature profile
check the homogeneity of dried electrode coatings, IR correlates with the flaws (blisters, pinholes, large
thermography was utilized outside the slot-die coater. One agglomerates, etc.) on the coated electrode (Figure IV -
example from a LiFePO, electrode is given in Figure IV - 86. 88a), which cannot be detected from digital images. In
Visual inspection revealed little information about the addition, two line scans were performed in another area of
quality of the coating (Figure IV - 86a). However, during IR the coating (Figure IV - 88b), which also show the
flashing, very thin spots and several thin lines across the difference in temperature (confirming the presence of
electrode surface were revealed (Figure IV - 86b), which defects in the coating).
indicates defects associated with the electrode. The —

temperature profile of the electrode (Figure IV - 86¢)
shows the thinner (orange and red) and thicker (green)
areas indicating thickness variation across the electrode.
To complement this result, the high power quartz

lamp is viewed through the electrode, and the image
(Figure IV - 86d) shows bright and dark spots (thinner and
thicker spots, respectively).

Dry electrode coming out from

(2)

o -

Figure IV - 86: Homogeneity and defect analysis of LiFePOx electrode
coating: visual digital image (a), IR image (b), temperature profile (c), and
image taken when quartz lamp is viewed through the electrode (d).

This off-line measurement verified IR thermography
as an effective method for QC purposes. Therefore, in-line
IR thermography was performed on the dried NCM 523
electrode exiting the heating zone of the slot-die coater,
and the experimental set-up is shown in Figure IV - 87. IR
images were taken continuously (one image every 5 s) .
while the dried NCM 523 electrode was exiting the heating  Figure IV - 88: Processed in-line IR imaging data at different regions of a
zone of slot-die coater at 1 ft/min. The images were LiNio5Coo.2Mno.302 (NCM 523) cathode coating.
subsequently processed to check the homogeneity and
quality of the coating. Two representative images are
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1.3 Analyzing stoichiometry and thickness
uniformity of electrode samples by XRF. The
compositional homogeneity and thickness uniformity of a
NCM 523 cathode was also verified by XRF and initial
results are given in Figure IV - 89. The composition of the
electrode at two different locations was measured, and the
ratio of Ni:Co:Mn was found to be close to the nominal
composition of the material (0.5:0.2:0.3 Ni:Co:Mn).
Excellent thickness uniformity was also obtained (1-2%
variation).
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Figure IV - 89: Stoichiometry and thickness uniformity of Ni, Co, and Mn
at different locations of a NCM 523 electrode coating.

2. Off-line materials diagnostic on Toda HES050.

2.1 In situ XRD studies during electrochemical
cycling to address the voltage fade issue in Toda
HES5050 cathode materials. /n situ XRD experiments
were performed on Toda HE5050 lithium rich cathode
with composition 0.5Li;MnO3-
0.5LiNi0‘375C00‘25Mn0‘37502. The Toda HE5050 contains
two phases, a Li,MnO; monoclinic phase (C2/m space
group) and LiNig375C025Mny 3750, layered trigonal phase
(R-3m space group). The electrochemical cycling was
performed in a half-cell configuration with lithium metal
as a counter electrode. A specially designed cell for in situ
XRD with large (9.8 mm in diameter) Kapton window was
used. 2032 coin cell hardware was used with 1.2M LiPF6
in ethylene carbonate / dimethyl carbonate (EC/DMC 3:7
per volume) mixture as the electrolyte (Purolyte®,
Novolyte) and Celgard 2500 as the separator. The
electrodes had the following composition: 86%wt Toda
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HES5050 — 8%wt PVDF binder — 4%wt Timcal SFG-6
Graphite — 2%wt Timcal Super P. In situ experiments were
performed for a freshly prepared electrode (first cycle) and
after 16 and 36 cycles. The electrochemical experiments
were done at the rate of 10mA/g (C/32 rate calculated
based on therorical capacity). The electrochemical voltage
vs. capacity curves are presented in Figure IV - 90. The
suppression of the discharge profile is clearly visible (refer
to arrow mark) after subsequent cycles, which was
investigated by in situ XRD. The in situ XRD patterns
from the freshly prepared and cycled (16 and 36 cycles)
electrodes were collected, and the lattice parameters were
derived by least squares refinement. Figure IV - 91, the
calculated lattice parameters during charge and discharge
cycle for the freshly prepared electrode and after 36 cycles
are shown. In this curve, the increase (decrease) in ¢ (a)
lattice parameter during early charging (< 4.4 V) confirms
the lithium ion extraction from the lithium layer. During
this process, when lithium ions are being extracted from
the lithium layer, the vacancies are created and due to the
electrostatic repulsion among cubic-closed-packed oxygen
layer, the unit-cell expands.
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Figure IV - 90: Galvanostatic charge/discharge profiles of Toda HE5050
cathode showing voltage fade after subsequent cycling.
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Figure IV - 91: Change in lattice parameter (with error bars) in Toda
HE5050 cathode material at different points in the electrochemical
charge/discharge profile; these plots were collected from the freshly
prepared cell (first 1.5 cycles) and after 36 cycles.

The decrease in a- lattice parameter is due to the
introduction of ions having smaller ionic radii, Ni"* and
Co™, that are formed due to oxidation of Ni** and Co™

FY 2012 Annual Progress Report



Wood — ORNL

IV.B.2.7 Roll-to-Roll Electrode Processing and Materials NDE for Advanced Lithium Secondary Batteries (ORNL)

during lithium extraction charge compensation. For the
fresh cell the a- lattice parameter remains constant in the
plateau region (4.4 V-4.6 V), which indicates that the
extraction of lithium ions, along with the oxygen (Li,0)
due to activation of monoclinic Li,MnQ; phase and lithium
ions, are being extracted from the transition metal layer.
This was not observed after 16 and 36 cycles, which
clearly demonstrates that the monoclinic phase percentage
decreases after repeated charge/discharge cycles.
Interestingly, new peaks were detected during the
discharge process (highlighted in circles in Figure IV - 92)
of the cells that were cycled for 16 and 36 times. These
new peaks were assigned to characteristic (440) planes
from spinel phase (ICDD PDF# 00-018-0736) and possibly
the LiMn,0O, phase. The percentage of phase was 64%
trigonal and 36% monoclinic after 16 cycles and 72%
trigonal and 28% monoclinic after 36 cycles, as compared
to 46% trigonal and 54% monoclinic phase for the fresh
electrode, which confirms a decrease in monoclinic phase
after subsequent cycles. It is also speculated that the layer
to spinel phase transformation may suppress the voltage
profile and cause the voltage fade in Toda HE5050
lithium-rich cathodes.

. After 16 cycles After 36 cycles
First 1.5 c(!'%l)e (18] Y‘Ho:n (108), Y 110)e
"‘ig’“.?l iyl " (110) 15 oA Al

R ' :

Intensity (a. u.)
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Figure IV - 92: (108), (110), (13) reflection during first 1.5 cycles, after 16
cycles, and after 36 cycles. The R and M subscripts designate the
rhombohedral (frigonal) phase and monoclinic phase, respectively. The color
stacks represents the different charge/discharge voltages. The appearance
of new peaks is highlighted in the dotted regions.

2.2 Magnetic susceptibility and transmission
electron microscopy studies during high-voltage hold.

We are currently investigating the stability of Toda
HES5050 cathode while holding the cell as constant voltage
(4.5 V). Cells containing Toda HE5050 cathode and a Li
metal anode were first charged to 4.6 V and discharged to
3.0 V followed by a second cycle charge upto 4.5 V ata
rate of 20 mA/g (at a rate of C/16). A separate cell was
built for each experiment and electrochemical reactions
were stopped at the particular time of interest: after
completion of the second charge before high-voltage hold
(named as BH), after 60h (AH60), after 70h (AH 70), and
after 90 h (AH 90) of holding at 4.5V (see Figure IV - 93).
High-resolution transmission electron microscopy (TEM)
and selected area electron diffraction (SAED) were
collected using a Hitachi HF3300 TEM at 300 kV. DC
magnetization was measured as a function of temperature
using a Quantum Design Magnetic Property Measurement
System. Each sample was first cooled to 5 K in zero field
(ZFC) followed by an applied field of 100 Oe, and the data
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were collected from 5 K to 320 K. The sample was also
cooled in the applied field (FC) from 320 K down to 5 K,
while measuring magnetization. Field-dependent
magnetization measurements, M(H), were measured at 5 K
up to ~7 Tesla. The variation of magnetic susceptibility
data with temperature for the pristine material is presented
in Figure IV - 94. The pristine sample shows the
paramagnetic behavior obeying the Curie-Weiss law at
high temperature above 100 K, and the magnetic moment
increases in the low temperature region (< 75 K). The FC
and ZFC curves bifurcate at 50 K indicating a transition
from paramagnetic to ferro/antiferromagnetic ordering in
the lattice. The presence of lithium ions in the TM layers
in Li-rich composite Li;+,MO, (M=Co, Mn, Ni) structure
generates Li;MnO; type ordering and eventually lead to
magnetic transition at low temperature. The magnetic
interlayer exchange in Li,MnOj is antiferromagnetic (AF),
and the compound undergoes AF ordering transition at 50
K. The oxidation state of Co, Ni, and Mn ions in pristine
Li; ,Cog1Mny 55Nij 150, was determined from a comparison
of the experimentally measured effective magnetic
moments with the calculated theoretical magnetic
moments by considering the magnetic moments of Ni**,
Mn*"/Mn**, Co*/Co*" with high spin (HS) and low spin
(LS) configurations in octahedra (MOg) environment. The
effective magnetic moments calculated from the plot of
inverse molar magnetic susceptibility vs. temperature
between 100 K and 320 K using the equation y,,= C,/ (T-
). Here, y.,1s the molar magnetic susceptibility, C,, is the
Curie constant, and 8 is the Weiss temperature. The
experimental effective magnetic moment for pristine Li-
rich NMC compound was found to be 3.06 pp and is best
explained by a combination of 0.15 moles of Ni** (HS; S=
1), 0.55 moles of Mn*" (HS; S=3/2) and 0.1 moles of Co*"
(HS; S=0), which corresponds to a theoretical effective
magnetic moment of 3.07p. Hence, the composition of
pristine material can be written as LilAzNiH(HS/LS)O,l 5
Mn*"(HS/LS)q 5:Co”"(LS)y.,0s.
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Figure IV - 93: Electrochemical voltage profile showing the desired point
of interest for analysis (before hold and after holding for 60h, 70h, and 90h).
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Figure IV - 94: Magnetic susceptibility data for pristine Toda HE5050 after
charging to 4.5 V and after holding for 90h.

The magnetic susceptibility curves for BH, AH60,
AH70, and AH90 confirm the absence of magnetic
ordering at the low temperature region, and the associated
effective magnetic moments were calculated and are
shown in Table IV - 8. The effective magnetic moment
after charging to 4.5 V (BH) is lower than the pristine
material, which is due to oxidation of Ni”> and Co™ to Ni**
and Co "™ ions, respectively, during lithium ion extraction.
The Ni™ has spin value equal to zero (S=0) and decreases
the effective magnetic moment. Comparing experimental
and theoretical effective magnetic moment models taking
different oxidation states of transition metal ions, some
fraction of Mn" ions were found to be present in BH
material (see Table IV - 8). During long term holding, the
effective magnetic moment was found to increase. When
the voltage is constant, it is expected that no net lithium
ion diffusion occurs across the electrode. The effective
magnetic moment, which is directly related to oxidation
states of TM ions, should not change if no lithium ions are
extracted/inserted from/into cathode structure. However,
the increase in effective magnetic moment during
prolonged hold duration illustrates that the charge
compensation must have been followed by release of
oxygen. This observation is also supported by ex situ XRD
data where the ¢- lattice parameter of Toda HE5050
cathode was found to decrease after the longer term hold.
In the high voltage (delithiated) state, lithium deficient
Li; 2yC0p.1Mn 55Nig 150, is not stable since the Fermi level
is situated within the oxygen valence band by dropping the
Fermi energy into the top of the O*:2p band, which may
lead to release of oxygen from LiryOg and/or TMyOg.
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This release of oxygen from Li, O may 1) drive the Lipy
to migrate from TM layers to the lithium layer filling the
octahedra vacancy and/or 2) drive some of the TM ions to
lithium layer to fill the vacancy in the lithium layer.

Table IV - 8: Experimental and theoretical effective magnetic moment and
magnetic saturation values for pristine, before (BH), and after (AH60, AH70,
and AH90) high-voltage hold at 4.5 V. The oxidation states of TM ions which
are in agreement with experimental and theoretical effective magnetic
moments are also shown.

Material Hexp Model Htheo M
(BM) (BM) (emu
mol )
Pristine 3.06 £ 01 0.15Ni*2(HS/LS) 3.07 510
0.55Mn*(HS/LS),0.1Co*¥(LS)

BH 270£03  0.15Ni*(LS) 0.40Mn*(HSILS), 278 275
0.15Mn*3 (LS), 0.01Co* (LS)
0.12Ni* (LS), 0.03Ni2 (HSILS) 283 350
0.40Mn*(HS/LS), 0.15Mn*? (LS)

0.1Co™ (LS)
0.08 Ni*¢ (LS), 0.07Ni2 (HSILS) ~ 2.88 445
0.40Mn*(HS/LS), 0.15Mn* (LS)

0.1Co* (LS)
0.06 Ni*# (LS), 0.09Ni*2 (HSILS) 291 300
0.40Mn*(HS/LS), 0.15Mn* (LS)

0.1C0* (LS)

AH60 27901

AH70 28201

AH90 2.89+02

Oxygen loss and filling of the vacancy in the lithium
layer by foreign ions could reduce the electrostatic
repulsion between ccp oxygen layers causing the
contraction of the unit cell along the c-axis. Due to similar
jonic radii of Ni"? and Li", Ni*? is believed to migrate to
lithium layer, which was further confirmed by SAED

analysis where a forbidden (1010) reflection was observed
in the crystals from a cathode that was held at steady
voltage for 70h (Figure IV - 95). The particle exhibits a
two phase region in the TEM image, which was further
confirmed by its FFT taken from two regions (layered and
spinel phase was observed).

Spinel Type Ordering [100]

Figure IV - 95: High-resolution TEM showing both the O3 and spinel type
[attice fringe in agreement with the corresponding FFT; the particle was
analysed from AH70 sample.

The Ni* in the lithium layer can create a 180 degree
antiferromagnetic exchange via Ni*(lithium layer)-O-
Ni**(TM layer) and/or ferromagnetic exchange interaction
via Ni(lithium layer)-O-Mn"* (TM layer) (see the model
in Figure IV - 96a). In order to investigate this hypothesis,
the magnetization curves M(H) at 7=5 K was collected and
presented in Figure IV - 96b. From this information,
magnetic saturation (M;), which determines the strength of
ferromagnetic interaction, can be estimated from the

FY 2012 Annual Progress Report



Wood — ORNL

IV.B.2.7 Roll-to-Roll Electrode Processing and Materials NDE for Advanced Lithium Secondary Batteries (ORNL)

linear extrapolation to magnetic field (H) — 0. It is evident
that the M; value increases for the AH60 and AH70
materials, which indicates a prominent ferromagnetic
interaction. However, for AH90, the M, value decreases,
which indicates that antiferromagnetic exchange is
dominant over the ferromagnetic interaction. This
antiferromagnetic interaction was also supported by high-
resolution TEM data where cubic spinel phase was
observed (See Figure IV - 97). The SAED data from that
particle also shows the crystal orienting along cubic [100]
zone axis.

3
1500

(a) _*’9 ® Ferromagnetic
i ) II: Antiferromagnetic 5 1000
- o |l Paramagnetic H
i

LiLayer

(emuimol)

Magnetizati
g

S TM Layer 0 20000 40000 60000

Magnetic Field (Oe)
Figure IV - 96: Magnetic model showing the different exchange
interaction (a) and the M(H) curves at 5K (b); the linier extrapolation was
done to calculate the magnetic saturation values.

[100Lubic

Figure IV - 97: High-resolution TEM image from the AHI0 particle
showing spinel like lattice fringes (see the simulated image of cubic spinel
phase along [100] direction; the FFT and SAED shows spinel phase
reflections.

Conclusions and Future Directions

Laser sensors were successfully mounted on the
ORNL slot-die coater and calibrated for thickness
measurement experiments. The method was validated
during coating trials up to 70-80 ft at 1 ft/min line speeds.
Thickness was measured on both continuous and patch
coated electrodes, and excellent thickness uniformity was
observed (2-3% variation). The next steps for this
measurement technique is to convert from point scanning
to line scanning to obtain thickness variation across the
web, and to obtain measurements at higher coating speeds
(5-10 ft/min).

IR thermography was implemented on dried electrode
coatings produced on the ORNL slot-die coater, and
analysis of the processed data verified the ability to detect
small defects (pinholes, blisters, and large agglomerates)
by the temperature line scans. Next steps include
purchasing equipment to determine dried thickness of
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electrode coatings exiting the dryer. Initial XRF
measurement of tape casted electrodes was completed, and
the results showed homogeneous distribution of transition
metals across the coating width, as well as excellent
thickness uniformity. The next steps involve integrating a
desktop XRF unit from Solar Metrology with the ORNL
tape caster to obtain in-line measurements of
compositional uniformity and thickness (areal weight).
These results will be correlated with the IR thermography
thickness measurements.

Material diagnostics on Toda HE5050 was also
completed using in situ XRD, which showed the layered to
spinel phase transformation and revealed the presence of
(440) spinel peaks after subsequent cycles (to 4.8 V vs.
Li"). This phase transformation is believed to cause the
observed voltage fade during long-term cycling. Magnetic
susceptibility data showed a change in average TM
oxidation states during a hold at 4.5 V vs. Li". Detailed
analysis was correlated with TEM results and revealed
oxygen release followed by migration of Ni* to the
lithium layer, which eventually causes the shrinkage of
unit cell along c¢- axis. Detailed investigation of this
voltage fade mechanism in Li-rich cathodes will be
continued and a method to overcome this characteristic
will be proposed.
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IV.B.3.1 Developing a New High Capacity Anode with Long Life
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Objectives

New high capacity anode materials based on the
mixture of M,0, oxides (M: Si, Sn, Mo, Ge) and
Sn,Co/Fe,C, alloys will be prepared and tested in full cell
configuration for lithium batteries applications.

Technical Barriers

The primary technical barrier is the development of a
safe cost-effective PHEV battery (40 mile) that meets or
exceeds all DOE performance goals. The actual technical
barriers are:

+  Cell energy density (by volume or/and by weight)
limitations

+  Battery cycle life and high temperature performance.

Technical Targets

When this new chemistry is combined with NMC the
following result can be achieved:

»  Preparation of a scalable anode material (~250
grams),

+ A Cell with nominal voltage of 3.5 V;
+ A Cell with energy density of 450Wh/kg;

+  Animprovement in the cell energy density per
volume.
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Accomplishments

We use iron instead of cobalt to reduce the cost and
toxicity. We try to find out the best combination of SiO-
SnyFe,C, in term of voltage output, cycling performance,
and deliverable capacity:

1. Prepare a scalable amount of anode material using
ball milling method.

Screen out the best combination

Study on the structure of as-milled samples and shed
light on the way to modify this anode material

< < < < <

Introduction

State-of-the-art lithium ion battery technology is
being developed for large scale applications such as
electric vehicles (EVs) and hybrid electric vehicles
(HEVs). For this purpose, lithium ion batteries must have
long term cycling performance with high capacity. The
graphite which is currently used as an anode material has a
capacity of about 372 mAh/g where lithium forms graphite
intercalation compounds LiCy with excellent reversibility.
Ongoing research efforts have focused on utilizing various
materials (oxides, alloys, tin, silicon) to increase battery
capacity, cycle life, and charge-discharge rates. Attention
has been recently given to the potential of metal oxide
anodes for lithium-ion batteries because of their low price
and their high theoretical capacities (more than 600
mAh/g). However, these anode materials suffer from their
poor cycleability due to the volume expansion of the
lithiated material. Other interesting anode materials are tin
based alloys which have been investigated for use in
electronic devices and introduced into the market by Sony.
For these anodes a practical capacity of about 400-500
mAh/g can be achieved and an increase of the capacity per
volume of the full cell battery by 30% was obtained
comparatively to the use of the graphite anode. As tin
based alloys contain a huge amount of the inactive,
expensive and toxic cobalt that prevent the volume
expansion during the cycling. Our objective for new
anodes is to use iron instead of cobalt, increase the
capacity to 600-800 mAh/g with a tap density higher than
1.9g/cc which is 65% higher than that of graphite
(1.1~1.2g/cc). New materials based on various
compositions of oxide and alloys SiO-SnsFe,C, system are
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prepared and tested as anodes for lithium batteries. The
lithium insertion in these anode materials is studied and a
mechanism is proposed.

Approach

In order to be cost competitive to the graphite anode
we are using iron instead of cobalt, which has many
advantages of low cost and toxicity. Different
compositions of anode materials based on SiO-Sn,Fe,C,
system have been investigated. Sn-Fe-(C) anode materials
have been studied in some literatures. But due to the low
capacity or bad cycle performance, it cannot meet the
requirement for applications. SiO has attracts much
attention due to its high specific capacity (over 1400
mAh/g). However, this material suffers from its poor
cycleability due to the volume expansion of the lithiated
material. Sn-Fe-C can exhibit higher volumetric energy
density than the conventional graphite anode and has a
good cycleability with less volume expansion by tuning
the composition. In the SiO- SnFe,C, composite, SnFeC
will play the role of buffer for SiO anode and improve its
cyleability and SiO will provide more capacity.

Results

The Figure IV - 98a shows the discharge/charge
specific capacity versus cycle number of 50wt.%SiO-
50wt.%Sn;30FesCyqy composite electrode, along with its
coulombic efficiency. It delivers a specific capacity of 900
mAbh/g and 700 mAh/g at the rate of 300 mA/g and 800
mA/g, respectively. The coulombic efficiency is 67% of
Ist cycle. The capacity loss of 1st cycle may be attributed
to more Li+ ions trapped in electrode particles and
consumed on SEI formation. After the initial cycles, the
coulombic efficiency rapidly increases to near 100%, then
remaining stable throughout the cycles, indicating that the
formed passivating film on electrode remained intact and
showed excellent reversible cycling. The initial capacity
loss mainly comes from SiO (1st cycle efficiency:
50~55%). Ball-milled Sn30Fe30C40 not only works on
prolonging cycle life, but also improving 1st cycle
efficiency. The various current densities were loaded on
the composite electrode shown in Figure IV - 98b. The
composite electrode maintains 600 mAh/g upon a high
current density (1200 mA/g). It exhibits excellent
recoverable performance after switching back to a low
current density (100 mA/g).

Different compositions based on SiO-SnFe,C,
material are prepared by the same way. Figure IV - 99
shows cycle performance of six different compositions.
The amount of SiO is fixed on 50 weight percent for
sustaining high capacity. We try to obtain the good balance
between capacity and cycle life by tuning the amount of
carbon and iron separately.
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Figure IV - 98: Cycle performance and rate capability of 50wt.%SiO-
50wt. %SnsoFe30Cao prepared by spex-milling.

According to the result, it can be seen that cycle
performance is improved by increasing the amount of
carbon. Accordingly, the initial delivered capacity drops
down. That means carbon can absorb the volume
expansion of lithiated tin based alloys and silicon.
Therefore, carbon can help the capacity retention. Then,
we fix the amount of carbon and change the amount of
iron. It can be seen that SiO-SnFe,C exhibits the superior
performance.

XRD pattern of ball-milled SiO-SnzoFe;yCyg is given
in Figure IV - 100. It indicates clearly that Bragg peaks at
low angle become slightly broad. Crystal alloys tend to be
highly distorted after mechanical alloying. Graphite peaks
are not observed. Compared to Fe and Sn alloys, carbon
suffers from weak scatter property. So carbon is not
detected after milling by X-ray diffraction. Metal oxides
peaks are not detectable, which implies that milling
occurred without large amount of oxidation. Or they exist
in amorphous state. Due to the trend of amorphourization
of as-milled samples, lab X-ray diffraction apparatus is
limited by low energy and low resolution to index peaks
accurately. Therefore, high energy X-ray diffraction was
carried out. Commercial SiO is known to be an amorphous
phase.
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Figure IV - 99: Cycle performance of different compositions.

The structure of SiO consists of nanoparticles of Si
distributed in a matrix of amorphous SiO,.Three phases,
FeSn,, Fe;Sn and Fe can be observed in the high resolution
XRD pattern. The lithium intercalation process for Fe-Sn
alloys (FeSn,, FeSn and Fe;Sn,) was reported earlier.
FeSn, and CoSn, have the same structure (tetragonal),
which belongs to space group /4/mcm with Sn atoms
occupying 8h sites and Fe/Co atoms in 4a sites.
FeSn/CoSn is hexagonal, space group P6/mmm with Sn in
la and 2d and Fe/Co in 3f. The charge process is expected
based on the following reaction,

4.4Li1 + SnFe, — Lis 4Sn + xFe

Iron serves as “matrix-glue” that holds the structure
and restrains the pulverization. The structures of the
intermetallic compounds affect the electrochemical
reaction of the phases with Li.

Therefore, FeSn, exhibits a larger capacity but poorer
cycleability, while FeSn presents the better cycle
performance but has lower capacity.
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Figure IV - 100: XRD pattern of SiO-SnsoFesoCap.

Conclusions and Future Directions

We prepared a composite anode material of SiO-
SnzoFe;0Cqo by employing the mechanical alloying method.
Metallic iron is chosen to take the place of cobalt, which
immensely cuts the cost but does not sacrifice the
performance in meanwhile. The SiO/Sn3Fe;0Cyg
composite electrode operated at capacity levels as high as
700 mA h g at a current of C/2 and 900 mA h g ata
current of C/6 for 40 cycles and exhibits good rate
capability. The electrochemical performance (capacity and
life) of the composite anode can be tuned through the
composition of silicon monoxide and tin/iron/carbon.
Further work using a mixture of this anode material with
small amount of carbon coated lithium from FMC is
envisaged.
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Objectives

+  Synthesize novel spherical carbon anode materials
and to collaborate with industry to evaluate their
electrochemical performance relative to commercially
available materials.

+  Devise techniques to effectively combine carbon
spheres and industrial carbons with lithium-alloying
elements to increase their electrochemical capacity for
use in PHEVs and EVS.

«  Compare the chemical, physical, structural, and
morphological properties of spherical carbon-
composite electrode materials with conventional
carbon-composite materials.

+  Complete the final summary report.

Technical Barriers

Graphitic carbon, although widely used as the
predominant anode in lithium-ion batteries, accommodates
lithium close to the potential of metallic lithium which
makes it an intrinsically unsafe material - particularly
when used in conjunction with flammable electrolyte
solvents and metal oxide cathodes at high potentials. The
safety concerns of graphite can be somewhat mitigated by
using meso-carbon micro beads (MCMB) with rounded
edges. However, MCMB products are synthesized at or
above 2,800 °C, making it an expensive form of graphite.
Therefore, there is an incentive to prepare inexpensive
spherical carbon particles and to enhance their
electrochemical properties and abuse tolerance.

Technical Targets

+  Consolidate industrial collaborations for this project.
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+  Prepare carbon samples for industrial partner for heat-
treatment to 2,400-2,800 °C; prepare carbon-
composite samples using Argonne’s carbon spheres
and industrial carbon products.

»  Evaluate and optimize the electrochemical properties
of carbon-composite samples in lithium cells.

»  Determine the chemical, physical and electrochemical
properties of Argonne’s carbon-composite anodes
relative to commercially available carbon-composite
materials.

Accomplishments

+  Several batches of carbon sphere samples were
autogenically synthesized at 700 °C and dispatched to
an industrial collaborator, ConocoPhillips, for high
temperature heat treatment. After receiving the heat-
treated products (2,400°C, 2,800°C), their
composition, structure, morphology and
electrochemical properties were evaluated relative to
as-prepared (700 °C) carbon spheres.

+  Heat-treated carbon sphere samples were
sonochemically coated with ~10 wt.% Sn or ~11 wt.%
SnO,-Sb nanoparticles (<10nm diameter) and their
electrochemical properties determined.

+  The compositional, structural, morphological and
electrochemical properties of composite carbon sphere
electrodes, sonochemically coated with lithium
alloying elements, were compared with
sonochemically-coated industrial carbon products.

R S SR S

Introduction

Carbon is an extremely versatile material that exists in
numerous forms with diverse physical, chemical, electrical
and electrochemical properties. From an electrochemical
standpoint, graphite negative electrodes and carbonaceous
current collecting agents are workhorse materials in the
lithium battery industry. Graphite is an intercalation
electrode; it accommodates one lithium atom per Cg unit a
few tens of millivolts above the potential of metallic
lithium, generating a theoretical electrochemical capacity
of 372 mAh/g. Meso-carbon micro beads (MCMB) with
rounded edges are a synthetic, but expensive, form of
graphite used by the lithium battery industry, can minimize
heat-generating side reactions during overcharge.
Furthermore, hard carbons, comprised of disordered
graphitic planes, can yield a higher electrochemical
capacity than graphite but at higher potentials (vs. metallic
lithium) thereby offering enhanced safety. In this project,
an autogenic process to synthesize hard carbon spheres
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was exploited. The carbon spheres can be heated to
increase their graphitic character and coated with lithium
alloying elements, such as Sn and Sb, to increase their
electrochemical capacity.

Approach

This project exploits autogenic reactions to prepare
spherical carbon quickly, cost-effectively and reliably. The
initial basic science research on the as-prepared carbon
spheres was funded by the EFRC, the Center for Electrical
Energy Storage — Tailored Interfaces. Industrial
collaborations and studies with Superior Graphite and
ConocoPhillips were initiated and funded by ABR. These
collaborations were initiated to access high-temperature
furnaces to increase the graphitic order in the carbon
spheres (CS). For example, the particles were heated to
2,400 °C (CS-24) by Superior Graphite and to 2,800 °C by
ConocoPhillips (CS-28) in an inert atmosphere.

To increase their intrinsic capacity, carbon spheres
(CS and CS-24) were sonochemically combined with
lithium alloying elements such as Sn, and Sb and metal
oxides such as SnO, to form carbon-composite anode
materials. Industrial carbon products were also coated with
these materials, for comparison. Processing conditions
were tailored; chemical, electrochemical and physical
properties of these materials were evaluated in
collaboration with industry.

Results

The electrochemical properties of carbon sphere
electrodes, heated at 2,800 °C for 1h in an inert
atmosphere by ConocoPhillips, were evaluated in
lithium-ion full cells against an Argonne high-
capacity counter electrode of nominal composition
0.5LizMnO300.5LiNi0,44C00,25Mn0,3102. The initial
two discharge/charge curves of a cathode-limited
lithium-ion cell with a carbon sphere anode and a
0.5LizMnO300.5LiNi0,44C00,25Mn0,3102 Cathode, Cycled
between 4.6 and 2.0 V at a constant current density of 100
mA/g (~C/3 rate) and a corresponding cathode capacity vs.
cycle number plot are provided in Figure IV - 101a and
Figure IV - 101b, respectively. When charged above 4.6 V,
a process that activates the Li,MnO; component by Li,O
extraction to leave an electrochemically-active MnO,
component within the cathode structure, very high cathode
capacities (>200 mAh/g) can be delivered. The
electrochemical profile in Figure IV - 101a demonstrates
that the lithium ions extracted from the
LiNij 44Coy 25Mny 3,0, and Li;MnO; components of the
cathode above ~2.9 V and ~4.2 V, respectively, are
intercalated into the carbon sphere anode during the initial
charge; the large irreversible capacity loss on the first
cycle is attributed predominantly to the electrochemical
activation of the Li,MnO; component of the cathode.
Figure IV - 101b indicates that approximately 160 mAh/g
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is delivered reversibly by the cathode for more than 100
cycles, reflecting the excellent cycling stability of the
carbon spheres in a full lithium-ion cell configuration.

: 0 80 160 240 320
Capacity (mAh/g)
- 320 b
=Dl
Z 240 L (b)
£
160 me‘. mmmmmmmmmm s e
£ :
g
£ 80
&
% 10 80 120 160

Cycle number

Figure IV - 101: a) First and second charge-discharge profiles, and

b) cathode capacity vs. cycle number plot of a lithium-ion cell with a heat-
treated (2800 °C) carbon sphere anode and a lithium manganese rich
cathode between 4.6 and 2.0 V at a C/3 rate. (Note: the capacity refers to
the cathode only).

To further enhance the capacity of the carbon
microspheres, they were first heated at 2400 °C for one
hour before being decorated with Sn nanoparticles using
sonochemistry, as described in previous quarterly reports.
Scanning and transmission electron micrographs of the Sn-
coated carbon spheres (Figure IV - 102a) and energy
dispersive X-ray analysis indicated that the surface of the
carbon particles were uniformly covered by <10nm Sn
nanoparticles (~10 wt.%) that were identified by X-ray
powder diffraction as metallic Sn. Although it was
apparent that no crystalline SnO, was formed during the
sonication or heating processes under inert conditions, the
Sn nanoparticles oxidized readily if exposed to air.

Electrochemical evaluations were carried out in coin
cells using a lithium metal foil electrode, a Sn-decorated
carbon sphere counter electrode, and an electrolyte
consisting of 1.2M LiPFg in a 3:7 mixture of ethylene
carbonate (EC) and ethylmethyl carbonate (EMC).

Figure IV - 102b (inset) shows the discharge/charge
behavior of a typical cell during the first two cycles
between 1.5 to 0.01 V at a current density of 136 mA/g
(about C/2.7 rate). The first-cycle charge and discharge
capacities of the Sn-carbon composite electrode were 454
mAbh/g and 293mAh/g, respectively, reflecting a first-cycle
irreversible capacity loss of 35%. Thereafter, the cell
demonstrated stable cycling; it delivered a steady
reversible capacity of approximately 340 mAh/g at a C/2.7
rate for 100 cycles (Figure IV - 102b), which is
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considerably higher than that delivered by the carbon
spheres alone (250 mAbh/g).
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Figure IV - 102: a) SEM and TEM (inset) of Sn-coated carbon spheres
and b) First and second discharge-charge- profiles (inset) and capacity vs.
cycle number plot of a lithium half-cell with Sn-carbon sphere electrodes
between 1.5V and 0.01 V ata C/2.7 rate.

Sonochemistry was also used to coat the surface of
carbon spheres, prepared at 700 °C, with a Sn/Sb
nanoparticle mixture. The powder X-ray diffraction
patterns of the coated spheres showed that the coating was
essentially amorphous to X-rays, whereas, after drying and
heating the product to about 500 °C for about 3 hours in
air, it was apparent that body centered tetragonal SnO, and
hexagonal Sb phases crystallized on the surface of the
spheres during thermal treatment. Scanning and
transmission electron micrographs of the SnO,/Sb-coated
carbon spheres (Figure IV - 103a) and energy dispersive
X-ray analysis indicated that the surface of the carbon
particles was uniformly covered by <10 nm SnO,/Sb
nanoparticles and that they were strongly attached/bonded
to the surface. EDX analysis showed that the SnO, and Sb
accounted for approximately 11% by weight of the carbon
sphere-SnO,/Sb composite product. It appears that, under
similar experimental conditions, Sn is more sensitive to
oxidation than Sb. Note that in these SnO,/Sb-coated
carbon sphere electrodes, all three components (SnO,, Sb
and the carbon spheres) are electrochemically active.
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Figure IV - 103: (a) SEM and TEM (inset) images of SnO2/Sh-coated
carbon spheres, (b) First and second discharge-charge-profiles (inset) and
capacity vs. cycle number plot of a lithium half-cell with a SnO2/Sb-carbon
sphere electrode cycled between 1.5 and 0.01 V at a C/5.5 rate.

Electrochemical evaluations were carried out in coin
cells using a lithium metal foil electrode, a SnO,/Sb-
decorated carbon sphere counter electrode, and 1.2M
LiPFs in EC:EMC (3:7 ratio) electrolyte. Figure IV - 103b
shows the discharge/charge behavior of a Li/carbon
sphere-SnO,/Sb cell during the first two cycles at a current
density of 75 mA/g (~C/5.5 rate) when cycled between 1.5
and 0.01 V). The first-cycle discharge and charge
capacities of a SnO,/Sb-carbon sphere composite electrode
are 612 mAh/g and 394mAh/g, respectively. The first
cycle irreversible capacity loss is about 35%, which is
significantly lower than that delivered by a pure carbon
sphere electrode (60%). A steady reversible capacity of
425 mAh/g, obtained at a C/5.5 rate for 40 cycles, is
significantly higher than the capacity delivered by the
carbon spheres alone (Figure IV - 103b). The coating of
~11 wt% nanosized tin oxide/antimony therefore
significantly improves the discharge and charge capacity
of the SnO,/Sb-carbon sphere composite electrode relative
to the capacity of a bare carbon sphere electrode (~250
mAh/g).

In a further study, 25 wt.% of SnO, nanoparticles
were sonochemically deposited on the surface of industrial
graphite (G8), supplied by ConocoPhillips. Figure IV - 104a
shows the discharge/charge behavior of a Li/G8 graphite-
SnO, cell during the first two cycles at a C/4 rate, when
cycled between 1.5 and 0.005 V. The discharge and charge
capacities of a composite G8 graphite-SnO, electrode are
665 mAh/g and 427mAh/g, respectively. The capacity
delivered at 0.9-0.8 V during the initial discharge was
attributed to the reduction of the Sb and SnO, components,
the latter reaction (to Li,O and Sn) being largely
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irreversible. The first-cycle irreversible capacity loss is 2.

about 36%. Nevertheless, a steady reversible capacity of
390 mAh/g was delivered by the electrode for 50 cycles
(C/4 rate), which is significantly higher than the capacity

delivered by the G8 graphite electrode alone (306 mAh/g, 3.

Figure IV - 104b).
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Figure IV - 104: (a) First and second discharge-charge-profiles of a
lithium cell with a G8 graphite/25wt.% SnO: electrode, and (b) capacity vs.
cycle number plot of a lithium half-cell with a SnO2 -graphite electrode,
cycled between 1.5 and 0.01 V at a C/4 rate (top), relative to a cell with a
standard G8 graphite electrode (bottom).

Conclusions

Autogenic reactions offer a relatively simple and
facile method to fabricate carbon spheres from
hydrocarbons. They behave like a hard carbon, delivering
250 mAh/g when cycled between 1.5 and 0.01 V. Higher
capacities (400mAh/g) can be achieved by sonochemically
depositing Sn and/or Sb nanoparticles on the surface of the
spheres. These results are encouraging and bode well for
further improvement. The project is being terminated but
will be continued with funding from other sources.
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Objectives

+  To understand the mechanism of gassing issue of
lithiated LisTis0;, during high temperature aging or
operation.

+  To develop functionalized surface modification agents
to address the gassing issue. This can be the enabling
technology for Li;Tis0,, for long life, high power
PHEYV batteries with unmatched safety.

Technical Barriers

»  Lithium titanate (LTO) is a promising anode material
for lithium ion batteries. Despite its long cycling life,
safe operation and good power capability, there is still
one technical barrier that hinders the deployment of
LTO as the lithium ion anode material: it produces a
large amount of gas when aging at temperatures above
50°C. This issue was hardly noticed in small size
batteries, such as coin cells and pouch cells with
capacity less than 50 mAh, due to the small amount of
gas generated. It came out as a big hurdle for the large
scale batteries where large amount of gassing has
posed problem for power and safety performance.

Technical Targets

The objective of this work is to investigate the gassing
mechanism of Li;Tis0,, and to develop advanced
technologies to solve this problem.

+  Identify gassing mechanism.

+  Identify and develop advanced technologies to
mitigate the gassing issue.
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Accomplishments

»  Lithiated LTO, lithium salt and carbonate solvents
have been identified as the three key components in
LTO gassing issue.

+  Insitu XANES technique has revealed that the self-
discharge of lithiated LTO during high temperature
aging is responsible for the gassing.

+  The additive proposed before and ALD coating
technique has been tested and shown promising
outcome.

R S SR S

Introduction

The LiyTi504, (LTO) is a promising alternative anode
material which demonstrates extremely long life, high
power, low cost and unmatched safety characteristics for
HEV applications. The long cycle life is coming from the
good structure stability of LTO which is able to
accommodate up to three lithium ions in the spinel
structure without volume expansion unlike the
conventional carbon anode which will expands up to 16
vol% during charging. Coupling Li4TisO;, (LTO) with
cathode materials like LiMn,04 (LMO) deliver long cycle
life with reasonable capacity retention and energy density,
as well as superior tolerance to various abuse conditions.'™

Despite these advantages, there is still one technical
barrier that hinders the deployment of LTO as the lithium
ion anode material: it produces a large amount of gas when
aging at temperatures above 50°C, which deteriorates the
power capability of the cells. Belharouk et al.” have
reported this gassing problem previously, and H, was
revealed as the major component of the gas generated.
However, the mechanism of H, generation was not well
understood.

Approach

In situ gas chromatograph (GC) has been employed to
identify the key component of the gas. In situ x-ray
adsorption spectroscopy technique (XAS), specifically
XANES, has been applied to observe the Ti valence
change during aging at various temperatures. Correlated
with gas chromatograph data, we can link the valence
change of Ti to the H, evolution. Surface modification
through additive and Atomic Layer Deposition shows
positive effect in reducing the gassing.
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Results

Key factors and Major gassing component
determined by In situ GC measurement. /n situ GC
analysis was employed to measure the concentration
change of H, and CO, in the gas emitted from the cells.
About 0.8 gram of Lithiated LTO was added in the reactor
beaker together with electrolyte with or without lithium
salt, LiPF¢. The concentration of H, measured at each
sampling interval with or without LiPF; in the electrolyte
is shown in Figure IV - 105. In the electrolyte with LiPFg,
the H, production peaked between 20 and 40 min after
reaction started, and then decreased dramatically
afterwards. The total amount of H, is 2 mmol. Without
LiPF; in the system, the reaction rate was much lower.
Although presumably, a small amount of LiPF residue
was present on the lithiated LTO, the amount of H,
produced was greatly reduced to about 0.6 mmol.
Assuming 1 mole Li;Tis0, will produce 1.5 moles H, if all
the electrons participate in the hydrogen evolution, then
0.8 g of Li;TisO, produced about 2.45 mmol H,. This value
is close to the 2 mmol H, measured with GC. This finding
indicates that the lithium salt is another important
component besides lithiated LTO in the gassing process.
Further studies on the different lithium salts indicated that
some salts will result in more gas than others. For
example, the cell with LiBF, seems to produce less gas
than the one with LiPF,.

Source of H,. The above results confirm that the LTO
anode material and lithium salt play important roles in the
gassing process. However, they are unlikely to be the
sources of protons for the formation of H,. The moisture
inside the cell could only account for part of the H2, the
alternative H2 source could be carbonates solvent.

In situ XANES of the Ti K-edge during aging at
various temperatures. To better understand the role
Li;Tis0y, played in this process, we utilized the in situ
XANES measurements to monitor the change of LTO
during aging.
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Figure IV - 105: Hydrogen concentration change with reaction time
measured by in situ GC. The supporting Ar flow rate is 14 mL/min. Black
squares represent condition with LiPFg in the electrolyte; red circles, no
LiPFe in the electrolyte.
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Figure IV - 106 shows the XANES plots of the Ti K-
edge during aging at 60°C. The whole XANES plots shifted to
a higher energy with aging time. Aging at another two
temperatures, 50°C and 70°C shows the similar trend, but
with different time scale. In general, the lower the
temperature, the longer the transition time from Ti*" to Ti*".
Overall, the peaks A, B, and C in the spectra for the different
aging temperatures behaved similarly to each other. The only
difference was the time to initiate and finish the transition of
the valence state of Ti at different aging temperatures. The
higher the temperature, the shorter is the transition time. This
finding can be well explained by the increased reaction rate
constant at higher temperature.
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Figure IV - 106: Evolution of XANES spectra of Ti K-edge during aging at
60°C. The spectra were taken every 5 minutes.

The transition stages can be clearly demonstrated in
energy contour plots obtained from the derivatives of the
normalized plots. Figure IV - 107 displays the contour plots
during aging for the three temperatures. The whole transition
process can be divided into four stages regardless of the time
scales for the different temperatures, denoted as T1, T2, T3,
and T4. T1 is the incubation period; no significant change in
valence state occurs at this stage, and the majority of the
phase is Li; TisO,,. For the different temperatures, the
incubation period is different. The difference between 50°C
and 60°C is much greater than that between 60°C and 70°C. Tt
took about 390 min at 50°C to initiate the phase transition
while it only took about 20 and 10 min at 60°C and 70°C,
respectively. T2 represents a major phase transformation
period, where the peak shifted largely from Ti*" to Ti*".
Similar to the incubation stage T1, the higher the temperature,
the shorter is the transition time. The major phase transition
took about 60 min at 50°C, 30 min at 60°C, and 15 min at
70°C. T3 represents the minor phase transition stage where the
Ti*" state dominates with a small percentage of Ti*" state. The
length of this stage at the different temperatures was smaller
as the temperature increased. The minor phase change lasted
about 40 min at 50°C, 20 min at 60°C, and 10 min at 70°C. T4
is the final stage where the phase transitions had quenched.
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Figure IV - 107: Contour plots of the derivatives of the normalized energy for three temperature settings, (a) 50°C, (b) 60°C and (c) 70°C.

The interface between the electrolyte and electrode is key
to the electrochemical properties of the lithium ion batteries.®
The gassing issue is ultimately the consequence of an
interfacial reaction between electrode and electrolyte. Self-
discharge of Li;TisOy;, is only the first step toward gassing.
Although there is no direct evidence proving the mechanism
of how electrolyte interacts with LTO to generate gas, we
speculate that the electrolyte underwent electron transfer
reaction on the electrode surface to produce gas. TiO, is a
well-known photocatalyst to generate H, from solar
radiation.”” Its building-up unit is a TiOg octahedron which is
also the main building unit inside LTO. The structure
similarity between TiO, and LTO might suggest that LTO
might also attain the ability to produce H,. The difference is
that the driving force is from electrochemically induced
electron transfer instead of solar radiation. Nevertheless, the
interface plays a very important role in the gassing process by
aiding both lithium ion and electron transfer.

Surface modification to mitigate gassing issue. The
absence of SEI on the LTO surface used to be an advantage of
LTO over graphitic carbon as an anode material because there
is no initial irreversible capacity loss caused by forming SEI,
and no capacity fade caused by the need to dynamically
maintain the SEI during cycling. However, the progressively
side reactions at high temperature aging on LTO electrode
suggests the need for the SEI to prevent undesired side
reaction at elevated temperature. A potential solution to the
gassing issue is to create SEI-like layer artificially through
surface modification techniques. We expect this SEI-like layer
to prevent or slow down the electron transfer, and thereby
mitigate the gas production. This surface protection can be
provided by the use of electrolyte additives. As a rule of the
thumb, we sought chemical species that can effectively
consume acidic functional groups like —OH on the surface of
LTO and convert such acidic groups to inert ones. Based on
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this idea, we chose SL2, whose structure is shown below, to
demonstrate the effectiveness of surface modification.

Figure IV - 108 shows the effect of SL2 in reducing the
gas volume for the LTO/LMO pouch cell at 63°C. With the
addition of 1% SL2, the gas volume was reduced by half after
40 days of aging. Although the additive doses not completely
eliminate the gassing problem, it does suggest a sound
approach to solving it.
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Figure I'V - 108: Gas evolution in pouch cells LTO/LMO with /without 1%
SL2 as the additive in the electrolyte of 1.2M LiPFs in EC/EMC in 3:7 in
weight.

Another way to form the surface protection layer is to
implement direct surface coating technique, such as atomic
layer deposition (ALD). The coating material has to be inert
to electron transfer, but thin enough not to interrupt
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lithium ion moving in and out of the particles. Although the
Figure IV - 109 shows a positive example of the ALD
coating of Al,O5 in reducing the gas, more work needs to be
done to search for the best coating material and tune the
coating thickness.
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Figure IV - 109: Gas volume change for the LTO/LMO pouch cells with
and without ALD coating on the LTO particle surface. The pouch cells have

capacity of 100 mAh which is different from the ones used in the previous
figure.

Conclusions and Future Directions

We have investigated the gassing mechanism in
lithium titanate/ lithium manganese oxide spinel cells
when aged at elevated temperature. The major components
of the gas were identified as H, and CO,, and the key cell
components responsible for gassing were found to be
lithiated lithium titanate, lithium salt, and solvent. The in
situ XANES measurements at elevated temperature
showed that the Ti K-edge energy continuously shifted to
higher values during aging which indicates that the valence
state increase from Ti*' to Ti*', accompanying by a phase
transition from Li;Tis01; to LiyTisO;,. These changes are
attributed to the electron loss due to the self-discharge of
Li,Tis0,, at elevated temperature. The lost electrons
participate in a reaction between the electrolyte and
electrode surface to generate gas. The interface between
the electrode and electrolyte was believed to play an
important role in the gassing reaction. We have
demonstrated that the addition of an appropriate additive to
the electrolyte or coating LTP particle surface through
ALD technique could positively alter the interface and
reduce the gas generation.
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Objectives

+  Enable the use of the Argonne high-energy composite
layered cathode, xLi,MnQO;¢(1-x)LiNiO,, in a plug-in
hybrid vehicle (PHEV) with electric drive range of 40
miles.

»  Optimize cathode composition and engineer this material
to improve its packing density and rate capability for
PHEV applications.

+  Explore surface protection to enable high capacity and
long cycle life at high voltage (4.6 V).

Technical Barriers

+  Poor continuous charge and discharge rate capability.
+  High electrode impedance.
+  Low pulse power.

+  Low packing density, which translates to low volumetric
energy density.

+  Reactivity with the electrolyte at high voltage.

Technical Targets

+  Improve the rate capability.
+  Increase the rate capability from C/10 to 1C ~ 2C.
+  Improve the packing density to 2~2.4 g/cc.

«  Stabilize the surface of the particles to improve
significantly the calendar and cycle life.
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Accomplishments

Optimized and identified a suitable composition based on
the Argonne high-energy composite layered cathode that
provide high energy, high density and cycle life
Developed AlF; coating process based on a co-
precipitation process and confirmed effect on
performance and rate.

Identified particle cracking issues with materials
prepared by carbonate process

Developed a hydroxide process to mitigate particle
cracking during electrode calendaring.

< < < < <

Introduction

The 40-mile electric-drive PHEV requires development
of a very high-energy cathode and/or anode that offers 5,000
charge-depleting cycles, a 15 year calendar life, and excellent
abuse tolerance. These challenging requirements make it
difficult for conventional cathode materials to be adopted in
PHEVs. Here, we report on a very high-energy material based
on a layered lithium-rich nickel manganese oxide composite
electrode as a potential cathode for PHEV and all-electric
vehicle applications. This material exhibits over 200 mAh/g of
capacity, relatively good stability, and improved safety
characteristics.

Approach

Develop a process that leads to very dense material to
increase the electrode loading density and, therefore, the
electrode capacity per unit volume. Focus on hydroxide
process to mitigate particle cracking during the electrode
calendaring process.

Optimize suitable composition and engineer the material
to improve the electrochemical performance for PHEV
applications.

Investigate nano-coating of the material with AlF; by co-
precipitation) to reduce the initial interfacial impedance
and stabilize the cathode interface in order to improve the
cycle life at elevated temperature.

Results

In the past years, our main focus was on developing an
advanced process that can allow for obtaining high-energy
cathodes based on the layered lithium-rich nickel manganese
oxide with high packing density, spherical morphology, high
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rate performance and good cycle life. Our initial step was to
optimize the composition that provides the best physical and
electrochemical performance. This work has led to the
identification of a Co-free composition of Li; ;Nig3Mng 60, ;
(Ni/Mn ratio=1:2) with a spherical morphology and a Tab
density of 2.1g/cc. This material shows also a high capacity of
200mAh/g at 1C rate with good cycle performance.
Furthermore, this composition was easy to reproduce and to
scale up. We have already produced the material at the
kilogram scale in our bench Laboratory. The process was
shared with the Scale up facility at Argonne for further scale
up and distribution to the ABR team for testing and
diagnostics.

The material was prepared from a spherical nickel
manganese carbonate precursor. Figure IV - 110 shows
scanning electron microscopy (SEM) images of
Li; 5Nip3Mng 40, high-energy cathode material with uniform
spherical second particles (10 um) and dense 80 nm primary
particles, which would yield higher tap density of 2.1g/cc. The
small nano-primary particles will allow for a reduction of the
lithium pathway diffusion in lithium ion batteries and thus
improve the rate capability. This material was made using a
carbonate process based on co-precipitation using NaCO; as
co-precipitating agent.

Figure IV - 110: SEM images of Li12Nio3MnosOz2.1 showing spherical
secondary particle and dense nano-primary particles.

In the past report, we have shown that the
Li; 5Nig 3Mny 40, ; cathode exhibits good cycling performance
at room temperature. However, at high temperature (55°C),
the capacity faded gradually with cycling. This is caused by
the reactivity of charged cathode with the electrolyte at 4.6V.
This reaction is accelerated by the increase in the temperature
during cycling. In order to mitigate this reactivity at high
voltage, we have investigated in the past coating the material
with Al,O; using the ALD process. The idea was to protect
each particle with a very stable thin coating that can act as a
barrier against any interfacial reaction between charged
cathode and electrolyte. Also, the coating can either eliminate
or reduce significantly the dissolution of the manganese which
is known to affect the SEI of carbon in the full cell
configuration. The result of the study shown in the last report
was very positive. The performance of the material coated
with Al,O; nano film shows a significant improvement in the
cycling performance at 55°C with no capacity fade after 50
cycles. As comparison, the non-coated material shows 30%
capacity after cycling at 55°C. Unfortunately, the use of ALD
in the coating process is not commercially feasible, especially
for scale up. In addition, the use of an oxide such as Al,O; as
coating material could be compromised by the possible
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reactivity with HF in the electrolyte which can lead to the
disintegration of the coating because of the chemical reaction.
To overcome these issues, we decided to use AlF; as coating
material and we selected the co-precipitation as a process for
coating the cathode particles. The choice of AlF; is dictated
by the fact that Al-F bond is very strong and Al is trivalent
and will remain in the trivalent state during cycling at high
potential. Furthermore, AlF; cannot react with HF in the
electrolyte. The co-precipitation process for coating the
cathode with AlFj; is highly scalable and uses the same reactor
as the one used for making the precursor for the cathode.

Figure IV - 111 shows the TEM figures of coated and
uncoated cathode materials. After the coating process, a 10
nm film of AlF; can be easily observed. The coating was
carried out by dispersing the cathode powder in water inside
the reactor. A solution of aluminum nitrate and ammonium
fluoride is added gradually to the reactor for the purpose of
co-precipitating AlF; on the cathode powder.

»
> Crystalll'ne
Clean AIF,
surface

None coated AlF; coated

Figure IV - 111: TEMimages of high energy cathode coated and
uncoated with AlFs.

Figure IV - 112 shows the cycling performance of
coated and uncoated Li, ,Nij sMng 4O, ; vs. Lithium at 55°C.
The coated material shows excellent cycling performance with
far much limited capacity fades than the uncoated cathode.
This result is caused by the limited growth in the interfacial
impedance of the cell in the coated material vs. the uncoated
one (see Figure IV - 113). The AlF; coating was able to
suppress the reactivity between the charged electrode at 4.6V
and the electrolyte and thus minimize the growth of the cell
impedance. A secondary effect of the AlF; coating was to
increase significantly the power capability of the material as
shown in Figure IV - 114. The increase in the rate capability
of the coated material can be attributed to the initial low
interfacial impedance of the cell because of the very thin AlF;
coating of the cathode.
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Figure IV - 112: Cycling performance of AlF3 coated and uncoated (bare)
high energy cathode at 55°C.
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Figure IV - 113: AC Impedance of cells based on coated and uncoated
high energy cathode material.
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Figure IV - 114: Rate capability of cells based on coated and uncoated
high energy cathode material.

Synthesis of High energy cathode using hydroxide
process. One of the main reasons behind shifting to the
hydroxide process in the making of the high energy
material is the cracking of the particle made by the
carbonate process, especially during the calendaring of the
electrodes as shown in Figure IV - 115. This cracking of
the particle is caused by the large porosity inside the
particle when the carbonate process is used (Figure IV -
116). The material shows high surface area of 5.5 m*/g and
a porosity of 16.5%. The high internal porosity is caused
by the release of CO, during the calcinations process of the
carbonate based precursor.

Fractured
particles

Figure IV - 115: SEM images of high energy electrode made by the
carbonate process.
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Figure IV - 116: Cross section of high energy cathode particles made by
the carbonate process.

Figure IV - 117 shows the SEM image of a high
energy electrode made from the hydroxide process. The
active particle in the electrode remains intact after repeated
calendaring of the electrode. This positive result is caused
by the fact that the porosity of the particles is 6.6% which
is much less than that of particles made by the carbonate
process. As a result, the surface area of the material made
by hydroxide process is smaller (3.8m%/g)

v L~

Figure IV - 117: SEM images of high energy electrode made by
carbonate process.

Figure IV - 118 shows the initial charge and discharge
as well as cycling performance of cells made from high
energy cathode made by the carbonate and hydroxide
process. Both materials show high capacity of
250~260mAh/g during the initial cycling. The cell-based
on material made by the hydroxide process shows higher
first cycle efficiency. At C/3 cycling, both material shows
over 200mAh/g with good cycle life.
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Figure IV - 118: First charge and discharge cycle and capacity vs cycling of cells based on cathodes made by the hydroxide and the carbonate process.

Figure IV - 119 compares the rate performance of
cells made by cathodes from hydroxide and carbonate

processes. At high rates (1C and 2C rate), the cell based on

cathode made by the hydroxide process shows higher

capacity than that of cells made by the carbonate process.
This is because the primary particles of the cathode made

by the hydroxide process are much smaller than the one
prepared by the carbonate process. As a result, lithium
pathway diffusion in smaller primary particle is faster
resulting in higher rate performance.
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Figure IV - 119: Rate performance of cells based on cathodes made by

hydroxide and carbonate process.

Conclusions and Future Directions

+  Surface modification of the high energy cathode with
AlF; using Co-precipitation process shows good cycle

life at 55°C and improved rate performance. The

Energy Storage R&D

coating reduces significantly the interfacial impedance
growth in the cell during cycling.

Particle cracking during the calendaring process of the
electrode was observed. The cracking is caused by the
high internal porosity of the cathode made by the
carbonate process.

An alternative hydroxide process was developed to
mitigate the particle cracking issue.

This project was terminated because DOE decided to
refocus the funding on fixing the voltage fade of the
high energy cathode material.
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Objectives

+  The objective of this work is to develop a high energy
cathode material for PHEV applications. The material
is being developed to provide:

+  Over 200 mAh/g reversible capacity
+ Good rate capability

+  Excellent cycle and calendar life

»  Good abuse tolerance

Technical Barriers

The technical barrier is to develop a cathode material
for PHEV batteries that meets or exceeds DOE technical
objectives, including outperforming the NMC baseline
material.

Technical Targets

«  Develop a model to predetermine the gradient in
concentration in particles produced in a
coprecipitation process.

«  Develop a process for precursors with a gradient in
transition metal composition that have enriched
manganese compositions.

+  Demonstrate in a proof-of-principle experiment that
precursors could be synthesized with predetermined
compositional profiles.

+  Demonstrate high capacity (>200 mAh/g) in final
materials produced using the gradient precursors.

+  Demonstrate that a tailored relative transition metal
composition at the surfaces of gradient particles
influences safety and cycle life.

Energy Storage R&D

Accomplishments

Synthesized high energy full gradient concentration
precursors and cathode materials.

Characterized the material and demonstrated that both
the precursor and lithiated final material had a full
gradient in relative transition metal concentration at
the individual particle level.

Demonstrated that the full gradient concentration
cathode materials exhibit high capacity, long life and
improved safety.

< < < < <

Introduction

In the past decade, major efforts have been devoted to
searching for high-capacity cathode materials based on
LiNi; M0, (M = transition metal), mostly on account of
their very high practical capacities (220~230 mA h g'l) at
high voltages (4.4~4.6 V). However, at such high
operating voltages, these materials react aggressively with
the electrolyte due to the instability of tetravalent nickel in
the charged state, leading to very poor cycle and calendar
life. Therefore, these materials operate reversibly only at a
potential range below 4 V, resulting in low capacities of
150 mA h g'. To improve the stability of these materials,
several researchers have investigated the effect of Mn
substitution on cycle and calendar life. The introduction of
Mn to the transition metal layer can help stabilize the
transition metal oxide framework, since part of the Mn
does not change valence state during charge and discharge.
Recently, we reported several approaches to improve both
the life and safety of nickel-rich cathode materials for
potential use in plug-in hybrid electric vehicles. For
instance, a core-shell approach resulted in a nickel-rich
LiNi, gCoy1Mny 0, that delivered high capacity at high
voltage, and a manganese-rich LiNij sMn, 5O, shell that
stabilized the surface of the material. However, due to the
structural mismatch and the difference in volume change
between the core and the shell, a large void forms at the
core/shell interface after long-term cycling, leading to a
sudden drop in capacity. We also demonstrated that this
structural mismatch could be mitigated by nano-
engineering of the core/shell material, where the shell
exhibits a concentration gradient. However, because of the
short shell thickness, the manganese concentration at the
outer layer of the particle is low; therefore, its
effectiveness in stabilizing the surface of the material is
weak, especially during high temperature cycling (55 °C).
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In this report, we describe a novel full gradient
concentration cathode material that offers very high
capacity, long life and excellent safety.

Results

Synthesis, characterization and electrochemical
performance of full Gradient cathode materials. The
nickel-rich lithium transition metal oxide investigated here
has a nominal composition of LiNij, 75C0g ;0Mng 50,, and
the concentration gradient of transition metals shown in
Figure IV - 120; the concentration of nickel decreases
gradually from the center toward the outer layer of the
particle, while the concentration of manganese increases
gradually so that the manganese-rich and nickel-poor outer
layer can stabilize the material, especially during high
voltage cycling. The full concentration gradient (FCG)
cathode material was prepared by a newly developed co-
precipitation method involving the precipitation of
transition metal hydroxides from the precursor solutions,
where the concentration ratio of Ni:Mn:Co changes
continuously with the reaction time.
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Figure IV - 120: Schematic diagram of the full concentration gradient
lithium transition metal oxide particle with the nickel concentration
decreasing from the center toward outer layer and the concentration of
manganese increasing accordingly.

Figure IV - 121 shows scanning electron microscopy
images and elemental distribution of Ni, Co, and Mn
within a single particle of both the precursor
((Nig.75C0¢.10Mny 15)(OH),) and the final lithiated product
(LiNig 75Co¢.10Mny 150,) having concentration gradient.
The atomic ratio between Ni, Co, and Mn was determined
by integrated 2D electron probe micro-analysis (EPMA).
Figure IV - 121 clearly demonstrates that the atomic
percentage of Co remained constant at about 10% in both
the precursor and the lithiated particles as originally
designed, while the concentration of Ni decreased and Mn
increased continuously from the center toward the outer
layer of the particle. Note that the slopes representing the
metal (Ni and Mn) concentration change of the precursor
are greater than those of the lithiated material because of
the directional migration of the metal elements during the
high temperature calcination to increase the entropy.
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Figure IV - 121: Scanning electron microscopy images and electron-
probe X-ray micro-analyzer mapping of (a) a precursor particle and (b) a
lithiated particle; and integrated atomic ratio of transition metals as a function
of the distance from the center of the particle for (c) the precursor and (d) the
lithiated material.

Hard X-ray nano-tomography was used to determine
the 3D distribution of Ni in a single lithiated particle.
Similar to medical computerized tomography, this
technique uses X-rays to obtain a 3D structure at up to 20-
nm resolution. Figure IV - 122a shows the 3D volume
rendering of a particle acquired with the technique. The
data are imaged with the particle’s volume partially
removed to reveal the central cross section. With this 3D
image, we are able to illustrate the concentration profile of
Ni at any given plane (see Figure IV - 122b for a view of a
plane going through the center of the particle). Figure IV -
122a and Figure IV - 122b show that the structure of the
center, with a diameter of about 2 pm, was dramatically
different from that of the outer layer. The central core is
mainly composed of bright islands with numerous voids
represented by the dark background. This structure could
result from the different formation kinetics of the transition
metal hydroxide seed at the beginning of the co-
precipitation process, during which the seed developed
along with many stacking voids. After the initial formation
process, the growth of the particles reached a relatively
steady state, and a denser layer developed above the
loosely stacked core. Figure IV - 122b also confirms the
results of EPMA (see Figure [V - 121b). A striking feature
in Figure IV - 122b is that the bright area with high nickel
content tends to form needle-shaped spikes pointing from
the center toward the edge; this feature was clearly
captured in the transmission electron microscopy image as
highly aligned large-aspect-ratio nano rods (see Figure IV
- 122¢). We believe that this nano-pattern was the result of
the directional transition metal migration during the high
temperature calcination that led to the reduction in the
slope of the concentration gradient (Figure IV - 121c vs.
Figure IV - 121d). Due to the pre-conditioned concentration
gradient in the particles of the precursor, the crystal growth
during the high temperature calcination was energetically
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preferred to forming a highly percolated nano-rod network,
which minimizes the diffusion length between the center
and the edge for transition metal ions. In the particle
center, the migration of transition metal had to rely on the
limited contact of loosely packed primary particles, and the
development of aligned nano-rod network was limited, as
shown in Figure IV - 122d.

Figure IV - 122: (a) 3D presentation of nickel distribution in a single
lithiated full concentration gradient lithium transition metal oxide particle; (b)
2D distribution of nickel on a plane going through the center of the particle;
(c) transmission electron microscopy image of local structural feature near
the edge of the particle; and (d) transmission electron microscopy image of
local structural feature at the center of the particle.

A potential benefit of forming such a percolated
aligned nano-rod network is that it also provides a shorter
pathway for lithium-ion diffusion during normal
charge/discharge cycling at ambient temperatures, leading
to a better rate capability. Figure IV - 123a shows the rate
capability of the FCG material along with inner
composition (IC, LiNiggsCog 10Mng ¢40,) and outer
composition (OC, LiNig7oCog 10Mng200,) materials, both
of which were synthesized by the conventional constant
concentration approach. When discharged at the C/5 rate,
the IC material delivered a reversible capacity of 210.5
mA h g'l; the OC material, 188.7 mA h g'l; and the FCG
material, 197.4 mA h g''; these results are as expected
because the IC material has the highest nickel content and
the OC material has the lowest nickel content. However,
when discharged at the 5C rate, the FCG material
delivered the highest reversible capacity. As a cross-
validation, the diffusion coefficient of lithium ions in the
three materials was measured by the galvanostatic
intermittent titration technique (GITT). The results showed
that the FCG material has, in general, the highest lithium-
ion diffusion coefficient. Meanwhile, the electronic
conductivity was measured to be the highest for the IC
material, 1.67x10™ S cm™, followed by the FCG material,
3.10x10° S cm’', and the OC material, 7.30x10° S cm™.
Therefore, we believe that the high rate capability of the
FCG material has no strong correlation with the electronic
conductivity, but mostly originated from the special
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percolated aligned nano-rod network that shortened the
diffusion pathway of lithium ions in the particle.

Figure IV - 123b shows the initial charge and
discharge curve of coin type half cells based on IC, FCG,
and OC materials. Both the IC material (highest nickel
content) and FCG materials delivered higher capacity of
220.7 mAh g and 215.4 mAh g, respectively; while the
OC material (lowest nickel content) showed lower capacity
of 202 mAh g"'. Note that the columbic efficiency of FCG
was higher (94.8%) when compared to both IC and OC
electrodes (91%) due to a well-developed aligned nano-rod
network in FCG materials which facilitates Li" diffusion,
and thus high lithium utilization.
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Figure IV - 123: Charge-discharge characteristics of LiNio.ssCoo.1oMn.
00402, LiNio.70C00.10Mno2002, and full concentration gradient
LiNio.75Co0.10Mno.1502. a, Rate capabilities of the full concentration gradient
material against the inner composition [LiNio.ssC0o.10Mno.0402] and outer
composition [LiNio.70Coo.10Mno.2002] materials (upper cutoff voltage of 4.3 V
vs. Li*/Li); b, initial charge-discharge curves and c, cycling performance of
half cells using the full concentration gradient material, inner composition
[LiNio.8C00.10Mno.0402] and the outer composition [LiNio.70C00.10Mno.2002]
materials cycled between 2.7 V and 4.5 V vs. Li*/Li; and d, discharge
capacity of MCMB/full concentration gradient cathode full cells at room and
high temperature. The electrolyte used was 1.2 LiPFs in EC/EMC (3.7 by
volume) with 1 wt% vinylene carbonate as electrolyte additive.

Another important observation is that the reversible
capacity of IC material decreased dramatically with
cycling (Figure IV - 123c¢). This rapid capacity fade was
mainly caused by the direct exposure of a high content of
Ni(IV)-based compound to non-aqueous electrolyte at high
potential; this exposure led to the chemical decomposition
of both the surface of the electrode material and the
electrolyte. By contrast, the OC material had higher
manganese content and lower oxidizing capability toward
non-aqueous electrolyte. Therefore, this material had a
lower reversible capacity, but much better capacity
retention. Figure IV - 123c¢ shows that the FCG material
had combined advantages of high capacity from the high
nickel content in the bulk and high electrochemical
stability from the high manganese content on the surface.
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We assembled a pouch cell using the FCG material as
the cathode and mesocarbon microbeads (MCMB,
graphite) as the anode. This cell was cycled between 3.0 V
and 4.2 V with a constant current of 1C (33 A). The full
cell showed outstanding capacity retention after 1,000
cycles both at room and high temperature (Figure IV -
123d). The capacity of the cells increased with cut off
voltage due to the higher lithium utilization at high
voltage.

To investigate the safety of the FCG approach, we
developed an in situ high energy X-ray diffraction
(HEXRD) technique and used it to study the thermal
decomposition of delithiated cathode materials in the
presence of the electrolyte. The delithiated cathode
material was recovered from the charged cell at 4.3 V and
mixed with an equivalent amount of non-aqueous
electrolyte, and the mixture was placed in a stainless steel
high-pressure vessel for differential scanning calorimetry
(DSC). The sample was then heated from room
temperature to 375 °C with a heating rate of 10 °C min”".
During the thermal ramping, a high energy X-ray beam
(~0.1 A), which is able to penetrate through a 4-mm-thick
stainless steel block, was deployed to continuously
monitor the structural change of the delithiated material.
Figure IV - 124a and Figure IV - 124b show zoomed
(2.40° —2.80°) contour plots of the in situ HEXRD profiles
of delithiated IC and FCG material during thermal
ramping In these profiles, red represents a high intensity;
blue, a low intensity. Three diffraction peaks can be seen
in Figure IV - 124a and Figure IV - 124b; the left one
starting at 2.57° is the (101) peak for layered transition
metal oxides, and the right weak one starting at 2.68° is the
(012) peak for layered oxides. The one in the middle
(starting at 2.62°) is the diffraction peak from the DSC
vessel and can be used as a semi-reference. Figure IV -
124a shows that the delithiated IC material (Li,.

Nig 86C0g.10Mny 040,) starts converting to a new phase at
around 100 °C; the (101) and (012) peaks shift toward a
smaller angle. Figure IV - 124b shows that the low
temperature phase transformation occurred at about 140 °C
for the FCG material.

Figure IV - 124c¢ shows the DSC profiles of
delithiated cathodes in the presence of non-aqueous
electrolyte. No heat flow was detected with DSC within
the temperature range between 100 °C and 150 °C for both
samples. Thus, this phase transformation is not related to
the safety of the cathode materials, but can cause the
degradation of electrochemical performance of high
nickel-content cathode materials. Ahn et al. previously
reported that Li(Nij 9Coy )0, dramatically loses its
reversible capacity when aged at 90 °C*'. Therefore, we
believe that the better capacity retention of the FCG
material (as shown in Figure IV - 123b) can be attributed
to the suppressed kinetics of detrimental phase
transformation at temperatures around 100 °C. The in situ
HEXRD data also showed that the newly formed phase
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started to disappear at about 200 °C for the delithiated IC
material (Li;_ NiggsC0g.10Mng40,), and the DSC data
indicated significant exothermal reaction at about 210 °C
(Figure IV - 124c). The corresponding phase
transformation for the FCG material was much slower: the
new phase disappeared at about 250 °C, and DSC data
showed an exothermal reaction starting at about 250 °C
(Figure IV - 124c). Thus, the FCG material appears to
have better safety characteristics than the IC material by
deferring its exothermal reaction to higher temperature.
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Figure IV - 124: a) Contour plots of in situ high energy X-ray diffraction
profile. a, delithiated inner composition material [Li1-xNio.ssC00.10Mno.0402)
and b), delithiated full concentration gradient material during thermal
ramping from room temperature to 375 °C with a scanning rate of 10 °C min-
1. ¢), differential scanning calorimetry profiles of the delithiated full
concentration gradient material, the delithiated inner composition [Li+-
Nio.35C00.10Mno.0402], and the delithiated outer composition [Lis-
xNio.70C00.10Mno.2002] with a scanning rate of 1 °C min™'. The cells were
constant-voltage charged to 4.3 V vs. Li*/Li before disassembling.

Conclusions and Future Directions

In conclusion, we have developed a high-performance
cathode material composed of lithium transition metal
oxide with FCG within each particle. The structure takes
advantage of the high capacity from nickel-rich materials,
high thermal stability of manganese-rich materials, and
high rate capability of highly percolated and aligned nano-
rod morphology. This newly developed material can
deliver a specific capacity of up to 215 mA h g with
outstanding cycling stability in a full cell configuration,
maintaining 90% capacity retention after 1,000 cycles.
This novel material can lead to the rational design and
development of a wide range of functional cathodes with
better rate capability, higher energy density, and better
safety characteristics.
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This project was terminated because DOE has shifted

funding to address voltage fade for the Argonne high
energy composite cathode.
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Objectives

The project objective is to conduct ion-exchange
reactions that are used to make new cathode materials with
high-energy and high-rate. We will produce an optimized
material that shows an improvement over the drawbacks of
standard high-energy cathodes. These ion-exchange
cathodes should thus demonstrate <10% irreversible
capacity in the first cycle, > 200 mAh/g at a C rate, no
alteration in voltage profile during cycling, lower cost, and
improved safety.

Technical Barriers

+  Low energy density.
+  High cost.
+  Low abuse tolerance.

Technical Targets

+ 96 Wh/kg, 316 W/kg (PHEV 40 mile requirement).
«  Cycle life: 3000 cycles.

+  Calendar life: 15 years.

+  Improved abuse tolerance.

Accomplishments

+  The synthesis of Na,Li,(Nij,sMn, 75)O, cathode
precursors was continued; x+y = 1.2. Synchrotron X-
rays were used to determine the phases present in
these materials. Li ion-exchange reactions of the
above Na-Li materials (IE-LNMO) were successfully
conducted in alcohols as well as water. Compositions
measured by AA confirmed Ni and Mn ratio is

FY 2012 Annual Progress Report

maintained. Na is effectively removed (2% left) in
these ion-exchange reactions. Materials were heat-
treated which resulted in the formation of 5 V spinel
domains in the composite. These domains were
confirmed by TEM.

For the heat-treated samples, the capacity measured at
a C/15 rate was 240 mAh/g between 4.8 t0 2.0 V in
Li-half cells. Over 50 cycles were completed with no
loss in capacity. The C rate capacity is about 200
mAh/g, but at higher current rates the capacity drops
off. There is also a voltage fade which appears
overtime with cycling. For non-heat-treated samples,
there are no changes in the XRD pattern after 50
cycles indicating excellent stability in the material.

DIFFAX modeling of the stacking arrangement of IE-
LNMO indicates a combination of 02, 04 and 06
layers. The DIFFAX model compares favorably with
the XRD pattern. This type of stacking confirms the
gliding nature of the layers. This soft-bonding
character may allow for rapid diffusion of Li within
the layers as is seen in the rate performance results of
this material.

< < < < <

Introduction

To improve the mileage range of plug-in hybrid
electric vehicles (PHEV) and electric vehicles (EV) it
requires a cathode material that possesses an energy
density as high as possible. Layered transition metal (TM)
oxides, LiTMO,, are the leading candidate cathodes for
implementation. If one Li per TM in LiTMO, can be
reversibly cycled, then it may be possible to reach the
maximum capacity of ~ 280-300 mAhg™'. In cases where
LiTMO, contains extra Li and Mn with Ni, then the Li
forms LiMng structural units in the TM layer that store the
extra Li in their structure thereby helping to achieve the
280 mAhg'l specific capacity. LiMng units in Li-rich
LiTMO, form ‘layered-layered’ composite cathodes with
the formulation xLi,MnOs*(1-x)LiMO, (M=Ni, Mn, Co),
where the notation represents a nano-domain structure
composite material. In some cases, particularly where Ni is
present in these materials, it is possible to get site —
intermixing between Ni*" and Li" because the ionic radii
are nearly equal: Ni** (0.69A) and Li* (0.76 A). In this
case the Ni*" can reside in the Li layer and hinder flow of
Li cations during cycling. To solve this issue, we have
been making use of NaMO, precursors for subsequent Li
ion-exchange (IE). The Na creates a condition where there
is no site mixing in the resultant structure because of the
mismatch in radii between much larger Na™ (1.02 A)
versus Ni** (0.69A). This material is then IE with Li.
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Approach

We will synthesize, characterize, and develop new
cathode materials that exploit the difference in sodium
versus lithium cation radii and their respective
coordination properties. The Na is then ion-exchanged
with Li. In our work, we have upped the Li content by
making precursors containing extra Li in their structures
such as Na(Li,M)O,. Upon ion-exchange with Li, we
expect that Li,MnO;-type composite will be formed due to
the extra Li. Therefore IE makes a material that
compositionally looks like xLi,MnO;#(1-x)LiMO,, but
intrinsically possesses a LiMO, component ultimately
derived from Na(M)O,. It is hoped that the synthesis route
produces a material that is fundamentally different from
those made by direct reaction of transition metal
hydroxide, carbonate, or oxalate with Li salts. We will
focus on electrode materials that contain redox active Ni,
and low cost Mn and, if possible, Fe transition metals.

Results

Na(Li,M)O, precursor. Ideally the Na(Li,M)O,
precursor must be synthesized in single phase in order to
integrate the extra Li into the structure. From the
synthesis, a P2 layered stacked product is made as shown
in Figure IV - 125. The P2 arrangement of the layers is
consistent with the presence of prismatic (P) 6-coordinated
Na in the alkali metal layers.
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Figure IV - 125: X-ray powder diffraction patterns of NaaLibNio.2sMno.7s05
precursor. The asterisk indicates a superlattice peak, and the additional
peaks in the top pattern indicate the formation of LiMns sites within the
Na(Li,M)Oz structure.

Figure IV - 126 shows that LiMng ordering peaks are
present (Na, ;Liy ;). For Na; ;Liy;, Li,MnQOj; as a separate
phase is not present but, instead begins to emerge when
more Li is added into the system (Na; oLij,). The high-
resolution XRD (synchrotron source) of
Na, ¢Lig2Nig 25sMng 750y and Na 7Nig 3sMng 750,45 (as
control) is indicated in Figure IV - 127. Clearly
Na, gLig,Nig2sMng 750, contains both a secondary phase of
Li;MnOs, and a strong LiMng ordering peak. This means
that some of the added Li used to make Na(Li,M)O, forms
directly Li;MnOs; in the sample. The amount of Li,MnO;
together with Li incorporated in Na(Li,M)O, is unknown,
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but, in principle could be determined by careful 6-Li solid-
state NMR.
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Figure IV - 126: X-ray powder diffraction patterns magnified between 18
and 24 degrees CuKa 2-theta of NaaLisNio.2sMno.7s05 precursor.
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Figure IV - 127: X-ray powder diffraction patterns measured using a
synchrotron source. Bottom pattern is Nas.oLio2Nio.2sMno.7s0y and the top is
synthesized Nao7Nio.2sMno.s0y to show the clean pattern for non-Li P2
precursor.

IE sample from Na(Li,M)O, precursor. Li ion-
exchange of Na, oLij,NijsMng 750y is typically conducted
by stirring the powder in a solvent with an excess of Li
salt. A huge number of variables exist in this reaction such
as precursor morphology, time, temperature, solvent, and
Li-salt used. Figure IV - 128 gives the XRD pattern of a
sample made by ion-exchange. The material has a strong
layering peak, ordering peaks (Li,MnO;-like domain), and
the remainder broad peaks. This suggests that the material
is quite layered in the c-direction, but the layers
themselves possess a large number of stacking faults.
DIFFAX analysis was conducted on the XRD patterns, and
it is clear that the P2 Na precursor upon Li-exchange
sheers to a conglomeration of 02, 04 and O6 as shown in
Figure IV - 129. The visualization of 02, O4 and O6
stacking arrangements are schematically shown in
Figure IV - 130.
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Figure IV - 128: XRD pattern of IE product, made by refluxing
Na oLio.2Nio.2sMno.750y in hexanol with 2 fold LiCl for 4 hours, followed by
washing with methanol, and vacuum drying.
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Figure IV - 129: P2 to 04 transition showing the DIFFAX results which
models the XRD patterns. Note the middle area is the transition whereby
stacking faults are present, and the likelihood of mixed 02, 04 and 06 is
possible.
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Figure IV - 130: This is a schematic model showing the layer gliding
process of P2 to 02, 04 or O6 stacking. O stacking occurs when Li enters
the alkali metal layer for Na. Li prefers octahedral coordination instead of
prismatic coordination so a shear occurs leaving the stacking faults in the
material.
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The O3 stacked sample is not made because there is
no driving force to do M-O bond breaking. Instead, layers
glide relative to each other to accommodate the entry of Li
for Na. Na TM oxides are known to have propensity to
have layers that can glide. Evidently the gliding and
stacking is somewhat random, but the electrochemistry
may be affected by the stacking faults.

A graphical summary of the electrochemical
performance of a number of ion-exchanged
materials synthesized under various conditions is shown in
Figure IV - 131. There is a large scatter of data in the
results indicating the various effects of ion-exchange. The
capacity at various rates resides in a window difference
between 80-110 mAhg™'. Evidently the condition of ion-
exchange makes a big difference in the material as a
cathode. In general, best results were obtained when
the TM precursor was formed by the sol-gel process,
then, stirred with alcohol under reflux, for a moderate
time of 4h.

.
]

Specific Discharge Capacity (mAhig)
L]

.;Z‘.--ube (L]
Figure IV - 131: Electrochemical performance of a number of [E samples.

Next, experiments on heat-treatment were performed
and the best cycling results occurred with the 550 °C
samples. When this procedure is done, then a 5 V spinel
(LiNiysMn, 50,) is formed within the sample composite.

In Figure IV - 132, the charge-discharge voltage
profiles (1, 16" and 31* cycles), are shown for HT-
Li1A05Na0A02Ni0‘21Mn0‘6302. Note the fOllOWing
characteristics:

+  On the first charge, there is a plateau at 4.5 V
indicative of a Li,MnO; component (i.e. Li in LiMn,
arrangments in the TM layer).

+  On the first charge, the 5 V spinel signature is evident.

+  The coulombic efficiency is nearly equivalent for
charge and discharge.

+  There is a layered region at the mid-voltage area with
two processes or Li sites in the layers (i.e. 1 and ii).

+  One of the Li sites in the layer could have been
generated from the ‘activation’ of the Li,MnO;
component.

+  The other voltage feature for the layered component is
likely due to the Ni redox.
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+  The <2.8 V spinel plateau is associated with the 5 V
spinel and involves the Mn redox.

Fotential ()

31 cycles

2 4 } ! ! I !
0 50 100 150 200 250 300
Capacity (mAh/g)

Figure IV - 132: Charge-discharge voltage profiles of 550 °C HT-
Li1.05Nao.02Nio.21Mno 302 IE cathode materials.

The discharge profile of a number of samples made by
different routes is given in Figure IV - 133. One can
clearly see the 5 V spinel signatures at high-voltage. Based
on the capacities observed, the amount is about 20%
generally for each sample. Nevertheless, good cycling
stability is observed over 50 cycles (Figure IV - 134) with
a capacity nearly 250 mAhg™ or about 0.9Li/TM.

5 spinel signature

that affect
performance:
- Time of IE
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o 250

Capacity (mAh/g)

Figure IV - 133: Discharge voltage profiles of various IE cathode
materials.
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Figure IV - 134: Cycling of IE cathode material over 50 cycles at a C/15
rate.

The IE cathode material electrode was X-rayed before
and after 50 cycles and one can see that the material
exhibits nearly the same XRD pattern (Figure IV - 135).
Thus, the disordered stacking arrangement remains fixed
on cycling. It is reasonable to suggest that Li, once ion-
exchanged into the material fuses the stacking faults into
their place and in a rigid array that does not alter with
cycling. The amount of Li in the TM layer as evident from
the ordering peaks, however, is decreased which indicates
that the Li,MnO; domains in the material have been
‘activated’, which is consistent with the high-capacities
delivered.

lon-exchanged sample

SIHBORE 50 cycien

XRD (50 cycles)

Intensity (&

10 20 30 a0 0 70 20

Figure IV - 135: XRD pattern of [E material electrode laminate before
(top) and after (bottom) 50 cycles.

Lastly we compare the electrochemical voltage
profiles of a material which is Li; ;Nig ,sMny 750y that is
directly synthesized from (Nig,sMng 75)C,04*zH,0 and
0.6Li,COs at 800 °C, with an IE sample which has a
similar composition, i.e. Lij 56Nag ¢,Nig5Mng 750,. The
result is shown in Figure IV - 136. The IE material
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electrode has a higher mid-point or average voltage versus
the direct synthesis sample indicating a higher-energy
density material. The presence of 5 V spinel in the IE-
LNMO sample is more prevalent. To compare this we
conducted TEM studies on the IE-LNMO. The TEM
micrograph is in Figure IV - 137. A spinel domain is
identified.

Capacity, nig

Figure IV - 136: Voltage profiles of direct synthesized Li12Nio.2sMno.zs0y
(SS-LNMO) and ion-exchange sample Li1 26Nao.02Nio.2sMno7502 (IE-LNMO).
Current rate for both is 15 mAg'!

Figure IV - 137: TEM of IE-LNMO showing the spinel regions in the
marked circle.

Conclusions and Future Directions

Li-containing Na(Li,M)O, precursors incorporate Li
into the transition metal plane along with the formation of
Li,MnO; at higher contents of Li. Upon Li ion-exchange a
new material that is layered with LiMn, ordering is
synthesized. This material having a composite structure
forms a 5 V spinel domain component upon heat-treatment
at 550 °C. The Mn/Ni ratio of 3 supports the 5 V spinel
formation (i.e. LiNiy sMn; 50,). Over 20 reactions with
various ion-exchange conditions were studied. The best
materials are those made from a sol-gel precursor, an
alcohol for ion-exchange under reflux conditions, and with
a Li salt in excess.

Discharge capacities of these IE samples are around
250 mAhg™ and stable long-term cycling (50 cycles) is
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possible. The voltage curves alter during cycling indicating
a material that is constantly altering its structure. However,
the layer stacking (O type; Li 6-coordination) and the Li-
alkali layer appear to remain fixed in the c-direction not
changing with cycling (50 cycles) as is evident by the
XRD pattern that shows essentially the same peak
positions, and intensities. In conclusion, the IE process
produces new layered-spinel materials that operate well in
Li-ion batteries.

Future studies should be devoted to NMC-type
Na(Li,M)O, precursors as sell as NCA-types which are
ion-exchanged with Li. In this way higher performance (a
greater average voltage) and greater capacities may be
realized.
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Objectives

The major objective of this project is to develop Li-
and Mn-rich cathode materials with integrated structures
that promise low cost, good thermal stability and improved
cycling stability while maintaining a high capacity at an
acceptable rate (e.g., 2200 mAh/g at a 1C rate). Cathode
performance goals are a reversible 230 mAh/g capacity
with >85% first-cycle efficiency. Specific objectives of
this study are to:

+  Design and synthesize Li- and Mn-rich oxides with
integrated structures, notably ‘layered-spinel’
materials, to counter the voltage fade phenomenon
observed in ‘layered-layered’ electrode materials.

+  Identify and overcome degradation issues.

+  Exchange information and collaborate closely with
others in ABR’s ‘voltage fade’ team.

«  Supply promising high-capacity cathode materials for
PHEV cell build.
Technical Barriers

+  Low energy density.
+  Poor low temperature operation.

»  Abuse tolerance limitations.

Technical Targets (USABC - End of life)

+ 142 Wh/kg, 317 W/kg (PHEV 40 mile requirement).
+  Cycle life: 5,000 cycles.
+  Calendar life: 15 years.
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Accomplishments

The electrochemical properties of lithium-nickel-
manganese-oxide composite electrode structures in
three-component ‘layered-layered-spinel’ systems,
prepared by lowering the lithium content of ‘layered-
layered’ Li;MnOs;°LiMO, materials (M=Mn, Ni),
were evaluated.

The effects of Mg substitution and AlF; coatings on
‘layered-layered-spinel’ electrode materials were
studied.

A baseline system, xLi,MnOs*(1-x)LiCoO,, was used
to initiate in-depth studies at the Advanced Photon
Source to determine structural features that would
shed light on, and provide clues to counter, the
voltage decay phenomenon in ‘layered-layered’
electrodes.

< < < < <

Introduction

Li- and Mn-rich oxide electrodes with integrated or
composite ‘layered-layered’ structures such as
xLi,MnOs¢(1-x)LiMO, (M=Mn, Ni, Co), are known to
deliver a high capacity (~250 mAh/g) when charged to
high potentials (>4.4 V vs. Li'/Li). Present limitations of
these cathode materials are 1) voltage fade on cycling, 2) a
relatively poor rate capability, 3) high impedance,
particularly at a low state of charge (SOC), and 4) poor
cycling stability, notably at high temperatures. These
performance limitations are attributed to poor
electronic/ionic conductivity in the oxide bulk, surface
damage from repeated high-voltage cycling, and Mn
dissolution effects. In addition to the above-mentioned
limitations, ‘layered-layered’ electrode materials exhibit
significant voltage decay on extended cycling, which
creates issues not only in terms of a decrease in cell energy
but also in battery management (voltage monitoring). This
project addresses the above-mentioned limitations in an
attempt to meet the targeted electrode and cell
performance goals for PHEVSs using structurally-integrated
electrode materials.

Approach

To address the limitations associated with ‘layered-
layered’ xLi,MnO;+(1-x)LiMO, electrodes, several
approaches were adopted:
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Use compositional phase diagrams to design
integrated ‘layered-layered-spinel’ structures and to
stabilize the electrode to electrochemical cycling,

Elucidate the causes of voltage decay by investigating
both bulk and surface effects, and

«  Undertake detailed structural analyses of composite
electrodes at the Advanced Photon Source (APS) by
X-ray diffraction, X-ray absorption and pair-
distribution-function (pdf) analyses to understand the
complexity of the parent and cycled structures.

Results

‘Layered-Layered-Spinel’ Electrodes. Using
knowledge gained from previous work and recognizing the
potential of using a LiMn, sNig 50O, spinel component to
stabilize high capacity ‘layered-layered’
0.5Li,Mn0O;°0.5LiMn, 5sNi, 50, electrodes and to counter
voltage decay, and given the tendency for manganese-rich
layered electrode structures to convert readily to spinel,
studies of ‘layered-layered-spinel’ materials were
continued by exploring electrode compositions with a
lower manganese content. Focus was placed specifically
on the ‘LiMny ¢sNi350,” system, for which the end
members are 0.3Li,MnO;°0.7LiMn, sNi 50, (x=1.3;
y=2.3), in which the average manganese and nickel
oxidation states are 4+ and 2+, respectively, and
LiMn; 3Nip ;04 (x=0.5; y=2) in which the corresponding
average oxidation states are expected to lie between 4+ and
3.77+ for Mn, and 2.57+ and 3+ for Ni. This system is
highlighted by the dotted tie-line between
0.3Li,Mn0;°0.7LiMO, and LiM",O, (M and M' = Mn, Ni)
in Figure IV - 138. In particular, compounds with a lithium
content of x=1.3, i.e., the parent ‘layered-layered’
composition, and x=1.25 were selected for detailed
evaluation, the latter value corresponding to a targeted
spinel content of 6%. The beneficial effects of 1) using
Mg?*" as a dopant ion and 2) treating the electrode particle
surface with an acidic solution of AlF; to enhance cycling
stability, reduce first-cycle capacity loss, and to slow
voltage decay on cycling were also studied.

LiMO; (e.g., M=Mn, Ni, Co)

(e.g., M'=Mn, Ni, Co)
Figure IV - 138: A compositional phase diagram of a ‘layered-layered-

spinel’ system with Li2MnOs+(1-x)LIMO2 (‘layered-layered’) and LiM'204
(spinel) components.
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Spinel Content. Based on the hypothesis that small
amounts of spinel are more likely to be effective in
stabilizing high capacity ‘layered-layered’ composite
electrode structures without impacting their rate capability,
initial electrochemical experiments were conducted on
LiyMng ¢sNi 350, compounds in which the targeted values
of x and y fell within the range 1.10<x<1.30 and
2.22<y<2.30, respectively, corresponding to compounds
with a spinel content between 0 and 25%. The maximum
discharge capacity and first-cycle efficiency, plotted as a
function of the lithium content, X, for these five samples
are shown in Figure IV - 139. The data clearly show that
for higher spinel content (i.e., lower values of x) the first
cycle efficiency is high because the spinel component can
accommodate the oversupply of lithium released from the
electrode during the activation of the Li,MnO; component
on the initial charge; for lower spinel content, the first-
cycle efficiency decreases, reaching about 78% when no
spinel is present (x=1.3). Conversely, when targeting a
high spinel content, e.g., 25% (x=1.10) and 19% (x=1.15),
the capacity delivered by the composite ‘layered-layered-
spinel’ electrode is relatively low (92 and 140 