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FreedomCAR Energy Storage Goals

(HEVS)
42-Volt Power Assist HEV

M-HEV P-HEV Min. Max.
Discharge Power, kW 13 (2s) 18 (10s) | 25 (10s) 40 (10s)
Regen Power, kW 8 (2s) 18 (2s) | 20 (10s) 35 (10s)
Available Energy 0.3 0.7 0.3 0.5
Cold Cranking Power*, kKW 8 @ 21V minimum 5 7
Calendar Life, years 15
Production Price**, $ 260 360 500 800
Operating Temperature, °C -30/52

* Three 2s pulses at -30°C with 10s rest between pulses

** Price based on 100,000 batteries/year production level

Also, batteries need to conform with all FMVSS!
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FreedomCAR Energy Storage Goals

(PHEVSs)
Short-Term Long-Term

SUV Car
Discharge Power, kW 45 38
Regen Power, kW 30 25
Available Energy (CD), kWh 3.4 11.6
Available Energy (CS), kWh 0.5 0.3
Cold Cranking Power*, kW 7
Calendar Life, years 15 15
Production Price**, $ 1,700 3,400
Operating Temperature, °C -30 to 52

* Three 2s pulses at -30°C with 10s rest between pulses

** Price based on 100,000 batteries/year production level

Also, batteries need to conform with all FMVSS!
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Program Objective & Approach

Objective:

Assist the industrial developers of high-power & high-energy Li-lon
batteries to overcome the cost, life, abuse tolerance, and low-
temperature performance barriers for this promising technology!

Approach (material & cell level studies):

B Understand factors that control life, inherent abuse tolerance, & low-
temperature performance of alternative Li-lon cell chemistries

B Use knowledge to identify & develop low-cost cell materials that are
more stable structurally, chemically, electrochemically, & thermally

B Demonstrate aging, abuse tolerance, & low-temperature performance
characteristics of advanced chemistries in sealed cells
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Focus Areas
(High-Power HEV & High-Energy PHEV)

B Understand factors that limit calendar life of Li-lon cell chemistries,
identify & develop cell materials that extend the calendar life, study
factors that affect SEI stability, & validate TLVT methodology

B Understand factors that limit the abuse tolerance of Li-lon cell
chemistries and evaluate approaches to enhance inherent abuse
tolerance of Li-lon cells

B Search for and develop low-cost cell materials, components, and
technologies with enhanced stability that perform better at low-
temperature

B Understand factors that limit low-temperature performance of Li-lon
cell chemistries and evaluate approaches to enhance performance
at low temperature
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FY2008 Focus Area Activities

| ATD Program Focus Areas |

Extend Calendar Life
& Accurately Predict

Enhance Inherent
Abuse Tolerance

Conduct Accelerated
Aging of Gen 3 Cells

Conduct Diagnostics &
Modeling on Gen 3 Cells

Conduct SEI Layer
Studies to Enhance
Stabilization of Electrode
Interfaces

Evaluate New Materials &
Additives for Enhancing
Thermal Abuse & Overcharge
Abuse Tolerance

Conduct Cell-Level Studies to
Verify Material Enhancements

Reduce Cost of Cell
Materials & Components

Enhance Low-Temperature

Performance

Evaluate Low-Cost & Stable
Electrode Materials

Evaluate Electrolyte
Components & Additives

Develop More Optimal Low-
Cost Electrode Materials &

Apply Diagnostics to Study
Abuse Phenomena

Validate TLVT
Methodology

Initiate New Round of
TLVT Tests

Evaluate Alternative Separators
& Establish Impact on Cell
Abuse Tolerance

Study Impact of PHEV
Type Cycling on Cell Life
with One or more Cell
Chemistries

Conduct Cell-Level Abuse Studies

on Different Chemistries

Electrolyte Additives

Develop Screening Test
Protocols for PHEV Cell
Materials

Characterize Low-Temperature
Performance Limitations & Sources
Thereof in Alternative Chemistries

Develop & Apply in situ Diagnostics to
Study Low-Temperature Phenomena

Model Low-Temperature Operation &
Study Performance Limiting
Phenomena

Develop More Optimal Low-

Develop Higher Energy
Density Electrode Materials to
Extend AER Range of PHEVs

Temperature Electrolyte Systems

Idendify & Evaluate Methods to

Model Abuse Behavior of 18650
Cells & Predict Behavior of Full

Initiate Efforts to Establish
—1 In-House Cell Fabrication
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Size HEV & PHEV Cells

Enhance Low-Temperature

Performance

I:I New activities in FY 2008
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ATD Program
Multi-Laboratory Collaborations

Lab Calendar Life Abuse Low Low-Temp
TLVT | SEI | Aging | Diagnostics | 'olerance | Cost | Perform
ANL X X X X X X X
BNL X X
INL X X X X
LBNL X X X
SNL X X




Calendar Life

Procure Gen 3 Thoroughly Characterize Gen 3 \
Cells Electrode/Electrolyte System
Build & Test Gen 3 j | Conduct Accelerated Conduct Diagnostic Tests .| Develop Gen 3
Trial Cells ”1 Aging of Gen 3 Cells ‘l > on Cell Components ”1 Cell Model
Analyze Life e ——
" Test Dat Develop & Characterize Binder Enhance
est Data
Conduct Accelerated Aging Tests in Free & Carbon-Free Cathodes

Understanding
of Life-Limiting

Reference Electrode Lab Cells

Conduct Accelerated Aging Tests in Conduct Diagnostic Tests Mechanisms
on Cell Components
Reference Electrode Lab Cells |
Analyze Life
Develop In-House Cell Fabrication Build Cells with Multiple Test Data DEvElD CEl e i
Capability for Studying Multiple Cell > Cell Chemistries 7Y Multiple Cell Chemistries
Chemistries ¥
Conduct Accelerated Aging of Thoroughly Characterize
Cells with Multiple Chemistries Electrode/Electrolyte Systems /
Conduct DOEx Coin Cell Tests to Establish Signifcant
Parameters in Creating "Good" & "Bad" SEI Layers Study More Stable SEI Layers Produced via
Electrolyte Additives to Understand
. v yItEnhanced Stability Produce More
Develop Tools & Techniques for »| Study "Good" & "Bad" SEI Layers to v Stable SEI
Examining Properties of SEI Understand Differences Elucidate Chemical & Physical L
; ; ayers
Develop & Characierize Binder- Properties of More Optimal SEI Layers

Free Graphite Anodes

~~
Procure Prototype HEV .| Design TLVT .| Establish Manufacturing .| Conduct TLVT | Refine TLVT Test

Cells for TLVT Validation 7| Test Matrix i Variability | Validation Tests "| Protocols & Manual .

. Accurate Life
- v Prediction
AC&?Q@@ t'eDigﬁ;g;t&'\_ﬂgx?ej?[ife < Conduct TLVT | Design TLVT | Procure Commercial Cells to Conduct
: . Validation Tests [~ Test Matrix |~ Second-Level TLVT Validation
with 2 Years of Testing )
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Recent Changes to Calendar Life Studies

B Study aging mechanisms in multiple cell chemistries—
establishing capability to fabricate cells within the
program to facilitate this

W Study impact of PHEV type (deeper discharge) cycles
vs. HEV type cycles on life

B Expand SEl/formation studies to investigate SEI layers
formed via the use of electrolyte additives

M Conduct second-level TLVT tests using commercial
cells to further validate TLVT test protocols
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Cell Chemistries Studied

Large quantities of Gen 1 & Gen 2 Cells were built & tested

Gen 1 Baseline

Gen 2 Baseline

Positive Electrode

8 wt % PVDF binder

4 wt % SFG-6 graphite
4 wt % carbon black
84 wt % LiNio,gCOo_zOz

8 wt % PVDF binder

4 wt % SFG-6 graphite

4 wt % carbon black

84 wit % LiNi0.8C00.15A|0.0502

Negative Electrode

9 wt % PVDF binder
16 wt % SFG-6 graphite
75 wt % MCMB-6 graphite

8 wt % PVDF binder
92 wt % MAG-10 graphite

Electrolyte

1M LiPF, in EC:DEC (1:1)

1.2M LiPF¢ in EC:EMC (3:7)

Separator

25um thick PE

25um thick PE

Small quantities of Gen 3 cells were built by numerous cell manufacturers

Gen 3 Baseline

Gen 3 Variant A

Positive Electrode

84% Seimi L-333 (B)
8% TB5500 Carbon Black
8% PVDF Binder (KF#1120)

84% Seimi L-333 (B)
8% TB5500 Carbon Black
8% PVDF Binder (KF#1120)

Negative Electrode

92% MCMB 10-28 graphite
8% PVDF Binder (KF#9130)

92% MCMB 10-28 graphite
8% PVDF Binder (KF#9130)

Electrolyte 1.2M LiPF4in EC:EMC (3:7) 1.2M LiPF4in EC:EMC (3:7) with 2-3%
LiC,O,BF, additive
Separator 25 um thick PE 25 um thick PE

Note: L333 = NMC = Li[Liy(NiysMn;,5C04/5)1.x]0, where X=0.05

A
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Gen 2 Cell Aging Data
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Reference Electrode Cell Data on Electrodes Harvested
from 18650-Cell Aged at 55°C
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Reference Electrode Cell Data on Electrodes Harvested
from 18650-Cell Aged at 55°C
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Electrochemical Cell Modeling
-Positive Electrode-

-Z"(Im) ohm-cm?
N

— Low Oxide Layer Li D
—Low Film Li D
—Base Line Cell

T~

6 8 10 12 14 16 1 .

Z'(Real) ohm-cm?

-Z"(Im) ohm-cm?
N

— Base Line Cell

— Fine Particle Capacity Loss

— Average Particle Capacity Loss

Results indicate that 2 most

probable mechanisms for

explaining positive electrode

EIS data are:

2.

Reduced interfacial diffusion
due to changes in surface
films or in oxide surface layer

Preferential isolation of small
active material particles

A
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EXAMPLE: Cathode Surface Film Changes during Aging

XPS analysis area: 1 sq. mm.

SEM image
SNL325, 45° C, 80%S0OC

P2p XPS spectra
show P-O bond
changes on aging

O1s XPS spectra
show ROR/ROLI
peak growth on

aging l
54%PF
27%PF

S50%PF

P-O
50%PF

27%PF

e -
8- 3

S T T .
SNL325C 10.0kV 10.6mm x50.0k SE(M) 10/5/02 14:02 1.00um

h37 535 h33 h31 529 527 141 140 139 138 137 136 135 134 133 132 131
Binding energy, eV Binding energy, eV




Abuse Tolerance

Secure Cell Materials that Promise
to Enhance Thermal & Overcharge
Abuse Tolerance

Incorporate Best Materials for Conduct ARC & Thermal Block Tests
g Enhancing Thermal Abuse 7| on 18650 Cells to Quantify Cell-Level
Tolerance in SNL-Built 18650 Cells Enhancements
4
Conduct Detailed Studies on Cell ¢ e
Materials & Additives to Assess Impact Model Abuse Behavior of 18650 Perform Diagnostics to Develop
; ; < Mechanistic Understanding of Factors
on Thermal Abuse & Overcharge Cells & Predict Behavior of Full et LT . e
i at Limit Inherent Abuse Tolerance
Abuse Tolerance Size HEV & PHEV Cells
y
5 0 ‘
Incorporate Best Materials for Conduct Overcharge Tests on 18650
»  Enhancing Overcharge Abuse > Cells to Quantify Cell-Level
Develop Cell Materials that Promise
to Enhance Thermal & Overcharge
Abuse Tolerance
Secure Separator Samples & Establish Employ Separators w/Varying Shut-Down Properties in Produce Report that Concludes

\ 4
A 4

Effectiveness of Shut-Down Separators
on Abuse Tolerance of HEV Cells

Shut-Down Characteristics Cells to Assess Impact on Abuse Tolerance

18650 cell-level abuse tests are being extended to include multiple baseline cell chemistries
and electrode coating thicknesses representative of those used in PHEV batteries.

A
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Changes to Abuse Tolerance Studies

M Study abuse tolerance characteristics of
multiple cell chemistries

B Study impact of going to thicker electrode
coatings (lower P/E ratio) representative of
PHEV cells

B Model abuse behavior of 18650 cells & predict
behavior of full-size HEV & PHEV cells




Comparative DSC Data on Cathodes

20 | Cells were charged to 4.3V vs. Li° and electrolyte
was 1.2 M LiPF4 in EC:PC:DMC (1:1:3)
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Gen 1 {LiNiy gCo,,0,} cathode
Gen 2 {LiNiy gCoq 15Al5 0505} cathode
Gen 3 {Li(Ligos[NiysMn;;3C043]005)Oy} cathode
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Relative Reactivity of Alternative Cathode Materials
(Major component of thermal runaway)

 Oxygen released from delithiated metal oxide cathodes due to

decomposition

] Released oxygen reacts with organic carbonate solvents in the

electrolyte generating heat

ARC Data on 18650 cells
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Low-Cost Cell Materials & Components

Secure Advanced Cell Materials &
Components from Around the World

Establish Chemical, Physical, & Evaluate Electrochemical — i :
Structural Properties of Performance of Best Conduct Preliminary Conduct Diagnostics on ~ Identify More Optimal
» Advanced Low-Cost Materials > Materials in Lab Cells, Coin » Accelerated Aging in > Materials Harvested »| Low-Cost Materials for
for HEV Applications Cells, & Pouch Cells Pouch Cells from Aged Pouch Cells HEV Cells
A
Develop Improved Electrodes,
Electrolyte Systems, and <
Electrolyte Additives
Establish Chemical, Physical, & Evaluate Electrochemical __ i :
Structural Properties of Performance of Best Conduct Preliminary Conduct Diagnostics on - Identify More Optimal
» Advanced Low-Cost Materials » Materials in Lab Cells, Coin » Accelerated Aging in > Materials Harvested » Low-Cost Materials for
for PHEV Applications Cells, & Pouch Cells Pouch Cells from Aged Pouch Cells PHEV Cells

A

Develop Improved Electrodes,
Electrolyte Systems, and <
Electrolyte Additives

A e Technologies Prograt

Argonne

NATIONAL LABORATORY




Changes to Low-Cost Materials Study

B Develop screening test protocols for PHEV application

B Expand screening tests to include materials applicable
for use in PHEV cells

B Expand material development activities to include
materials applicable for use in PHEV cells (e.g.
electrode materials with higher specific capacity)

‘ AT T
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Electrolyte Additive Stabilizes Graphite/L333 (Gen 3) Chemistry

EPD: EC/PC/DMC (1:1:3) HPPC at 10C rate of graphite/L333 +
EC/EMC with 3%LiC,0,BF, additive

5 60
4
s0 | 250C
3 i N
2p § 40
0
3 10 -O— ASI-18sec
2 -o- ASI-2sec
| 0 I I
1 I 0 10 20 30 40 50 60 70 80 90 100
0 DOD, %
(=]
S 100 - >0 Calendar Life Test at 55°C
O 1 45
R 80_' 8 40 | L2MLIPFG/EC:EMC ||
> 1 550C g 35— = L2MLIiPF4/EC:EMC + 2% LiC,0,BF,
I ' S 30
@ 60 - )
Q ] P
o] - 8 25
2 401 5 ool
g 0 ~ 3% LiC,0,BF, addiive : %5%
'c_;s 20 —-— No additive 2 1 -
S ] 5
pd
0 ! ' ! ! ! ! 0 T T T T
0 20 40 60 80 100 0 50 100 150 200 250
Cycle Number Time, days
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Demonstrated Feasibility of New High-Power Cell Chemistry

Nano-phase Li,TizO,,/Li; ysMn, 4,0, spinel

Argonne’s nano-phase Li,TisO;,

et

QVery high rate capability

1?_”:” UNo lithium plating during regen at low temperature
Ayﬁrj "_.“u"i’ : . .
YIANS UNo SEI & resulting heat from decomposition
J& Covpl. TR A
S0 e 2 Y DLimited surface reactivity with electrolyte
T il e, N
1 micron ;:", ) 2% '.' k. UZero volume change—no structural stress
P g o N Al
50 ‘ ‘ ‘ | 3.5
45 -o—  ASI-18sec
g 40 30 C ra-te -o—  ASI-2sec
s 35/-30C >
%. 25 /< ﬁf’
@ 20 e >
1 D D G S S S ——
10
5
o
0] 10 20 30 40 50 60 70 80 90 100 0 0.1 0.2 Coégacity rgAflh 0.5 0.6 0.7

DOD, %

These studies led to a FreedomCAR sponsored HEV battery program with EnerDel
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Low-Temperature Performance

Characterize Low-Temperature

Apply in situ Diagnostics to Verify Mechanisms

\ 4 A 4

Performance of Gen 3 & Other 7y
Advanced Cell Chemistries

\ 4

Refine Low-Temperature Develop Approaches for Enhancing
Electrochemical Cell Model & Study » Low-Temperature Performance &
Low-Temperature Phenomena Demonstrate Improvements

A

A 4

A

Employ Reference Electrode Cells to Identify
Factors that Limit Power & Affect Lithium
Plating at Low Temperature

Refine Electrolyte Model &
Recommend More Optimal
Solvent Systems

Develop More Optimal Electrolyte Systems that
Perform Well over Entire Temperature Range &
Demonstrate Improvements

A 4

Note: No major changes are being made to the
low-temperature studies except to expand to
multiple cell chemistries beyond Gen 2 & Gen 3

A
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Gen 2 Performance at Low Temperature

Gen2 Cell (MAGL0), HPPC 10-sec Discharge ASI, Negative Electrode Gen2 Cell (MAG10), HPPC 10-sec Discharge ASI, Positive Electrode

BID 1935)
(BID 1935) (
250 250
N ‘\‘\‘\‘\‘\‘\._M 200 - - . .
—+— 10-sec Discharge, Negative, 30°C : ig-sec Efsc:arge, EOSTV& igg
—=— 10-sec Discharge, Negative, 15°C 10'222 D:zzhz:g:' Pzz:t::: e
NE 150 —— 10-sec D!scharge, Negat!ve,O C NE 150 - * 10 Dicen 'P " ! 1o°C
? —— 10-sec Discharge, Negative, -10°C ; —<—10-sec Discharge, Positive, -
E —¥— 10-sec Discharge, Negative, -20°C s —*—10-sec Discharge, Positive, -20°C
9_ —e—10-sec Discharge, Negative, -30°C z —e—10-sec Discharge, Positive, -30°C
% 100 - KR ——F—x %% —x % 100 W
A%
50 - e 50 W(/X =
: : e * T “\‘\m—m’—ﬁ——f—‘—‘/—/‘//,. Le
.—.’—Q:Q\.\.*eljkﬂl—k# y | o Wﬂ /
O T T T 0 T T T
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Discharge Capacity, mAh Discharge Capacity, mAh

Impedance increases abruptly below —10° C.
Negative and positive electrodes share the impedance rise almost equally.

EIS shows the impedance to be interfacial in nature

A
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Studied Many Different Electrolyte Systems

Comparison of Gen2 and Gen3 Electrodes in Various Electrolytes

1000 T

NE B

LI) L

e -

e

5 i

N

<

g 100 |

7] i

(@] L

H -

O i %

a

o i

T */

i ></ 32 cm? Area
30 OC Evaluated at 3.8V
10 \ ‘ ‘
0.0032 0.0034 0.0036 0.0038 0.004 0.0042

Inverse Temperature, 1/K

—a— Gen2 Electrodes and 1.2M LiPF6 in EC:EMC (3:7 w/w) (BID 1935), 4.1V, 3 Sep.
—x—Gen2 Electrodes and 1.2M LiPF6 in EC:EMC (3:7 w/w) (ANJ005), 4.0V, 1 Sep.

—x%— Gen3-F Electrodes and 1.2M LiPF6 in EC:EMC (3:7 w/w) (BID 2067), 4.1V, 3-Sep.

—e— Gen3-F Electrodes and 1.2M LiPF6 in EC:PC:DMC (1:1:3: w/w) (BID 2003), 4.1V, 3-Sep.
—a— Gen3-D Electrodes and 1.2M LiPF6 in EC:EMC (3:7 w/w) (BID 2127), 4.0V, 1 Sep.

JPL —— 5 Gen3-D Electrodes and 1M LiPF6 in EC:DEC:DMC:EMC (1:1:1:3 v/v) (BID 2126), 4.0V, 1 Sep.
K.Gering =T _4—Gen3-D Electrodes and 1.1M LiPF6 in EC:GBL:EP (1:1:3 v/v) (BID 2128), 4.0V, 1 Sep.
K.Gering =T —e—Gen3-D Electrodes and 1.1M LiPF6 in EC:GBL:DMC:EP (4:3:2:11 v/v) (BID 2129), 4.0V, 1 Sep.
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Major Technical Reports

1. Materials Cost Evaluation Report for High-Power Li-lon Batteries: G. Henriksen, K. Amine,
J. Liu, and P. Nelson; ANL-03/5, December 2002.

2. Gen 2 Performance Evaluation Interim Report; J. Christophersen, C. Motloch, I. Bloom, V.
Battaglia, E.P. Roth, and T. Duong; INEEL/EXT-03-00095, February 2003.

3. Screening Report on Cell Materials for High-Power Li-lon HEV Batteries; J. Liu, A. Kahaian,
|. Belharouak, S-H Kang, S. Oliver, G. Henriksen, and K. Amine; ANL-03/16, April 2003.

4. Handbook of Diagnostic Techniques: contributions from ANL, BNL, and LBNL; LBID-2464,
April 2003.

5. Low-Cost Flexible Packaging for High-Power Li-lon Batteries; A. Jansen, K. Amine, and G.
Henriksen; ANL-04/09, June 2004.

6. Battery Technology Life Verification Test Manual; H. Haskins, V. Battaglia, J. Christophersen,
|. Bloom, G. Hunt, and E. Thomas; INEEL/EXT-04-01986, February 2005.

7. Diagnostic Examination of Gen 2 Lithium-lon Cells and Assessment of Performance
Degradation Mechanisms; contributions from ANL, BNL, LBNL, and UIUC; edited by D.
Abraham; ANL-05/21, July 2005.

8. Gen 2 Performance Evaluation Final Report; J. Christophersen, I. Bloom, E. Thomas, K.
Gering, G. Henriksen, V. Battaglia, & D. Howell; INL/EXT-05-00913, November 2005.

9. Comparative Costs of Flexible Package Cells and Rigid Cells for Lithium-lon HEV
Batteries; P. Nelson and A. Jansen; ANL-06/43, June 2006.

Note: Work performed under DOE’s ATD Program has produced a large number of peer reviewed journal
articles and conference papers, some of which will be identified by individual Pls in their presentations.
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Presentation Sequence

Calendar Life

B 4 presentations on Gen 3 cells (builds, aging, diagnostics, & modeling)
M 4 presentations on SEI layer studies (characterization/diagnostics)

M 1 presentation (with 2 speakers on TLVT studies)

Abuse Tolerance

B 2 presentations (materials-level & cell-level studies)

Low-Cost Materials

M 1 presentation on advanced material screening

M 3 presentations on advanced material development
Low-Temperature Performance

B 3 presentations (characterization, cell modeling, & electrolyte modeling)
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