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Abstract 
To meet the high-energy requirement that can enable the 40-miles electric drive Plug in Hybrid 
Electric Vehicle (P-HEVs), long range electric vehicle (EV) and smart grid, it is necessary to 
develop very high energy and high power cathodes and anodes that when combined in a battery 
system must offer 5,000 charge-depleting cycles, 15 years calendar life as well as excellent 
safety characteristics. These challenging requirements make it difficult for conventional cathode 
materials to be adopted in P-HEVs and EVs. In this talk, we report several high-energy systems 
that offer the potential of enabling next generation PHEVs and EVs. After a brief description of 
lithium ion battery concept, we will disclose several strategies to increase significantly the 
energy density of lithium battery trough the development of novel functional materials. We will 
also describe some new approaches to improve the cycle life and safety of lithium batteries using 
advanced nanocoating at the particle level and functional electrolyte additives that play a 
significant role in stabilizing the interfaces during battery operation and abuse.  
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U.S. Oil-dependence is Driven by Transportation

Source: DOE/EIA Annual Energy Review, April 2010

Transportation Residential and 
Commercial94% Oil-dependent

Industry
41% Oil-dependent

17% Oil-dependent

72%
22%

1% 5%

U.S. Oil Consumption by End-use Sector
19.1 Million Barrels per Day (2010)

Electric Power
1% Oil-dependent

•On‐road vehicles are 
responsible for ~80% of 
transportation oil usage



CO2 Reduction Glidepath – Long Term Vision

• Simply “not getting worse” is not good enough
• Customers globally expect more fuel efficient / low CO2 vehicles
• This is a long-term commitment for a sustainable future 

• Simply “not getting worse” is not good enough
• Customers globally expect more fuel efficient / low CO2 vehicles
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Government-Industry Partnership:  Advanced Propulsion 
Portfolio Vision

Transportation
Energy

Infrastructure

Petroleum (Conventional & Alternative Sources)

Bio Fuels (E10, E85, Cellulosic Ethanol, Bio‐diesel)

Hydrogen (Conventional & Non‐Carbon)

Electricity (Conventional & Renewable Sources)

Energy
security

Environmental     
stewardship

Economic 
growth

Improve 
Vehicle 
Fuel 

Economy 
and 

Emissions

Displace
Petroleum

IC Engine andIC Engine and
TransmissionTransmission
AdvancesAdvances

Battery ElectricBattery Electric
VehiclesVehicles

(incl. range extension(incl. range extension))

DOE and FreedomCar and Fuel Partnership5
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Cumulative CO2 emissions volume = No. vehicles sold  driving distance  fuel efficiency  CO2 emissions factor

（Unit: Million）
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Effect on CO2 Emissions Reduction through Sales of 1.5 Million HEVsEffect on CO2 Emissions Reduction through Sales of 1.5 Million HEVs

CO2 emissions reduced by approximately 7 million tons due to sales of 1.5 million HEVsCO2 emissions reduced by approximately 7 million tons due to sales of 1.5 million HEVs

(Toyota estimates)

Cumulative HEV 
sales

2008

CO2 emissions 
reduction

of approximately
7 million tons
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Toyota source, 1st ABAA 
conference, Chicago, 

2008
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Why Li-ion cells for Transportation (HEVs, PHEVs, EVs)?
Higher cell voltage & higher energy/power densities
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““SolvationSolvation--SheathSheath”” Model Model for for SEI FormationSEI Formation

0.35 nm

SEI formed from decomposed 
solvation sheath members
at < 0.20 V
Pristine Graphene
at > 1.50 V0.33 nm

Ternary Graphite 
Intercalation 
Compound (GIC) at ~ 
1.5 V

1.59 nm

1. Lithium ion is solvated by EC when mouving from cathode to graphite anode
2. Below 1V, EC solvent start decomposing and leads to an SEI at the edge of 

graphite

Importance of Solid Electrolyte Interface in 
stabilizing the system



0.35 nm

Once SEI is formed, all solvated Li+ must experience a desolvation process

Importance of Solid Electrolyte Interface



Present  Lithium Battery Technologies

Capacity  150 mAh/g
V= 3.6 V

Layered 
Oxides 2-D

Spinel Oxides 
3-D

LiMn2O4

Polyanions, 
Olivines 1-D

LiFePO4

Li
M

P

LiMPO4

LiMO2

LiM2O4

Current Anode LiC6

L c
 (0

02
)

La (110)

LiNiO2

372 mAh/g

Capacity  100 mAh/g
V= 3.8 V

Capacity  150 mAh/g
V= 3.3 V

Capacity   372mAh/g
V= 0.2V



Chevy Voltage Battery Technology
 Chevy Volt uses Argonne’s LiMn2O4 /NMC  
material technology

 Chemistry is based on  low Energy LiMn2O4 spinel 

 Battery is very large and costy

14
14



High Energy Battery Systems are Needed 
to Reduce Vehicle Cost
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Battery Technology Energy Evolution

1st Gen

EV Battery

• 23kWh
• 500lbs
• 125 liters

Future

Goal

EV Battery

• 23kWh
• 250lbs
• 75 liters

Fuel Tank

• 23kWh
• 125lbs
• 60 liters
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Next Generation lithium ion batteries

> 1000 mAh/g
3X current anode

0 – 0.5 volt

> 1000 mAh/g
3X current anode

0 – 0.5 volt>250-400 mAh/g
3X current cathode

3.5 – 5.0 volt

Next Generation 
Cathode

Non flammable & high 
Voltage Electrolyte

Next Generation 
electrolyte

Next Generation 
anode

Electrode interface 
stabilization



Increase capacity of conventional cathodes 
by operating at high voltages (250wh/kg)
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NCA provide  150 mAh/g at cut off voltage of 
4.1V
At 4.5V, NCA provide 220mAh/g capacity but 
poor cycle life 

LiNi0.8Co0.15Al0.5O2 (NCA)



LiNiO2-
type

LixNi1-xO-
type

Surface 
Film

~ 5-10 nm

HRTEM of aged NCA 
electrode
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Surface reactions is the cause of power and 
capacity fade in  NCA at high voltages
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AC impedance of aged  
NCA/Graphite cell  ( 55oC) 
using reference electrode

LiNi4+
0.85Co0.15O2 ------Ni4+

0.8Co0.15O2 + Li+ +1e-
-----Ni2+

0.8Co0.15O +1/2O2



Coating the cathode particle with  AlF3 can improve 
the safety of the lithium battery

Coating Layer

20nm

Coating thickness is very uniform and less than 8nmCoating thickness is very uniform and less than 8nm
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AlF3-coated  on Li[Ni0.8Co0.15Al0.05]O2 (NCA)
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Concept of CoreConcept of Core--Shell type CathodeShell type Cathode

• High capacity.    
(200 mAh/g) 

• Poor thermal 
stability.

• Structurally 
unstable due to 
reactive Ni4+.

Core
(Li[Ni0.8Co0.1  

Mn0.1]O2)

 Good thermal stability.

Low capacity.   

(150 mAh/g) 

.

+
Shell

(Li[Ni0.5Mn0.5]O2)

 High Energy density and low 
cost.

 Good thermal stability.
→ Li[(Ni0.8Co0.1Mn0.1)1-x (Ni0.5Mn0.5)x]O2

Shell

Core
CompleteComplete
encapsulationencapsulation

Synergetic effectSynergetic effect



Synthetic Route

A
ㅁ

50 m 5 m

STEP I

Core

Core-Shell

[Ni0.8Co0.1Mn0.1](OH)2

co-precipitation

c

50 m 5 m

STEP II

Core

Shell

Formation of core-shell hydroxide
[(Ni0.8Co0.1Mn0.1)1-x(Ni0.5Mn0.5)x](OH)2

Encapsulation of
[Ni0.8Co0.1Mn0.1](OH)2 core by 
[Ni0.5Mn0.5](OH)2 shell
via co-precipitation

50 m 5 m

ㄷ
e

STEP III

Core

Shell

Formation of spherical core-shell 
Li[(Ni0.8Co0.1Mn0.1)1-x(Ni0.5Mn0.5)x]O2

Incorporation of Li salt 
by calcination at high temperature



Cycling Performance of Core-Shell 
Li[(Ni0.8Co0.1Mn0.1)1-x(Ni0.5Mn0.5)x]O2
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DSC Profiles of Core-Shell Li[(Ni0.8Co0.1Mn0.1)1-x(Ni0.5Mn0.5)x]O2
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 Simple encapsulation of the core by shell give rise to a significant increase onset Temperature and 
reduction of heat generation

 The thermally stable outer shell Li1-x[Ni0.5Mn0.5]O2 suppresses the oxygen release from the highly delithiated  
Li1-x[Ni0.8Co0.1Mn0.1]O2



Problems of CoreProblems of Core--Shell materialsShell materials

Shell

Core

C
oncentration Core

Shell

Core-Shell

Li[(Ni0.8Co0.1Mn0.1)0.8(Ni0.5Mn0.5)0.2]O2
Li[(Ni0.8Co0.2)0.8(Ni0.5Mn0.5)0.2]O2

Abrupt composition change of transition metal at interface between core and shell.

Separation between core and shell; different volume change (Core: 9%, Shell: 2%)

→ lead to poor electrochemical performances.

Core-Shell after cycling



Using Functional material design 
(Gradient concentration material to mitigate a 

mismatch between core & shell)
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Comparison of safety & cycling performance of gradient 
concentration material (LiNi0.64Co0.18Mn0.18O2) 

LiNi0.8Co0.1Mn0.1O2 ( bulk composition) and 
LiNi0.46Co0.23Mn0.31O2 outer surface composition)
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Differential Scanning Calorimetry (DSC) of fully 
Charged Core and  Continuous Gradient  Material
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ANL’s High Energy  composite electrode 
[xLi2MnO3yLiMn0.5Ni0.5O2] (300wh/kg)

•K. Amine, 2009 R&D 100 award

•Licensed to Toda America, BASF, Envia and NanoeXa, LG & GM
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ANL High Energy Composite Electrode 
xLi2MnO3yLiMn0.5Ni0.5O2 for PHEV-40 & EVs

Nano-
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particles

1µm

10µmsecondary 
particles
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Electrochemical behaviors of ANL composite 
electrode 
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Issue with NMC/Graphite cell at Elevated Temperature
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LiBOB additive forms a stable SEI,  resulting  in a 
significant improvement in the cell performance

BOB-, B(C2O4)2
- BOB   tetramer  structure 

Density functional 
calculations show 
the  LiBOB 3‐D 
polymeric structure 
growth.
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Stabilizing the Interface using Functional Electrolyte 
Additives for Life & Safety improvement  

 Density functional calculations show that 
putting fluorines on the LiBOB additive (lower 
reaction) prevents 3-D polymer growth
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New ANL’s High Voltage and Stable Siloxane 
Electrolyte for EV Applications
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Cycle Performance Of the Siloxane Electrolyte 
using NMC/graphite system
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Siloxane shows no 
reactivity with electrolyte 
at high temperature

DSC for the electrolytes
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Very High Energy Si-based Anodes
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Cycling Performance at Different rates
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Conclusions

ANL new composite electrode  and Gradient 
materials have a strong potential to enable long 
range EVs and next generation low cost Chevy 
Volt.

 Argonne is investigating  a whole range of 
battery chemistries for smart grid, HEVs,  
PHEVs and EVs

 Surface nano-coating of cathodes and  
electrolyte additives  can allow for 
increase energy, improve cycle life and 
safety




