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GM Hybrid and Electric Programs 
Lithium ion post 2010
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Comparison of GM’s requirements to USABC specs

Characteristics at EOL (End of Life) High Power/Energy 
Ratio Battery

GM 2-Mode PHEV
(EFLEX FCEV)

 High 
Energy/Power EFLEX

EREV

Requirements of End of Life Energy Storage Systems for PHEVs

Ratio Battery (EFLEX FCEV) Ratio Battery EREV

Reference Equivalent Electric Range miles 10 10 40 40
Peak Pulse Discharge Power - 2 Sec / 10 Sec kW 50 / 45 50/45 46 / 38 115/110
Peak Regen Pulse Power (10 sec) kW 30 27 25 60
Available Energy for CD (Charge Depleting) Mode, 10 kW Rate kWh 3.4 3.5 11.6 8
Available Energy for CS (Charge Sustaining) Mode kWh 0 5 0 3 0 3 0 35Available Energy for CS (Charge Sustaining) Mode kWh 0.5 0.3 0.3 0.35
Minimum Round-trip Energy Efficiency (USABC HEV Cycle) % 90 90 90 90
Cold cranking power at -30°C, 2 sec - 3 Pulses kW 7 7 7 8

CD Life / Discharge Throughput Cycles/MWh 5,000 / 17 5,000 / 58 4700 / 54

CS HEV Cycle Life, 50 Wh Profile Cycles 300,000 300,000CS Cy , 50 Cy 300,000 300,000
Calendar Life, 35°C year 15 10 15 10
Maximum System Weight kg 60 90 120 160
Maximum System Volume Liter 40 TBD 80 100
Maximum Operating Voltage Vdc 400 420 400 410
Minimum Operating Voltage Vdc >0.55 x Vmax 170 >0.55 x Vmax 232
Maximum Self-discharge Wh/day 50 50 5% in 60 Daysg y y

System Recharge Rate at 30°C kW 1.4 (120V/15A) 1.4 1.4 (120V/15A) 3.6 (230V/16 A)

Unassisted Operating & Charging Temperature Range °C -30 to +52 -30 to +52 -30 to +52 -30 to +52

Survival Temperature Range °C -46 to +66 -46 to +66 -46 to +66 -46 to +66

EFLEX EREV requires 
2.5 times the power of
USABC requirements

Maximum System Production Price @ 100k units/yr $ $1,700 $3,400



Specific Discharge Ragone Plot of Li-Ion Plug-In Hybrid Batteries at 25°C
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Electrode microstructure

• Porous electrodes (~100 
μm thick) composed of 
host particles (~1 to 5 μm 
di t ) d t

V
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Anode charge reaction
1. Lithium ion is reduced at the 

electrode surface:                         
Li0

Li

~3 Å
Li+ + e− → Li0

2. Lithium diffuses rapidly into 
host electrode through 
vacancies

Li0

Li+ + e Li0
~5 μm

• Opposite reactions takes 
place at cathode particle 
surfaces

Li+ + e− → Li0



Ability of lamellar compounds of carbon to insert various species was well known by the later half of the 
1800s (Schauffaütl, 1841…Sony, 1992)
Aprotic solvents with high dielectric constants:  W.S. Harris, Ph.D. Thesis, University of CA, Berkeley, 1958.p g , , y , y,
Single fiber electrode:  phenomena associated with the fabrication of a porous electrode do not obfuscate 
the subsequent characterization…use the Scientific Method to isolate critical characteristics
Extremely stable lithiated carbon anode and Li reference (there is still confusion around the stability of 
carbon lithiation!)



Lithium ion challenges:
durability focusdurability focus

Cost
• Can we size pack closer to end-of-life requirements?
• Can we reduce materials & processes costs?

Life
• How do electrodes fail?
• Can we develop an accelerated life test?

Temperature tolerance
• Can we improve low temperature power?
• Why is battery life shorter at higher temperatures?



Durability…terminologies, bathtub curves
Chemical degradation
• Critical role of SEI (solid electrolyte interface) to impede deleterious 

degradation reactions within lithium ion cells
• Calendar life determined by chemical degradation

Mechanical degradation
• Cyclic expansion and contraction of insertion or alloy materials leads to y p y

fatigue, cracking, and structural changes
• Cyclic life issues are affected by mechanical degradation and chemical 

degradation

Number of 
Failures

Wear out 
failures

Today’s focus

Early (infant 
mortality)  
failures

failures

Useful life

Time in service

(durability)



Electrode potentials

V Electrochemical reaction
Conventional 
lithium ion

1.35 NiOOH +H2O + e- = Ni(OH)2 + OH−

1 Li1-xMO2 + xLi+ + xe− =  LiMO2  (M: Ni, Co, Mn)

Newer lithium ion

1 x 2 2 ( )

0.4 FePO4 + Li+ + e− =  LiFePO4 

0 H+ + e− =  0.5H2 
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Very stable  
-1.5 Li4Ti5O12 + 3Li+ + 3e− =  Li7Ti5O12 
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cpotential 
window, but 
lower energy 
density

-2.9 C6 + Li+ + e− =  LiC6 

-3 Li+ + e− =  Li

By changing an electrode voltage, new electrolytes can be employed 
with improved stabilitywith improved stability.  
For traction applications, conventional lithium ion cells still 
dominate…lower utilization for improved durability & abuse tolerance.



Negative electrode



Li+ + B + e- → Li

• Solvent reduction at ~0.8V vs Li
on first cycle 
Th 100% C l bi ffi i• Then ~100% Coulombic efficiency 

• Next slide for more detail



Formation of the SEI…solvent reduction 
(ethylene carbonate)(ethylene carbonate)

CH2H2C

Li2CO3 +  H2C=CH2

Inorganic
layer

Gassing 
(ethylene)

O

C

O2Li+ + 2e− +
layer (ethylene)

+  H2C=CH2
GassingO i l

[Li(OCOO)CH2]2
C

O LiCH2CH2(OCOO)Li
Organic layer

Gassing 
(ethylene)

Organic layer

Li+ + 2e− = Li
Vcell ~ μLi ~ ln(SOC)
(Calendar life influence)

Example reactions only…many others contribute to the formation of 
the solid electrolyte layer

Organic layer(Calendar life influence)

• For computed IR spectra of surface species in an EC electrolyte, see 
S. Matsuta, T. Asada, and K. Kitaura. J. Electrochem. Soc. 
147(2000)1695-1702…dimers found to be lowest energy
Experimental FTIR data indicates predominance of for[Li(OCOO)CH ]• Experimental FTIR data indicates predominance of                          for 
EC and EC+DEC systems with 1M LiPF6, see  C. R. Yang, Y. Y. 
Wang, C. C. Wan, J. Power Sources, 72(1998)66.

[Li(OCOO)CH2]2





AFM 
“scrape”scrape

SEI grows to at least 
20 nm in thickness20 nm in thickness 
upon cycling



Organic rich 

Inorganic rich



Resistance of the inner inorganic 
layer is modeled

Resistance of the outer organic 
layer is ignored



Positive electrode



PC oxidizes on Pt above 2.1 V vs Li (forms lithium adducts).
CO2 observed above 4.2 V on LiNiO2, above 4.8 V on LiCoO2, LIMn2O4
- Imhof & Novák, J. Electrochem. Soc., 146(1999)1702. 



MO2 (δ−) 

Li (δ+) 

Growth of passive film on 
the positive electrode 
surface
Li adducts (SEI) at low 
potentials (low SOC)
• Similar to SEI formation 

on carbon
• CO2 evolution at high 

potentials (over-charge)
High SOC, less Li, and 
oxygens can release



Growth of passive 
fil th LMOfilm on the LMO 
surface
Dissolved Mn2+

t t t thtransports to the 
negative electrode 
and breaks down the 
SEI
• This problem can  

also occur with Fe 
dissolution within 
iron phosphate cells



Conventional 

Summary: role of surface layers on + and −
V Electrochemical reaction lithium ion

1.35 NiOOH +H2O + e- = Ni(OH)2 + OH−

1 Li1-xMO2 + xLi+ + xe− =  LiMO2  (M: Ni, Co, Mn)

Newer lithium ion
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Solvent reduction on negative  ~0.8 V vs Li

-3 Li+ + e− =  Li

Underscores the importance of the SEI
• Disruption of the SEI (e.g., due to dilation, crack propagation, etc.) is deleterious to cell 

life even low reaction rates are a problemlife…even low reaction rates are a problem
– Loss of Li
– Gas generation



Life modeling (cell)





Time of storage vs. Li (capacity) loss







S: Solvent (EC)
P: Products

Butler-Volmer equation for 
solvent reduction
Fil th d l f SEIFilm-growth model for SEI 
resistance…Power
Lithium loss model for 
capacity loss…Capacitycapacity loss…Capacity
Note:  This is treats chemical 
degradation
• No influence due toNo influence due to 

expansion and contraction 
of the host material



Resistance of the outer 
organic layer is modeled

Resistance of the inner  
inorganic layer is ignored



Resistance of the 
outer organic layer isouter organic layer is 
modeled

Resistance of the 
inner  inorganic layer 
is ignored



Square-root time 
dependence

ElectrochemicalElectrochemical 
degradation 
model



On the importance of 
coulombic efficiency ηI

2
1

2
1

Li+ + e- + LiCH2CH2OCO2Li→
Cycle Capacity
1 (Ah0)ηI
2 [(Ah0) ηI ]ηI
3 [(Ah0) ηI ηI ]ηI 23 [(Ah0) ηI ηI ]ηI

N (Ah0)(ηI)N

2

For N = 5000 cycles and a 12/16 or 75% capacity retention,
the current efficiency per cycle must be such that

[Ah0(ηI)N ]/Ah0 > 0.75, or ηI > (0.75)(1/5000) , hence ηI > 0.99994. 

• This is why very low rates of lithium-consuming reactions can lead to 
premature cell failure The rates can be so low that they are notpremature cell failure.  The rates can be so low that they are not 
measureable in terms of seeing current maxima associated with solvent 
reduction, for example. 



S d h i h i lSecond emphasis: mechanical 
degradation leading to wear out



NEGATIVENEGATIVE
ELECTRODE

SEM images of the surface of the 
KS-15 composite pristine electrode
(a) and the same electrode after 140 
intercalation deintercalation cycles

During cycling, graphite particles

intercalation–deintercalation cycles 
at 25 ◦C (b and c).

During cycling, graphite particles 
crack into smaller pieces that are 
less oriented than the original 
platelets, with the possible filling of 
th k th f d b ththe cracks thus formed by the 
reduction products of the electrolyte
solution. In addition, the average 
crystalline size (estimated by y ( y
Raman spectroscopy) decreases as 
cycling progresses.



POSITIVE
ELECTRODE

“This result indicatesThis result indicates 
volume change 
causes the increase 
in resistance ”in resistance.
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Wöhler S-N curve 
(1870…railroad axles)(1870…railroad axles)

StressStress

Time Ultimate goal: Determine the 
end rance limit (c cle life) for

Maximum

endurance limit (cycle life) for 
insertion electrodes by 
comprehending the periodic 
stressMaximum

Stress
Amplitude

Endurance or 
fatigue limit?

Number of cycles



Stress

Time

ΔStress

Direct analogy to the
Stress
Amplitude,
ΔStress

Endurance or 
fatigue limit

Steel

Aluminum,

Direct analogy to the 
lower cycle-life 
fatigue…stress 
amplitude is replaced 

log(Number of cycles)
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σr
σθ

σr

Potential for 
fracture

σθ
SmallSmall
particles

A mathematical model that calculates 
volume expansion and contraction and 
concentration and stress profiles during 
lithium insertion into and extraction fromlithium insertion into and extraction from 
a spherical particle of electrode material 
has been developed.



Surface Mechanics.   θφφθθθ ετσσσ ssurfsurfsurf K+==≡ 0 ,                                  
where sK  is known as the “surface modulus.”  For mechanical equilibrium, 
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This equation system can be solved 
analytically.

Cheng and  Verbrugge, J. Appl. Phys., 104(2008)83521. 



Mathematical details
Potential step, Θ0 → ΘR
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Charge (lithiation) of negative (carbon) electrode
I fl f f h i i it i ifi t
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Radial position  r/R
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Radial position  r/R

Influence of surface mechanics is quite significant
• Radial stress transformed from tensile to compressive
• Similar influence on tangential (circumferential) stress

4
Note: it is more challenging to make electrodes with smaller 
particles…enhanced stability comes with a cost



What’s wrong with cracks?
Overall qualitative degradation model…(1) SEI focused Expanded 

view of 
fsurface

SEI forms 
on newlyon newly 
exposed 
surfaces 
(cracks) 

↑=+↓+→+

++→+

223 CHCHLiCO  S              S]-[Li
...gassesSEIO-H-RS]-[Li

Cracks 
via cycling

Increased disorder.  d002 peak-width 
at half max amplitude increases with 
time for lithiated carbon

2. Electrode isolation 
and loss of active 
material when cracks

via cycling

1. Loss of Li: SEI formation and loss 
of Li seen in full cell experiments 

material when cracks 
join

No firm experimental 
fi ti t d t b t HRL project for observationsconfirmation to date, but 

consistent with 
observations 

5



Next steps & open questions on life modeling
Crack initiation and propagation within a particle
• A difficult problem even in the absence of electrochemical 

phenomenap
• (Griffith) Flaw distributions within electrode particles?
• Primary particles, potentially with grains, and secondary particles 

(agglomerates)(agglomerates) 
• Incorporate the influence of chemical degradation processes
• How does temperature come into play?p p y

– Mechanical deformation of particles is not likely to be affected  
appreciably by the limited temperature fluctuations
Chemical reactions rates are substantially thermally activated– Chemical reactions rates are substantially thermally activated

Scale up from individual particles to porous electrodes
• Comprehend influence of particle geometry as well as temperature p p g y p

and SOC on physicochemical parameters
Construct relevant accelerated life tests



Looking forward: nano-structuresg f
for improved performance with 

lower cost materialslower cost materials





Fi 3(b) h TEM h t f Si C it d It l lFig. 3(b) shows a TEM photo of nano Si–C composite powders.  It clearly 
demonstrates that Si powders are surrounded by amorphous carbon. Spot EDX 
(energy dispersive Xray) analysis confirmed that the spherical black crystals
in Fig. 3(b) are Si. Therefore, nanocrystalline Si particles are uniformly embedded 
in amorphous carbon matrix through the carbon aerogel synthesis process.





Summary
1. Recognize the importance of the 

SEI/protective layersp y
2. Calendar life

L ti l d i d f l f• Large particles are desired for low surface 
area (and lower cost manufacturing)

3 C l lif3. Cycle life
• Small particles are desired to reduce 

mechanical deformation and surface 
cracking (and reduce transport & charge-
transfer resistance)transfer resistance)

Life is a balancing act


