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CAMX Power is developing a high-performance CAM-7:LTO based Li-ion 
battery technology with attractive properties for DoD applications.  

CAM-7®/LTO Lithium-Ion Cells for Logistically Robust, Damage-Tolerant Batteries Introduction 

• Zero Volt- 
Capable 

• Elevated-
Temperature 
Tolerance 

• Cell Reversal 
Tolerance 

• Overcharge 
Tolerance 

• Minimal 
Management 

• Could add 20+ 
kWh to a M1100 
HMMWV 

• Double Lead-acid’s 
specific energy 

• Projects to 70Ah and 
1550 Wh for 28V 6T 

 

• Charge and 
discharge at 
extreme 
temperature: 
even -50◦C 

Low 
Temperature
-Capable 

6T 

Logistically 
Robust 6T 

Damage-
Tolerant, 
Structurally 
Integrated 
Batteries 

CAM-7 : LTO Li-Ion Battery Technology 
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This presentation will review CAMX Power’s development of CAM-7 cathode, 
LTO anode pouch cell technology for military vehicle batteries.  

CAM-7®/LTO Lithium-Ion Cells for Logistically Robust, Damage-Tolerant Batteries Outline 

 Introduction and Background on CAM-7, LTO, and 24V 6T Li-ion batteries 

 Low-temperature-capable CAM-7/LTO cells for 6T batteries 

CAM-7/LTO 6T-based demonstration module 

CAM-7/LTO cells for logistically robust 6T batteries 

CAM-7/LTO cells for damage-tolerant, structurally integrated batteries. 
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CAMX Power has the capability and facilities for prototyping of custom battery 
packs for DoD applications employing novel, high performance materials.  

CAMX Power Introduction 

Materials 

Development 

Materials 

Scale-Up 

Electrode & 

Cell 

Development 

Cell 

Prototyping 

Prototyping  

of Packs 
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We recently licensed our CAM-7 high performance cathode material platform 

to two leading battery materials producers.  

CAMX Power Introduction 
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CAMX Power is implementing our CAM-7 cathode material opposite high rate 
capability commercial LTO anode in high performance Li-ion pouch cells.  

CAMX Power’s proprietary CAM-7 cathode material is being paired with high 

rate-capable LTO and custom-designed electrolytes in pouch cell designs. 

We consistently find that the CAM-7/LTO pouch cells have: 

− Excellent power capability to extreme low temperatures. 

− Excellent cycle life. 

− Excellent tolerance of high temperature storage/cycling with little or no gas 

generation. 

− Excellent abuse tolerance. 

− Tolerance of overcharge and over discharge. 

CAM-7®/LTO Lithium-Ion Cells for Logistically Robust, Damage-Tolerant Batteries Introduction 
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456-31 (CAM-7 high rate HC to 100C) EDEV1 85-10-5 2mil Glass CVP-002-002
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Both CAM-7* and nanostructured LTO (~10 m2/g) have outstanding rate 
capability for charge and discharge 

Background       Materials Rate Capability 

RT discharge of low-loading half cells 
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~0.5 mg/cm2 
CAM-7 loading: 

~2 mg/cm2 

*CAM-7 is a LiNiO2-based material that has been licensed to BASF and Johnson Matthey for 

commercialization 
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Draft Li-ion 6T battery specification suggests cold cranking challenge. 

Low-Temperature-Capable 6T Battery  6T requirements 

•6T form factor: 

•~27cm x 29cm x 23cm 

From MIL-PRF-LIBATT/1(CR), 11/18/2015 

Classification 6TLi-Type1 6TLi-Type2 6TLi-Type2 

Charge voltage 28.5 V 28.5 V 28.5 V 

C/20 capacity 60 Ah 60 Ah 105 Ah 

Cold Cranking 

(no pre-heating): 

600 A for 30 sec 

at -18ºC 

200 A for 30 sec 

at -40ºC 

600 A for 30 sec 

at -18ºC 

200 A for 30 sec 

at -40ºC 

1100 A for 30 sec 

at -18ºC 

400 A for 30 sec 

at-40ºC 

Cold Cranking (5 

minutes pre-

heating): 

1100 A for 30 sec 

at -18ºC 

400 A for 30 sec 

at -40ºC 

1100 A for 30 sec 

at -18ºC 

400 A for 30 sec 

at -40ºC 

1100 A for 30 sec 

at -18ºC 

400 A for 30 sec 

at-40ºC 

Minimum V 14.4 V 14.4 V Per MILSTD-1275 

Pulse load rating 1100A, 30 sec. 1100A, 30 sec. 1100A, 30 sec. 

Deep Cycle Life: ≥ 1000 at 38 ºC ≥ 1000 at 38 ºC ≥ 1000 at 38 ºC 

Operating temp. -46° to 71 °C -46° to 71 °C -46° to 71 °C 

Storage temp. -54° to 84 °C -54° to 84 °C -54° to 84 °C 

SAE Hazard level <4 <6 <6 
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CAM-7/LTO cells with electrolyte formulated for low-temperature performance 
can be charged and discharged at -50 °C (-58 °F). 

Low-Temperature-Capable CAM-7/LTO Cells for 6T Batteries        -50 °C performance 

 

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

3.2

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Capacity, Ah

V
o

lt
a

g
e

0.6A (C/5)

3A (1C)

6A (2C)

8A (2.67C)

10A (3.33C)

3 Ah cell: 1.7 mAh/cm2 charged and discharged at -50 °C 



9 

Cells retain cold-cranking capability for over 11,000 cycles (at 10C/10C). 

Low-Temperature-Capable CAM-7/LTO Cells for 6T Batteries   Extended cycling 

Unfixtured 120 mAh cell: 2.59V – 1.31V.  Cold-cranking current scaled to 600 A in 6T 
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Cycle life at 45 °C (113 °F). is excellent: no evidence of gassing 

120 mAh cells: ~1.3 mAh/cm2, 10C/10C cycling 2.43V-1.2V unclamped 
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CAM-7/LTO cells have excellent abuse tolerance (e.g., to nail penetration).  

2.7 Ah cell charged to 2.65V undergoing blunt 2mm diam. nail penetration at 1 cm/sec 

Nail in Nail out 

Low-Temperature-Capable CAM-7/LTO Cells for 6T Batteries   Abuse Tolerance 
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An initial stand-alone system based on a 6-series cell, 6 Ah, 15V module, fully 
integrated with electronics, was assembled with CAM-7/LTO cells.  

6T-based Demonstration Module           Assembly 
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The 15.5 V, 6 Ah module can be charged and discharged at high rates.  

6T-based Demonstration Module           Constant current 

15.55 V - 7.86 V module cycling limits are scaled to 6T limits of 28.5V - 14.4V. 

73 Wh max. discharge energy corresponds to 78 Wh/kg at cell level, and projects to 70 

Ah and 1550 Wh for 6T with 62% of volume occupied by cells. 

RT charge of 6 Ah pack RT discharge of 6 Ah pack

Fully charged 

in 12 min. 
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Module meets scaled cold-cranking requirements of Li-ion 6T draft 
specification. 

6T-based Demonstration Module           Cold cranking 

30 second pulses: 30 minutes rest between pulses to negate self-heating. 
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CAM-7/LTO cells can be reversibly stored at 0V, thereby easing logistical 
burdens. 

Completely de-energized batteries can greatly ease logistical burdens by: 

 Being fundamentally safer. 

 Having longer shelf life (even if exposed to high temperatures). 

 Enabling close-packing in bulk for transportation and storage. 

 Eliminating burdensome monitoring and maintenance. 

CAM-7/LTO Cells for Logistically Robust 6T Batteries         Need 
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Charging after discharge to 0V reproduces 1st charge; cell is unchanged. 

CAM-7/LTO Cells for Logistically Robust 6T Batteries      0V discharge 

1.1 Ah pouch cell 

  

0

0.25

0.5

0.75

1

1.25

1.5

1.75

2

2.25

2.5

2.75

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

Capacity, Ah

V
o

lt
a

g
e

1st charge

discharge to 0V and
recharge



17 

Ability to support 20C pulse discharge at -18 °C is retained after storage for 
4 months at 55 °C (131 °F) in 0V condition. 

CAM-7/LTO Cells for Logistically Robust 6T Batteries       0V storage 

Unsupported 50 mAh pouch cell: 0.98 A, 30 second pulse/30 minute rest  at -18 °C (0 °F). 
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Cell chemistry’s tolerance of cell reversal enables 0V-discharge of series-
contacted cell strings. 

CAM-7/LTO Cells for Logistically Robust 6T Batteries    Cell reversal 

Unfixtured 130 mAh cell with Li metal reference electrode 

Reversing the 0V-discharged cell by 

5% of cell capacity at 0.1C rate 
RT discharge from charge to 2.59V 
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Structural integration and distribution of batteries beneath armor on military 
vehicle surfaces poses special challenges. 

 Batteries are likely to undergo prolonged extreme temperature exposures. 

– Cells must be particularly tolerant of high temperatures, which ordinarily will 

rapidly degrade Li-ion cells. 

 Batteries are highly likely to sustain localized damage in battle conditions. 

– Battery must incorporate redundancy and/or be capable of maintaining 

functionality with some level of damage/disablement to individual cells. 

Current-carrying elements and battery management elements can be more 
critically vulnerable than cells themselves. 

– Current collection should be as distributed as possible. 

– Current cutoff requirements should be minimized. 

– Battery management should be minimized.  

CAM-7/LTO Cells for Damage-Tolerant, Structurally Integrated Batteries Need 
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Cell connection topology impacts a structurally distributed battery’s durability. 

CAM-7/LTO Cells for Damage-Tolerant, Structurally Integrated Batteries Cell topology 
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CAM-7/LTO cells have excellent properties for damage-tolerant batteries. 

– Tolerant of overcharge. 

– Tolerant of cell reversal. 

– Electrolyte can be tailored for enhanced elevated-temperature tolerance. 

 Each armor battery unit should interface with the vehicle bus at full voltage 

(24V).   

Use of electronics within armor battery units should be minimized. 

 Fusing would be preferred method of electrical isolation. 

– More easily implemented at module interconnect level than at individual cell 

level. 

 A uniform module design small enough to meet above parameters should be 

used. 

Consideration of cell topology’s role in damage tolerance leads to some 
general conclusions: 

CAM-7/LTO Cells for Damage-Tolerant, Structurally Integrated Batteries Design principles 
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Elevated-temperature tolerance is optimized by selection of electrolyte and 
design of battery’s cell configuration. 

Retention of -40 °C 1C pulse performance by un-fixtured 130 mAh pouch cells after 

storage in charged state at 78 °C (172 °F) for 40 days. 

CAM-7/LTO Cells for Damage-Tolerant, Structurally Integrated Batteries      Elevated-temperature tolerance 
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28.5 V charging of a series string containing shorted cells subjects the 
other cells in the string to overcharge. 

CAM-7/LTO Cells for Damage-Tolerant, Structurally Integrated Batteries                  Shorted cell impact 

The higher the cells’ overcharge tolerance, the greater the number of 

shorted cells with which the series string can still function. 

# of cells 

shorted 

Remaining cells’ charge V 

11-S 12-S 

0 2.591 2.371 

1 2.850 2.591 

2 3.167 2.850 

3 3.563 3.167 

4 4.071 3.563 

5 4.750 4.071 
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CAM-7/LTO cells are highly tolerant of overcharge, e.g., a negligible impact of 
3 cells shorted in 11-S configuration or 4 cells shorted in 12-S configuration. 

CAM-7/LTO Cells for Damage-Tolerant, Structurally Integrated Batteries  Overcharge 

Unfixtured 130 mAh pouch cell with Li metal reference electrode 

Overcharging the 2.59V-charged cell 

by 10% of cell capacity at 0.1C rate 
RT discharge from charge to 2.59V 
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Estimated area behind selected non-hinged armor pieces of M1100 HMMWV is 
up to ~7 m2: at 2-3 cm thick, could provide over 140 liters for 20+ kWh battery. 

CAM-7/LTO Cells for Damage-Tolerant, Structurally Integrated Batteries      Integration example 
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 Low-temperature capabilities and long life are well-suited to 6T batteries for Silent 

Watch missions. 

 0V capability, reversal tolerance and elevated-temperature tolerance are well-

suited to 6T batteries with minimized logistical burden. 

 Elevated-temperature tolerance and configurational flexibility are well-suited to 

batteries that are structurally integrated beneath vehicle armor. 

Overcharge and reversal tolerance and safety are well-suited to battle damage-

tolerant structural batteries. 

Properties and performance of CAM-7/LTO pouch cells can enable novel 
military vehicle battery designs and operational profiles. 

CAM-7®/LTO Lithium-Ion Cells for Logistically Robust, Damage-Tolerant Batteries  Conclusions 
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