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ORNL Is Addressing R2R Processing 
Issues Relevant to Industry 
• Annealing of materials on temperature-sensitive substrates (solid-state lithium-ion 

cathodes for large-scale thin-film batteries); Planar Energy Devices, 2010-2012. 

• Primary drying (solvent removal) of dispersion cast coatings (replacing hazardous 
NMP organic solvent with water); PPG Industries, various binder suppliers, coating 
equipment suppliers, battery producers, 2010-2015. 

• Dramatic reduction of secondary drying (removal of adsorbed moisture) time of 
lithium-ion electrodes in preparation for cell assembly; A123 Systems, 2012. 

• UV and electron beam (EB) curing of high-solids dispersions into thick films; 
Miltec, 2011-Present; COMET – Plasma Control Technologies 2015-Present. 

• On-line and off-line non-destructive evaluation (NDE) for coating quality control 
(QC) improvement and long-term performance enhancement; NREL, battery 
makers, equipment suppliers, 2012-Present. 

• R2R slot-die deposition of thick films for lithium-ion electrodes with graded and 
patterned architectures; Palo Alto Research Center (PARC), binder companies, 
battery producers, 2014-Present. 

• Optimization of web speeds for different deposition methods and applications; 
ongoing. 
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Selected Industrial Partners 

http://www.navitassys.com/index.html
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://lexleader.net/morning-coffee-lockheed-top-contractor/&ei=EAICVZ3FNYSegwSm9YLACQ&bvm=bv.88198703,d.eXY&psig=AFQjCNH-gh2nc6_4xEUfbr0IQBOfKTS8Sw&ust=1426281368862631
http://www.frontierindustrial.com/
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.lesker.com/&ei=ywICVd3ZLIvegwTFuYTYAg&bvm=bv.88198703,d.eXY&psig=AFQjCNFTuIT6XbLGOZfDoKMSycQNPoqGfQ&ust=1426281552897357
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://peerworthy.org/&ei=2AMCVcXwM4SqgwTfjoPYDg&bvm=bv.88198703,d.eXY&psig=AFQjCNEIZ1UAY1OjdbwDFhPFVk1i84k-Fw&ust=1426281822353576
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://pixshark.com/sabic-logo.htm&ei=bgQCVavKGcK9ggT0yIDIDA&bvm=bv.88198703,d.eXY&psig=AFQjCNFVhiqb0UfLSU0rYwmtz0cnShvr0A&ust=1426281977605260
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.magneticmicrosphere.com/meetings/meet2010/sponsors.php&ei=7QQCVa7cGsmogwSvj4TYDA&bvm=bv.88198703,d.eXY&psig=AFQjCNEixHPmJTuMI72kdAQyd9HwAZdiHA&ust=1426282055692791
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.mykaytronics.com/why_btu.html&ei=aAUCVeDRLcmqNtzrgZgJ&bvm=bv.88198703,d.eXY&psig=AFQjCNGYN_hnqbpZSVtA14Wd3iaB-PugVg&ust=1426282215795692
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.fcpablog.com/blog/2011/2/1/maxwell-settles-china-bribes-case-updated.html&ei=rAUCVZ2RBYHbggTW84PQAg&bvm=bv.88198703,d.eXY&psig=AFQjCNH0etNRtRe3nAWfTT8InFTRCuHWOA&ust=1426282295179640
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://insideevs.com/stockholm-get-electric-ballerina-ferry/&ei=aQYCVarXHcSlgwTN-YGQAQ&bvm=bv.88198703,d.eXY&psig=AFQjCNFNm9uQe01Mr7DnBZHzf3i4nYNmZg&ust=1426282495822508
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.xconomy.com/boston/2009/04/14/a123systems-gets-100m-in-tax-breaks-to-expand-in-michigan/attachment/a123-logo-white-bkgd/&ei=EgcCVdXAPIOeggSu8YHAAw&bvm=bv.88198703,d.eXY&psig=AFQjCNFmWT7pbUjUr9Khl0eH9pZHahrIBQ&ust=1426282646427634
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://successimg.com/ashland-logo/&ei=6wgCVYy3AsadNvD7gtgM&bvm=bv.88198703,d.eXY&psig=AFQjCNEcoYsRSaVm-vky100jdPmLrB2hog&ust=1426283109222448
http://www.google.com/url?sa=t&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAQQjRw&url=http://www.engr.psu.edu/mep/AEC.html&ei=wNQ5U5-HLMjAyAGYpoHoCg&usg=AFQjCNGD9xiTIid9NiD5bKg18shyTpsWLw&sig2=kdx8bflED6VR6QbngE_UcQ&bvm=bv.63808443,d.aWc
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiInsmM4LrJAhUEeCYKHTkGAcEQjRwIBw&url=http://www.teampct.com/news/&psig=AFQjCNEPWzdF1UxekjX4YYZ6c_tmIRsldw&ust=1449062362091287
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwicoqKv4LrJAhWMPiYKHRusD8cQjRwIBw&url=http://www.marketbeat.com/stocks/NYSE/EMN/&psig=AFQjCNEB-15C7NKp205vs39u5YzbFtyH3Q&ust=1449062435166423
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Planar Energy Highlight – Solid-
State Cathode Processing 

• Goal: to replace PVD and high-T 
furnace annealing with room-T 
atomized spray deposition and 
photonic (UV/IR) annealing. 

• Current processing involves PVD 
for ~1 h and 650°C furnace 
annealing for 20 min. 

• New processing involves minutes 
of room-T deposition and <1 min 
of photon exposure. 

• Best performance of 38% furnace annealing baseline was 
achieved with single voltage plateau and multiple pulses on 
the PulseForge 3300. 

• Pulse thermal processing conditions were refined to include 
combinations of pulse duration ramping, 2) multiple voltage 
plateaus, 3) number of pulses at each voltage. 

• CRADA results were sufficient for Planar Energy to make the 
business decision to pursue the technology for microbattery 
applications (i.e. sensors, smart cards, etc.). 

0

20

40

60

80

100

0 10 20 30 40 50 60

D
is

ch
ar

ge
 C

ap
ac

ity
 (µ

A
h/

cm
2 )

Cycles

122

130

123

124
125

3-4.8 V; 0.067 mA

Decay Due to 
Electrolyte 

Decomposition 

As Received 

Phase Segregation 
Must Be Avoided 
After Annealing 



5 AMO HV R2R Workshop, 12/2/15, David Wood 

#3 #2 #1
#4#5

50
70
90

110
130
150
170

0 100 200 300 400 500 600 700 800 900

Te
m

pe
ra

tu
re

 ( 
C 

)

Pixel Number

Cathode Temperature Profile: PCC2103-12

WET, emissivity = 0.640
DRY, emissivity = 0.913

#1

TDry = TWet#2
#3

#4 <6% Difference
#5 Wet Dry

IR Imaging of Electrode Coating Line 
Reveals Wet-toDry Transition Points 

IR imaging of Dow Kokam pilot coating line showing uniform drying of 
cathode.  The “Dry” temperature curve crosses the “Wet” temperature 

calibration curve at 100°C (TWet = TDry = 100°C). 



6 AMO HV R2R Workshop, 12/2/15, David Wood 

Aqueous Electrode Processing – Sufficient 
Primary and Secondary Drying Protocols 
Developed 

6 

NMC532 & CP-A12 graphite  
• Baseline-all NMP based processed electrodes 
• Industry partner-NMC cathode via aqueous 

processing 
• All aqu—all aqueous processed electrodes 

 Similar rate performance 
 Baseline cells—best early cyclability 
 Slope changes indicate different 

degradation mechanisms. 
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Approach with NREL 
• Problems: 

– Electrode coating defects are currently 
identified by optical CCD cameras, which 
miss many of the subtle inhomogeneities. 

– A low-cost method for in-line thickness 
and porosity is needed for optimal electrode 
coating QC. 

– Useful feedback loops must be developed 
based on IR thermography input 
information to prevent coating defects and 
inhomogeneities. 

• Overall technical approach and strategy: 
1. Use white light or thermal excitation of 

electrode coatings to generate a IR 
emissivity signature from electrode 
coatings. 

2. Take measured IR emissivity and correlate 
it to a coating T profile for input into a 
mathematical model based on electrode 
physical properties (IR absorbance, heat 
capacity, thermal conductivity, bulk density, 
etc.). 

3. Use model and measured heat loss down 
the web to generate a porosity and 
thickness profile. 

7 

ORNL Slot-Die Coating Line 

NREL R2R IR 
Thermography Setup 
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Technical Accomplishments – IR camera 
Installation on Slot-Die Coater  

Monitor temperature profile of dried electrodes detecting any potential defects 
such as divots, pinholes, agglomerates, etc. 
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Systematic Study of Electrode Coating 
Defects Reveals Differing Performance 
Effects 

6 types of defects are being studied 
to determine relative importance. 
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Low-Cost, Multi-Sensor Wireless 
Platform for SMART Buildings 

 
Core Components 
• High performance 

thin films 
• Low temperature 

integration 
• R2R processing 

setup 

Infrastructure investment 
already made  
• Financial support and 

resources required for timely 
development 

 
Extensive Capabilities at ORNL 
• Modeling 
• Design 
• Test and Measurements 

Energy Management Technologies 
• Extensive know-how at ORNL 
• Resources required to target low 

temperature material/device 
development 

Proposed R&D 

Proposed R&D 

Market Potential: Not just an improvement over 
existing technology 
• Prospects of New market, • Enhanced Functionality 
DOE Interests 
• Buildings technology program (BTP),  
• Advanced manufacturing office (AMO) 

Current wireless 
sensor Platform: $150-

$300/node 

Proposed Advanced 
Sensors Platform: $1-

$10/node 
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Multi-Sensor Integration and Performance 
Evaluation 

 Discrete T and RH Sensors 
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Multi-sensor Printing and Calibration for 
system level integration underway 
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Future Challenges and Opportunities 
• Raw material variation effects on coating deposition quality and 

associated device performance. 

• Can similar equipment and approaches be used thick and mid-range 
coatings (~1-1000 µm)? 

• Addressing difficulties of developing R2R thin-film (nm-scale) deposition 
processes. 

• Identification of locations in R2R processes where in-line QC is needed. 

• Successful technology transfer of developed in-line NDE and QC 
methods to industry. 

• Understanding effects of defects on device performance; what 
constitutes a defect worth detecting? 

• At ORNL, translate battery R2R processing successes to other 
applications such as supercapacitors, energy conversion (fuel cells and 
membrane electrolyzers), flexible displays, and flexible sensors. 

• New R2R methods needed for 2-D material production. 
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