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ABSTRACT

A MULTI-FUNCTIONAL ELECTROLYTE FOR LITHIUM-ION BATTERIES

Thermal management of lithium-ion batteries (LIBs) is paramount for ielltipacks,
such as those found in electric vehicles, to ensure safe and sustainaf@&onp Thermal
management systems (TMSs) maintain cell temperatures welv libose associated with
capacity fade and thermal runaway to ensure safe operation and prolonduhifeisé the pack.
Current TMSs employ single-phase liquid cooling to the exterior surtdes®ry cell, decreasing
the volumetric and gravimetric energy density of the pack. In the prasdgf a novel, internal
TMS that utilizes a multi-functional electrolyte (MFE) is invgated, which contains a volatile
co-solvent that boils upon heat absorption in small channels in the positive electrodeel.t

The inert fluid HFE-7000 is investigated as the volatile coesdlin the MFE (1 M LiTFSI
in 1:1 HFE-7000/ethyl methyl carbonate by volume) for the proposed TMBe Ifirst phase of
the study, the baseline electrochemical performance of the MFEeisvilee¢d by conductivity,
electrochemical stability window, half and full cell cyclingithium iron phosphate (LiFeRP{
lithium titanate oxide (LiTisO12), and copper antimonide (€%b), and impedance spectroscopy
measurements. The results show that the MFE containing HFE-7000 has ddengtataility and
cycling performance to a conventional lithium-ion electrolyte (1 MFRsifh 3:7 ethylene
carbonate/diethyl carbonate by weight). The MFE-containing cells hadrhigpedance than
carbonate-only cells, indicating reduced passivation capability on |¢otrogles. Additional
investigation is warranted to refine the binary MFE mixture by tdtian of solid electrolyte

interphase (SEI) stabilizing additives.



To validate the thermal and electrochemical performance of tlg MiSb and LiFeP®
are used in a full cell architecture with the MFE in a custattedlyte boiling facility. The facility
enables direct viewing of the vapor generation within the chanrlei positive electrode and
characterizes the galvanostatic electrochemical performance. résslis show that the
LiIFePQ/CwShb cell is capable of operation even when a portion of the more vél&ie7000 is
continuously evaporated under an extreme heat flux, proving the concept of a MEE. T

conclusions presented in this work inform the future development of the proposed internal TMS.



ACKNOWLEDGEMENTS

| would first like to thank my advisor, Dr. Todd Bandhauer, for his instrumesitain my
graduate education. My time as a graduate student was supportety dntithe technical
forethought of Dr. Bandhauer. | greatly appreciate the projects | wasoaltk on, especially
their direct relevancy to current industry. It has been an incredible leaxegience helping to
create and working within the Interdisciplinary Thermal Science Labdifficult to quantify how
much | have grown technically and professionally from my interactionsQvitBandhauer over
the past couple of years. Also, thank you for your thorough feedback on this document.

I know my research significantly benefited from my interactions with CSU’s Chemistry
department. Specifically, | would like to thank Everett Jackson and Dr. Rreto for their
extremely useful discussions on the electrochemical aspects of @ayales Their unparalleled
expertise truly helped to bring me up to speed on a completely foreigresubjaddition, | would
like to thank Dr. Wesley Hoffert at Prieto Battery for his help in piaegeelectrodes used in this
study as well as technical discussions on my research. | wooldil@sto recognize Dr. Anita
Kear and Dr. James Dong at Prieto Battery for their assistance on my project.

Fellow ITS Lab members also deserve recognition for their support of regrobs
specifically in their useful discussions around the design, fabricatiorir@raeshooting of my
test facility. 1 would like to directly thank Torben Grumstrup, Taylor iBevyonas Adler, and
Trevor Vernon.

Finally I would like to thank my friends and family who kept me grounded throughisut t
experience. Amy, thank you for all the delicious meals and constamdersithat there is light
at the end of the tunnel, | love you. Tyler Schott and Darryl Bednaen looking forward to our

future canoe adventures outside of CSU.



TABLE OF CONTENTS

AB ST R A CT ..ttt e e e e e e e e e e oo oottt ettt ettt e e e e e e e e e e e e e e e e e bbb bbb b reeeees v
ACKNOWLEDGEMENTS ...ttt e e e e e e aeeaaaaaaaaaasassaaannnnns Voo
LIST OF TABLES ..ottt e e e e e e e ettt ettt e e e e eeaaaaeeaaaaeesanananns vii
LIST OF FIGURES ... ..ottt et e e e e e e e e e e e e e e e s e sttt e s e e e et e eeeaaeaaaaaeaeaeeesassnnnnnnnes viii
NOMENGCLATURE ...ttt e e e e e e e e e e e s s e s e s bbb bbb e e e ettt e eeeaaaaaeaeeaasssssaannnnnnnes Xiii
CHAPTER LINTRODUCTION ...ttt e e e e e e e e e e e e e s e e s st asn e e e e e aaeaaaaaaaaeaaessaannans 1

1.1.Motivation for Using Li-Ion BatteriES ..........uuiiiiiiiei i e e e e e e e e e e 2

1.2.Function of a Secondary Li-IoN BAtery ............ccoeiiiiiiiiiiiiiiiiiii e 6

O 0 A g T T [ TSP T PP 6
I - 11 [ Yo [ U 10
G J (=T od (0] )Y/ (= RUPPPPTRPN 13
12,4, SEPAIATOIS ... ceeeiiieeeeeee ettt e e ettt et e et e e b e e e e e e e e eeees 15
1.2.5.Li-10N Battery FUNCLION .......oveiiiiiiiii et 16
1.2.6.Li-lon Battery Heat Generation During Normal Operation ...........cccccccccvvieeeeeenenn. 17

1.3.Fundamental Thermal Limitations of Li-lon Batteries .........ccccccccveeeeeeiiiiiicciiee 20

1.3.2.TNEIMAl RUNGWALY .....eeeeiiiiiiiiiieeeeee ettt e e e e e e e e e e e e e e e e e e 22
1.3.2.High Profile Li-lon Battery Failures............coiiiiiiiiiiiie i 22

1.4.TNESIS OFQANIZATION .....uvtiirtiiieieieeie e e e e e e e e et e e e et et e e e e e e e e e e e e e e s s e a e bbbbbbbeeeeeeeees 27
CHAPTER 2LITERATURE REVIEW .....ouuiiiiiiiiiiiiiiiiiite e e e e a e e e e e e 29

2.1.Thermal ResSiStance Of @ LIB ........oooviiiiiiiiiiiiee s 29

2.2.State-of-the-Art Thermal Management Systems for Large LIB Packssn. EV......... 36

2.3.Internal Thermal Management Of LIBS..........ccccuuiiiiiiiiiiiieiieeieee e 43

2.4.Prior LIB Electrolyte Modification Research ...........cccccoooiiiiiii e, 46

2.4.1.Fire Retardant CoO-SOIVENTS .........uuuuiiiiiiiiei e e e e e e e e e s a7
2.4.2.Non-Flammable Fluids as Co-SOIVENLS .............ouuiiiiiiiiii e 52

2.5.Summary of Deficiencies in Prior WOrK............cooiiiiiiiiiiiieeee e 62

2.6.Focus of Current INVESHIgAtION ..........ooiiiiiiiiiiiiiiiie et e e e e e e e e e eeeeeeeeenanas 64
CHAPTER 3. CONTINUOUS, PASSIVE INTERNAL COOLING WITH A MULTI-

FUNCTIONAL ELECTROLYTE ...iiiiiii ettt e e e e e e e e e e e e e e s s s eeeeeeeeeeeas 66
G Tt I @ T o Tt =T | A D 1= 1Sl ] 11 o o U 67
3.1.1.Impact of the Proposed Internal TMS .........euiiiiii s 71
3.2.Multi-Functional Electrolyte ReqUIrEMENTS............ouuuueiiiiiiiiiieeeeeeeeeeeeeeeeeees e e e 74
3.2.1.Electrochemical REQUITEMENTS. ........ccoiiiiiiiiiiiiiiee e e e e 75
3.2.2.Thermal REQUITEIMENTS ......ceviiiriiiiiiiie et e e e e e e e e e ettt e e e e e e e e e e e e e e e e e e eeennnnn s 82
3.3.Components of the Multi-Functional Electrolyte ...............cccooiiiiiiiiiii 84
3.3.1.Candidate Volatile CO-SOIVENTS........uuuiiiiiiiiiiiiiieee e 85
3.3.2.Candidate Organic Carbonate Co-Solvents and Lithium Salt .................ccceeeeiee 88
3.3.3.Baseline Electrolyte for Multi-Functional Electrolyte Performance Compari8on ..

e SUMIMAIY ...ttt e et e e et e e et e e e e e e e et b e e et e e e e e e e e et e e e e e s ne e b bn e e e as 91
CHAPTER 4NON-BOILING ELECTROCHEMICAL PERFORMANCE OF THE MULTI-
FUNCTIONAL ELECTROLYTE ...iiiiiiii oottt e e e e e e e e e e e e s e s s s eaneaaaeeas 93

4.1.Miscibility & SOIUDIIILY ........cooiiiiiiee e 93

2 I 1V =1 g To o o 1Y/ (ST U €= 0 0= o | U 94



4.1.2.Teg Parameters and EQUIDMENt USEA ........coooiiiiiiiiiiiiiiiiie e 95
4.1.3.RESUILS ANd DISCUSSION.....cceitiiieeiiiiiiiiieieiiiti ittt et e e e e e e e e e e e e e e e e e s s s s bbbbbbeeeeeees 96
v (o) o [l @0 o o [UTod 1LY/ Y SRS 98
4.2.1.Test Parameters and EQUIPMENt USEA ...........coooeiiiiiiiiiiiiiciie e 99
4.2.2.ReSUILS aNd DISCUSSION......cciiiiiiiiiiiiiiiiiiiieas e e e e e e e e e e et e eeeeeattbeata s e e e e eeeeaaeeeeeeeessnnnnes 100
4.3.Electrochemical Stability WINAOW ........ccccoiiiiiiiiiiieesis e 101
4.3.1.Method Of MEASUIEIMENT ......uuieiiiiiiiee e e e e e e e e e e e e e e e e e eeareann s 102
4.3.2.Test Parameters and EQUIPMENt USEA .........cccooeeiiiiiiiiiiiiieiieeee e 106
4.3.3.RESUILS aNd DiISCUSSION.....ccciiiiiiieiiiiiiiiiiieas e e e e e e e e e et e e e e eeeeeaaaaaara e e e e e eeeeeeeeeeeeennsnnnnes 110
4.4.Half Cell ElectrochemiCal TESHNG .......uuuuiiiiiiiie e 112
4.4.1.Definition and Method of MeasUremMent.........ccooveiieiieeeiiiiiiieeirre e 112
4.4.2.GalvanostatiC CYCHNG .....ccccoeeeeieie et e e e e e e e e e e e eaanaens 117
4.4.3.Electrochemical Impedance SPECIrOSCOPY .....uuurrrrriiiiiiiiieaeeeeae e 119
4.4.4.Test Parameters and EQUIPMENt USEA .........ccooeiiieiiiiiiiiieeeieee e 136
4.4.5.ReSUILS aNd DiSCUSSION.....ccciiiiieeeiiiiiiiiiieeas s e e e e e e e e e et e e e eeeeaatannnaa s e eaeeeeeaeeeeeeeeeesnnnnes 143
4.5.Full Cell Electrochemical TEeSNG.........cccoiiiiiiiiieee e 154
4.5.1.Definition and Method of MeasuremMent.........cccoeeveeeeeeiiiiiieieerre e e e 154
4.5.2. Test Parameters and EqUIpMeNnt USed ...........oviiiiiiiiiiiiiii e 155
4.5.3.ReSUILS aNd DiSCUSSION......cciiiiiiieiiiieiiiiieaes e e e e e e e e e et e e e e eeeaaaeaasaaa s e e eaeeaeaeeeeeeeenesnnnnes 156
TS Y U 0] 0 1= Y2 PSPPSR 162
CHAPTER 5ELECTROCHEMICAL PERFORMANCE OF MULTI-FUNCTIONAL
ELECTROLYTE WITH SIMULTANEOUS CO-SOLVENT BOILING .........ccooeiiiiiiiirinee 164
5.1.Experimental Requirements for Custom Electrolyte Boiling Facility ........................... 164
5.2.Electrolyte BOIlING FACIHItY .......cccouuiiiiiiiiiiie e eaeens 165
5.2.1.Facility Design and Fabrication ..................eeeiiiii e 166
5.2.2.Cleaning of Electrolyte Wetted COmMpPOoNeNntsS............uceiiiiiiiiiiiiii e 172
5.2.3.Assembly of Electrolyte Boiling FacCility...............eeeiiiiiiii 173
5.2.4.Charging Electrolyte Boiling Facility with Multi-Functional Electrolyte........ 178
5.3.Test Parameters and EQUIPDMENT USEA .........coooiiiiiiiiiiiiiiiiiiiieiteee et 181
5.3.1.Data Acquisition and Auxiliary COMPONENLS .........ccevviiiiiuiimiiiiiieee e eeeeeeeeeeeieiieees 182
5.3.2.Thermal Control of Electrolyte Boiling Facility ...............ccceeeiiiiiiieeieeieieeeeeiiiiiinns 185
SRCRCHET=10V7= Vg0 1] =i [o @4 Y o] 11 o SRR 186
5.4.ReSUIS aNd DiSCUSSION......cciiiiiiiiiiiiiiitie ittt e e e e e e e e st r e e e e e e aaaeeeaaeeas 187
TSR TU 101 0 1 =1 YU UUPPPPTTRR 197
CHAPTER 6. CONCLUSION AND RECOMMENDATIONS .....cooviiiiiiiiiiiiieeeiiiiee 199
6.1.Recommendations for Future ReSEArCh ... 204
REFERENGCES ..ottt et e e e e e e e e e e e e s s e bbb b bttt et et ettt e e e aaeeeeeeaeeeenaannnnnes 207
APPENDIX A. FREEZE-PUMP-THAW LIQUID DEGASSING PROCEDURE ................... 215
APPENDIX B. WORKING ELECTRODE POLISHING PROCEDURE.............cccccvvviiiiinnen. 218
APPENDIX C. SLURRY-BASED ELECTRODE COATING PROCEDURE................ccu.. 220
APPENDIX D. ELECTROLYTE BOILING FACILTIY COMPONENT LIST......ccccvvviivnnee. 226
APPENDIX E. THERMOCOUPLE CALIBRATION ....utttiiiiiiiiiiieitteeeeee e 231

vi



Table 1-1:
Table 2-1:
Table 2-2:
Table 2-3:
Table 2-4:
Table 2-5:
Table 3-1:
Table 3-2:
Table 3-3:
Table 3-4:
Table 3-5:
Table 4-1:
Table 4-2:
Table 4-3:
Table 4-4:
Table 4-5:
Table 4-6:
Table 4-7:

Table 4-8:
Table 4-9:

Table 4-10:

Table 5-1:
Table 5-2:
Table D-1:
Table E-1:

LIST OF TABLES

Physical Properties of Some Commonly Applied Cathode Active Niaterial2

Thermal Conduction Resistance for Chevrolet Volt 15 Ah Cell ..........cccccceeennnn. 34
Thermal Conduction Resistance for Boeing 75 Ah Cell .......cccoooeeiiiiiiiiiiiiiiiiinnnn, 35
Summary of LIB Packs in VENICIES ... 42

Summary of Phosphorus-Based Fire Retardant Co-Solvents in LIB Elestsdlyt
Summary of Non-Flammable Fluids as Co-Solvents in LIB Ele&solyt....... 60

Values Used for System Impact of Proposed Internal TMS.........ccccccevieeiiieeeennn. 71
System Impact of Proposed Internal TMS Compared to Chevrolet Volt............. 73
Summary of Current and Proposed TMSS for LIBS ..........ccoooviiiiiiiiiiiiiiiicciee e 74
Candidate Volatile Co-Solvents forthe MFE ... 86
Common Organic Carbonate Solvents in LIB Liquid Electrolytes ...................... 89
Suppliers for Components of Multi-Functional Electrolyte ...............ccccevvvveeeenes 94
Room Temperature lonic Conductivity of Investigated Electrolytes......... 100
Impedance of Common Circuit Elements used for EIS Measurements ............. 131
Slurry Composition for LFP and LTO Electrodes by Weight Percent ............... 137
Half Cell Voltage Limits and Capacity...........ccueeeeiiieiieiiiiiiiiiiiieeeeeeee 141
Generic Half Cell Test Schedule for Galvanostatic Cycling.Tests........... 141

EIS Experimental Sequence Defined in Sequence Wizardwol Gaamework
............................................................................................................................. 142
Average EIS Fit Parameters for Half Cells, All Potentialssalg/izi™........... 153

Full Cell Voltage Limits and Capacity .........cccoevuuuiiiieiiiiiiiiee et 156
Average EIS Fit Parameters for FUull Cells ..., 161
Requirements of the Electrolyte Boiling Facility ...........cccccooeiiiviiiiiiiciiiiene, 165
Testing Procedure for Electrolyte Boiling Facility ............ccccociviiiiiiiiiiiiiiiieeeenn, 187
Components of Electrolyte Boiling Facility ...........cccoooooiiiiiiiii, 226
Thermocouple Calibration Fits and Total Uncertainty ..............cccceeevvvvvvvevvinnnnnns 234

Vi



Figure 1-1:

Figure 1-2:
Figure 1-3:
Figure 1-4:
Figure 1-5:

Figure 1-6

Figure 1-7:
Figure 1-8:

Figure 1-9:

Figure 1-10:

Figure 2-1:
Figure 2-2:
Figure 2-3:
Figure 2-4:
Figure 2-5:
Figure 2-6:

Figure 2-7:

Figure 2-8:
Figure 2-9:

Figure 2-10:

Figure 3-1:
Figure 3-2:

Figure 3-3:
Figure 3-4:
Figure 3-5:
Figure 3-6:
Figure 3-7:

Figure 3-8:
Figure 3-9:

Figure 3-10:
Figure 3-11:

Figure 4-1:

LIST OF FIGURES

LIBs Compared to NiMH and Ni-Cd (Size and Weight Valuesoar640 Wh

DALY ) .t e e 2
US Solar and Wind Energy Consumption [9].....cccooeviieieiiiiiiiiicieeeee e 5
SEM Images of Graphite ANOUES ..........ooviiiiiiiiiiiieiie e 7
Lithiation and Delithation of Graphite at C/30 Rate, Voltage va."Li/L.......... 8
SEM Images of Cathode Active Material Particles ............cccceeeiiiiiiiiiiiiiiiiiieeiiien, 10

Lithiation of Cathode Active Materials at C/30 Rate, Voltage vs. Li/Li........ 12
Planar SEM Image of Microporous PP Separator .............ccococcivivivviiiiieiiiiieceeeennn 15
Schematic of a LIB During Discharge [24] .......cooovveeiiiiiiiiiiieie e 16
Boeing APU Thermal Runaway (Left: Fire from APU; Mid8llew APU; Right:

[T (=T I e ) T PP 23
Chevrolet Volt Event Series (Left: Side-Impact T&tdle: LIB Pack Damage,

Right: Post Thermal Runaway Event) [38]...........oovviiiiiiiiiiiiiiie e 25
Tesla 85 kWh External TMS, Adapted from [48] ......ccooveriiiiiiiiiiiiiiiieeeeee 30
Chevrolet VOIt 15 AN LIB ...t 31
Repeating Unit Cell for Calculation of Thermal Resistance of a 15 Ah.LIEB3
Boeing APU 75 Ah Cell Construction Schematic, Adapted from [35]................ 34
Nissan LEAF 24 KWh LIB PaCK [49] ......uuuiiiiiiiiiiiiieee e 36
Left: Tesla Model S with 85 kWh LIB Pack (Bottom of Im&yirce: Tesla.com)

Right: Uncovered Pack [48]........coooiiiiiiieeee e 38
Unwound Coolant Conduit from the 18650 Cells of a Tesla 85 kWh LIB Pack [48]
............................................................................................................................... 39
Aluminum Cooling Plates Used in Chevrolet Volt Battery Pack [63] ................. 40
2016 Chevrolet Volt 18.4 kWh LIB Pack (Source: Chevrolet.com) .................... 41

Bandhauer et al. Proposed Internal TMS with MicrochannebEtar Containing

R-134a Refrigerant [72].....cccoeieiieeeeeeeee ettt e e e e e e e e e e e e eeeaennnes 44
Schematic of Two-Phase Closed Loop Thermosiphon [93]..........oooviiiiiiiiiicinnnnn. 67
Proposed Internal Thermal Management System for LittennBattery Using

Volatile Co-Solvent in EIECIIOIYLE .........uiiiieiei e 68
Proposed Internal TMS in 18650 Cell .......ccooiiiiieiiiiiieeecer e 68

Representative Vapor Generation Channel Created in a Positivedélect... 69
Embodiment 1 of Proposed Internal TMS with External Liquid Cooled Gserde

on Edge Face Of LIB CellS.......oooo oo 70
Embodiment 2 of Proposed Internal TMS with External Air Cooled Gseden

Large Face Of LIB CellS.......coooiiiiii e 70
Internal Short Caused by Nail Penetration of a LiCar@phite Cell at 4.2 V [20]
............................................................................................................................... 76
Open-Circuit Energy Diagram for a Lithium-lon Electrolyte [19]....................... 77
Ethylene Carbonate Coordination Sphere around a Positively Citlang®-lon

(Oxygen—red; carbor-green; lithium—blue) [22]...........ccoeeriirriiiiiiccee . 79

P-h Diagram of HFE-7000 with & 34°C ISOtherm .........ccccooeeeiiiiiiiiiiiiiee 83
P-h Diagram of HFE-7100 Showing Multiple Lines of Constant Temperatf
VACUUM OVEIN ..ttt e ettt e e e e et et e e e e e e e tb e e e e e e eaban e eaas 95



Figure 4-2:
Figure 4-3:

Figure 4-4:
Figure 4-5:
Figure 4-6:
Figure 4-7:

Figure 4-8:
Figure 4-9:

Figure 4-10:
Figure 4-11:

Figure 4-12:
Figure 4-13:

Figure 4-14:
Figure 4-15:

Figure 4-16:
Figure 4-17:
Figure 4-18:
Figure 4-19:
Figure 4-20:
Figure 4-21.:
Figure 4-22:
Figure 4-23:
Figure 4-24:
Figure 4-25:

Figure 4-26:
Figure 4-27:
Figure 4-28:
Figure 4-29:
Figure 4-30:

Figure 4-31:

Separated Mixtures of EMC/Perflenapent and EMC/FC-72 ..........uvviiiieiiiiinnnen. 97
Unsolvated LITFSI Salt (Left) and MFE Solution (1 MHAS$I in 1:1 HFE-

7000/EMC by Volume) on Stir Plate (Right) .........oovvrviiiiiiiiiieeiiis 98
Modified Glass Jar Lid for Conductivity Probe (Left) and CondtictRiobe
Submersion in Electrolyte (RIGNL) ........oooviiiiiiiii e 99
LUMO and HOMO of HFE-7100 (labeled as MFE) Compared to Other Carbonate
SOIVENTS [Q0] ..ttt 101
3-Electrode Experimental Setup for CV EXperiment ............ccccoovvvvivvvniiiieneeennn. 102

Effect of Potential Scan Ratén mV s?, on Electrochemical Stability Window of

E1l Measured with a GCE Working, Lithium Metal Counter and Reference

[ [T 0T [ 105
Gamry Reference 3000 PoOtentiostat .........ccceeeiieieeeeiiiiieeeeeicice e, 106
Gamry Calibration Circuit and Faraday Cage (source: gamry.com) ...... 107......
Glassy Carbon and Platinum Working Electrodes Used for Elextrinal

Stability WINdOW MEASUIEMENTS .......cciiiiiiiiiiiiiiiii e 107
Electrochemical Stability Window Experimental SefitipModified Glass Jar Lid

............................................................................................................................. 108
Gamry Reference 300 Potentiostat LeadsS............uveviiiiiiiiiiiiiiciieien e 108
Applied Potential Scan and Measured Current during Electnceh&tability

Window Measurement of E1 at 10 mV with a Glassy Carbon Working Electrode

............................................................................................................................. 109
Electrochemical Stability Window Measured wittCEGVE, Li metal CE/RE, 10

mV s! Scan Rate, 0.5 V and 5 V vs. Liflswitching Potentials...................... 110
Electrochemical Stability Window Measured with &/Et Li metal CE/RE, 10

mV s! Scan Rate, 0.5 V and 5 V vs. Liflswitching Potentials...................... 111
Half Cell Stacking Architecture Performed in Argon Glove BOX ..........cccc........ 116
Assembled LFP Half Cell........ccoooiiiiii e 117
Impedance Spectra of a Randles Cell from-153HgHz ................coeeeiiiinnnnnnn. 126
Electrical Circuit Schematic of Randles Cell..............cccooiiiiiiiiiiiiiie, 126
Nyquist Plot of Impedance Data from Randles Cell from-454Hz............ 127
Bode Plot of Impedance Data from Randles Cell from-15HHz................ 128
Nyquist Plot of ImpedanceR{CPE Circuit with Varyingx [123].................. 129

Nyquist Plot of 200 Q Resistor Impedance from 1 Hz—5kHz ......................... 130
Nyquist Plot of 1 pF Capacitor Impedance from 2 5lRHz ......................... 131
Equivalent Circuit Model Used for Impedance Fitting il &tad Full Cell Tests

............................................................................................................................. 134
Example of Impedance Model Fitting to Measured Data &bl Cell at 0.5 V

vS. LI/LiIT from 0.1 HZ= 100 KHZ ...cooeeiiiiiiiiee e 134
Frequency-Dependent Preferential Current Paths Through Equivalent C86uit

CwSb Electrodeposition Setup at Prieto Battery.............uuvveeiiiiiiiieieeeeiiieeeeeiines 137
Post-Electrodeposition of 3 um of&luonto 15 pm Copper Foil ................... 138
Arbin BT-2143 Battery Tester (Left) and Tenney EnvironmentahBér (Right)

............................................................................................................................. 138
Arbin Battery Tester Lead Connections to Full Cellsninr&mental Chamber

............................................................................................................................. 139



Figure 4-32:
Figure 4-33:

Figure 4-34:
Figure 4-35:

Figure 4-36:

Figure 4-37:
Figure 4-38:

Figure 4-39:
Figure 4-40:
Figure 4-41.:
Figure 4-42:
Figure 4-43:
Figure 4-44:
Figure 4-45:
Figure 4-46:

Figure 4-47:

Figure 5-1:
Figure 5-2:
Figure 5-3:
Figure 5-4:
Figure 5-5:
Figure 5-6:
Figure 5-7:
Figure 5-8:
Figure 5-9:

Figure 5-10:
Figure 5-11:
Figure 5-12:

Figure 5-13:
Figure 5-14:
Figure 5-15:
Figure 5-16:
Figure 5-17:
Figure 5-18:

Figure 5-19:

Lithiation and Delithiation Capacity and Coulombic Eficy of LTO/Li Cells

(@) Nyquist Plot at 1 V vs. LifLAfter 10 and 20 Cycles (b) Nyquist Plot at 2 V vs.
Li/Li * After 10 and 20 Cycles for LTO/Li Cells ......cccouvveeeeiiiiiiiiieeeeeeeiiiieee e 145

LTO/Li Cell Voltage vs. State of Lithiation (aj"i@ycle (b) 28 Cycle ......... 146

Lithiation and Delithiation Capacity and Coulombic EffigresfcCwSh/Li Cells

(a) Nyquist Plot at 0.5 V vs. Li7lAfter 10 and 20 Cycles (b) Nyquist Plot at 0.95
V vs. Li/Li* After 10 and 20 Cycles for GBb/Li Cells ........cccvvviiiiiiieeiinene 148
CwSb/Li Cell Voltage vs. State of Lithiation (a)1Cycle (b) 28" Cycle....... 149

Lithiation and Delithiation Capacity and Coulombic Efficyeof LFP/Li Cells

(a) Nyquist Plot at 2.5 V vs. LiflAfter 10 and 20 Cycles (b) Nyquist Plot at 4 V

vs. Li/Li* After 10 and 20 Cycles for LFP/Li CellS.........ccccoveeeeeeiiiiiiiiieeeeeeee, 151
LFP/Li Cell Voltage vs. State of Lithiation (a)"1Dycle (b) 28 Cycle........... 152
ASSEMDIE FUIl CeILL....uiiiiiiiiiiiiieeeieeee e 154
Charge and Discharge Capacity and Coulombic Efficiency dCufSb Cells

(a) Nyquist Plot at 1.75 V After 10 and 20 Cycles (b) Nyglostat 3.5 V After

10 and 20 Cycles for LFP/GBD Cells.......ccooviiiiiiiiiiiiiieeeeeeeeeeeiin 158
LFP/Cs8b Cell Voltage vs. Depth of Discharge (aY'IDycle (b) 28' Cycle . 158
Charge and Discharge Capacity and Coulombic Efficiency of LFP/LTO X586
(a) Nyquist Plot at 1.5 V After 10 and 20 Cycles (b) Nyquist Plot at 2.5 V After 10

and 20 Cycles for LFP/LTO Cells ... 160
LFP/LTO Cell Voltage vs. Depth of Discharge (&) @gcle (b) 26' Cycle.... 161
Electrolyte Boiling FaCIlity ............uiiiiiiiii e 166
Electrolyte Boiling Facility: Exploded View of Test Section...................... 167
Interface of PEEK Top and Bottom Flanges with Test Section ......................... 168
Steel Top and Bottom Flange SUPPOIS ........coovoiiiiiiiiiiiiiiiiiiieeeeeeeee e 168
PEEK Heater Housing With O-RINGS........cooiiiiiiiiiiiiii e 169
10 W Thin Film Heater with Three T-Type Surface Thermocouples....... 169
316 Stainless Steel Fller. ... 170
Preheater Wire Passage in Stainless Steel Filler.............ccoovvvvviieinnnn. 17Q........
LFP and G8b Electrodes Used in Electrolyte Boiling Facility........................ 171
Electrode Configuration in Electrolyte Boiling Facility ..............ccccceeeeiiiiieneeeenn. 171

Metal Polish and Solvents Used for Cleaning Electrolyte Wetted Cartgpdie
Mounting of PEEK Heater Housing onto Stainless Stiesghith 10 W Thin Film

HE OO ... e 173
Assembled Test Section with Preheater and without Electrodes............. 174
Assembled Test Section without Preheater and with Electrodes............. 174
8-32 Screw with O-Ring Sealing Head..........cccooooiiiiiiiiiiiiieee e 175
Installed 8-32 O-Ring Screws, Fittings, and PTFE Gasket .................... 175.....
Assembly of the Test Section with Top Flange and Electrode Leads ................ 175
Bottom View of Assembled Test Section with Top [amgl Electrode Leads with

Simulated Sight Glass Bottom EdQe ............uuuiiiiiiiiiieeeieeeeeen e 176
Final Assembly of Test Section with Sight Glass and Botamgé-............... 176



Figure 5-20:

Figure 5-21:
Figure 5-22:

Figure 5-23:
Figure 5-24:
Figure 5-25:
Figure 5-26:
Figure 5-27:
Figure 5-28:
Figure 5-29:
Figure 5-30:
Figure 5-31:
Figure 5-32:
Figure 5-33:
Figure 5-34:

Figure 5-35:
Figure 5-36:

Figure 5-37:
Figure 5-38:
Figure 5-39:
Figure 5-40:

Figure 5-41.:

Figure A-1:
Figure A-2:
Figure A-3:
Figure B-1:
Figure B-2:
Figure C-1:
Figure C-2:
Figure C-3:
Figure C-4:

Figure C-5:
Figure C-6:
Figure C-7:

Figure C-8:

Inserting all Electrolyte Boiling Facility Comporseinto Glove Box via the Large
ANTECNAMDIET ...t a s 177
Fully Assembled Electrolyte Boiling Facility im0 BoX ............cccoeeeeevineeee. 177
Modified 180 mL Glass Jar Lid for Charging the MFE into the Electrobyied
FACHTTY oo a e e 178
EBF Charging Process Development with Water............cccccceeiiiiiiiiieeieiieeeeeiiinns 179
EBF System Pressure versus Time with Valve EVeNntS.........ccccccccvviiiiniiinns 180
Modified Glass Jar Containing MFE Connected to EBF for Charging .............. 180
Video Snapshots of MFE Charging Process into the EBF ..., 181
Instek SPS-606 Variable DC Power Supply for 10 W Thin Film Heater........... 182
Thermo Scientific LC 250 Recirculating Chiller, Water Lirzesl Glove Box
FEEAtNIOUQGNS ... . e e e 182
National Instruments cDAQ-9174 DAQ Chassis (source: ni.com) .................... 183
Wiring of NI 9214 16-Channel Isothermal Thermocouple Input Module.......... 183
Wiring of NI 9207 Voltage/Current Analog Input Module..................ccccvvinneee. 184
Glove Box Feedthroughs for NI DAQ and Gamry Potentiostat ......................... 184
VI Front Panel for EBF DAQ SYSIEM .....coviiiiiiiiiiiiiii et 185
Pre-Boiling Chronopotentiogram of LFR& Cell during Cycles 1-10 with
System Temperature and PreSSUre TraCeS .......cceiiiieeeeeeeeieeeieeeeiiiienn e e e e e e eeeeeees 187
LFP/Ci8b Cell Capacity and Coulombic Efficiency versus Cycle Number..... 188
Boiling Chronopotentiogram of LFP#Sb Cell during Cycles 11-20 with System
Temperature and PreSSUre TIraCES ......uiiiiiiiiiiii et 189
View of Evaporation Channel while Cycling LFR&uCell at 0.5C with 4 W of
[ LS T= L ] o 11 | PPN 192
Bubble Point-Dew Point of HFE-7000/EMC Mixture with Meastiteater and
Bulk Electrolyte Temperature from EBF TeSt........ccoooiiiiiiiiiiiiiciiiee e, 194
Effect of System Pressure on Bubble Point-Dew Point of HFEEMGOVlixture
............................................................................................................................. 195
Post-Boiling Chronopotentiogram of LFR& Cell during Cycles 21-30 with
System Temperature and PreSSUre TraCES .......ccvviiieeeeeeeiieieeeeeiiiiine e 196
LFP/Cs8b Cell Voltage versus Capacity for Cycles 10, 20, and 30 ................. 197
50 mL Sealed Schlenk Flask Connected to Vacuum Line..........ccccccceeeiiinnnnnnn. 215
Freeze-Pump-Thaw Vacuum Manifold Setup in Fume Hood .............ccccoeeennn... 216
Luke Warm Water Bath for Thawing Frozen Solvents ............cccccvvvviiiiciinnnnnnn. 217
Platinum Electrode Polishing on Nylon DisK ...........cccoooviiiiiiiiiiiiiccicieee e 218
Electrode Polishing on Microcloth DisK...............uuiiiiiiiiiiiiiiiie 219
Surry-Based Electrode Coating Equipment used at Prieto Battery ....... 220.......
NMP Solvent, PVDF Binder, and Stainless Steel Ball Beanmigjastic Jar .. 221
Paint Can Shaker used for Slurry HOMogeNnizing ..........ccccevvveeiieeeeeeeiiieeeeeiiiiines 221
Weighing Lithium Titanate Oxide Particles Prirtserting into Slurry Mixing
N - L PP 221
NMP and Suspended PVDF with Carbon Conductive Additives....................... 221
Homogenized LTO Slurry; Ready for Electrode Coating ...........cccceeeeeeiiieeeeeeennn. 222
Prepared Copper Current Collector with LTO Slurry Globs Prior to First Rass w

DM e 222
Coated LTO Electrodes with DDM at Travel Limit.........cccovveveeieiieieeeeeeeenn, 223

Xi



Figure C-9: Coated LTO Electrodes under Heat Lamp Prior to Vacuum Oven ....................

Figure C-10: Calendaring Electrodes to Final Thickness

Xii



NOMENCLATURE

Symbol Description Units
o Exponent for impedance of a constant phase element -
a Chemical activity of electrochemically active species -
A Area m?
B Magnitude of magnetic field T
C Capacity of cell Ah
Cul Capacitance of electrochemical double-layer F
CE Coulombic efficiency %
CPE Constant phase element, approximates capacitor AC impedanc Q
C-Rate Rate of charge or discharge normalized by 1 hour (e.g., 1C
discharge requires 1 hr) -
ou : . 1
T Entropic heat coefficient V K
dT o 4
Ix Thermal gradient ix direction Km
E Energy of cell; Measured electrode potential versus a reference ~ Wh; V
E° Standard reference potential \%
f Frequency Hz
F Faraday constant, charge on one mole of electrons C
HOMO Highest occupied molecular orbital eV
i" Volumetric current generation Am?3
I Current, applied or measured A

Xiii



Symbol Description Units
J Imaginary unit,v—1 -
k Thermal conductivity W mtK?
I Length m
LUMO  Lowest unoccupied molecular orbital eV
m Mass kg
n Overpotential J-E°) \%
o Electronic conductivity Smt
) Potential Vv
q Heat flow w
q Volumetric heat generation W m?3
Q Capacitance of constant phase element S¢
Ideal gas constant, 8.314 J moflt K?
Reond Conduction thermal resistance Kwt
Rt Charge-transfer resistance through SEI Q
Ra Cell resistance due to conductivity of cell components Q
SOC  State-of-charge %
SOL State-of-lithiaton %
t Time S
T Temperature K
% Stoichiometric coefficient of redox reaction -
M Chemical potential of electrochemically active species kJ moft
Ho Magnetic permeability in vacuum N A2

Xiv



Symbol Description Units
U Applied potential Vv
\Y Voltage \
w Active material loading mg cm?
w Angular frequency rad st
Y Mass fraction -

Z AC impedance Q
Subscripts
a Activation
AM Active material
aq Aqueous
c Mass concentration
CcC Current collector
CE Coated electrode
cell Cell
coat  Coating
enc Enclosed
eq Equivalent
g Gas
J Imaginary
I Liquid
0] Oxidized species
Q Ohmic

XV



Symbol Description Units

r Real component

R Reduced species

] Solid

sup Supply

T Total
Theo  Theoretical

X x-direction
0.5C 0.5Crate
Abbreviations

AC Alternating current

B Baseline electrolyte (1.0 M LiRHkn 3:7 EC/DEC by wt)

CE Coulombic efficiency; counter electrode

Ccv Cyclic voltammetry; Charging valve
CwSb  Copper antimonide, intermetallic negative electrode material
DAQ Data acquisition

DC Direct current
DEC Diethyl carbonate

El Candidate MFE (1.0 M LiTFSI in 1:1 HFE-7000/EMC by vol)
EC Ethylene carbonate

EIS Electrochemical impedance spectroscopy
EMC  Ethyl methyl carbonate

EV Electric vehicle; Evacuation valve

XVi



Symbol Description Units

FR Fire retardant
GCE  Glassy carbon electrode
HFE Hydrofluoroether
ID Inside dameter
LFP Lithium iron phosphate, LiFePO
LIB Lithium-ion battery(ies)
LiPFs  Lithium hexafluorophosphate
LITFSI  Lithium bis(trifluromethane sulfonyl) imide, LIN(SCF)2
LTO Lithium titanate oxide, LiTisO12
LVL Lower voltage limit
MFE Multi-functional electrolyte
OD Outside diameter
PTE Platinum electrode
RC Resistor-capacitor circuit, elements connected in parallel
RE Reference electrode
SEI Solid electrolyte interphase
SEM  Scanning electron microscope
TC Thermocouple
TMS  Thermal management system(s)
UVL Upper voltagdimit

WE Working electrode

XVi



CHAPTER 1.INTRODUCTION

Batteries have become an indispensable electrical energy stordgemnier countless
different consumer, industrial, and defense applications. When Sony produced tbhenfingrcial
lithium-ion battery (LIB) in 1991, the demand has never ceased to incfegase 2009 to 2015,
the demand for the LIB is expected to grow from 4 billion units to over 8 bilimts [1]. In this
time, LIBs have eclipsed other battery chemistries to become the stangander most consumer
electronics and more recently electric vehicles (EVs) and hybrittielgehicles (HEVS). LIBs
account for nearly three-fourths of the secondary (rechargeable) battery nfaritetailed
economic analysis projects global LIB demand to grow from 61 GWh in 2015 to \W24b@
2020, with 22-41% compound annual growth for automotive applications during thaf2{ime
LIBs also have specialized applications in the aerospace industigaagcal industry, defense,
and grid storage. These applications range from satellite power systaunsliary power units
for aircraft to solar energy storage for homes.

Despite the growing market and diverse applications, LIBs are stgupt by inherent
thermal issues. These thermal issues include capacity fléldjssharge, and thermal runaway
[3]. None of these issues are as catastrophic as thermal runawagsa$cascading, exothermic
reactions that result in fire and possibly explosions. Scientists andeerg have devised
numerous thermal management techniques to limit the effects of gepdeit self-discharge, and
thermal runaway. Unfortunately, many of these implemented solutions abthe expense of
decreasing volumetric and gravimetric energy density of the pack.

The following sections will provide introductory information for LIBs. First, the
motivation for using LIBs will be discussed. Second, the electrocheimésats that guide the
function and internal heat generation of a LIB will be presented. Third, thenhemdal thermal
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limitations of a LIB will be discussed including thermal runaway and associalae$a Finally,
the organization of the remainder of this document is provided.
1.1. Motivation for Using Li-lon Batteries

LIBs are the industry standard for portable energy storage. No other commerciall
available and rechargeable battery chemistry weighs less@ed ss much energy in the same
volume. In fact, the next closest competitors to LIBs are nickel metal hydride (NiktHnickel
cadmium (Ni-Cd) batteries. Compared to these chemistries, LIBfaamuperior in specific
energy, energy density, and nominal cell voltage. For example, a&the-art LIB has a nominal
voltage of 4.2 V, a specific energy of 240 Wh'kgnd an energy density of 640 WH.Ln
contrast, a NiMH battery has a nominal voltage of 1.2 V, a specifiggné 75 Wh kg, and an
energy density of 240 WhL In addition, aNi-Cd battery has a nominal voltage of 1.2 V, a
specific energy of 35 Wh Kg and an energy density of 100 WH.ln other words, over three
NiMH or Ni-Cd cells must be placed in series to produce the sansgedss a single LIB; NiMH
require 2.67x antlli-Cd require 6.4x the amount of space to have the equivalent stored energy of
a LIB; and NiMH weigh 3.2x and Ni-Cd weigt
6.9x more than a LIB. To further illustrate tr
advantages of LIBs, Figure 1-1 shows the size :
mass of a 640 Wh battery in each of tl
aforementioned battery chemistries.

Secondary LIBs are also highly efficien
All batteries operate through the use of a pair

oxidation-reduction (redox) reactions who:

difference in standard reduction potentials ove@gure 1-1 LIBs Compared to NiMH and
Ni-Cd (Size and Weight Values are for 640
Wh battery)



their state of charge determines the voltage of the battergam reactions are classified by the
electrochemically active species losing an electron to incriea$ermal charge. The opposite

reaction is termed reduction, where the electrochemically aspeeies gains an electron to

decrease its formal charge. The transfer of electrons associ#eith@vchange of formal charge

of the electrochemically active species is what creates tladlesenergy in a battery. In the case
of LIBs the redox reactions can be understood by the change in the forma& chatigum, the

electrochemically active species:

Oxidation

Li® = Li*+e (1.1)

Reduction
To enable their high efficiencies, redox reactions in rechargéaltery chemistries are highly
reversible. For properly functioning rechargeable LIBs, the ratio of chargeityapatput to
capacity input is commonly > 99%. If the efficiency of the redox reactioad.IB is much less
than 99%, then it is not a viable chemistry for a rechargeable battery. The efficteipdyd with
the high nominal cell voltage, specific energy, and energy densitpitI1Bs are used frequently
in electric vehicle (EV) and hybrid-electric vehicle (HEV) powertasys. By comparison, the
efficiency of internal combustion (IC) engines can be as low as 25%thgitlemaining chemical
potential of the fuel lost as heat to the environmdht Waste heat recovery efforts can be
employed in an attempt to recapture some of the lost heat ererggver, the additional
component cost and minimal efficiency gains often limit their appiinatBattery-powered
vehicles also have the benefit of capturing energy that would norbmllgst during braking
When the driver presses the brafte electric motor’s polarity is flipped which turns the motor
into a generator that charges the battery. This converts the kinetyy @fi¢he car to electricity
that it is normally lost to frictional heat with conventional brakiygtems[5]. This further
increases the already high energy efficiency of a HEV and EV.
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Despite the improved efficiency over IC engines, EVs still facdesiges that limit their
widespread commercial adoption. These challenges include high lcae(gpproximately $400
kwh [6]), battery life uncertainty, and restricted driving range. The storedyemelumetric and
gravimetric density of a state-of-the-art LIB pales in comparismngasoline, which is
approximately 9,400 Wh 't and 13,000 Wh k§ respectively[7]. The order of magnitude
difference in energy density is the primary impediment to designingvawith comparable
driving range to a gasoline-powered vehicle. This forces the LIB pad&Rgsrio be much larger
and heavier in comparison to a gasoline tank. The highest stored eneildipack for an EV
is found in the 90 kWh Tesla Model S which translates to 270 miles of drzimge; however,
nearly 29% percent of the Model S vehicle weight is the LIB pack accaaimge estimat¢s].
This will continue to be a significant tradeoff for EVs.

Another significant market concern for EVs is fast charging. Consumers |lowkingke
the switch from fossil fuel-powered vehicles are accustomed to filliggsaline tank in a few
minutes; charging a LIB pack takes much longer. Charge time depends upohatgeng
infrastructure: AC Level 1 (120 V, 12 A), AC Level 2 (240 V, 40-80 A), and DCdiaarging.
The longer charging times from AC Level 1 and 2 chargers are supplemented by its convenience;
these charging infrastructures can be installed in the home of the conBnfarst charging
requires a much more robust charging infrastructure for the higher charging ciuemn
dramatically reduce charging times. Tesla has created a Superatedvgank that supply 120 kW
of DC power to rapidly charge its LIB packs. On its website, Teblaréises that its Superchargers
are capable of adding up to 170 miles of range in 30 minutes to a LIB ek starting with
10% charge remaining. (Charging a Tesla 85 kWh LIB pack with an AC lesearger would

require 61 hours to obtain a full charge.) These DC fast charging statibosntihue to evolve



and more EVs will be designed to charge on this infrastructure; the cBA&&nstandard being
developed calls for target charging power levels up to 130fW

LIBs also have high compatibility with renewable energy sourcesédworld strives to
reduce its fossil fuel consumption, the use of renewable sources of epetmues to grow,
particularly wind and solg®]. The growth in renewable energy consumption over the last three

years as well as the projected growth in the United Stagdevsn in Figure 1-2. Solar and wind

energy consumption are projected t 25
increase by 20% and 16% respectively i § 2.0 //
82
£m
2016. However, solar and wind energ z2s5'° 7 —Solar
§ = —Wind
consumption accounted for only a ven z§ 10T
3z
=
small fraction (2.6%) of the total energy “ 05 //—
. : : 0.0 ' :
usage in the United States in 2¢16]. To 2013 2014 2015 2016

Year
more effectively utilize renewable energy

Figure 1-2 US Solar and Wind Energy
generated from solar and wind, especially Consumption[9]
in times of minimum grid demand, an electrical energy storage mexdinrbe used. Solutions for
grid storage require daily usage and appreciable lifetimes (>10 yedrs)cost-effective. LIBs
are a potential solution for grid energy storage, particularly with honae aotl wind energy
systems. These alternative energy systems output DC power vemdbecdirectly input into a
battery without the cost of a DC-AC inverter. Tesla has recegithased its modular solution for
grid energy storage called Powerwall, a $3,000 6.4 kWh LIB pack. Homeownernsstalhthe

Powerwall and program it to store energy from roof-mounted solar panels orge offfaof the

grid at low energy demand times (e.g., when the energy cost is low).



1.2. Function of a Secondary Li-lon Battery

Every LIB contains three basic components: an anode, cathode, and akckabth of
these components can take a variety of different folinday’s anodes and cathodes are lithium
insertion electrodes: the active materials are capable of reeensgd@rtion and extraction (also
called intercalation and de-intercalation) of lithium ions. Thévaatnaterials are also stable
enough to store the lithium for long periods of time which enables the primaction of a
rechargeable battery: store electrical energy until it is redjudreodes and cathodes have different
redox potentials for lithium ion intercalation and de-intercalationticgs: The difference
between the redox potentials of the anode and cathode over the entirefrahgege is what
determines the voltage of the battery. The electrolyte suppliesxitieed and reduced species
for LIB operation: lithium ions. The electrolyte must maintain sufficient wettinthe anode and
cathode to supply lithium ions to electrochemically active surfatt®e active materials, contain
a high concentration of lithium ions (~1 M), and be electrically inswgago the anode and cathode
do not short. A brief introduction into the most common chemistries for the scaitiede, and
electrolyte are presented in the following sections.
1.2.1. Anodes

Lithium metal is the ideal anode for LIBs. It has an extremely hpgitiic capacity of
3860 mAh ¢, low density of 0.59 g cry and contains the most electronegative potential of any
electrochemical couple. Lithium metal anodes yield LIBs thatigineer and more power dense
than every other candidate LIB anode material. However, the implatioenof lithium metal as
an anode in LIBs is hindered by the growth of dendrites, which preferentially foem eharging
the battery at higher rates. These dendrites are capable of pteecseparator between the anode

and cathode, shorting the battery and instantaneously releasing the staggdad cell causing
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Figure 1-3: SEM Images of Graphite Anodes
thermal runaway (Section 1.3.1n addition, the lithium plating and stripping process associated
with its electrochemical couple is not fully-reversible. Thhkilin metal plates into a porous
structure that requires additional passivation by the electrolyta,ietre battery is charged at a
very low rate. This causes continual performance degradation consigteSEI decomposition
and reformation on the porous structure. Further discussion on lithium metal doodes
rechargeable LIBs can be found in the review written by Xu ¢t H].

Due to the issues with lithium metal, LIB anodes are primardpufactured from graphite
particles coated on a thin sheet of copper. The graphite particlggpiaadly 15 um in diameter
and are coated 60 um thick onto a 10 um thick copper sheet (Ei)rd he redox reaction of

lithium intercalation or de-intercalation into graphite is:
Charge
C+yLi'+ye = LiC (1.2)
Discharge
Potentials at which LIB redox reactions occur are often referencgabvine Li/Li redox reaction:
Li* +e" = Li°%, (1.3)
Note that the 4 state is lithium in its solid state, meaning that lithium besn plated on the
electrode surface if lithium ions have been reduced. This is an impodasideration in the
selection of anode active materials. Reversible anode active atgterLIBs will always have a

redox potential that is greater than the Li/k&édox couple to avoid the lithium plating reaction
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(and subsequent likelihood of dendrite formation). Standard reduction potentials found in
chemistry textbooks are all typically in reference to the standattbggn electrode or normal
hydrogen electrode (SHE or NHE) which is governed by the redox reaction:

2H" + 28" = H,, (1.4)
The absolute electrode potential for the SHE reaction occurs at 0.41 V. This vektagsidered
the zeroing point forlastandard reduction potentials. The Li/kédox reaction occurs at -3.04 V

vs. SHE; the Li/Lt redox potential 14

versus itself is 0 V. For graphite, th 12
—— Lithiation
redox potential varies dependin _ —Delithiation
>
~ 0.8
upon the lithiation state of the %
5 06
>
graphite particle (i.e. how mucl 04
lithium is stored in the graphite 0.2
_ 0 . | . RN
structure). The theoretica 0 20 a0 60 80 100

State of Lithiation (%)

maximum lithium storage capacity,_. o L _
Figure 1-4 Lithiation and Delithation of Graphite at

in graphite is LiG, or one lithium C/30 Rate, Voltage vs. Li/Lt

equivalent to every six carbon. If the graphite patrticle is fullydtdd (charged state), the redox
potential is typically around 0.05 V vs. Lifiin a fully delithiated state, the redox potential is
typically around 0.8 V vs. Li/Lli This can be visualized in Figure 1-4.

The copper sheet is called the anode current collector; it$®thiee and sink for electrons
for the redox reactions of lithium intercalation or de-intercalation in grapbdpper is chosen
because of its very high electric conductivity and relatively tost compared to other high
electric conductivity materials (silver and gold). Graphite is comgnfound in LIBs because it

is capable of reversibly cycling and has a very low potential vé&rALis which enables cells with



higher nominal voltages. However, the reversibility of graphite asteue acaterial is somewhat
limited by the subsequent volume expansion (up to 1) in its fully lithiated state from its
original delithiated state. Fatigue from the mechanical expansionamtihction of the graphite
structure during charge and discharge is one of the primary capacitsnéstenisms currently
being investigatetch commercial LIBs [13].

There are many other anode chemistries that are functional for LIBs, alidi wave
higher redox potentials versus LifLihan graphite. This can cause the nominal cell voltage to
significantly reduce, which reduces the benefit of the li-ion cheyniser the Ni-Cd and NiMH
chemistries. For example, lithium titanate oxide (LTQ,TLlgO12) is a highly reversible anode
active material. However, LTO has a redox potential versus™LoLiL.5 V. If LTO is selected
over graphite as the anode active material, the nominal cedigeotif the LIB is reduced by over
1V. This causes a significant drop in the stored energy of the cell. However, LTO is pethside
no-strain active material: its lattice expansion and contracjpam lithiation and delithiation is
less than 1%14]. This property alone eliminates the primary failure mechanismpigtes
graphite anodes and enables high capacity retention and long cycle life.

An entirely different class of anodes for LIBs are intermetallics. Intediiee anodes
produce useful capacity by the formation of intermetallic phasédithiium and a base metal,.
The base metal can be Mg, Si, Sn, Sb, among many dttigrsThe general reaction for an

intermetallic anode is:

discharg e
LM —=XxLi" +xe + M (1.5)

charge
These intermetallic anodes have very high theoretical specdrgeltapacities. For example, a
silicon anode has a theoretical charge capacity of 4200 rmtAkhgn alloyed to form LESis—

over 11 times that of graphif#6]. However, the subsequent volume expansion for the Si metallic
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structure to accommodate the lithium is approxitya8¥0%][16]. This substantial expansion is
the primary drawback of using intermetallic anodes over graphite. The etlaraxpansion of
intermetallic anodes can be reduced by the addition of a third, nonageaettal, at the expense
of the high specific capacity. One such example is copper antimonid8h)Cin this instance,
non-reacting copper is alloyed with the reacting metal, antimony,dtedtee base metal structure.
Cu:Sb has a theoretical specific capacity similar to that of graf@#&mAh ¢!, and a volumetric
expansion of only 42% when fully reacted to forrdSb[17]. Further discussion is provided on
CwSb in Section 4.4.1.
1.2.2. Cathodes

LIB cathodes are much more diverse and vary significantly depending upon g@agver
energy requirements. A typical high energy LIB cathode will contaistaltine active material
particles (~15 pum in diameter) coated 60 pm thick onto a thin, 15 umahedatinum. High
power LIBs will have cathode active material particles that<dr pumin diameter to reduce the
diffusion lengths of li-ions into the active material particle. Theatam in the size of active
material particles can be seen in Figure 1-5. The size aictivee material particle dramatically
affects the rate capability of battery: smaller diameteveaatiaterial particles have a greater

surface area to volume ratio and smaller diffusion lengths. Redox reactioms aydg at

LFP
Particles
<1pm

LMO
Particles

NMC
Particles

Cat

CsuU

Figure 1-5 SEM

15.0kV

Images of

hode Active Material Particles
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interfaces; therefore, if the active material particle has a lsugace area, it will have more
electrochemically active area in contact with the electrolyte aneladey rate capability.

Most of the cathode active materials consist of metal oxides at pleisphates. The most
common formulations include lithium manganese oxide (LMO, L@®4 lithium cobalt oxide
(LCO, LiCoQ®), lithium nickel manganese cobalt oxide (NMC, LiBWINn13C01302 or
LiNi 12Mn1/3C01602), lithium nickel cobalt aluminum oxide (NCA, Lib#C0o.15Al0.0502), and
lithium iron phosphate (LFP, LiFeR The redox reaction for lithiation and delithiation of LMO

is as follows:

Charge
LiMnO, = Li,_ MnO,+ xLi" + xe (1.6)

Discharge

This redox reaction is similar for all the other cathode active nadgefihere are countless other
derivatives of these metal oxides and phosphates that have beeigatedsind patented that seek
to increase the redox potential versus Lifia produce a higher voltage and energy battery. Some
of the new cathode active materials have redox potentials up You&5Li/Li* [18]. Regardless
of the chemistry, each of these active materials have a different redox potestial MéLi*, and
the redox potential changes as a function of lithium content. The redatigisteersus Li/Li for
NMC, LFP, and a blend of LMO and NMC are shown in Figure Th& difference between the
potentials is due to the difference in the work functions of cathode acéitezials, which is the
amount of energy required for electron transfer for lithium oxidation or reduftn The
LMO/NMC blended cathode will deliver the highest nominal cell vatamd stored energy
density, whereas the LFP cell will have the lowest nomirlavoage and similarly low stored

energy density.
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The selection of the cathod 45

active material in a LIB is primarily

a0 }
driven by application, manufacturin =
< 35
cost, and safety. In instances of hi¢
. % 3.0
power (drawing large currents fron =
i —NMC
: . 25 | —LFP
the battery), LFP is the best option : ! — LMO/NMC
it is capable of high rate performanc 20 L
0 20 40 60 80 100
with minimal material degradation State of Lithiation (%)

igure 1-6: Lithiation of Cathode Active Materials at

However, in applications tha /30 Rate, Voltage vs. Li/Lt

demand high energy storage, LFP is not the best option because its volumetriy capamller

than for other chemistries and it has the lowest redox potestsiiy Li/Li" of common cathode
active materials. Table 1-1 contains properties of some commonlyedpgpdithode active
materials. It is common to find various derivatives of cathode eaatiaterial particles. In Table
1-1, NMC has two different formulations that yield similar restdtsgravimetric and volumetric
capacity. NMC 2 contains less cobalt, and is consequently less axpansi more thermally
stable than NMC 1; however, NMC 2 has a lower rate capaffifily Managing these tradeoffs
encompasses the active material selection process for desigBsmavhich is well-illustrated in

the technical paper written by Matthe et al. on the Chevrolet[¥b]t

Table 1-1 Physical Properties of Some Commonly Applied Cathode Active Materials
Crystallographic Gravimetric Volumetric  E°vs.

Material  Chemical Formula Density Capacity Capacity  Li/Li *
g cnt® mAh gt mAh cm?® \%
LMO LiMn 204 4.37 148 648 3.8-4.2
NMC 1 Li(Ni 13Mn12Co1/3)O2 4.77 280 1334 3-4.5
NMC 2 Li(Ni 12Mn13Co1/6) Oz 4.77 278 1329 3-4.5
LFP LiFePQy 3.60 170 612 3-3.5
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1.2.3. Electrolytes

LIB electrolytes can take several different forms and phases: lppligner, solid, or ionic
liquid. In general, liquid electrolytes have low viscosity, high i@acductivity, and are extremely
flammable. Polymer electrolytes have a significantly higheiogisg and lower ionic conductivity,
but still contain the similar components that make liquid edéges extremely flammable. Certain
ceramic structures are capable of li-ion conduction and can seaveedsctrolyte; however, the
temperature at which the lithium diffusion processes become funcisomaich higher than the
practical use temperatures of a LIB. lonic liquids (molten salts) have theshigonductivity, but
must be maintained at a high temperature to remain in the liquidcstaen ionically-conducting
electrolyte.

The state-of-the-art liquid electrolytes for LIBs are a mixture of tovthree nonaqueous
organic carbonate solvents with an inorganic lithium salt. Common organimegebsnlvents
include ethylene carbonate (EC), dimethyl carbonate (DMC), ethyl methyl carbonate (EMC), and
diethyl carbonate (DEC)Of these organic carbonate solvents, DMC, EMC, and DEC are
extremely flammable, all having very low flash points. EC is foundlmost every liquid
electrolyte due to its high dielectric constant, which increasasapability to solvate inorganic
lithium salts, and its ability to form and maintain interfaciabgity on both the anode and cathode
[22]. EC cannot serve as the sole solvent for LIB electrolytes bechisea isolid at room
temperature. However, EC readily mixes with DMC, EMC, and DEC to ftgatrelyte solutions
that have low viscosities (mixtures can remain ligattemperatures down to -30fthat enable
li-ion transport with ionic conductivities ranging from 5-10 mS'¢a8].

LIBs do not contain lithium metal. The source of lithium ion&sum salt that is solvated

to form the electrolyte. Lithium salts are categorized as inorganic aniorgprganic salts contain
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carbon, whereas inorganic do not. The primary difference is evident in the chemical sandture
the size of the anion when the salt is solvated. Inorganic sa#srhach smaller anions, and
consequently require solvents that have &igtielectric constants in order to be solvated and
remain solvated. The larger anions of the organic salts have a neat@rgharge distribution and
can be solvated with fluids that have much lower dielectric constargddition, large anion size
will typically result in a higher electrolyte viscosity, which causes loaeiciconductivity[24].

The most common inorganic lithium salt is lithium hexafluorophosphak). LiPFs
has been the LIB industry standard for a lithium salt duts togh ionic conductivity and stability
with a variety of cathode and anode chemistries after initialf&Elation cycles have been
completed. Unfortunately, LiRfas very poor thermal stability and can readily form hydrofluoric
acid when exposed to water. Other inorganic lithium salts include litpenchlorate (LiCIQ)
and lithium tetrafluoroborate (LiBfy; but are not common in commercial products due to their
poor compatibility with the cathode aluminum current collector at higenpials. Organic lithium
salts have been extensively investigated, but are not typfcaihd in commercial LIBs due to
ther lower ionic conductivities than inorganic salts. The most prominenudaclithium
bis(trifluoromethane)sulfonimide (LITFSI, LIN(SCR)2) and lithium
bis(perfluoroethylsulfonyl)imide (LiIBETI, LiIN(S&LC2Fs)2). The attraction of using organic salts
originates from their high solubility in solvents that have much loweedtét constants and high
thermal stability. Their high solubility is due to the negatitiarge distribution that spreads over
the large anion molecule of the organic salt (the [N(F&)2] * anion of LiTFSI salt is much larger
than the [P anion of LiPk salt). Therefore, once an organic salt is solvated, it is highlyaiyli

that the lithium ion will be attracted to its bonding site on thierabecause there is a minimal
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charge attraction. Their high thermal stability is due to théhptatof C-F bonds in the anion,
which are far stronger bonds than the P-F bonds ofsl[IP5.

1.2.4. Separators

Separators for LIBs must
electrically insulating, allow for Iithium-ion .
migration, and provide enough mechani : :'
strength to withstand cell manufacturi =X
processes. Microporous polyolefins such |
polypropylene (PP) and polyethylene (PE)

commonly used as LIB separator materiagsmms -

ure 1 7: Planar SEM Image of Mlcroporous

Either of these materials can be manufacturlgg Separator

into a thin ~20-25 pum sheet with >40% porosity with a pore size rangingOfii@3r0.1 uni26,
27]. A SEM image of a PP separator is shown in Figure 1-7. The €Paidy elongated in a
preferential direction and has significant porosity. A common commigrpiadduced LIB
separator manufactured by Celgard is a trilayer structure of PP/PHfieR kas a combined
thickness of 25 um. This architecture affords inherent thermal protectioheirevent of
excessively high battery temperatures. The PE structure m&BS A€ (below that of PP, 165y
behaving as a thermal fuse to any further lithium-ion traf2@}r Separator materials are not
limited only to polyolefins. As mentioned in Section 1.2.3, the developmeuwlidfedectrolytes
precludes the need for a conventional separator. One such example @&ssheeghmiti>S-P.Ss
which is capable of lithium-ion conduction and electrical insulatiaswéVer, solid electrolytes
have yet to see commercial adoption due to inferior performance compdied electrolytes

[28].
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1.2.5. Li-lon Battery Function

Charging and discharging

LIB causes equal, but opposit T 2
e Anode Cathode f e

redox reactions at the anode ai Electrolyte ® =
200

cathode. In all instances of LIE & 2 %°% N7 « Yo i
on AR s
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anode and cathode is maintaine

For illustrative purposes, the anoc

active material is graphite and th == nes
A /
cathode active material is LMO ircucurent === . - Al Current
Collector Gragheine Li Solvent Collector
. i L. structure Nekede LiMO: layer
Figure 1-8. During charge, lithiurr structure

Figure 1-8 Schematic of a LIB During Discharge[24]
ions intercalate into the graphite active material in the anodeth®electrolyte. The intercalation

into graphite causes the potential of the anode versus t@/ldecrease. In its fully lithiated state,
the potential of graphite is 0.05 V vs. LifLiSimultaneously, lithium ions de-intercalate from the
LMO active material into the electrolyte at the same ratéha anode. The de-intercalation of
LMO causes the cathode potential to rise versus Lifeaching a maximum of 4.5 V in the fully
delithiated condition. The electrons required for the reduction of lithiiongraphite during the
intercalation process is supplied from the oxidation of lithium from LMO. dlaetrons travel
from the aluminum current collector, through the external circuit adth¢b the battery, and
ultimately to the copper current collector. The total cell voltaghe fully-charged state is simply
determined as 4.50.05V =4.45 V.

During discharge (Figure 1-8), the graphite delithiates, oxidizingtdt®d lithium back

into the electrolyte. This causes the voltage of the anode taga;reventually reaching 0.8 V vs.
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Li/Li *. Subsequently, the LMO lithiates, reducing lithium into its struclume the electrolyte.
The reduction of lithium causes the voltage of the cathode to decreastiadly reaching 3 V vs.
Li/Li *. The electrons travel from the copper current collector, through the extecuidt aftached
to the battery, and ultimately to the aluminum current collector. Tiaé ¢ell voltage in the
discharged state is determined as@8 V = 2.2 V.

The charge and discharge rate of a LIB is defined in terms of a C-RegeC-Rate is
determined from the charge capacity of the batt€y)X and is normalized by the curref,
required to fully discharge the battery in 1 hour (i.e., a 1C discharge currediseiiarge the

battery in 1 hr).
C-Rate= % (1.7)

The required charge or discharge current for a particular rate is detdriy dividing the capacity
(in Ah) by the number of hours for the charge or discharge. For a 5 Ah bat@ty(@5 hr)
discharge will require a current of 20
1.2.6. Li-lon Battery Heat Generation During Normal Operation

During charge and discharge, LIBs internally generate heat which sesrethe
temperature of the cell if it is not appropriately dissipated. lalldnoiBs, such as a cell phone or
laptop battery, the internal heat generation can easily be desipathe surrounding environment
simply due to their small form factor and their low rates of charge aotalige. Large LIBs, such
as those found in an EV, internal heat generation and appropriate disspatsgnificant design
consideration for successful and safe implementation. The electrochemicahiseshiay which
heat is internally generated in a LIB is presented in this section.

The rate at which electron-transfer reactions (i.e., redox reactionsaitesy) occur is a

function of the applied potentidll [29]. The applied potential must either be greater or less tha
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the equilibrium potential of the redox couple to drive the reversibletiogain the preferred
direction. The Nernst equation is used to describe electrochgmiealtrsible reactions by
relating the measured electrode potenti&lto the standard reference potent#l, and the

thermodynamic state of the electrochemical cell:

E= EO+E nﬁ (18)
nF ag

whereR is the ideal gas constarit,is the temperature of the cefl,is the number of electrons
transferred in the redox reactidnijs Faraday’s constant, a is the activity of the electrochemically
active species, andis the stoichiometric coefficient of the redox reaction. The agtofitthe
electrochemically active speciesan be determined as follows:

Hi —,Uie

a=err (1.9)

wherep is the chemical potential of the electrochemically activeisge Chemical potential is an
intensive thermodynamic property of the species and is calculated Gybibefunction. The heat
generated by a LIB during normal operation is a function of current genesgidsbd potential,
equilibrium electrode potential, and potential distribution throughout the battery. Bemaitaal.
[3] provided the following equation for volumetric heat generatinin larger format LIBs that

relates these quantities:
m s aU 2 2
q =1 U-E _T6_T + (G|V¢| )cc,pos+ (O-|v¢| )cc,neg (110)

wherei™ is the volumetric current generation of the battery. The quautit is the overpotential

of the cell,s, which is discussed further belom?# is the entropic heat coefficient, which

describes the reversible change in the open circuit potential afethes a function of cell
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. . - 2.
temperaturec is the electronic conductivity of the current collector. The quam1@¢| is the

is a three-dimensional representation & Joule heating derived using Ohm’s Law, and is
calculated by multiplying the electronic conductivity by the squaf the divergence of the
potential field.

The overpotential in LIBs is a consequence of three independent components:
N="1a+0.+1c (1.11)
The first is the overpotential due to the ohmic resistance of the rgell The potential loss

associated with overcoming the ohmic resistance of the cell s isgmediately upon the
application of current. The resistance of the cell is directlyeél&d the conductivity of the
materials and electrolyte used. The second term in Equation (1.11)osctipotential due to the

charge transfer or activation resistance of the electrochemical pes@dshe electrolyte-electrode

interface,n, . This portion of the overpotential is what provides the driving force for etteaigsfer

through the electrical double-layer of the cell. The iashe overpotential due to mass transfer

limitations, 7.. This overpotential is what drives the ions in the direction of the otraten

gradient. The final two terms in the volumetric heat generationtiequaf a LIB are often
negligible in smaller format LIBs (cell phone and laptop batteries); enve¢hese terms are
significant in larger format LIBs (such as those found in EVs) due tdis@mi concentration of
current in the tabs during high rate events.

Larger cells are much more susceptible to the negative effecisaed with internal heat
generation. Kim et a[30] modeled the internal heat generation of a 15 Ah LIB as a function of
discharge rate. The cell is identical to the one used in the CheVadteand the cell dimensions

were 19 cm tall x 14.3 cm wide x 0.5 cm thick. Kim showed at highhdige rates (5C) the
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battery surface temperature increased 17°C in the regions of &y @ttt to the current collector
tabs where the current density is very high, while other regions flatiagy from the current
collector tabs saw no temperature increase. Large temperature déepmesent within the cell
illustrate that current thermal management systems are notetetgmffective. In addition, these
temperature differences cycle the active materials of therpait different rates, which can cause
non-uniform aging as the cell is cycled.

1.3. Fundamental Thermal Limitations of Li-lon Batteries

State of the art LIBs are inherently dangerous due to the high flahitgnabthe organic
carbonate solvents used in the liquid electrolyte and the thermal ingtabthhe most commonly
used inorganic lithium salt, LiRAnternally generated heat during cycling must be dissipated with
a thermal management system or by heat rejection to the environment. I&rasl| temperature
will rise. Once the cell temperature rises to X50°IBs see significant performance degradation
and can often fail catastrophically.

Bandhauer et a[3] reviewed the thermal limitations of LIBs. The authors concluded that
the most prevalent thermal issues are capacity fade, self-discharge, arad theaway. Each of
these thermal issues have a different impact on a LIB withngaopnsequences. A brief review
of each is provided here.

Capacity fade has been repeatedly observed in LIBs when the celra¢ungeéncreases
beyond 50°C. The solid electrolyte interphase (SEI), a passivating flayeed between the
electrode and the electrolyte, is known to be very unstable at heghpetatures. The SEI layer
forms upon initial cycling of a LIB and its initial formation is chaeaized by an irreversible
capacity loss when charging and discharging the cell for the firgt firhis is due to the

consumption of lithium ions in the electrolyte that become part afélsemposition products in
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the passivating SEI layer. At higher temperatures, the SEI becesestable which causes
additional decomposition products to be formed, consuming even more lithiunTf@snore
lithium ions that are consumed in the decomposition products, the lesatheoeparticipate in
the redox reactions in the battery. As one study has shown, cgclilgjat temperatures >50°C
can cause significant, irreversible capacity fade up to Bl% Recently, capacity fade due to
increased LIB cell temperature grounded the Solar Impulse 2, a solareggpl@ne attempting to
fly around the world. The on-board LIBs overheated during ascent resulting imsibéeapacity
loss, enough to no longer provide enough power during the nighttime portion of fB@hts
Further discussion on the impact of capacity fade specifically in ssaNLEAFEV LIB pack is
given in Section 2.2.

Self-discharge is characterized by a loss of capacity after bearged and stored for a
long period a time (typically several months). When the LIB is then usedpacity is much less
than the capacity it had when it was originally charged. Theafaself-discharge is temperature
dependent: higher temperatures equate to higher self-discharge ratel8 Thae be recharged to
its original capacity and operate normally. Therefore, self-dischargetisan irreversible
performance degradation mechanism over the lifetime of a LIB. Howeverth#imal issue is
extremely relevant in applications in which charged LIBs mustdred for long periods of time
and provide useful energy when required. Self-discharge reduces the capacity of atstatatof-
LIB at a rate of approximately 0.44% per day when stored at &B]C

Capacity fade and self-discharge are relevant thermal concemsealitconsequences to
the end user. Engineers must understand these limitadndesign LIB management systems
that mitigate these thermal effects. The final and mostakrithermal issue that remains to be

addressed is thermal runaway.
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1.3.1. Thermal Runaway

Thermal runaway can generally be classified as irreversible ¢gagoaxbthermic reactions

that can spontaneously occur at battery temperatures greater than 80°C. WdBd]giralvided

a detailed review of the mechanisms of thermal runaway in LIBs. A swiefmary of thermal

runaway events is given below:

1.

2.

At temperatures as low as 69°C the SEI layer on the anode begins to decompose.

The SEI components decompose exothermically from 90-120°C.

The liquid carbonate electrolyte readily reacts with intercalatedirh in the exposed

anode (due to the decomposed SEI layer) to produce flammable hydrocarbons such a
ethane and methane. This typically occurs around 100°C, but has been observed at
temperatures as low as 68°C.

At 130°C, the polymer separator melts allowing the cathode and the anode to short.

The metal oxides of the cathode materials begin to decompose prowxiitiwer to the
flammable hydrocarbons.

If the LIB does not have a pressure relief vent, the cell will explod@afilg the mixing

of the flammable hydrocarbons and oxygen.

Steps 1-3 can happen in any particular order, and once thermal runateateis, $ often self-

propagates to complete failure. Thermal runaway is a severesafiesrn in all LIB applications.

If the LIB temperature is not maintained below &he progression to thermal runaway becomes

a real possibility.

1.3.2. High Profile Li-lon Battery Failures

The adoption of LIBs particularly in the aviation and automotive indushr@ssbeen

consistently challenged by thermal runaway failures. Some of the themaavay failures have
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occurred despite active thermal management systems for the battery pack. Some highiprofile
thermal runaway failures are reviewed here.

The aviation industry has only recently applied LIBs due to the high umtgrtd their
thermal stability. Boeing spearheaded the first commercial effort to intrddBsanto airplanes,
requiring the FAA to develop safety regulations to approve the use of LIBs. Boeing’s 787 was the
first commercial airliner to use LIBs, and flew without incident frotdber 2011 to January
2013. On January 7, 2013, the Auxiliary Power Unit (APU) in a Japan Airlioesng 787
Dreamliner caught fire while the plane was parked at the gateganLinternational Airport in
Boston, MA [35]. No one was injured during the incident. The APU consists of 8-75 Ah
graphite/LCO cells (Figure 1-9). The NTSB final rep[®%] concluded the fire was caused by
thermal runaway in the APU battery. The incident grounded the entiree&#dt three months
while Boeing battery engineers designed and implemented FAA-approvddmd@ifications.
The original design of the APU and FAA-approved modifications do not coatay active
thermal management systeBoeing’s analysis of the failure concluded that the only possible
trigger for thermal runaway in the APU battery was overcharging. eNTSB final report states
no overcharging was observed by the battery monitoring units leadinghgotbme of the thermal

runaway event. Therefore, the true failure mode of the APU was amified. True to their
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Figure 1-9 Boeing APU Thermal Runaway (Left: Fire from APU; Middle: New APU; Right:
Failed APU) [35]

23



analysis Boeing’s solution is primarily focused on preventing overcharging by reducing the
battery voltage limits and reducing the rate at which the APU is charged. lioaddfié solution
introduces a 68 kg stainless steel containment box for the 28 kg APU aliid andiedicated vent
line to the belly of the aircraft in the event that thermal runase@s occur. Full details of the
approved solution are provided by Mike Sinnett, the Vice President antiRCbduct Engineer
at Boeing36].

In addition to the aviation industry, LIBs are also becoming much moralprevn the
automotive industry. The automotive industry has seen a surge in constenest to purchase
fully-electric and hybrid-electric vehicles (EVs and HEVSs) to redigggendency on oil and avoid
the corresponding dramatic market fluctuations with oil prices. HE¥ sésy broad classification
of vehicles. Vehicles like the Chevrolet Volt, commonly thought cdiragV, are more correctly
termed a series HEV. Series HEVs are powered only by theieldgtetrain. This means the LIB
pack is capable of providing enough power to fully propel the vehicle. Sdfiés Blso contain a
small IC engine which acts a generator to charge the LIB pack or tdhdpewer the electric
motor. The addition of the IC engine extends the range of the vehicle aratidediynlessens the
energy storage requirements of the battery palck he 2017 Chevrolet Volt uses a 1.5 L gasoline
engine in tandem with an 18.4 kWh LIB pack that enables up to 53 miles exfybaittly driving
and a further 367 miles of range on gas.

The application of LIBs in HEVs and EVs has even more challetigms Boeing
experienced with its APU. Namely, the energy requirements of batéeks are significantly
larger. The HEV Chevrolet Volt LIB pack has an energy capacity of 18.4 kWhEVh€&esla
Model S LIB pack can be configured to have an energy capacity up to BOBy\comparison,

the energy capacity of Boeing’s APU is 2.22 kWh. The greater energy requirement for EVs
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necessitates larger battery packs. Larger packs consist of hundreds ihvoexsands of individual
LIB cells that must be properly managed to minimize the risk of thewmmalway and maintain
the longevity of the pack.

Despite the massive engineering challenge, the Chevrolet Volt and Tesla3/m@eiwo
examples of engineering successes in implementing LIB packs inTB¥se vehicles have both
been rated 5 stars for overall safety by the National Highway Tr&Hiety Administration
(NHTSA) for all years that the car has been manufactured. Theshigty ratings arise mainly
from the necessary protection for the LIB pack powering the vehicle. Thigsesitmificant
chassis reinforcement to prevent damage of the pack during cagrasciflesla has gone so far as
to protect its LIB pack with a ballistic shie[87]. In addition, both of these vehicles employ
sophisticated thermal management systems for the battery packaifedleeview of current
thermal management systems for vehicle LIB packs is given in Chapter 2.

However, both the Chevrolet VdB9] ard Tesla Model $40] have experienced LIB fires
due to thermal runawayA thermal runaway event in the Chevrolet Volt occurred while a 2011
version ofthe vehicle was parked outside of the NHSTA’s crash testing facility. The vehicle had
undergone side-impact crash testing three weeks prior to the incident leavingstirecpking of
the LIB pack with minor damage. There were no initial signs of thermal mynanmediately

after the side-impact crash testing was performed. Figure 1-10 shewsrious event stages

N DL
Flgure 110 Chevrolet Volt Event Series (Left: Side-Impact Test 'Mlddle LIB Pack
Damage, Right: Post Thermal Runaway Event)38]
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leading up to the thermal runaway eveXIHSTA’s final report [38] indicated that the transverse
stiffener located under the driver’s seat had penetrated the tunnel section of the battery
compartment during the side-impact crash test, damaging the LIB Télls damage was
attributed to causing the thermal runaway event. NHSTA was unablkeplicate the thermal
runaway event ifiour other similar crash tests and the event was considered to be isolated.

A Tesla Model S thermal runaway event occurred after the LIB pack wasraed by
unidentified road debris while travelling at highway speeds. Elon Musk, CEO of Tedtassed
the incident in a Tesla blog pdgtl], and provided details of the thermal runaway event. After
initial penetration of the LIB pack, the onboard alert system directed the driver to stop and depart
the vehicle. The vehicle drove approximately 0.8 miles before the driver was atup tnd exit
the vehicle without injury. At this time thermal runaway occurred inftbet battery module.
Internal fire walls within the pack limited the fire to only th@mpromised front modules (there
are 16 total battery modules that comprise the pa8H)'SA’s investigation of the Tesla Model
S LIB fire concluded that the incidents were isolated and were not caused by a defect in the car’s
design[42]. Since the incident, Tesla has added further undercarriage protectionL¢B thed
increased the default vehicle ride height at highway sdd8{ls

In both instances of the LIB thermal runaway failures in these vehiegesells within the
pack were damaged by external penetration. Countless other LIB failmesdrirred due to a
multitude of different reasons including poor thermal managenf82jt poor charger design
resulting in overchargingt4], and poor cell manufacturiig5]. Additional LIB thermal runaway
failures are discussed in a report released by the National Firectyot Association[46].
Adoption of LIBs in both the aviation and automotive industries will contiouedrease, and the

challenge to minimize the potential for thermal runaway may alsospehsiaddition to the

26



structural protection of the LIB pack, significant consideration needs tosée @ the design of
the battery thermal management system as well as theybataitoring system. The physical
design of LIB cells is also a paramount design consideration adetigisnines the heat transfer
properties such as the thermal resistance. Thermal resistamegsisiperature drop that will occur
across a body when a certain amount of heat is conducted through it. Thexdfody that has
thermal resistance will require a temperature gradient to condadtetht. This is of particular
concern for LIB design, as the thermal gradients can become so largetpatatures within the
cell can increase past reversible use temperatures (>50°C). An overview of the thsistaice
properties of two different, commercially produced LIBs is presented in Section 2.1

1.4. Thesis Organization

In the following chapters, the motivation, design, and experimentabtaindof a multi-
functional electrolyte (MFE) for the internal thermal managemerd biB is presented. The
thermal and electrochemical performance of the MFE is charactéhmaehyh non-boiling and
boiling electrochemical experiments. The resulting data prove thiifiyaf the proposed
internal TMS that relies on the MFE.

Chapter Two presents a review of the literature on current efforts to méeatiermal
limitations of LIB. First, the thermal resistance of a LIB iscdssed with two commercial cell
examples. Second, current TMSs employed in electric vehicles) (&¥sdiscussed. Third
previous research efforts to modify the electrolyte@iB to improve the thermal stability are
reviewed. The literature review highlights the novelty of usingRENh the proposed internal
TMS. Chapter Three describes the proposed internal TMS and the requiremetstpfoper
function. This includes the required LIB cell modifications to endi#eliMS and a detailed list

of electrochemical and thermal requirements of the MFE. The proposeddifionents are also
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presented, which include a volatile co-solvent, carbonate co-sofwehtithium salt to form the
MFE mixture. Chapter Four contains the non-boiling experimental resultshaedcterize the
electrochemical performance of the MFE. Relevant theory, setup, and procadumgen for
every experiment performed. All results of the MFE are directly compgaredconventional
electrolyte mixture to appropriately assess the electrochemidalpance impact of the novel
MFE mixture on a LIB. Chapter Five presents the boiling experimentdtsesed to evaluate the
thermal and electrochemical performance of the MFE under extremeailredsuse. To enable this
experiment, a custom electrolyte boiling facility was constructed. désign, fabrication, and
experimental capability of the boiling facility are discussed. Chapiepi®vides concluding
remarks and recommendations for future work. Although the feasibility of the propbseathi
TMS was proven, the MFE mixture is far from achieving its optetedtrochemical performance.
Suggestions for MFE refinement and further validation of the internal TM@\ae. Finally, the
appendices provide supplemental information on the material preparation procedures used for the
experiments performed in this work. Specifically, the electrolyte soldegassing procedure,
cyclic voltammetry working electrode polishing procedure, the slurryebatectrode coating
procedure, electrolyte boiling facility component list, and details of theonple calibration for

the electrolyte boiling facility are given.
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CHAPTER 2.LITERATURE REVIEW

Research efforts on advancing LIBs are divided into two fie{dl}:increasing the
performance an(R) improving the safety and implementation. To increase performancetistsie
and engineers modify the cathode, anode, and electrolyte chemistry to leghbtecell voltage,
specific energy, and energy density than the state-of-the-art LIBs. pmven safety and
implementationinvestigators work to design more effective thermal managemenbsslutreate
more accurate thermal-electrochemical models, and modify tieecstthe-art battery chemistries
to have better safety with minimal impact on performance. In this ehdpe thermal resistance
of a LIB is discussed. Afterward, a review of the literature for LIB themeamagement systems
is presentedFurthermore, because the current investigation focuses on new multi-functional
electrolytes, prior work by various investigators to modify electradgtmpositions to improve
safety of LIBs is also discussed. Deficiencies in the literatteréh@n identified, followed by the
summary of the approach taken in the current investigation to address these tisitatio
2.1. Thermal Resistance of a LIB

LIBs can be manufactured in many different formats. Large battery pam&alty consist
of cylindrical (e.g., 18650 and 26650 formats), prismatic, or pouch cell designs. @dlridrmat
LIBs with numbers 18650 and 26650 correspond to the size of cylindrical can thahsdhéai
battery materials. For example, the diameter is 18 mm and the is6&tld mm for an 18650 cell.
Cylindrical cells are the most easily manufactured and one of the nmstaoformats of LIBs.
Tesla utilizes 6000+ 18650 format graphite/NCA cells in a single mapkwer its EVs. Single
strips of the anode and cathode electrodes along with separator are wound simultaméaunsly t
a cylindrical jelly roll. The cylindrical jelly roll is then sedlén a steel cylindrical can. Prismatic
cellsare similar to cylindrical, but can take many different forms and w#igiing stored energy
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capacities. The electrodes and separator are typically wound wtecdiesd minimum width
producing more rectangular jelly rolls than cylindrical cells. In additiager format prismatic
cells house their jelly rolls in aluminum or stainless steel t@atsare often rectangular in shape.
(Boeing’s 75 Ah cell utilizes this design.) Pouch cells are often a preferred LIB cell architecture
due to their high packaging efficiencies which can approach 90@BPackaging efficiency is
defined as the volume of battery materials divided by the total vohirttee packaged battery.
Pouch cells exhibit a stacked electrode architecture: sheetectbde material are successively
stacked on top of one another in the cell. A vacuum-sealed pouch enlotoskestrode stack with
minimal volume addition. The Nissan LEAF and Chevrolet Volt LIBsagik pouch cell format
in their packs.

The cylindrical, prismatic, and pouch cell designs offer very different traasfer
characteristics. One of the key parameters in a conduction hedéeitranalysis is the thermal

resistance. In all current LIB
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the exterior surface of every cell within the pack. Internally gerndragat within the cell is

conducted to the cooled exterior, generating a thermal gradient through kmeskiof the cell.
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As an illustrative example, conduction without internal heat geoer&iformally described by

Fourier’s Law in rectilinear coordinateasfollows:

dT
Q= kp{_&) (21)

The temperature gradientdT/dx indicates the heat flows only from high temperatures to low
temperatures. Accordingly, for heat to travel to the exterior afe¢hea temperature gradient must
be developed within the battery. The magnitude of the temperature gradient througtkitnesthi
of the battery is inversely proportional to the thermal conductikitys a result, a low thermal
conductivity will produce a high temperature gradient. The materialstasednufacture LIBs
have poor thermal conductivity, which produce high temperature gradiehis thi¢ cell and can
lead to undesired high temperatures in the most insulated portions of the cell.

To illustrate the high conduction thermal resistance of a LIB, thevaguai through-
thickness Reond L ) and through-lengthReond ||) conduction thermal resistances of the 15 Ah LIB

pouch cell in the Chevrolet Volt is compared to that of a block of pure mlumof equal area and

Cell Disassembly
0.5 cm Thick

Length
Midline |

Figure 2-2: Chevrolet Volt 15 Ah LIB
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thickness as the cell (Figure 2-2). The data for thickness, length, &rdt number of components
in the cell stackn Table 2-1 was obtained by disassembling a 15 Ah Chevrolet Voltybdites
thermal conductivity data is from a study performed by Kim et[20] on thermal and
electrochemical modeling of the 15 Ah Chevrolet Volt battery.

To determine the through-length and through-thickness thermal resistantieis cell

the thermal resistance for each component of the cell stack was calculetiaires

L

Rcond,i = ﬂ

(2.2)

L; is the conduction heat transfer length &nd the area through which heat is conducted.
When heat is conducted perpendicularly through the cell dtaskhe thickness of the component
in the stack andh is the product of the cell length and width (Figure)2FRbr example, the
perpendicular conduction thermal resistance of the separator in Tdblés Zetermined by
dividing its 25 pum thickness (the heat conduction length) by its 1 W *rthermal conductivity
and area (0.19 m length x 0.143 m width). For the 34 separators that are containettievitbiin
this equates to a thermal resistance 0.0313 K Rurthermore, the parallel conduction thermal
resistance of the separator is determined by dividing half the length, 0.QB8& heat conduction
length), by the same thermal conductivity with a different area (Orid&ith x 25 pum thickness).
For 34 parallel separators, this results in a thermal resistai®c@36k16 K W-. To calculate the

composite conduction thermal resistances for the cell, the following two formulasiseste

R:ond 1= I:Q0ucc"' RG+ RAICC"' F?\IMC/LMO_'_ Fs{:‘\ (2-3)

IKond”ilZ Rc:ucgl"' Rgl+ RAIC(;l_'_ RIMC/LM61+ %;] (2-4)

The composite through-thickness conduction thermal resistance Veatat using
Equation (2.3), which ia series summation of each of the thermal conduction resistances of the

cell components in the thickness direction (Figure 2-3). For the 151KAim tiee Chevy Volt, the
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composite cell thermal resistanise0.0587 K WA, In contrast, the through-thickness conduction
resistance for an equivalently-sized aluminum pia@ 000783 K W, or 75 times less thermal
resistance.

For the through-length thermal resistance, it is asslitmt heat can be rejected at both
the top and bottom of the battery (Figure 2-4). Using Equation (Beldhermal resistance for this
direction is 3.73 K W. This high thermal resistance is due to the very small heat conduction area
(component width x thickness) relative to the length that the heatmwesinducted to the cooled
top or bottom. The through-length conduction resistance for an equivaler@tyeguminum plate
is only 0.5515 K W, or 7 times less thermal resistance. It can be cleanytbeg¢ rejecting heat
through the cell thickness will reduce the temperature difference for the most insulated portion of
the cell to a cooling fluid on the external surface. The through-thickness ¢ondoicinternally

generated heat is the approach that the Chevrolet Volt TMS utilizes.

R’c:cmdl

Perpendicular
Heat Flow

Thickness

Length
T,
\“m

Figure 2-3: Repeating Unit Cell for Calculation of Thermal Resistance of a
15 AhLIB

/

Rcond ”

‘Separator

Copper CC
Graphite Coating

NMCILMO Coating
NMCILMO Coating
Separator
Graphite Coating

Parallel Heat Flow
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Table 2-1 Thermal Conduction Resistance for Chevrolet Volt 15 Ah Cell

Thermal
Thickness  Conductivity ~ Length  Width  Quantity  Rcond,il  Rcond,i|[*
Component (um) (WmiK?Y (m) (m) in Cell (KW (WK™
Copper
Current 15 398 17 2.358E-5 0.153
Collector
Graphite 50 5 34 0.0125  0.0128
Coating
Aluminum 0.19 0.143
Current 15 238 16 3.711E-5 0.0860
Collector
EMC./ LMO 63 5 32 00148  0.0152
oating
Separator 25 1 34 0.0313 0.00128
Cell
Thickness 0.506 ReonaCell 5 o587 373
(KW
(cm)
Cross-section of winding layers
Single /\
;e|l|ly Lithium codal oxide (LiCo0,) G
0o Aumincm fod
o Centec separator
Cardon
Ventdse
. i
17.8 cm* /\' A !
> * Wirap 1 | Wrap2 |
M 127em |
4_7 cm* R_enmaff';a::g: Unarapping of a single winding
-— A\—
*Estimated Value 30 ft Length

Figure 2-4: Boeing APU 75 Ah Cell Construction Schematic, Adapted frorf85]
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The through-thickness conduction thermal resistance becomes even moigndicast
issue in larger format prismatic cells, such as the cell used in Boeing’s APU (Figure 2-4). Each
one of the 75 Ah cells in the APU pack contains three mainr@lly. Each jelly roll consists of
914.4 cm of anode, cathode, and separator material wound on itself that mitkirfithe 19.6
cm allotted in the height of the casing (Figure)J3b]. Therefore, a conservative estimate of the
number of windings required to roll the 914.4 cm electrode into one of the thnegeity rolls in
the cell is 51.4 (i.e., 914.4 cm / 17.8 cm = 51.4), where 17.8 cm is the folded lengtlyields
approximately 154 windings per cell. The cell conduction thermal resestaas then calculated
using the same procedure described above by approximating each of the wisdipdmar stack
with length and width of 17.8 cm and 12.7 cm, respectively. Table 2-2 contains all of tlatelev
guantities used to determine the thermal resistance of the 7®IAHTke through-thickness
conduction thermal resistance of the 75 Ah cell is approximately 0.656 KL¥imes that of the
15 Ah cell). The through-length conduction thermal resistance was detetmine®.424 K W.

These calculations assumed the same values of cell componengsisiekal thermal conductivity

Table 2-2: Thermal Conduction Resistance for Boeing 75 Ah Cell

Thermal

Thickness Conductivity Length Width  Quantity Rcond,il  Recong,i|[*
Component (um) (Wm?tK? (m) (m) in Cell (KW?1) (WK
Copper
Current 15 398 154 2.570E-4 1.31
Collector
Graphite 50 5 308  1.364E-1 0.110
Coating
Aluminum 0.178 0.127
Current 15 238 154 4.298E-4  0.785
Collector
NMCLMO 63 5 308  1.719E-1 0.139
Coating
Separator 25 1 308 3.410E-1 0.0110
Cell R I
Thickness 4.71 cond 8L 0650  0.424
(cm) (KW
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as the 15 Ah cell. The 75 Ah cells used by Boeing are clearly nghéesor removing heat from
the internal portions of the cell.
2.2. State-of-the-Art Thermal Management Systems for Large LIB Packs in EVs

As consumers continue to adopt EVs, the demand to design more effect8/éor ihe
LIB packs has increased. Effective TMSs are capable of the falljpwnaintaining the
temperature of the cells of the LIB pack far below the temperatumgsieh capacity fade and
thermal runaway could occur (80f, maintaining a uniform temperature difference (Z)Xgcross
all of the cells in a large pagk], and causing minimal impact on the total size and weight of the
pack. TMSsvary dramatically depending upon the EV manufacturer. To illustrate the variety and
effectiveness of TMSs in EVs, the Nissan LEAF, Tesla Model S,Girerolet Volt will be
discussed here.

The Nissan LEAF, first introduced in 2010, contains a 24 kWh LIB pack tpassvely
cooled by ambient air. The pack architecture (Figure 2-5) shows that minierdicattwas given
to designing any TMS. The primary method of cooling is by conduction throughluhenum
cell modules to the pack case. Heat is ultimately rejected by naturaktonu® the ambient air
[5]. Nissan’s design has no method of managing an individual cell’s temperature which can vary
dramatically depending upon the environment and usage.

The lack of a TMS has not gone
unnoticed by consumers. Many LEAF
owners have filed complaints citing
significant capacity fade in their LIB
packs with minimal mileage on the

vehicle. Most of complaints have

Figure 2-5: Nissan LEAF 24 kWh LIB Pack[49]
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originated from owners in the warm climates of Texas and Arizona whelaegbglambient air
is not effective due to high ambient temperatures. These owners reptirethdashboard battery
state-of-charge gauge has fewer illuminating segments afteiredparigich indicates that the pack
has lost a sizeable amount of its original stored energy capaaitye limstance of a LEAF driven
29,000 miles, the owner reported 8 capacity segments illuminate out of 12haitging, which
translates to the battery having only 60-66.24% of its original capgtily Nissan publicly
responded to the dissatisfied owners saying that the capacity fadedheexperiencing was
normal and thatll the affected LEAFs were on a “glide path” to 76% capacity retention after 5
years[51]. On its website, Nissan advertises that the LEAF’s LIB pack is covered under factory
warranty up to 5 years or 60,000 miles if the capacity degrades to belegm@sts or 66.25-
72.49% of its original capaci{#9].

The capacity fade seen in the Nissan LEAF LIB packs in warm @srshould not be a
surprise. Pheonix, Arizona has average high temperatures above 40°C in the months from June to
August[52]. Significant capacity fade due to the SEI decomposing and reforming ataek
temperatures greater than 80tn one study performed by Liu et §3], LiFePQ/graphite cells
were cycled at high ambient temperatu(@8°C) to find thatonly 77% of the cells’ original
capacity remained after 757 cycles. In comparison, cells cyclEs®&t maintained 89% of their
original capacity after 2628 cycles when cycled at the sameHuagk.cell temperatures cause
irreversible capacity loss. The Nissan LEAF utilizes NMQdgree LIB cells[54], and similar
thermally-induced capacity fade has been observed in other LIB cell ¢hesj&. Furthermore,
heat transfer from the LEAF battery pack does not occur unless the tamgraside the cells
are higher than the ambie#t.cell surface temperature rise of 10-25°C has been measured for a

20 Ah cell similarly cooled with 22°C air when discharged at m@tés4C[55]. The Nissan LEAF
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uses cells with even higher capacity (33.1 Ah), four of which are stacted single battery
module[56]. This would imply that even under normal use conditions, cell temperatuties i
LEAF battery pack could be well above 80The MIT Technology Review has openly criticized
Nissan’s design, citing that the lack of a TMS is the primary reason LEAF owners are seeing
significant capacity fade in their vehiclgs/].

Tesla approached thermal management for its Model S LIB pack in a much diffagent w
The stored energy (up to ®Wh) of Tesla’s battery pack is larger than any other commercial EV
and necessitates effective thermal management. Tesla englegmsed numerous inventions to
enable the high energy battery pack. The pack is designed to haweethetimal management of
every cell (approximately 7,104-18650 cells comprise the 85 kWh pack). Mbstdésign details
of the LIB pack are contained within the intellectual property ofal,édglwever, numerous patents
have been filed by the compatiat pertain to the thermal management of its batteries. In ohe suc
patent [58], Prilutsky details an active thermal runaway mitigation systeroathde used within
a LIB pack. The mitigation system utilizes a pressurized fire retattlanis contained within
tubes that form a web of coverage over the entire pack. The tubes contain pressunatvenrits t

rupture and spread the fire retardant if the temperature of the pack risestlaamaximum

=

Figure 2-6. Left: Tsla Model S with 85 kWh LIB Pack (Bottom of Image, Source: Tesla.com
Right: Uncovered Pack[48]
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acceptable temperature indicati

thermal runaway. Another pate
also details a primary TMS for thé
pack that cycles coolant through

conduit in direct contact with the

exterior of the cylindrical cellspigyre 2-7: Unwound Coolant Conduit from the 18650

o Cells of a Tesla 85 kWh LIB PacK48]
[59]. The use of this primary TMS

has been confirmed in a Tesla enthusiast pA&], in which an owner disassembled a 85 kWh
battery pack (Figure 2-6 & Figure 237

The disassembly of the pack showed significant infrastructure wasatetlio ensuring
thermal contact of every cell with the cooling conduit. Figure Beivs the strategic placement
of the coolant conduit between rows of the 18650 cells. In addition, Teslasewsisal patents
that describe the use of intumescent materials inside and outsidedividual 18650 cells [60,
61]. Intumescent materials are used for passive fire protection: teeiahatvells when exposed
to high temperatures. In the event a single cell undergoes thermabgyribe increase in volume
of the intumescent material around the cell provides effective irmuliom the adjacent cells.
Therefore, catastrophic failure of the entire pack becomes much more wsiiket any thermal
runaway failure is isolated to a single cell.

Chevrolet, like Tesla, also utilizes a sophisticated active kqoaled TMS to manage the
LIB pack in the Volt. Many studies have been performed on the first genevatip@@MS and
LIB packand have been published in a variety of journals. A quick review of the literature shows
Chevrolet’s design of the individual cells and TMS is much differéioin Tesla’s. Instead of

18650 cylindrical cells which contain about 3.1 Ah of capacity, the Volzesilpouch cells that
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contain five times as much capacity (15 A89]. Consequently, the Volt’s pack contains only 288
LIB cells to produce 16.5 kWh of stored energy. The physical shape of the 15 Ahcptis¢h9.3
cmtall x 14.5 cm wide x 0.6m thick) yields a large heat transfer surface area (2392 and
minimal conduction heat transfer length (0.5 cm). Every cell has deeirsicontact with an
aluminum cooling plate. The aluminum cooling plate contains passagthe DEX-Cool coolant
(50:50 water/glycol). Kraig Schultz disassembled a Chevrolet Volt fyapiack and provided
images of cooling plates on his webd6&] (Figure 2-8. The coolant is pumped through the
plates, absorbs the heat conducted from the cells, and rejects the® leattety of heat
exchangers external to the pack. Full details of the first generatiomdBteVolt TMS can be
found in a detailed study by Hanfé#] and from General Motors technical papers [21, 62, 65].
The accompanying infrastructure (cooling system, battery management,sassteframe)
for the Volt battery pack is a significant portion of the total battery system wéigtits website,
Chevrolet specifies battery system mass as 190 kg. A single 15 Ah cell (of thel 288.5ekWh
pack) weighs 0.384 kg. This indicates that approximately 58% of the battegynsysdss is
actually LIB, with the remainder accounting for the cooling system, battanagement system,

and framd21]. This significantly reduces the energy density of the pack. Debpitdffectiveness

Figure 2-8: Aluminum Cooling Plates Used in Chevrolet Volt Battery Pack63]
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of the TMS, the size and mass pena

significantly reduces the benefit ¢

using LIB over other battery
chemistries.

After the introduction of thegz %
Chevrolet Volt in 2010, work to

design the second generation Vc

Figure 2-9: 2016 Chevrolet Volt 18.4 kwh LIB Pack

battery pack began. The secoQ ource: Chevrolet.com)

generation pack will be introduced into the 2016 production vehicle (Figure 2-9némeack
will have increased stored energy capacity (18.4 kWh), and consist oi@hliotal cells each
with a capacity of 2@\h [65, 66] The new pack uses the same TMS as the previous iteration.
The Chevrolet Volt TMS has been shown to be effective at managibgttieey pack over
the lifetime of the vehicle. Idaho National Laboratory (INL) andrthesting partner, Intertek,
have performed multiple tests on several different Chevrolet Volt battery packs andiffeages
in its life. One particular 2013 Chevrolet Volt (VIN 3491) showed measavedage energy
capacity retention of nearly 95% at 70,776 mj&g. Another 2013 Chevrolet Volt (VIN 3929)
showed measured average energy capacity retention of 96% at 60,12168JileBhe high
capacity retention for both of Chevrolet Volt vehicles studied is promising; however, itéauncl
the portion of the vehicle mileage that was accrued due to enariggrege from the LIB pack as
opposed to the on-board gasoline engine. INL and Intertek have alsosieegteal 2013 Nissan
LEAFs. The Nissan LEAF VIN 7885 showed a capacity retention of onlya8&fodriving 15,763
miles[69]. The greater capacity fade in the Nissan LEAF compared to the Gtevail can be

attributed to two factors: (1) the Nissan LEAF can only be propelled biBtpack and therefore
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Table 2-3: Summary of LIB Packs in Vehicles
Cell Heat
Pack LIB Mass Pack LIB Volume  Transfer Area
Capacity Mass (kg), % of Volume (dm?®), % of per Volume

Vghicle (kwh) (kg) Total (dmd) Total (dm™)
[I\7I|3]san LEAF 24 294 ( 5125(30 ) 114a (785§/0) 6.1b
c
[TL%S,I?lI\]/I WS e su (SSZA)) 453 (2161;)) 5.5
SQE‘EZ']H 165 190 (51{;[0/10 ) 138 (2‘;?, " 19.6

® LEAF LIB pack volume estimated from dimensions of mod{@%smodules total)

® Heat transfer area estimated by summing all of the surfaees af the rectangular pack dimensions provided
Nissan (15.705 x 11.88 x 2.649 dm); note: this value ipdgsive air coolindi.e. no TMS)

 Model S LIB mass estimated from specifications of Pamiasenhanced Nickel/Carbon 18650 cell
¢ Model S LIB pack volume estimated by approximating moduketsibe 3.6% 7.74 x 1.016 dm (16 modules total

from pack disassembly images
¢ Cooling conduit was assumed to have 90° of surface areactwiittaeach 18650 cell (0.092 diper cell)
it must exchange more energy and (2) the Nissan LEAF lacks a TMS which can ceusdiythe
induced capacity degradation.

Although the Volt and Model S cooling systems are effecivaitigating thermal issues
in LIB packs for EVs and HEVs, these TMSs still face significdrgllenges that limit their
effectiveness. Liquid cooling systems increase battery pack waightvolume, significantly
reducing the volumetric and gravimetric energy densities that seapdBt from other battery
chemistries (Table 2-3). The values presented in Table 2-3tmeates; further investigation is
required to determine more exact values, particularly for pack volathelB volume. The liquid
cooled TMS in the Tesla Model S and Chevrolet Volt occupy a significolume of the pack:
only 26% and 29% of the pack volume are occupied by LIB cells in each of vekstes,
respectively. Again, it is unclear in these estimationt® ashy the volume fraction of LIB is so
low relative to the reported pack volumehe Nissan LEAF’s cells occupy 75% of the pack

volume; with the greater percentage due primarily to the lack M%adnd from the pack volume

being estimated by the module size. Of the three packs listeGhthaolet Volt has the greatest
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cell heat transfer area per cell volume. This indicates th&tdhhdMS has a much greater capacity
to limit temperature differences within the cell whereas the M8dEMS is more restricted due
to a decreased surface area to volume ratio. In addition, the codlaetdty the TMSs increases
in temperature as it is cycled through the pack due to the absorptioeabfrom the cells.
Consequently, heat is removed at a decreasing rate as the coolal# tineough the pack.
Ensuring equal cooling among the cells is a difficult task with the cutmgmd cooling
approaches. Equal cooling is vital because the more evenly cbeleells are, the more uniformly
the cells will cycle and agp]. For large LIB packs, this requires that the coolant flow be split
among different modules within the pack, or for the coolant to be repeatediifi@oed as it
travels through the entirety of the pack, adding significant complexity to thendesig
2.3. Internal Thermal Management of LIBs

Internal cooling is an alternative approach to the thermal manag@mkelBs. There are
immediate benefits to employing an internal approach, namely much tbemnal gradients
within the cell and, if two-phase heat rejection is utilized, ndgégemperature rise depending
upon the cooling fluid state. However, modifying a LIB to incorporate an inté8l is very
technically difficult, as the internal TMS should have no effecthenelectrochemical function.
Furthermore, internal TMSs must prove to be advantageous over the cuteznaleXMSs by
demonstrating cell temperature uniformity and improvements in thénggtric and volumetric
energy density of the pack and TMS. Only a few studies have proposewestigated internal
thermal management strategies for LIBs and are described below. The wathonable to
identify any instances of commercially-implemented internal TMSs for LIBs.

Internal coolingfor LIBs was first introduced by Bandhauer et al. with the use of R-134a

refrigerant hermetically-sealed microchannel§72]. The microchannels were proposed to be
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embedded into the LIB in betwee Cooling

Fluid

Spirally
Wound

a split copper current collector o

. Microchannel
by using a copper current collect¢ condenser

with the microchannels

prefabricated within (Figure 2-10) Passive Fluid
Motion

The study focused primarily or

evaluating the thermalhydraulic

Microchannel
performance of R-134a witl Evaporator
Battery

Heat

varying heat inputs at the chann

size expected of the syster

concept in a LIB cell architecturd-igure 2-10: Bandhauer et al. Proposed Internal TMS
with  Microchannel Evaporator Containing R-134a

(3.175 mm x 160 pm). LIB heaRRefrigerant [72]

generation was simulated using a thin film heater in direct cowiicthe channels. The results
showed that the two-phase refrigerant flow was capable of passiyediing heat generation up
to 6230 W L. This is a highly promising result as the authors reported that thenonaxheat
generation of a LIB during a high discharge is at most approximately 206.\Whese results
show that two-phase heat transfer can be an extremely effective toeatesnally cool a LIB.
The study, however, did not investigate the proposed TMS in a LIB.

As opposed to using a refrigerant for the internal TMS, another study desdiitzesy
the electrolyte as the cooling medium in a LIB. Mohammadian esatl a computational model
to evaluate the impact of cooling a LIB with the electrolyithvemall channels created in the
positive (100 x 90 um) and negative electrode (100 xrGP[{a3]. In the proposed system, the

electrolyte is externally pumped through channels within the cell. Tdueinevaluated a single
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unit cell that contained the two cooling channels and compared the thermal performaqad to |i
cooling on a single exterior surface of the unit cell. The analysiseshole internal cooling
channels are capable of maintaining a more uniform cell. For internahgpdiie standard
deviation of the temperature field inside the cell was decreas8®dByto 5.33x over external
cooling for an internal pumping power of only 0.024 W. However, there are eantifi
deficiencies in the study for the proposed TMS. The authors do not discudsdtiechemical
impact of using the electrolyte in the internal TMS, nor is theredasgription of the external heat
exchanger required for cooling the electrolyte. Finally, no description of p®ssitannel
fabrication techniques in the positive and negative electrode are provided. Althewgibdy did
show a significant advantage to the internal TMS, there is no physitdation to theauthors’
proposed internal TMS.

Strategies for external and internal cooling for LIB thermal manageird been
reviewed. In external TMSs, for heat to be removed from the celisyst first be conducted
through the thickness of the LIB. As previously discussed, the low theonductivity of the
battery materials cdead to high temperature gradients within the battery when heat is cothducte
to the cooled exterior surface. This limits the geometry of theuselll, as the conduction heat
transfer length is a significant consideration. In addition, the lee&trgtion within a larger format
LIB is not uniform. Certain portions of the cell, namely the sections clusdst current collector
tabs, generate more heat than portions of the cell further away. Internal TMS have been proposed
that aim to overcome the primary limitations of external TMS. Tlk laf experimental
verification of internal TMSs in LIBs limits the advancementttod cooling strategy. Theis
currently no physically-demonstrated TMS that can effectively compefeathe poor thermal

conductivity properties of the battery, address the non-uniform heat genewtd passively
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manage every cell’s temperature. Because internal cooling strategies are promising means to
achieve this, prior studies that have explored modifying the LIBrelgte are discussed in the
next section.
2.4.  Prior LIB Electrolyte Modification Research

The flammable liquid carbonate electrolyte native to LIBs is one ohtig pressing safety
concerns that prior investigations have attempted to address. The gedooitains two primary
constituents: solvents and lithium salt. As mentioned in Seé&t®@s3, the solvents used in LIB
electrolytes include cyclic (ethylene carbonate, EC) and linear caésofditmethyl carbonate,
DMC; ethyl methyl carbonate, EMC; diethyl carbonate, DEC). The lineslbooates are
inherently extremely flammable. Flammability of volatile substancegisally characterized by
determining the flash point. The flash point of a volatile substanckefised as the lowest
temperature at which an ignitable mixture can be formed with lagr flash points of DMC, EMC,
and DEC are 18.3°C, 23°C, and 31.1°C respecti#y. These flash points are all well within
the use temperatures of a LIB. The lithium salt, kiPFmost commercially produced cells, has
severe thermal limitations as well. TR& anion of the salt is one of the primary reactants in
producing electrolyte decomposition products. The six fluorine atoms of a single anion are a very
effective oxidant which accelerate the cascading thermal runaaetyores in LIBs. The inorganic
anion also readily reacts with water molecules to form toxic anobst such as hydrofluoric acid
[74].

To date, the research approach to address these thermal limitations has bedfy thenod
current electrolyte mixtures to include substances that suppressiora¢di the flash point of the

electrolyte and show reduced reactivity under thermal runaway condi®essarch studies to
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modify LIB electrolytes by the addition of fire retardant additives and othreiflammable fluids
(e.g., perfluoropolyethers and hydrofluoroethers) are reviewed here in the next two sections
2.4.1. Fire RetardantCo-Solvents

Fire retardant (FR) additives in LIB electrolytes were revieweddyyaSubramanian et al.
[75]. The authors provided a comprehensive ligtRs that have been investigated to improve the
thermal stability of LIB electrolytes by increasing the flash poirhe electrolyte. In gener&Rs
contain phosphorus as the central atom of the molecule. The phosphorus isishefbas
organophosphate and organophosphite compounds. The compounds contain alkyl groups, but can
easily be synthesized to contain fluorinated groups as well. When fluorine Withdsarbon in
these synthesized FRs, the strongest and most thermally-stable borgamic chemistry is
formed[25]. The carbon-fluorine bond is of direct contrast to the thermal insyadaused by the
inorganic phosphorous-fluorine bonds in thes’Pdnion of LiPk, which greatly reduces the
thermal stability of conventional LIB electrolyte mixtures. The coraton of fluorine and
phosphorus provide the fire suppressing properties desirable in battery giestr®hosphorus
radicals are attributed to readily combining with combustion ridicaform stable products.
Combustion radicals form when the original fuel’s bonds are broken through the interaction with
other molecules. In this case, the fuel is the carbonate solviémtew flash points. The formation
of combustion radicals dramaticalpcceleates the combustion process. If the radicals are
neutralized by phosphorus, the combustion process is typically haltedalSsudies on FR co-
solvents in LIB electrolytes are discussed below, and a summaryuttsrissprovided in Table
2-4.

Wang et al[76] studied trimethyl phosphate (TMP) as a co-solvent in the ele&rolyt

mixture to improve the safety of LIB electrolytes. TMPJFR in plastics production, was
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investigated due to its hydrogen radical absorption propertiggirogen radicals are a primary
combustion radicals found in organic solvent decomposition. Upon electroethemic
characterization of TMP by cyclic voltammetry, the authors found thP Teductively
decomposed on a graphite electrode. The only solditiond was to include cyclic carbonate
solvents such as propylene carbonate (PC) and EC in the electrolyte,andikhown to form
stable passivation layers on graphite electrodes. PC and EC have ghertflashpoints than the
linear carbonate solvents (135.3 and 163.5°C, respecid@ly Therefore, nonflammable binary
electrolytes (TMP + PC or EC) were mixed with TMP content as Io®086. When binary
electrolytes were mixed with linear carbonates (DEC and EMC) non-flaititpavas only
achieved with 60% or greater TMP. In all instances of electrolyteuiatians, it was evident that
the addition of TMP negatively affected the performance of the belldischarge capacity of a
1.0 M LiPFs EC:DEC:TMP (60:20:20) cell was approximately 20% less than thaeof.0OM
LiPFs EC:DEC (50:50)ell with a cycling current density of 0.2 mA &mAlthough the authors
conclude that the addition of TMP into the electrolyte improves the thetaiality of LIBs, the
performance degradation is unacceptable compared to state-of-the-art eledietyisrees.

Kang et al. [77-79] investigated fluoroalkyl phosphates [tB,2trifluoroethyl)
phosphate, TFP; bis(2,2,2-trifluoroethyl)-methylphosphate, BMP; and (2,2,2-
trifluoroethyl)diethyl phosphate, TDREcandidate nonflammable co-solvents in LIB electrolytes.
TFP, BMP, and TDP all have very low dielectric constants amsequent inability to solvate
LiPFe salt by themselves. Therefore, all the investigated candildateotytes were formed from
mixtures of EC and EMC. Self-extinguishing tests showed a miniof20% TFP or BMP was
required in the electrolyte mixture containing equal portions of EC and tMdchieve non-

flammability. TDP achieved non-flammability when it wad0% of the electrolyte mixture. The
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ionic conductivity of the candidate electrolyte mixtures was found toedse linearly with
increasing content of TFP or BMP. Further, TFP and BMP were found to haskcary
interfacial stability on both nickel-oxide cathodes and graphitic anodd3.prbved unable to
form a stable SEI layer on the graphic anode, which the authors attribukedinstability of the
partially fluorinated molecule. In full cell tests, TFP and BMP (mixed &atio of 15% with 1.0
M LiPFes 1:1 EC:EMC) showed high reversibility and comparable capacitytreteto the baseline
(1.0 M LiPF 1:1 EC:EMC). During high rate cycling tests (up to 2C), electrolyti#is higher
mixing percentages of TFP showed severely reduced discharge capacity 16f6 lower
discharge capacity for mixtures containing 40% TFP). The authors showedapateility
improvements by mixing TFP with a ternary electrolyte mixture of 1.0iRFs in PC:EC:EMC
(1:1:3). The authors concluded that a satisfactorily nonflammable eléetroiyture was found.
In this TFP-based quaternary electrolyte, the discharge capaaty2@ rate was reduced by
approximately 28% compared to the baseline organic solvent-based electrolyte.

Zhang et al[80] investigated tris(2,2,2-trifluoroethyl) phosphite (TTFP) as a candidate
nonflammable co-solvent based on the relative success of TFPstuthes performed by Kang
et al., particularly in the TFP-based quaternary electrolyteune. TTFP is very similar to TFR
TTFP contains a lone pair of electrons, wiasfEFP utilizes the pair of electrons in a double bond
with an additional oxygen atom to form a phosphate group. By performing selneistiing tests,
the authors determined that a minimum of 15% TTFP must be presbetbageline electrolyte
(1.0 M LiPFs 3:3:4 PC/EC/EMC) for the mixture to be nonflammable. However, sirtolar
previous studies, the addition of TTFP decreased the ionic conductithiy efectrolyte. For 15%
TTFP mixed with the baseline electrolyte, the conductivity vegsaximately 20% lower than the

baseline electrolyte without the TTFP. The authors did see favarapéeity retention when the
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15% TTFP electrolyte was cycled in a graphite/nickel metal cceétlecompared to the baseline.
The cells were not cycled at high rates (0.1 mAZcmpproximately C/4 rate); therefore, the
authors did not observe the associated capacity loss with the reducedoiotictivity which
becomes critical at higher cycling rates. Given the reduction of cowitigobserved in the TTFP-
based electrolyte was similar to that of the TFP-based electralgtsiilar reduction of discharge
capacity at a 2C rate would be expected (>25% discharge capacity).

The above instances of electrolyte modification through the introductionrefratirdant
co-solvent show the relative ineffectiveness of the approach. The edieesis of fire retardant
co-solvents to create a nonflammable LIB electrolyte increasesaathiyncreasing content of the
inert co-solvent. Unfortunately, the performance of the candidate electrolyteades
significantly as the relative amounts of the FR increases. Imadbtigated attempts, the fire
retardant co-solvent could not function as the only solvent due to itdiéd@ctric constant and
relatively high viscosity which rendered it unable to solvate a lithiutnEsaén when mixed with
conventioml carbonate solvents, the cell performance was compromised with the FR qussolve
The performance degradation is attributed to two primary factors: poor indékriability,
particularly on graphitic anodes, and low ionic conductivity. The poor intatfatability is
consequent of the SEI decomposition products of the nonflammable co-solveimfevim on the
surface of the electrodes. In all recorded instances, the use of FR edctbasinterfacial
impedance of the electrode-electrolyte interface, which reducesalieable energy of the cell.
The low ionic conductivity dramatically affects the rate capakilitthe cell; in all instances, the
performance of the cell decreased significantly with increasing rhtereviewed studies of FRs

in LIB electrolytes are summarized in Table 2-4.
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Table 2-4: Summary of Phosphorus-BaseHire Retardant Co-Solvents in LIB Electrolytes

FR Chemical CAS Baseline Nonflammable Impact on
Study Co-Solvent  Formula Molecular Structure Number Electrolyte  Mixing Ratio Performance
Wang  Trimethyl C3HoO4P 2 512-56-1 1 M LiPFs 20% TMP in 20% lower discharge
et al. Phosphate —8—F—0— 1:1 EC/DEC 1 M LiPKs capacity compared t
[76] (TMP) 0o— 1:1 EC/DEC  baseline electrolyte
Kang  Tris(2,2,2- CeHesFoO4P P r ¢+ 358-63-4 E1: 1 M 20% TFP in E1 With 20% TFP in
et al. trifluoroethyl) PN LiPFs 1:1 40% TFP in E2 E1: 75% lower
[77-79] Phosphate TS e T EC/EMC discharge capacity a
(TFP) g E2:1M 2C compared to E1
LiPFs 1:1:3 With 40% TFP in
PC/EC/EMC E2: 28% lower
discharge capacity a
2C compared to E2
Bis(2,2,2- CsH7FeO4P F\/F FoF o 287931- E1 20% BMP in 24% lower ionic
trifluoroethyl) P Pyt V)i\F 15-1 E1l conductivity; tested
methyl So only at C/4 rate
phosphate "
(BMP)
(2,2,2 CeHi2FsOsP ¢ F 94080- E1 40% TDP in Continual, reductive
trifluoroethyl) /\f\ o o0 67-8 E1l decomposition on
Diethyl YR, T graphitic anode;
Phosphate o - deemed not feasible
(TDP) - co-solvent
Zhang Tris(2,2,2- CeHeFoOsP 7 F FoF 370-69-4 1MLIPRs  15% TTFPin  20% lower ionic
etal. trifluoroethyl) NN 3:3:4 1 M LiPFs conductivity than
[80] Phosphie | N/ PC/EC/EMC 3:3:4 baseline electrolyte
(TTFP) 7 PC/EC/EMC
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2.4.2. NonFlammable Fluids as Co-Solvents

In a continued effort to increase the thermal stability of LIBsgstigators have studied
various non-flammable fluids as co-solvents in liquid electrolytes,sanght to mix the fluids
with traditional solvents at favorable ratios to produce nonflammabled@iget mixtures. As
opposed to the phosphorous-based fire retardants, these fluids are primarily fluonolatades.
In this section, two specific groups of heat transfer fluids will be disdugerfluoropolyethers
and hydrofluoroethers. The former has only recently been studied as a LIB electrolgteecd-s
while the latter has been the focus of several studies dating ®d@99. A summary of the
reviewed studies is provided in Table 2-5.

Perfluoropolyethers (PFPE) with molecular weights ranging from 1000-4000gwveod
investigated as co-solvents in LIB electrolytes in a 2014 studywabwyg et al. [81]. PFPEs are
long-chained polymers with very low glass transition temperatuasliag them to be liquids at
room temperature. These fluids are commercially produced for a varieheaif transfer
applications that require an inert working fluid (advertised as GaldeRFHPE by Solvay82]).
PFPEs contain a fluorinated carbon-oxygen backbone which provides inert propesiasthas
approached PFPEs as a candidate LIB co-solvent because it ismamfige (no flash point).
PFPEs have a high molecular weight and consequent low dielectrimmtise the authors
modified the terminal group of the PFPE molecule to contain a medhybnate group, forming
PFPEDMC. With this addition, the PFPE-DMC fluid was capable of solvatifig-&l salt. The
authors found that a LITFSI salt concentration of approximately 1.0 M producdugtinest
conductivity mixture. The maximum recorded electrolyte conductivithénstudy was achieved
with the lowest molecular weight PFPE (PRREDMC), but it was very low: 0.02 mS ¢hOnly

the PFPEooo-DMC candidate electrolyteastested in lithium/NMC coirells. The cycling results
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showed poor rate performance compared to the 1.0 MsliIRPFEC/DEC baseline electrolytet A

a C/20 rate, the PFR&c-DMC cell had a reversible capacity that was similar to tiselbze. At a
C/10 rate, the reversible capacity of the PRREDMC electrolyte was 20% less than the baseline.
At rates greater than C/10, the reversible capacity of the B&REVIC cell dropped significantly.

At C/8, the highest cycling rate reported by the authors, the revecajeity was reduced by an
additional 12.5% from the C/10 rate. Despite the poor rate performéedef-PEqocc-DMC cell

did have high charge-discharge efficiency. The authors concluded thatrat€attery was
satisfactory for backing up solar panels and, therefore, the:RPBMC electrolyte is a viable
chemistry for a LIB.

Hydrofluoroethers (HFBshave been studied much more extensively as a LIB electrolyte
co-solvent. HFEs were first developed to replace chlorofluorocarbons (CF@)igeremts. HFES
have a much lower ozone depletion (i.e., 0) and a relativelyglolwal warming potential
compared to CFC83]. Juichi Arai pioneered the effort to introduce HFEs in LIB electrolytes as
a nonflammable co-solvent. First disclosing his research in a q8#ntArai later published
multiple papers detailing his wofB5-87]. Arai sought to design a nonflammable electrolyte that
caused a minimal impact on cell performance. His research focudée &+E-7100 and HFE-
7200 heat transfer fluids (called MFE and EFE respectively in iiy)stArai first determined
nonflammable mixing ratios with the HFE co-solvents and EMC. Arai fobatincreasing the
volume percentage of HFE-7100 increased the flash point of the mixed solitinately
producing a no flash point mixture at 80% HFE-7100. Interestingly, HFE-7200 dettbadlash
point of the mixture as its volume percentage increased and did not prodoc#aah point
mixture at any ratio. Arai attributed the finding to the ratio of fluoriioens to hydrogen atoms in

the HFE-7200 molecule: if this ratio is greater than 2, the mixgurenflammable. (The F/H ratio
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for HFE-7200 is 1.8, and is 3 for HFE-7100.) However, the increased fluonraitthe HFE
molecule that aids its non-flammability significantly decrsae polarity of the molecule and
limits its ability to solvate a lithium salt.

Arai extensively studied EMC, DMC, and DEC as co-solvents with AEED (8:2 HFE-
7100to-solvent) and LiPE LiBF4, LITFSI, LIBETI, and LIFBMSI salts, and found that a 1.0 M
LiTFSI 8:2 HFE-7100/EMC electrolyte produced the highest conductivitg$lcnm?), with 1.0
M LIiBETI EMC electrolyte performing comparably well (0.6 mS &mnThe inorganic lithium
salts, LiPk and LiBF, were only solvated to a concentration of 0.2 M in 8:2 HFE-7100/EMC
before the salt precipitated out of the electrolyte solution. This wadodthe low dielectric
constants of the solvents (7.4 for HFE-7188], 2.9 for EMC[89]). Cyclic carbonate solvents
such as ECdielectric constant of 90 [89]) are required to solvate the inorgdhignh salts to
high concentrations. Arai then studied the 1.0 M LIBETI 8:2 HFE-7100/EM@JaO./graphite
18650 cells. At a C/10 rate, the cell discharged the same capathty lbaseline (1.0 M LiRB:7
EC/EMC). However, over the course of 100 cycles, the cell capacity faded more quickly
than the baseline. At the end of 100 cycles, 60% of the original capan#yned, whereas 92%
of the original capacity remained for the baselifii significantly improved the cell’s capacity
retention with the addition of EC (0.5 M) and Li®.1 M) as additives into the 1.0 M LiBETI
8:2 HFE-7100/EMC electrolyte. Using the refined electrolyte, thensaintained 90% of its
original capacity after 560 cycles at a 1C rate.

Based on the work by Arai, Naoi et al. investigated HFE-7300 and HFE-7600g0ete
as TMMP and TPTP in tirestudy) as an electrolyte co-solvdg@0]. HFE-7300 has a higher
fluorine to hydrogen ratio (4.3) than HFE-7100 and a theoretically higher fire suppressing ability.

Therefore, the authors sought to mix an electrolyte that contained even lesseftthe-solvent
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than the mixtures studied by Arai to further minimize any negatiygact on cell cycling
performance while maintaining non-flammability. The authors performeahikbility tests by
providing a sparking ignition source directly above the electrolytéung>held in a pan in open
atmosphere. If the time for ignition exceeded 150 seconds, the mixture wasideteto be
nonflammable. Confirming their hypothesis, only 50% HFE-7300 was required to render the
candidate electrolyte mixture of 1.0 M LIBETI in 50:5:45 HFE-7300/E@DiBnflammable. The
authors credited the fire suppressing ability of HFE-7ABOGs high vapor pressure compared to
its EC and DEC counterparts, assuming the nonflammable HFE-7300 dominatagdahghase
of the mixture To prove the mixture’s feasibility in a LIB, the authors studied the electrochemical
stability using cyclic voltammetry (platinum working electrod#&ilim counter and reference
electrodes). The mixture performed comparably to the baseline eledr@iel.0 M LIBETI in
1:1 EC/DEC, and R2: 1.0 M LIiBETI in 5:95 EC/DEC) showing satisfactotigative and
reductive stability from 0 to 4.2 V vs. Li/Li

The authors then studied the performance of the candidate nonflammalbédyeéeetrsus
the two reference electrolytes in a graphite/LicaOin cell. The cells were cycled at varying
rates, ranging from 1C to 12C, and at varying temperatures, -20°C to 25°@slitts clearly
showed the candidate electrolyte had the best rate performance (~508¢6 djsedarge capacity
at a 12C rate than R2, ~66% greater than R1). At -20°C, the candidate electrolyte had a discharge
capacity ratio (capacity at -20°C divided by the capacity AEp6f 60% compared to 40% for R2
and 21% for R1. Although the results seem extremely encouraging, the refelectcelytes
utilized an organic salt, LIBETI, instead of the inorganic salt, kiHRe candidate electrolyte is

incapable of solvating LiRfFwhereas R1 and R2 are capable of solvating high concentrations of
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it. The consequences of choosing the organic salt for the reference ylestiolan inaccurate
comparison to state-of-the-art electrolytes, which exclusively use the motgRFs salt.

Naoi et al. continued researching HFEs as co-solvents in Lireliges with HFE-7600
(referred to as TPTP in tmestudy) and compad the performance with their previous work on
HFE-7300[91]. The authors recognized the shortcomings of their previous research effort based
on the LiBETI salt and investigated electrolyte mixtures thatl i$eFs in addition to similar
mixtures that used LIBETI. HFE-7600 was chosen because the mdtesudehigher polarity than
HFE-7300 as quantified by their dipole moments: 3.66 Debyes and 2.36 Debyd<=fat6B0
and HFE-7300 respectively. The authors found that electrolytes thatrezhtait0% HFE-7600
were nonflammable. Two candidate electrolytes were proposed: E1: Li®PR in 5:45:50
EC/DEC/HFE-7600, and E2: 1.0 M LIBETI in 5:45:50 EC/DEC/HFE-7600. Four mere
electrolytes were used to compare the performance of the candidate dlext®ly 1.0 M LiPF
in 1.1 EC/DEC, R2: 1.0 M LiPHn 5:95 EC/DEC, R3: 1.0 M LIiBETI in 1:1 EC/DEC, and R4:
1.0 M LIBETI in 5:95 EC/DEC. Similar to the previous study, graphite/LCO coin cells wece us
to study the rate capability of the electrolytes. The authors foundhind&il-based cell had the
lowest discharge capacity compared to cells based on R1 and R2, libeHaghest capacity
retention(80%) at high discharge rates (12C), compared to 40% for R2 and 20% for R1. The
authors then attempted to duplicate the rate capability resultgtimnprevious study of LIBETI-
based electrolytes and were notably unsuccessful. Coin cells with EBdhiaseharge capacity
retention of 56% at a 12C rate, while R3 (42%) and R4 (53%) performed notably better for the
same reference electrolyte mixture and active materials. Hnenprevious study, R3 had a
discharge capacity retention at a 12C rate of 25% and 35% for R4. These disesepenciot

insignificant, but the authors attributed them to the greater wefginttive material in the coin
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cells used in the previous study. The authors also tested thergyerature performance of the
LiPFs-based electrolytes and found 95% capacity retention at -20°C for E1, whilevR21%a
and R2 saw 65%apmacity retention.

The dramatic performance improvements for HFE-based electrolytes repypiiabi et
al. at high rates and low temperatures need further validation. Thectngflresults of the
performance of the neat-carbonate-based reference electrolytes do not pnovabeurate
comparison to the performance improvement or degradation as a result of miErg386 and
HFE-7600 into the electrolyte. Nonetheless, the work by Naoi et ashdid that HFE-7300 and
HFE-7600 have the potential to operate as co-solvents in a nonflammable LIB gkectrol

Based upon the work of Naoi et al., Nagasubramanian and Orendorff thoroughly
investigated the thermal stability of Naoi’s proposed electrolyte solutions which contained 50%
HFE-7300 and HFE-760@2]. Four candidate electrolyte solutions were investigated: E1: 1.0 M
LiPFs in 5:45:50 EC/DEC/HFE-7600, E2: 1.0 M LIBETI in 5:45:50 EC/DEC/HFE-7600,1H3B:
M LiTFSI in 5:45:50 EC/DEC/HFE-7600, and E4: 1.0 M LiBETI in 5:45:50 BEC/HFE-7300.
Three carbonate electrolytes were utilized as the baseline refef®fhc 1.2 M LiPk in 3:7
EC/EMC, R2: 1.0 M LiPFin 3:7 EC/EMC, and R3: 1.0 M LiRFn 5:95 EC/DEC. The authors
measured the conductivity of the electrolyte solutions from -50 to 50tCevAry tested
temperature the conductivity of the reference carbonate electrolgresgreater than that of the
candidate electrolyte solutions. At room temperature, R1 and R2 (9 nShamh a conductivity
that was four times greater than that of E2 (~2 mS)cm

Nagasubramanian and Orendorff focused their study on investigating the thermal stability
of the electrolytes using accelerating rate calorimetry (ABGJ a novel thermal runaway

simulation technique to test electrolyte flammability. The ARQIteshowed that the electrolytes
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containing the HFE co-solvent with an organic salt (E2, E3, and E4jhleadighest thermal
stability indicated by the lowest amount of gas volume as #watrelyte samples were heated to
well above 450C. The primary gas generation in the test occurred at 150°C for the carbonate
electrolytes, while the HFE electrolytes delayed the gas dgeerto 220C. To test the
flammability of the electrolytes, the authors simulated a thermal runawayiscehare 5 mL of
electrolyte was sealed into an empty 18650 cell can and heatetruptiired. A sparking ignition
source was placed directly above the rupture disk to ignite the venitigre if it is flammable.

The results showed that E1-E4 did not ignite while R1 and R3 ignited. Rddgmithin 5 seconds

of cell rupture and burned for 6 seconds, while R3 ignited in less than a second and burned for 36
seconds. The higher concentration of the linear carbonate (DEC) in R3 was cvathitdioe
reduced ignition time and prolonged burn.

The E2, E4, and R1 electrolytes were then tested in 18650 cells wi@igidphite. The
authors did not specify the rates at which the cells were cycledEZ and E4 cells performed
almost identically, but still showed 10% lower discharge capacityttitaR1 cell. The cells were
also only cycled for a total of 5 charge-discharge cycles. After tlasngytests, the authors then
studied the electrolyte gas generation of the 18650 cells containirif2thed R1 electrolytes
using ARC testing. The results showed that the E2 cells had sigtificeduced gas generation
throughout the temperature ramp to 450°C compared to R1.

The work done by Arai, Naoi et al., and Nagasubramanian and Orendorff have shown that
HFE co-solvents in the electrolyte are a feasible option to impghevéhermal stability of a LIB.
Linear carbonate co-solvents such as DEC, EMC, and DMC can be miaey &tio with the
HFE fluids. Typical non-flammable mixing ratios with the linearbcamates varied, but were all

non-flammable when the HFE fluid contained at least 50% of the salwemitire. The lower
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dielectric constant of the HFE fluids as well as the immistybih cyclic carbonate solvents
prompts the usage of organic lithium salts. Notably, HFE-based eje¢esralith LITFSI and
LIBETI organic salts showed acceptable cycling performance despéie kower ionic
conductivity (approximately four times less) than state-of-the-atiocate electrolytes with
LiPFs. Arai definitively proved the feasibility of HFE fluids by producingH&E-7100-based
electrolyte mixture that was capable of cycling at a high(a®¢ with a capacity retention greater

than 90% after 500+ cycles. The results of the studies are summarized in Table 2-5.
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Table 2-5: Summary of Non-Flammable Fluids as Co-Solvents in LIB Eleattytes

HT Fluid Chemical CAS Baseline Nonflammable Impact on
Study Co-Solvent Formula Molecular Structure Number Electrolyte Mixing Ratio Performance
Wong DMC PFPE- HBC,O\IrO-CH,—ch{CF,CF;DHCFZO);CF{CHQ-OYO‘CHJ Unique 1.0MLIPFs  Intrinsically Low
et al. Terminated DMC ° ° substance 1:2 EC/DEC nonflammable conductivity,
[81] Perfluoro- synthesized with LiTFSI poor rate
polyether by authors performance
(PFPE) compared to
MW = baseline
1000 g mot
Arai HFE-7100 CsHsF0 F FOF F 163702-07-6 1.0 M LiPr E1:1.0 MLBETI E1:High
[84-87] 3:7 EC/IEMC 8:2 HFE- capacity fade in
0 7100/EMC cycling tests
F o~ E2:E1+05M E2: 90%
EC + 0.1 M LiIPE capacity
F F F F .
retention after
560 cycles at
1C
HFE-7200 CsHsFO F F OF F 163702-05-4 Flammable at all
mixing ratios due
0 <
F F F F
Naoiet HFE-7300 C7H3F1:0 L 132182-92-4 R1:1.0M 1.0 M LiBETI Lower
al. [90] LIBETI 1:1 50:5:45 HFE- discharge
EC/DEC 7300/EC/DEC capacity, higher
R2:1.0M capacity
LIBETI 5:95 retention at 12C
EC/DEC rate, better low
temperature
performance
than R1 and R2
Naga. & HFE-7300 C7H3F1:0 12MLiPFs 1.0 M LIBETI Lower
Oren. 3:7 EC/[EMC 5:45:50 conductivity,
[92] EC/DEC/HFE- 10% lower
7300 discharge
capacity than
baseline
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HT Fluid Chemical CAS Baseline Nonflammable Impact on
Study Co-Solvent Formula Molecular Structure Number Electrolyte Mixing Ratio Performance
Naoiet HFE-7600 CsHeF120 F F F F 870778-34-0 R3:1.0M E1l: 1.0 M LiPk E1: Better low
al. [91] LiPFs 1:1 5:45:50 temperature
. EC/DEC EC/DEC/HFE- performance
R4 1.0M 7600 than R3 and R4
LiPFe 5:95 E2: 1.0 M LIBETI E2: Marginally
EC/DEC 5:45:50 better high rate
EC/DEC/HFE- performance
F 7600 than R1 and R2
Naga. & HFE-7600 CsHeF120 1.2 M LiPFKs 1.0 M LIBETI Similar
Oren. 3:7 EC/IEMC 5:45:50 conclusions as
[92] EC/DEC/HFE- HFE-7300,
7600 higher cell

thermal stability



2.5. Summary of Deficiencies in Prior Work

A review of the current thermal management systems (TMSSs) itrieleehicles (EVSs)
has been presented in Section 2.2. The reviewidivsitigated the Nissan LEAF LIB pack’s TMS
which utilizes a passive air-cooled sche®san’s approach has been shown to be ineffective in
high temperature climates where the packs are showing signifegaantity fade with low mileage
on the vehicle. In contrast, the Tesla Model S and Chevrolet Voltduive liquid cooling TMSs
These two TMSs represent the state-of-the-art approach to theamagement in a large LIB
pack. The only instances of thermal runaway reported for these vehiclebd@veaused by
external penetration to the pack. Although effective, these TMSs requirkcsigt infrastructure
within the pack by ensuring the heat transfer medium is in comtdtoutside surface of every
cell, which adds significant weight to the overall system. Furthermores, TdSs are all external
to the cells which lead to higher temperatures in the portions of fiteatedre the most insulated.

In Section 2.4, prior research to address the thermal limitations of LIB through electrolyte
modification was presented. Specifically, fire-retardants and nonflakenilids fluids were
reviewed as an electrolyte co-solvent. All of the research effwtght to formulate a
nonflammable electrolyte with minimal impact to the cell perforreaimbe phosphorus-basedefir
retardants reduced the cell performance significantly, rendering the nordla@encharacteristics
of the electrolyte insignificant. Two classes of other non-flammabidsflwere reviewed as
electrolyte co-solvents: perfluoropolyethers (PFPEs) and hydrofluoroethdes)HFF-PESs were
shown to have poor conductivity and consequently poor rate capability compatattofshe-
art carbonate-based electrolytes. HFEs showed much more promiseaatke nonflammable

electrolyte co-solvent. The reviewed works showed that HFEspeble of cycling at a high rate,
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can be formulated to have high capacity retention and cycle lives, and have goaupevatare
performance compared to carbonate-based electrolytes.
Several conclusions can be made from the literature review:

e Large LIB packs, such as those in EVs, require a TMS that is capbkkeping the
individual cell temperatures of the pack well below 50°C and maitiairdifference of
individual cell temperatures to be within the range of 2{5|C

e Passive air cooling is not an effective approach for thermally magnagdiarge LIB pack.
The capacity fade seen in the passivalgcooled Nissan LEAF LIB pack at low vehicle
mileage in the warmer climates of Texas and Arizona has led ttidied owners and
warranty claims against Niss¢s0, 51]

e Active liquid cooling is the state-of-the-art approach to thegmmaknaging a large LIB
pack, but requires significant infrastructure within the pack to be skfollgs
implemented. This lowers the both the gravimetric and volumetgogg capacity of the
pack as it must become larger and heavier to accommodate t8e IMMddition, these
TMSs require energy from the LIB pack to operate.

e All current commercial TMSs are external to the cells withinpek. This requires that
internally generated heat be conducted through the thickness of the tedl tooled
exterior surface. The conduction of heat produces large thermal gradidntstiagt cell
due to the low composite thermal conductivity of the materials used to construct LIBs.

¢ Modifying the electrolyte with nonflammable co-solvents can beffaeotere approach to
mitigating thermal runaway, depending upon the co-solvent. Most notably, do-

solvents show good promise in LIB chemistry.

63



e No prior studies have investigated the nonflammable fluids as cerésiw a LIB for their
two-phase heat transfer performance. Furthermore, there have been noatigastmfa
passive, internal TMS that utilizes a volatile co-solveithiw the electrolyte as the
working fluid used to absorb and reject internally generated heat. Finafpyianstudies
have investigated the physical and electrochemical effectisaliag electrolyte in a LIB.
Investigation of an internal TMS that relies on evaporating a ilelab-solvent is
warranted.
2.6. Focus of Current Investigation

In the current investigation, a novel approach to lithium-ion battet)(thermal
management is investigate to address the fundamental thermatibmof LIBs low composite
thermal conductivity from the skin of the cells to insulated interior gustiof the cell. The
proposed internal TMS utilizes a multi-functional electrolyte (MFH)icWv contains a volatile co-
solvent. Upon heat absorption, the volatile co-solvent boils in simatinels created in the positive
electrode of the LIB at temperatures well below those associatbdcepacity degradation
(<40°C). The vapor is the condensed on the inside surface of the cell casijnancporated
into the liquid electrolyte, approximating a loop heat pipe architecture.syeiem minimizes
thermal gradients through the electrode stack by providing localizeshgdbhough the entirety
of the LIB, as opposed cooling an exterior cell surface. The candiddEenibure is tested for
its electrochemical and thermal performance for ultimate use in a/@asternal TMS. The
specific objectives for the current investigation are:

e Identify candidate volatile co-solvents for lithium-ion electrolytdsmat meet the

electrochemical and thermal requirements of the internal TMS.
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Identify a candidate carbonate co-solvent and lithium salt to usertmlate the MFE
containing the candidate volatile co-solvents.

Perform non-boiling electrochemical experiments on candidate MFRirasxtncluding
conductivity, electrochemical stability window, half cell and fa#ll cycling, and
impedance spectroscopy to evaluate the impact of the volaii#eoleent on LIB
performance.

Perform electrochemical experiments on candidate MFE mixtures waeileolatile co-
solvent boils to validate the operation of the internal TMS.

Usethe non-boiling and boiling experimental results of the candidate Mktaion the

future direction of work for the continued validation of the internal TMS.
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CHAPTER 3.CONTINUOUS, PASSIVE INTERNAL COOLING WITH A MULTI-
FUNCTIONAL ELECTROLYTE

The current approach to LIB thermal management is to cool theougsy layers of the
electrode stack within the cell. This can cause high thermal gradients througltikheghiof the
cell, leaving the highest temperatures at the un-cooled cé@ihtese thermal gradients can cycle
the electrode materials at uneven rates, potentially leadipgetoature aging in portions of the
cell that experience the highest temperatures. Moreover, the highgstrature portions of the
cell can experience severe degradation due to SEI decompdbidibcan ultimately lead to
thermal runaway (see Section 1)3.1

Internal cooling has the potential to completely eliminate these advezstseBy having
the cooling medium in direct contact with the electrodes generhgag, the high thermal
resistances that plague conventional external TMSs are eliminated. Fatégeif the electrolyte
can be designed to serve both its electrochemical purpose andypavégorate to remove heat
a completly passive internal cooling system can be used to cool the normailgitet portions
within the cell.

In this chapter, the concept of passive internal cooling with a fowltitional electrolyte
(MFE) is described. The required cell modifications, expected battetgnsysnpact, and
requirements of the MFE are given first. Thereafter, the componettie MFE are described
including candidate volatile and organic carbonate co-solvents amrdreéleiant thermal and
electrical properties, as well as the lithium salt. After describing the, Mie baseline electrolyte
used in standard LIBs is described. The performance of the MFE and basetinelyte is

compared in the next chapter.
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3.1. Concept Description

The operating principle for the propose

internal TMS is similar to a closed-looj S , D
Condenser

thermosiphon (Figure 3-1). In a thermosiphon, t Section

working fluid is evaporated upon heat absorption

the evaporator section. Buoyancy forces th

propel the vapor from the liquid reservoir into t B

condenser section, where the vapor is conder Bveporator

Section

and is transported back to the evaporf@8i. The Figure 3-1: Schematic of Two-Phase

_ o Closed Loop Thermosiphon93]
cooling heat rejection from the condenser is

typically forced convection of air or water flowing over the external surfBicermosiphons are
passive devices, which mean that no external pumping of the working flteduged for the
system to operate.

A similar system architecture is proposed for the LIB internal TM8uEi 3-2). Small
channels are created in the positive electrode by the removalieé ataterial in selective
locations in the electrode stack. These channels serve as dperaor section of the
thermosiphon. Upon heat absorption, the electrolyte increases in temperailitheu most
volatile co-solvent undergoes a liquid-vapor phase change. The phage thanearly isothermal
process that is capable of absorbing a significant amount of heat pevassiof fluid evaporated.
In the current study, the vapor moved to the condenser via buoyancy forcess lamvisioned
that the separator could also serve as a liquid wick simitaatdocated in a surface-tension driven
heat pipe. In Figure 3-2, the condenser can be placed in the thin edgelLdB tbell. Once

condensed, the volatile co-solvent is reincorporated into the liquid electrolyte.
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Vapor Channels in
Positive Electrodes

Condenser

Separator:
Solvent Wick

Liquid Return
Assembled Cell Section View

Figure 3-2 Proposed Internal Thermal Management System for Lithium-lon BatteryUsing
Volatile Co-Solvent in Electrolyte

The internal TMS concept is also proposed for an 18650 cell architecigyumes(B-3). For
this architecture, the jelly roll is held in the center of¢bl can with plastic jelly roll supports.
The uniform separation created between the jelly roll and the 18650psbe@les an internal
annular condenser for vapor generated within the channels of the positivedele&xternal
convection cooling is applied to the

exterior casing of the 18650 steel can to

Vapor Channels

provide the condensing power required. ~ Liquid in Positive Electrode
In  both of the proposed Exteral =
Convection
Cooling _~~

architectures, vapor channels are created in dsliy Roll

the positive electrode of the cell. The Plastic Jelly Roll Support

positive electrode is chosen due to theyre 3-3: Proposed Internal TMS in 18650 Cell
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Removal of <2% of Electrode Material:

Generated Vapor Flow Path Micrograph ol Yapor Chasne)

Figure 3-4: Representative Vapor Generation Channel Created in a Positive Electrode

4
” Vapor Flow

possibility of lithium plating on exposed surfaces of copper. During chatiggeinli concentrates
in the negative electrode forcing its potential to decrease. In tgaglbctrodes, the potential in
the negative electrode can approach 0 V vs. Lj/the potential at which the lithium plating
reaction becomes active (see Section).ILRhium preferentially plates in a dendritic fashion
which can grow and create an electrical short to the cathode. Foedkn, copper surfaces are
never exposed to any electrochemically active surface area inacmhLIBs. Consequently,
vapor generation channels can only be safely created in the positive electrode.

The cell modifications for the proposed internal TMS include the creatiewagioration
channels and the integration of a condenser. The evaporator channels can be manufactured during
the slurry coating process or completely remoater the electrode has been manufactured. In
commercial cells, slurry-based positive electrode coatings uniforovgrdhe entire surface of
the aluminum current collector and can range in thickness from 50-100 pnredte these
evaporation channels during electrode manufacturing, the slurry is spread unitrnhe
aluminum current collector everywhere except for masked portions designathannels. Once
the solvent used for slurry suspension has been evaporated and the elecadeiedared to its
final thickness, the channel masking material can be removed withaubdigtthe surrounding
coating. Alternatively, manufactured positive electrodes with a unifatimeamaterial coating

can be modified to contain the channels. The active material caamgimply be abrasively
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removed from the aluminum current collector

using a metal spatula or similar device. This type

\

of channel manufacturing process is not a

1mm
production-worthy approach, but it suffices fo Condenser

validation of the concept. In both of the propose Water/

manufacturing methods, the channels extend 1 G1ycol

entire vertical length of the electrode. Figure 3-4

T~

shows a representative vapor generation channel

that was created after the electrode material wh&ure 3-5: Embodiment 1 of Proposed
Internal TMS with External Liquid Cooled

uniformly coated on the current collector.

Condenser on Edge Face of LIB Cells

The proposed internal TMS has two embodiments. In Figure 3-2, the contlante

proposed internal TMS is shown integrated into the thin edge of thedllBIn this particular

embodiment, a liquid coolant can flow through a structure in thermal ¢comtacthe condenser

on the edge of the battery. Figure 3-5 shows a larger embodimentbiesed internal TMS

with a liquid cooled heat
exchanger in contact with the

thin edge of a group of cells. /’
Water has an order of
magnitude greater thermal /'
conductivity and four times Air
greater specific heat than air. /

This requires significantly

less surface area for water to /

Passage

Figure 3-6: Embodiment 2 of Proposed Internal TMS with
External Air Cooled Condenser on Large Face of LIB Cells
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reject the same about of heat as air. A second embodiment of the propessd TMS is shown
in Figure 3-6. In this system, 1 mm spacing is created betwesy ®vo cells to create a flow
path for cooling air flow. This style of cell spacing is used in thevfohet Volt LIB pack;
however, in the Volt, aluminum cooling plates occupy the 1 mm spacingsyBbem impact of
the two proposed embodiments of the internal TMS is compared to the Chevrolet Volt in the next
section.
3.1.1. Impact of the Proposed Internal TMS

To estimate the system impact of the proposed internal TMS;a¢@gsumptions were
made. Table 3-1 lists the assumed density, dimensional, and quantigdties for the calculation.
The analysis uses the dimensions of the 15 Ah Chevrolet Volt celhartdtal system volume
and mass are based upon the 288 cell architecture of the Volt LIB paadition, the aluminum
cooling plates used in the Chevrolet Volt TMS and the air passeggged between cells in Figure
3-6 were assumed to occupy the same volume. The LIB cells ihra# systems were also
assumed to have identical performance of 240 Whaad 640 Wh IX. The LIB cells for the

proposed internal TMS each contain 5 evaporation channels in every ong@adithe electrodes

Table 3-1: Values Used for System Impact of Proposed Internal TMS

Density
Component (kg LY
Air 0.00123
50:50 Water/Glycol 1.05
Aluminum 2.70
Positive Electrode Coatii§0] 1.30

Aluminum Plate/ Evaporation

Value Cell Air Channel Channel
Height (cm) 19.3 19.3 19.3
Width (cm) 14.5 14.5 0.1
Thickness (cm) 0.5 0.1 0.0063*
Quantity in LIB Pack 288 144 23,040
Quantity in Single Positive Electrode - - 5
Quantity of Positive Electrodes in Ce - - 16

*Single-sided positive electrode coating thickness
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within the cell (16 total). Each channel has dimensions of 19.3 cm long x Widerx 63 pn
deep. The depth of the channel is dictated by the positive elecmatiag thickness, and all of
the positive electrode coating is removed in the areas of the channel.

To quantify the impact on LIB performance from the creation of evaporationalkann
the positive electrode of the 15 Ah LIB cells, the mass of active material/eghwas calculated.
The equivalent volume (0.280 L) of the 23,040 evaporation channels was calculated argsthe ma
of active material removed was determined using the coating yl€as®0 g L). The total
electrode mass removed for 288 cells was determined to be 0.364 Kgitlora the total mass
of the positive electrode active material (without channels) aksilated for the 288 cells and
was determined to be 21.1 kg. Therefore, the relative amount of positoteo@éée material
removed for the modified cells is approximately 2%. Assuming the cell is capagigd by the
positive electrode, removing the electrode material resultsproortional drop in the stored
energy of the cell. As a result, the cell with evaporation chahags87.8 Wh of available energy,
which is a 1.8NVh (2%) reduction.

The LIB pack + TMS volumetric and gravimetric energy density for eastrsywas then
calculated. This required the estimation of the total volume and ofidke cells and cooling
infrastructure. The calculation did not consider the accompanying coolingfoidaand
distribution structure for any of the systems, and only the cooling plateshamtels were
considered. This results in a conservative estimate of the propode@wiporation TMS for ai
cooling, but could underestimate the impact for liquid cooling. Equatiéh 48d (3.2) were used

to determine the gravimetric and volumetric energy density of the LIB packs wittsa TM

Pack Gravimetric Capacityw (3.1)
mTMS + rT.!:ells
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. . C
Pack Volumetric Capacity ——2
PaEly Vius + V. (3-2)

cells

whereCiotal is the total stored energy capacity of the 288 celigs is the total mass of the external
cooling infrastructuremceis is the mass of the 288 celigus is the total volume of the external
cooling infrastructure, aniceis is the total volume of the 288 cells. The results of the system
comparison are shown in Table 3-2. Embodiments 1 and 2 of the proposed TMSesnii®v
gravimetric capacity of the pack by 4.5% and 5.0%, respectively, compdahedG@bhevrolet Volt.
Embodiment 1 also offers a 6.6% increase in pack volumetric capacihe ds hm spacing
between every two cells is removed and only a single alumaoaing plate is added along the
thin edge of the cells. Embodiment 2 requires that 1 mm spacing réanéie cooling air flow,

and for the cell to be modified to contain evaporation channels; therefslighily reduces the
pack volumetric capacity compared to the Chevrolet \ai).

The impact of the proposed internal TMS is expected to be even greater when considering
the entire cooling system architecture within the pack. Thediguanifold structure of the
embodiment 1 is far simpler than that currently employed in therGle¢Wwolt, as only a single
external cooling plate is required. Furthermore, the proposed internal TMB&aititain much

more uniform cell temperatures as the distance for internally generatetbHee conducted is
Table 3-2: System Impact of Proposed Internal TMS Compared to Chevrolet Volt

Proposed Proposed

Calculated Quantity Embodiment 1 Embodiment2 Chevrolet Volt
Total Cell Volume (L) 40.3 40.3 40.3
Total Cell Mass (kQ) 107 107 108
External Cooling

System Volume (L) 0.28 4.03 4.03
External Cooling

System Mass (Kg) 0.52 0.005 7.56
Pack Gravimetric

Capacity (Wh kg) 235 236 224
Pack Volumetric 623 570 582

Capacity (Wh %)
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Table 3-3: Summary of Current and Proposed TMSs for LIBs

Effect of TMS

External Internal Currently System on LIB Pack
TMS Cooling Cooling Implemented Complexity Energy Density
Chevrolet Volt Yes No Yes High Negative
Tesla Model S Yes No Yes High Negative
Bandhauer et al.
Microchannel Yes Yes No Medium Negative
Cooling [72]
Mohammadian et
zéll.ea:lgl;etePhase Yes Yes No High Negative
Cooling [73]
?K/CI) gosed Internal Yes Yes No Medium Less Negative

minimized. A qualitative summary of the proposed internal TMS compared to other LIB iBMS
presented in Table 3-3.

Despite the benefits of the proposed internal TMS over conventionah&xieMS and
other internal TMS concepts, fundamental questions remain to be resolveda Fodtile co-
solvent that is compatible with the lithium-ion chemistry andBas the thermal requirements of
the TMS needs to be identified. Second, the electrochemical performfadaB undergoing
continuous volatile co-solvent vapor generation needs be charactdrmed]. the volatile co-
solvent vapor generation has to be shown to have no detrimental effect &Bth&he
electrochemical and thermal requirements of the multi-functionalrelget (MFE) for the
proposed internal TMS are described in the next section.

3.2.  Multi-Functional Electrolyte Requirements

To enable the proposed internal TMS, the MFE must satisfy severaindamg
electrochemical requirements of the LIB chemistry. In addition, tRE Must satisfy the thermal
requirements that motivate this research effort. Both sets of requirearengsesented in the

following sections.
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3.2.1. Electrochemical Requirements

The electrochemical requirements of lithium-ion battery eleceslgire discussed in the
reviews written by Xu [22, 24], Aurbach et 4], and Jow et a[95]. The list of electrochemical
properties that must be satisfied by the electrolyte is extenssvenentioned in Section 1.2.3
electrolytes can take many different forms and phases including liquigih@glsolid, and ionic
liquid. The focus of this discussion here is on liquid lithium-ion eledslyAll liquid lithium-
ion electrolytes must be ionically conducting, electrically ingudgihonaqueous, aprotic, capable
of solvating a high concentration of lithium salt, and have the abditiorm a stable solid
electrolyte interphase (SEI) on both the anode and cathode surfacesf Baxse are described
in further detail in this section.

lon conduction is the primary function of an electrolyte. High ionic condtctwables
the electrochemically active species (in this case, lithums) to be readily available for oxidation
and reduction at the surfaces of the active material particles of the anodetaratcDuring cell
operation, lithium ions are inserted into and de-inserted from the eleataideals. During de-
insertion, the lithium ions are solvated in the electrolyte solution, antitearsported to the other
electrode surface via diffusion in the electrolyte. The rate of lithiumtransport is determined by
the chemical potential gradient of the lithium ions in solution, wigciproportional to the
concentration gradient and the ionic conductivity. For electrolytes with poordomituctivity of
lithium ions, a larger concentration gradient must develop withinldwtrelyte, which reduces
cell performance by starving the insertion electrode of lithium ibhis effect reduces the cell
potential when current is applied or withdrawn from the cell, and the difference betwesreth
circuit potential and operation potential attributable to the effectes diéemed the concentration

overpotential, which can also be expressed as a cell resistandegfr@ectronic conductivity
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electrodes, ionic conductivity can be the largest source of resistaa@®liij96]. The resistance

of the cell is vital in determining its energy and power capgb{@itlls with a higher resistance
(lower electrolyte ionic conductivity) have a more significant ohmic drop in voltéigs current

is drawn from them, reducing energy and power output. Liquid electrolytes have the highest ionic
conductivity of all the different types because of the relative e&sghium-ion transport in
mixtures of lower viscosity. Not surprisingly, the majority of commercial lithiomeells utilize

a liquid electrolyte. State-of-the-art liquid lithium-ion electrel/have an ionic conductivity on

the order of 5-10 mS ctnat room temperatuf@2].

Lithium-ion electrolytes must also be electrically insulatingpe Telectrolyte and the
separator exist between the anode and cathode interfaces of the cell (Figure 1-§)afdterss
permeable to the liquid electrolyte, which allows for lithium-iograiion between the electrodes
The anode and cathode are both in direct contact with the separator, &edelédtrolyte is
electrically conductive, the cell would immediately dischargethadotential difference would
be 0. A perfectly electrically insulating electrolyte will pass zero current beegritire operating
potential range of the cell. In the event that either the separatlectrolyte fail to electrically
insulate the anode and cathode from one another, an internal short willTduesg. shorts vary in

severity and can cause significa! =

capacity fade or total cell failure. Sevel
internal shorts instantaneously release

the stored energy of the battery, which ¢
cause violent thermal reactions to ta"‘f
place and trigger thermal runaway (s<.
Section 1.3.L This instantaneous energ‘i Y %

Figure 3-7. Internal Short Caused by Nail
Penetration of a LIiCoOx/Graphite Cell at 4.2 V[20]
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release is illustrated well in Figure 3-7 which shows a naikpation test causing an internal
electrical short in the cell. The nail penetration test is onbeofrtost extreme tests ofLIB’s
thermal stability. Typically, the cell is fully charged ints mhost energetic state (the cell in Figure
3-7 was charged to 4.2 V), and, when penetrated with a conductive extptad energy in the
battery is immediately dissipated via Ohmic heating. This rapidsfer of energy results in
extreme heat generation, electrolyte volatilization, and ultimately fire.

The electrical stability of electrolytes is best understoodnayaing the liquid solvent
molecules. It is widely accepted that the electricabibty of electrolytes is due the lowest
unoccupied molecular orbital (LUMO) and the highest occupied moleculaaldi#®MO) of the
solvent moleculefl9]. The difference in energy states of the LUMO and HOMO of therelgiet
solvents provides a region of stable operatiey,There is not a sufficient driving potential to
promote an electron from the HOMO or to accept an electron into theCLoMhe electrolyte
solvents (Figure 3-8). The movement of electrons produces current, and wosédan internal
short. Therefore, the LUMO and HOMO of the electrolyte solvents musbri@atible with the

Energy . . - .
* potential window that lithium-ion

chemistry operates, usually 0-5 V vs.

............ Li/Li * [22].

o
‘ The lithium-ion  chemistry

Yo LUMO and HOMO constraints of the

electrolyte solvents is the reason why

nonaqueous electrolytes are required.

Nonaqueous means that no water can be

Oxidant Reductant

Electrolyte present in the electrolyte. In many
Figure 3-8 Open-Circuit Energy Diagram for a
Lithium-lon Electrolyte [19]
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lower voltage chemistries, water is an ideal solvent having abundant aitgilabiigh dielectric
constant to solvate a high concentration of salt, and a relatovelyiscosity. However, water has
two redox pathways that lie within the required operating potential windos lghium-ion
battery:

2H.0

o+ 26 = H,, +20H  (2.21V vs. Li/Li ) (3.3)

2H" ,+26 = H (3.04 V vs. Li/Li) (3.4)

(agq 2(9)
Of greatest concern are the acidic protons ‘ofdrdmed by the latter reaction, which readily react
with components in the electrolyte such ag BRions to form HF. HF is extremely corrosive and
toxic and readily reacts to decompose the SEI layers of the anode ancec@tiexse reactions
negatively affect the reversible cycling and storage life of ¢@H§ Lithium-ion electrolytes are
so adverse to water impurities that all electrolyte handing mymsrb@rmed in an inert atmosphere
that contain sub-ppm levels of water.

The nonaqueous requirement of lithium-ion electrolytes is further extdxyceb@ critical
need for aprotic solvents. Protic solvents contain acidic protons®ofTkMs means solvent
molecules that contain O-H, N-H, and S-H bonds are unacceptabte the ability for H to
dissociate from the molecule under the potentials seen in a lithiutaitery. The O-H bond,
present in alcohols and other molecules including water, has a dissoeiaergy of 87.8 kcal
mol?! and is well-known to disable lithiumen chemistry. The N-H bond is even weaker, having a
dissociation energy of 72 kcal mol98]. The S-H bond is even weaker still, with a dissociation
energy of 67 kcal mdi[99].

In addition, lithium-ion electrolyte solvents should not contain any kea®gChloring

Bromine, lodine, Astatine). All commercially used liquid solvents @ganic, meaning they

contain carbon. The &-bond with a halogen is susceptible to dissociation under the potentials of
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lithium-ion chemistry and readily react with oppositely-chargeduithions in the electrolyte to
form insoluble lithium salts. This reduces the availability of ltf@um-ions for the power-
producing redox reactions. The C-F bond, however, is an exception to this requirdoeme

is the most electronegative element known to exist and it formstiibiegest bond in organic
chemistry when bonded to carb@b]. Therefore, C-F bonds in solvent molecules are acceptable
for lithium-ion chemistry.

All liquid lithium-ion electrolytes must also be capable of stihgaa high concentration
of lithium salt. As discussed in Section 1.2.3, lithium salts arsdbece of lithium-ions for cell
operation A solvent’s ability to solvate a lithium salt is measurable by its dielectric constant. For
purposes of understanding lithium-ion electrolyte chemisteygdric constant refers to solvent’s
ability to reorient itself in the presence of a charged molecule liregum-ions). Solvation of a
lithium salt occurs by the formation of a coordination sphere of solvent ude¢earound the
lithium-ion. The coordination sphere neutralizes the charge of tloe ¢ithium-ion) and prevents
attraction with its oppositely charged anion, which varies with ditbiym salt. Figure 3-9 shows

the coordination sphere of EC molecules around a lithium-ion in a 1.0 K &dfution. Ethylene

carbonate has a high dielectric constant (9
[89]) which enables it to solvate the inorgan
LiPFe salt to high concentration.

W,
Ideal electrolytes contain low viscosit ¢ g

o;'
-

s

-

‘

solvents with high dielectric constants. The mc .:\‘ ‘:

-

common high dielectric constant solvent

lithium-ion chemistry is ethylene carbonat
Figure 3-9 Ethylene Carbonate
which readily solvates LiRFThe high dielectric Coordination Sphere around a Positively
Charge Lithium-lon (Oxygen—red;
carbon—qgreen; lithium—blue) [22]
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constant of ethylene carbonate arises from the electronegativity cdrhenate ester group of the
molecule which preferentially orients itself to positive charfd€®]. Despite its high dielectric
constant and ability to solvate inorganic lithium salts, ethylanleonate cannot serve as the sole
electrolyte solvent because it is a solid at room temperatumeisitbe mixed with lower viscosity
linear organic solvents to form an ionically conductive mixture thaahasceptable viscosity for
operation in a wide temperature range. These solvents, namely diocagtignate (DMC), diethyl
carbonate (DEC), and ethyl methyl carbonate (EMC), have much lower deteststants (2.8-
3.1[89]) and would not be capable of solvating the high concentration of the inorgjsinin Isalt

on their own. The solution to mix linear and cyclic carbonate solventisdwifavorable solvation
and viscosity properties holds true for all conventional electrolyte mixtures.

Although used in commercial LIBs, high dielectric constant so$vardé not necessarily
required for lithium-ion electrolytes. Lithium salts are either organimorganic. Organic salts
are more easily dissociated due to their larger anion size, whicudspte negative charge over
the entire anion. As a result, a solvent does not need strong coordindteressto keep the
lithium-ions from becoming attracted to their bonding location oratiens in organic salts, and
low dielectric constant linear organic carbonates are capable ofisgleaganic lithium salts to
high concentration (> 1 M). Regardless of the lithium salt type, an aemductivity maximum
typically occurs around a 1 M concentration of the salt. Exampléssgilhenomena can be found
in the work performed by Arai on using the organic salts LIBETI and LiT83) and in papers
using various inorganic salts including LiA9JEO1] and LiPk [23]. In summary, high dielectric
constant solvents are required for solvation of a high concentration of imoligainom salts, while
lower dielectric constant solvents are capable of solvating a high conaantatrganic lithium

salts, and both approaches form viable lithium-ion electrolytes.
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The final electrochemical requirement for lithium-ion electesyis the ability to form a
stable SEI layer on the anode and cathode of the cell. In commercial cells, the operatingl pot
of the battery often exceeds the LUMO and HOMO of the electrolytersisl The shortcoming
of the electrical properties of the electrolyte can be overcome Hyprtination of a passivating
layer on the active material of the anode and cathode. Figurda@a& $row a properly formed
SEl layer on the anode and cathode can extend the reversible energyb#raelectrolyte. This
passivating layer consists of insoluble decomposed solvent molesaleanions, and lithium
ions. The SEI formation process causes irreversible capacity Itss oéll due to consumption
of the electrochemically active species, but, if it is properly formtedjlli sustain reversible
cycling operation for the life of the cell. A stable SEI will provalectrical insulation between
the electrolyte and the active material to prevent further decongopsind allow for lithium-ions
to freely migrate through to the active material surface of thetrettes. The nature of the SEI
varies for every possible combination of active material and elgerolixture, and is heavily
influenced by the solvents in the electroli2d]. A stable SEI cannot be predicted for a new cell
chemistry: it must be measured and the electrolyte mixture lmeustfined until a stable SEI is
created. Verma et al. provides much more information on the formation &Bhé LIBs
particularly on graphite [102].

In summary, the primary electrochemical requirements for the MFEodpe tonically
conducting, electrically insulating, nonaqueous, aprotic, capable of solaatigh concentration
of lithium salt, and capable of forming stable SEI passivatioaréagn the anode and cathode
surfaces of the active materials. In the next section, the therquaterments for a MFE in the

proposed system are discussed in detail.
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3.2.2. Thermal Requirements

When compared to conventional electrolyte mixtures, the primary thermquatements
for the liquid multi-functional electrolyte (MFE) are completely ceunnntuitive. Current research
efforts have sought to formulate low vapor pressure electrolytes primarily to improve Shfsty.
is because the majority of solvents are flammable, and vaporizing ¢bald increase the
likelihood of explosion if sufficient oxygen is present. In particular, the common solvents used to
mitigate the high viscosity of ethylene carbonatamely the linear organic carbonates DMC,
DEC, and EMC, have dangerously low flash points (182%6]. Consequently, all electrolyte
mixtures that contain these linear carbonates are extreragiynfhble, providing significant fuel
during a thermal runaway failure. Because combustion takes plades imapor phase, the
minimization of electrolyte vapor pressure generally equates to gtieateral stability. This logic
motivates the research for electrolytes based on ionic liquids whietalraar zero vapor pressure
[95]. In contrast, the proposed TMS requires the MFE to contain a solvehiathathigh vapor
pressure (i.e., low boiling point). In addition, because it is desiredhioniae the amount of vapor
generation, the co-solvent should also have a high enthalpy of vaporization.

Liquids that have a high vapor pressure at room temperature generallg f@awv boiling
point at one atmosphere of pressure. Selecting a fluid with a boiling<pddtC is critical for
enabling the internal TMS to function well below temperaturasttiggers thermal runaway. The
boiling point establishes the temperature at which the cell solhermally reject internally
generated heat. If the MFE fails to boil before it reaches thpemtures associated with capacity
degradation and thermal runaway, the proposed system is not viable. Cardmsateents

currently used in LIB electrolytes have an unacceptably high boilimg @bl atm for the proposed
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system: 90.5°C for DMC, 107.5°C for EMC, and 126.8°C for DEC. Additional thermal properties
of common carbonate co-solvents are provided in Section 3.3.2.

In addition, the solvent must have a high enthalpy of vaporization. Tthalgy of
vaporization is a measure of the amount of energy per unit mass of fuiceeduring the liquid-
vapor phase change. The enthalpy of vaporization is a function of the flgsupre As the
pressure of the fluid increases, the enthalpy of vaporization decreasaspr@ssure-enthalpy
diagram, the enthalpy of vaporization is defined as the difference inmntfahe fluid in the
gaseous phase (100% vapor quality) and the liquid phase (0% vapor quality) napseature
and pressure. The vapor quality is the mass fraction of vapor in the twoliphabs&apor mixture.
The saturated liquid and vapor enthalpies are illustrated in the Bramidor the fluid HFE-7000
(Figure 3-10. The red drop line is the fluid enthalpy at 100% vapor quality (218 ) &ud the
blue line is the fluid enthalpy at 0% vapor quality (85.22 k})kdhe difference of these two
enthalpy values, 132.7 kJ kgis the enthalpy of vaporization at 97 kPa andz34/nfortunately,
all liquid solvents that are feasible solvents for lithium-ioctetdytes have an order of magnitude
lower enthalpy of vaporization than water, which is 2257 k9édl01 kPa and 100°C. Water has

an unusually high enthalpy of 10000

vaporization due to strong i Saturated Liquid

1000} \\
100} 34°C \

hydrogen bonding between

the relatively small water

©
a
X
molecules in the liquid phasey” Saturated Vapor
These intermolecular forces 10§
must be overcome for 1’
0 50 100 150 200 250 300 350

evaporation to occur,
h [kJ kg Y
Figure 3-1Q P-h Diagram of HFE-7000 with a 34°C Isotherm
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requiring a significant amount of energy. These phenomena are welbddsand quantified in
water modeling effort§l03]. A high enthalpy of vaporization is desired to maximize the amount
of two-phase heat transfer per unit mass of volatile co-solvapboeated. In addition, a fluid with

a high enthalpy of vaporization will require a lower evaporation rateteee the same rate of
two-phase heat transfer as a fluid with a lower enthalpy of vaporizatitims scenario, more of
the volatile co-solvent will remain a liquid while still eeging the same amount of heat. Therefore,
an ideal volatile electrolyte solvent will have a high enghalf vaporization, similar to that of
water.

In summary, the two primary thermal requirements for evaporating eerdsdh a MFE
are high vapor pressure and enthalpy of vaporization. In the next section, candi@déhte solvents
that meet both the electrochemical and thermal requirements are discusgad.in de
3.3. Components of the Multi-Functional Electrolyte

The components of the MFE have a significant list of electrochéraiad thermal
requirements that must be met. Conventional electrolyte mixturesfys#ite demanding
electrochemical requirements, as they have been successfulindgbium-ion chemistry since
the first commercial cell was produced in 1991. However, these convémtiomares do not meet
the thermal requirements of the proposed TMS. An exhaustive searchroampd to identify
candidate volatile solvents that satisfied all of the electromatrand thermal requirements. The
search led to two conclusions: (1) volatile solvents that meethdgrenal and many of the
electrochemical requirements exist gAjithese volatile solvents cannot serve as the only solvent
in the electrolyte. Conclusion (2) is also the case for conventioraita{ge mixtures: multiple
solvents are used to balance the benefits and shortcomings of eaelafme, a 1 M LiP§

electrolyte in 100% EC at 20°C has an ionic conductivity of 6.9 m$ d&n&C is mixed 1:1 by
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weight with EMC, the conductivity increases to 8.5 mSt@rimarily due to the lower viscosity
of EMC [1]. The term, co-solvent, will be used for the remainder of this datiufoe the sole
purpose of recognizing a single solvent’s inability to satisfy all of the thermal and electrochemical
requirements of the MFE.

In the following sections, the candidate volatile co-solvents arsepted. Then, the
candidate organic carbonate co-solvents that compensate for the electrochemicahsigstof
the volatile co-solvents are reviewed. After, the lithium saliable for the MFE is discussed.
Finally, the baseline, conventional electrolyte mixture used for perfaenemmparison during
experimentation is identified.

3.3.1. Candidate VolatileCo-Solvents

After an extensive search, fluorinated organic fluids appear to be theadoesdategor
co-solvents in the MFE. The fluids are primarily perfluoroalkanes (Tablg, 3vhich are
molecules with a carbon backbone saturated with fluorine atoms. Due to the pletstooagC-

F bonds, these fluids have extreme chemical and thermal stalbilugrine is the most
electronegative element on the periodic table, which meansphaferentially attracts and retains
electron bonding pairs. These bonding pairs are critical to determiningetleetdc constant of
the fluid, and create a high electron density around the fluorine aetahe C-F bond, which
shortens the bond length between the carbon and fly@6heBecause the electrons are held close
to the nucleus of the fluorine atom, the polarizability is lesser@driBability is the capacity of
the molecule to reorient in the presence of an opposite cliNwdene electron pairs are available
to attract other molecules, and the dielectric constant of theu@erdlkanes is significantly

reduced as a result. This is especially evident in the FC-72 and Perflenapisnt flui
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Table 3-4: Candidate Volatile Co-Solvents for the MFE
Boiling Vapor Absolute
Pointat Pressure Viscosity
Candidate 1 atm at 25°C at 25°C Dielectric Chemical

Co-Solvent (°C) (atm) (cP) Constant Formula Molecular Structure
F F F F
HFE 7000 34 0.638 0.45 7.4 CHsFO .
£
F F F F
HFE 7100 60 0.609 0.58 7.4 CsHsF0 e : -9

FC-72 56 0.296 0.64 1.8 CoFia e 3 \/\\ #

Perflenapent  29.2 0857  0.472 18 CsFis P WP

Table 3-4 shows four identified candidate co-solvents. All of these fhags viable
commercial sources, something that many other identified and urdesteldtlate co-solvents did
not. Two fluids, HFE-7000 and Perflenapent, are ideal candidates that satisfy the thermal

requirements. These two fluids have favorably low boiling points and laigbr\pressure. The

other two, HFE-7100 and FC- 10000
72, do not have boiling poisit - Saturated Liquid
1000} \
that are less than 40°C at 1 -
atmosphere  of pressureg 100; . 60°C ™ saturated vapor |
= —30°C-
However, if the pressure oft- 10’ 7
the system is reduced, the i
fluids wil be capable of i ‘ ‘ ‘ ‘ ‘ ‘
. 0 50 100 150 200 250 300 350
boiling at lower temperatures.
h [kJ/kg]

This effect is illustrated onFigure 3-11 P-h Diagram of HFE-7100 Showing Multiple
Lines of Constant Temperature
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the P-h diagram of HFE-7100 (Figure 3-11). There are four isotherms ondhendjawo of which

show the necessary reduction of vapor pressure to boil within a range of acceptable temperatures
30°C and 45C. 30°C is the saturation (boiling) temperature of HFE-7100 at 34.2 kPa of pressure
(approximately 0.34 atmospheres). The saturation pressure at which HFE-7 19hekestiquid-

vapor phase at 45°C is 60.7 kPa of pressure (approximately 0.60 atmospheres). T reduc
system pressure can allow for a significant reduction in the boilingeieature of the fluid.
Therefore, HFE-7100 and FC-72 are included in the candidate co-solveditlistthe ability to
depress the boiling temperature to an acceptable value.

There are small, but significant, differences in the molecular strulbaiveeen the HFE
fluids and FC-72 and Perflenapent (Table 3-4). The fluorocarbon structure of théuidisEs
interrupted by the addition of a methoxy group, an oxygen-meil@Qas) group, at one end of
the molecule. The addition of this group dramatically affectsliglectric properties of the HFE
fluids. For example, the dielectric constant of the HFE fluids & @wr times greater than FC-
72 and Perflenapent. The methoxy group gives the HFE fluid moleculemasymwhich creates
a moment arm for the electronegative oxygen atom of the methoxy groegrient the molecule
in the presence of a positive charge. The measurement of this mameist alled the dipole
moment. Dipole moments can be calculated using complicated molecular catlwtdations that
rely on ionization potential, electron affinity, and atomic radil@4]. A much more simple
approach is to look for asymmetry in the molecular structure. Ideally, the asynisnsambined
with an electronegative atom, like oxygen. Lithium-ion electrolytest be aprotic, so all dipole
moments must be due to electronegative elements that relyectnoek, not protons, for their

polarity.
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Due to the varying dielectric constants of the volatile co-sit$velifferences in the lithium
salt solvation capability of each fluid are expected. Based onatsyitmetric molecular structure
and consequently higher dielectric constant, HFE-7000 and HFE-7100 artedxpextay a larger
role in the solvation of the lithium salt. In contrast, FC-72 and Petataare not expected to
play a significant role in solvation. Using FC-72 and Perflenapentlithiam-ion electrolyte
hinges on their ability to be miscible with another co-solvent capable of lithaltnsolvation and
while not disrupting the solvation of the salt. The candidate organic caebonesolvents and
lithium salt that were mixed with these candidate volatile ceeswé are now presented.

3.3.2. Candidate Organic Carbonate Co-Solvents and Lithium Salt

Conventional electrolyte mixtures utilize at least one linear carbsoatent (DMC, EMC,
or DEC) and at least one cyclic carbonate solvent (typically EC)ic®arbonate solvents have
a high dielectric constant which is useful for solvating inorganic lithsafts. However, EC is a
solid at room temperature, and a linear carbonate solvent is also used to lovisrasieof the
electrolyte mixture and maintain EC in the liquid state. More notablyf the common organic
carbonate solvents currently used in LIB electrolytes have a boiling patnstmuch greater than
the onset temperature of thermal runaway (> 65°C, see Sectioh Didd et al. measured the
bubble point of a DEC/PC solvent mixture, which was in excess of 120°C reggaodlthe PC
content due to DEC’s boiling point of 126.8°C [105]. Under vacuum, these co-solvents will have
much lower boiling points, but the flammability of the generated vaporsigraficant safety
concern and gas generation in the cell can make vacuum conditiomsedyiméficult to maintain
Therefore, these native solvents cannot be used as the voladeatfor the proposed internal

TMS since thermal runaway reactions would occur before any liquid-vapor phase change cooling
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Table 3-5: Common Organic Carbonate Solvents in LIB Liquid Electrolytes

Organic Boiling Melting Absolute
Carbonate Pointatl Point  Viscosity at  Dielectric Chemical
Solvent atm (°C) (°C) 25°C (cP) Constant Formula Molecular Structure

Dimethyl
Carbonate 90.5 0.5 0.626 3.1 C3HeOs H
(DMC)

Ethyl L0 S0

Methyl
Carbonate 107.5 -53.8 0.690 2.9 C4HsOs H

(EMC) 0

Diethyl R
Carbonate 126.8 -43 0.75 2.8 CsH1003
(DEC)

Propylene O~
Carbonate 241.7 -48.8 2.5 64.4 C4H6Os i
(PC) /

Ethylene o0
Carbonate 248.2 36.4 1.86 (40C) 90.5 CsH403 §
(EC)

could be realized. Table 3-5 shows basic thermal and chemical progdértiesxmon organic
carbonate solvents used in commercial LIB liquid electrolytes.

Due to their similar viscosity and dielectric constant to the catelivolatile co-solvents,
linear carbonate co-solvents are the most viable candidates todiglerasd provide lithium salt
solvation to form the MFE. Arai exclusively used linear carbonatsobeents in designing no
flash point electrolytes with HFE-7100 and only later was able t&e&dtb the mixture in small
amounts (0.5 M concentration) [85, 86]. Similarly, Naoi et al. found that lcegonates were
easily miscible with HFEs at any ratio, but ethylene carbonatgclec carbonate, could only be
added up to 59%®0]. Notably, Arai found that EMC formed the highest conductivity mixture with
HFE-7100 in comparison to DMC and DEC. Therefore, due to its superior performéhce
HFEs, EMC is selected as the candidate organic carbonate co-solvent for the MFE.

The selection of an electrolyte salt was limited solely to oog#hium salts due to the use

of low dielectric constant co-solvents. Arai tested two orgathm salts that produced high
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ionic conductivity solutions with HFE-7100 and EMC: LITFSI and LiBEHITFSI is known to
produce high ionic conductivity solutions compared to other organic littsalts. Due to its
plethora of strong C-F bonds in the anion, it also has high thermal stability. How&s| has
been documented to corrode the aluminum current collector of the pasisteode at high
potentials versus Li/Li[106, 107]. LIBETI is a more fluorinated lithium salt than LiTFSIsha
high thermal stability, and does not corrode the aluminum current colletgwever, LIBETI has
a lower ionic conductivity than LITFSI [85, 95]. Many other organiailiin salts exist including
lithium triflate (LISO:CFs), lithium bis(oxalate)borate (LiBOB, LiB(#Ds4)2), and lithium
nonafluorobutylsulfonyl trifluoromethylsulfonyl imide (LIFBMSI, LIN(SOsFo)(SG:CF)). Jow
et al. provides much more information on all of these organic lithium[8&ltsOf all the organic
lithium salts reported, only two had commercial sources at thedintfes work, LiTFSI and
LiBOB. Therefore, LiTFSI is chosen as the MFE lithium s&tshown in Chapter 4, solvation of
this salt to a 1 M concentration by the candidate volatile co-solvents andre&TC1 by volume
mixing ratio was attempted. Electrochemical tests with the MFE veenpared to results from a
baseline electrolyte, which is described in the next section.
3.3.3. Baseline Electrolyte for Multi-Functional Electrolyte Performance Congoari

With the introduction of novel volatile co-solvents into a lithium-idacgolyte, it is
necessary to compare the electrochemical performance of the MFE ob dhstandard baseline.
The most common linear carbonate co-solvents in commerciabecelBMC, DEC, and EMC. In
this work, DEC is chosen as the linear carbonate co-solvent. The cyddienate co-solvent will
be ethylene carbonate due to is critical performance in forming a stabl24%Hh addition, this
electrolyte must utilize lithium hexafluorophosphate (lgPFalso an industry standard for

producing the highest ionic conductivity electrolytes. lWR§& known to form stable SEI
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passivation layers particularly on graphite anodes in lithium-ios [@8]. For all non-boiling
electrochemical experiments, the baseline electrolyte aiisist of 1.0 M LiPEin 3:7 EC/DEC
by weight percent. The baseline electrolyte was prepared by BASF.

3.4. Summary

In this chapter, a proposed internal TMS that utilizes a MFE was described. Tagoope
principles and required LIB cell modifications were presented. Thadhgd the proposed system
was investigated with battery pack energy density, system rdjialsihd system simplicity
arguments compared to conventional, external TMSs. The electraaheand thermal
requirements for the MFE were discussed. The MFE must be ionically ¢ogjweectrically
insulating, nonaqueous, aprotic, capable of solvating a high concentratighiwh lsalt, and
capable oforming stable SEI passivation layers on the anode and cathode surfaceaaivie
materials. The MFE must also contain a volatile co-solvettit avhigh vapor pressure, low boiling
point, and high enthalpy of vaporization.

After reviewing the proposed TMS and the requirements of the MFE, tlidass
components of the electrolyte were presented. Four fluids were preseraedidate volatile co-
solvents; these fluids are perfluorocarbons or perflurocarbons with a methoxy grouyavand
sufficiently low boiling points to enable the operation of proposed interngd.TMue to the
miscibility limitations of cyclic carbonates with fluids simikarthose of the candidate volatile co-
solvents, linear carbonates are the only co-solvents initially considered a&Eheofdolvent. In
particular, EMC is chosen as the linear carbonate co-solvent dtgegmven miscibility with
HFEs and high ionic conductivity in electrolyte solutions containingraggithium salts. Because
the MFE mixture does not contain high dielectric constant solvents, organic |ghltsrare used

in the present study for the MFE, and, due to its high solubility, ionic ctiwidyicand commercial
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availability, LITFSI was chosen as the lithium salt for theBMFhe MFE will be 1.0 M LITFSI

in 1:1 candidate volatile co-solvent/EMC by volume, and its performamoenpated to a baseline
electrolyte (1.0 M LiPFin 3:7 EC/DEC by weight percent). In the next chapter, the experimental
procedures and results are discussed for the baseline electrolyteMirid #nat is held at a

sufficiently low temperature to prevent boiling.
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CHAPTER 4.NON-BOILING ELECTROCHEMICAL PERFORMANCE OF THE MULTI-
FUNCTIONAL ELECTROLYTE

With the exception of HFE-7100, none of the candidate volatile co-sollkawmésbeen
investigated in a published research stiadyithium-ion chemistry. The non-boiling experiments
to characterize performance of the MFE with different co-solvenksdaaniscibility, solubility,
conductivity, electrochemical stability window, half cell cycling, fulllcgcling, and impedance
spectroscopy. Each of these experimental techniques is described iheletaihcluding relevant
theory, experimental setup, data collection and processing procedures, arldwedfddy a
discussion of the results.

The non-boiling electrochemical performance results presented in tipieichee critical
for evaluating the proposed TMS. If th#-E fails to have comparable performance to the baseline
electrolyte under non-boiling conditions, the proposed TMS will not provide arefib& large
lithium-ion battery packs. Instead, it will negatively comprontise fundamental purpose of the
battery packto provide useful energy when it is required. The following sections haliacterize
the performance of the MFE in reference to the baseline.
4.1. Miscibility & Solubility

Miscibility and solubility measurements are the first critiesits for creating a MFE. Each
candidate volatileo-solvent must be miscible with EMC to form a homogeneous mixture. Non-
homogeneous mixtures of tle-solvents will result in an imbalance of lithium salt solvation
between the two fluids and ultimately varying levels of condugtivirough the electrolyteA
homogeneous mixture of co-solvents must also be capable of solaaling concentration of
LITFSI salt to achieve the maximum possible ionic conductivitg. Hbmogenous mixture fails to

solvate a 1 M concentration of the LiTFSI salt, it is not feasible for the MFE.
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Table 4-1 provides the supplier list for the components of the MFE. In treaviod
sections, the experimental procedures and equipment used for determsiiglityi of the co-
solvent with DMC is discussed first. The results from this experiment are then discusse

Table 4-1: Suppliers for Components of Multi-Functional Electrolyte
Multi-Functional

Electrolyte Supplier Part
Component Description ~ CAS Number  Supplier Number
HFE-7000 Volatile 375-03-1 3M 98021229699
Co-Solvent
HFE-7100 Volatile 163702-07-6  3M 98021189406
Co-Solvent
Volatile C5 -
Perflenapent CoSolvent ~ ©78-26-2 Exfluor Perfluoropentane
FC-72 Volatile 355-42-0 3M 98021102672
Co-Solvent
Carbonate Sigma
EMC Co-Solvent 623-53-0 Aldrich 754935
LITFSI Lithium Salt  90076-65-6  >dMa 544094
Aldrich

4.1.1. Method of Measurement

Both miscibility and solubility measurements rely on visual ingpeatf the mixture to
determine if any liquid separation or lithium salt precipitation occurs. If the cdedidkatile co-
solvent and EMC form a separated mixture, a MFE cannot be madecavalatile co-solvent is
determined to be not feasible for the proposed TMS. All electrolytieires are created in 1 fluid
ounce (30 mL) glass jars to allow for direct viewing. The glassyars purchased from Qorpak
(part number GLA-00850). The small, wide mouth jars were critical fa& efelectrolyte mixing
and to interface with the conductivity sensor described in Section 4.2elHutian for jars was
guided primarily by requiring the lowest electrolyte solution volume toigeoconductivity
measurementsall components of the electrolyte mixture were very expensive: $2.34farL

EMC, $3.95 ¢ for LiTFSI, and varying prices for the volatile co-solvents (frid@85 mL? to
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$1.61 mLY). In addition, the glass jars used caps with F217 and PTFE lineesate a chemically-
inert air-tight seal (Qorpak part number CAP-00065). The high quality seal the RAIFPT&E
liners creates is critical for electrolyte mixtures containing high vapor pressts@vents which
more readily evaporate than less volatile carbonate solvents.

4.1.2. Test Parameters and Equipment Used

volatile  co-solvents and EMC

underwent the freeze-pump-thaw
degassing procedure. The details of the
procedure are located in Appendix A.

The procedure requires the use of liquid

nitrogen dewars, Schlenk flasks, a

Temperature

vacuum pump, and a heated stir plate. = | : Adjustment

Upon successful completion of thglgure 4-1: Vacuum Oven

procedure, all dissolved gasses (primarily &d HO) are removed from the fluids prior to
pumping intcan MBraun argon glove bofO. and HO concentrations < 1 ppm each). In addition
the glass jars and caps were cleaned with the following solwettie specified order: acetone,
methanol, isopropanol. The jars were then vacuum dried overnight at 80°C befgreuraped
into the argon glove box. Figure 4-1 shows the vacuum oven used for albeent drying in this
work.

Once inside the glove box, 12.5 mL of the candidate volatile corgorel EMC were
drawn from their respective Schlenk flasks using a dedicated 6 mL poljgmnepyolyethylene

(PP/PE) luer lock syringe with a 20 gauge needle. PP/PE hdkeekogaterial compatibility with
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lithium-ion electrolyte solvents (the same material is usethéoseparator material in L& The
12.5 mL of the candidate volatile co-solvent and EMC were inserteche@®0t mL glass jar. The
jar was promptly sealed to prevent loss of the volatile co-sol#¢nhis point, determination of
co-solvent miscibility was made. If the co-solvents failed to lgcible, the separated mixture
was documented with a picture, and no further testing was performed wigfathatilar volatile
co-solvent.

After successful completion of the miscibility test, a 1 M concantradf LiTFSI salt was
mixed in the co-solvent mixture. The molecular weight of LiTRSl is 287.09 g mot, which
requires 7.177 g of the salt to be solvated in the 25 mL co-solvent migturave a 1 M
concentration. The mass of the LiTFSI salt was measured witmla weigh boat on a Mettler
Toledo scale (MS104S/03) with a 0.1 mg accuracy and 120 g maximum capadlyan,
disposable polypropylene spatula was used to adjust the amount of LiTtHiStisa weight boat.
The LITFSI salt was then placed into the glass jar containingitbeible co-solvents. A Teflon
stirring bar (3.18 mnx 9.53 mm) was also placed into the glass jar to aid in solvatiomjldke
jar was then promptly resealed. TH&-E mixture was placed on a magnetic stirrer set at medium
speed (IKA Topolino S1, 250 mL maximum stirring capacity). The mixture Wewed a
minimum of 1 hour to complete the LITFSI solvation process, indicated digaa electrolyte
solution (i.e., no remaining white LITFSI particles). If completeHST solvation was observed,
the candidate multi-functional electrolyte proceeded to the remaofddre electrochemical
experiments.

4.1.3. Results and Discussion
Based upon the prior work of Arai, it was known that HFE-7100 was miscildiieBMC

and was capable of solvating a 1 M concentration of LiTFSI salt. Therefitia efforts focused
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primarily on the other three candidate volatile co-solvents: HFE-700fedapent, and FC-72.
Immediately upon mixing Perflenapent and EMC, it became evidenthéhatvo fluids were not
miscible. In addition, FC-72 and EMC were also not miscible. Therateoh mixtures of
Perflenapent/EMC and FC-72/EMC are seen in Figure 4-2. Both Perflereapk®C-72 have

higher liquid densities, 1.63 g mland 1.68 g mt respectively, than EMC which has a density

EMC EMC

FC-72

Perflenapent

Figure 4-2 Separated Mixturesf EPerernapent and EMC/FC-72
of 1.006 g mtL. Once combined, the two fluids settled beneath EMC under the influence of
gravity. HFE-7000 was successfully mixed with EMC despite its higid density, 1.40 g ik
In addition, HFE-7100 with a liquid density of 1.51mg_"%, was also successfully mixed with
EMC, just as Arai had previously proven.

The success and failure of miscibility with EMC is a direct cquneace of the difference
in the molecular structure and polarity of the volatile co-sukieTable 3-4 provides both the
dielectric constant and molecular structure for each of the candidaiilevab-solvents. Both
Perflenapent and FC-72 are symmetric perfluorocarbons, with no additional grotips in
molecule. These highly fluorinated molecules have low dielectricaongl.8) compared to the
two HFEs which both feature a methoxy group at one end of the molecule (7.4)o@i$ do
have some polarity, but the high electronegativity of fluorine atormainmpolarity and the
resultant dielectric constant of the molecule is [@b]. In addition, the symmetric molecular

structure of Perflenapent and FC-72 cause any small dipole momentighatbe created from
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the C-F bonds to be cancelled by an oppositely positioned C-F bond on #rwulmol he result
of these two phenomena prevent mixing with fluids that have higher polarictslielectric
constants. The asymmetry of the carbonate ester group of EMC giveslédmeil® polarity due to
the lone electron pairs of the oxygen atoms. The methoxy group of HFE-7000 antl BiF-Give
the molecules polarity for the same reason as EMC. The simitextiyeen the polarities of the
HFE fluids and EMC is the primary reason for their miscibility.

Both the HFE-7000/EMC and the HFE-7100/EMC mixtures were capable of aglaati
M concentration of LITFSI salt. Upon sufficient agitation provided by gstiging bar, both

mixtures produced clear solutio

with no indication of LITFSI
particles  remaining  unsolvate
(Figure 4-3). Due to the much loweg
boiling point of HFE-7000, 34°C at
atm, the HFE-7000/EMC mixture ig

explored for its performance in th igure 4-3 Unsolvated LiTFSI Salt (Left) and MFE

Solution (1 M LIiTFSI in 1:1 HFE-7000/EMC by
g\/olume) on Stir Plate (Right)

electrochemical experiments in this work.

remaining non-boiling and boilin

4.2. lonic Conductivity

As described in Section 3.2.1, the ionic conductivity of the electrolyteesure of the
availability of lithium-ions for redox reactions at the anode and catimeldaces. It can also be
a significant source of cell impedance: low ionic conductivity edédes cause cells to have
reduced power performance. A description of the conductivity apparatus used andgesulti

measurements of the candidate multi-functional electrolyte is provided below.
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4.2.1. Test Parameters and Equipment Used

The conductivity testing is performed with a Rosemount Analytical 400 Enduranc
Conductivity Sensor with a cell constant of 1.0%crlihe cell constant maintains linearity within
+0.6% of the reading for conductivity measurements in the range of 1 i®&@a mS cri. The
sensor’s electrodes are made of concentric pieces of titanium separated by a PEEK insulator. The
sensor is also equipped with a Platinum 1000 resistance thermometee #dg shows the
conductivity probe which contains 19 mm MNPT thread that was interfaitke a modified F217
and PTFE lined lid for the glass jar described in Section 4.1.1. Thehickdhess of the lid was
increased by curing an epoxy (Freeman Repro 83) on topfoi@&.mm FNPT thread was cut into
the modified lid so that it could accept and seal the condtyctixobe. The modification of the jar
lid to seal with the conductivity probe was critical for ensuring thimimal volatile co-solvent
was lost during the measurement. The conductivity measuremenpobbeeis read and displayed
by a 1056 Rosemount Analytical Dual Input Analyzer. The conducteitgor and analyzer were
factory loop calibrated in a KCI solution at the time of purchase. Tdaing displayed by the

analyzer was recorded as the conductivity of the electrolyte. Thabegiidn time between

- ~ 3/4" NPT
. threads cut

into epoxy

Full probe
submersion
in electrolyte

»

Modified Phenolic Cap : gf::euctwlty

S

Figure 4-4. Modified Glass Jar Lid for Conductivity Probe (Left) and Conductivity Probe
Submersion in Electrolyte (Right)
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submersion of the probe in the electrolyte, and a stable reading wasdlyypohieved in less than
one minute.

The ionic conductivity of the electrolyte is a strong function of erajure. This is a direct
result of the change of electrolyte viscosity and dielectric constant wifietatare, as shown by
the thermodynamic analyses performed by Ding et al. on PC/DEC and BGIEGt mixtures
[105]. High temperatures lead to greater lithium-ion mobility and higher candyaue to the
lower viscosity of the solvents. The opposite occurs as the temmeoithe electrolyte is reduced:
the viscosity of the solvent increases until the mixture begindithifg. At this point, no lithium-
ion transport is possible and the conductivity plummets to Z8p The ionic conductivity
measurements reported in this work were taken at room temperature (approximately 22°C).
4.2.2. Results and Discussion

Table 4-2 shows the ionic conductivity of two candidate MFEs a$ agethe ionic
conductivity of the carbonate-only baseline electrolyte. The resiubiw the baseline electrolyte
has the highest electrolyte conductivity followed by E1 (the HFE-€08@€aining electrolyte) and
E2 (the HFE-7100 containing electrolyte). These results were not unexptwtedse of the
organic salt, LITFSI, lowers the ionic conductivity of the electeoljue to the reduced mobility
of lithium-ions by the large anion size. In addition, the size of tiatile co-solvent molecule
appears to have a measureable effect on the conductivity of the etecsalytion. HFE-7100

contains one additional carbon atom bonded with two additional fluorine atonpaced to HFE-

Table 4-2: Room Temperature lonic Conductivity of Investigated Electrolytes

Electrolyte Room Temperature lonic
Name Composition Conductivity (mS cm?)
El 1.0 M LiTFSlin 1:1 HFE-7000/EMC by vol 2.309

E2 1.0 M LiTFSl in 1:1 HFE-7100/EMC by vol 1.463

Baseline 1.0 M LiPFs in 3:7 EC/DEC by wit. 7.258
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7000. The growth in molecular size of the co-solvent appears to negaitety the ionic
conductivity by reducing the Lication mobility.

The reduced ionic conductivity of the candidate MFEs is expected toireauligher cell
impedance compared to cells with the baseline electrolyte.obhsmrved higher cell impedance
using impedance spectroscdpy a 1 M LIBETI 8:2 HFE-7100/EMC electrolyte compared to a
carbonate-only 1 M LiPF 3:7 EC/EMC electrolyte[86]. Despite having a lower ionic
conductivity, the candidate MFEs need to be characterized in half andlfa§cling tests to truly

realize the impact of the higher impedance resulting from the lmner conductivity. For the
remainder of this work, only the E1 mixture is tested due to more favohastedl properties of

HFE-7000. MFE and E1 are used interchangeably to describe the sameateaetkdtrolyte
mixture.

4.3. Electrochemical Stability Window

The electrochemical stability window, or potential stability windasva potential range

that the electrolyte does not continually decompose via oxidation or i@duetctions. The

potential range for an electrolyte i '3 T T T T
LA
dictated by the LUMO and HOMO of e ¢ roncrorooon § 7 P
1! H MFE PC‘I‘ I"* EC
the solvents used in the electrolyi | T '\ (e iecin | i 5 ]
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Figure 4-5 LUMO and HOMO of HFE-7100 (labeled
as MFE) Compared to Other Carbonate Solvent§90]
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carbonate solvents, suggesting greater resistance against oxidaigingitentials versus Li/Li
However, the improved oxidative stability of HFE-7100 comes at a qaesee to its reductive
stability. The LUMO of HFE-7100 is lower than that of the carbonate solvEnisindicates that
HFE-7100 is more easily reduced a low potentials versus’Lliiflain the carbonate solvents. Due
to similarities in molecular structure to HFE-7100, similar resigtanoxidation and reduction is
expected for HFE-7000.
4.3.1. Method of Measurement

The electrochemical stability window of an electrolyte is most commonly mekssireg
cyclic voltammetry (CV). The CV experiment is an extremely udestechnique primarily used
by electrochemists to study particular redox reactions. Several of the original ioetlpapers
have been published that describe the fundamentals of the CV expdi®@at0]. The basic
test setup for the CV experiment is showrFigure 4-6. The CV experiment is performed by a
potentiostat, which is an instrument that is capable of accursdalyning the potential of a

working electrode relative to a reference electrode in a smooth, amafowt while

Counter Working Reference
Electrode  Electrode Electrode

Ng ' g

simultaneously measuring the currer

produced at the same working electrode.

Charge neutrality is maintained in the
electrochemical cell by the use of a
counter electrode, whose sole purpose is
to supply or sink the electrochemically

<++— Electrolyte
active species in response to reactians
the working electrode. The reference <« Glass Jar
electrode does not participate in the

Figure 4-6: 3-Electrode Experimental Setup for CV
Experiment
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electrochemical reactions and passes zero current over the entitepradage of the experiment.
Therefore, when potentials are measured relative the referenceddeany changes are the result
of electrochemical reactions at the working electrode.

There are several experimental setup considerations for performingctnoatemical
stability window CV experiment. The most important consideration i<hiogce of electrodes.
CV requires the use of three electrodes: one working electrode, one courttedeeend one
reference electrode. The next consideration are the switching pistémtigne potential scan. The
switching potentials are the preset bounds of the electrochemical stalititpwmeasurements.
The final consideration is the potential scan rate of the instrymeeiarming the experiment. Each
of these are now discussed here.

There are many candidate working electrode materials for makingpeleemical stability
window measurements. In general, all working electrodes used for gtamlitow measurements
are inert in the electrolyte solution. Ideally, the only reactitvas take place on the electrode
surfaces are reactions consistent with the cathodic and anodidystahits of the electrolyte
components. For nonaqueous lithium-ion electrolytes gold, silver, platinum, asg géabon are
all considered inert electrodes and have been commonly applied folitystabbhdow
measurementd 11-113]. For this work, glassy carbon and platinum working electrodes are used
to measure the electrochemical stability window and the resudindgows will be compared,
similar to the approach used by Borgel et al. on ionic liquid lithium-ion elgtasjll12].

The counter and reference electrodes used for electrochemical statbifidow
measurements of lithium-ion electrolytes are commonly lithium mgtaium metal is a frequent
choice because its redox reaction, Equation (1.1), defines the lower opeeotial of the

lithium-ion chemistry. The solid lithium deposition reaction that occurs at 0 MAs™ is highly
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irreversible in lithium-ion chemistry due to its porous plated structurecandform lithium
dendrites capable of shorting a L|B4]. The formation of lithium dendrites in the lithium-ion
chemistry was well visualized in the work of Liu et[alL4]. Therefore, potentials of O V vs. LifLi
are avoided in lithium-ion chemistry and all components function a&npals greater than the
lithium deposition reaction.

Although the counter and reference electrodes are both lithium, theirolunstivery
different. The counter electrode participates in the redox reactions of the electrodyeaniced
species in response to the reactions occurring at the working electrode. Counter eldutnddes s
be ideally non-polarizable electrodes, meaning they can pass infuritent and require no
overpotential to do so. Lithium metal can be made an approximate non-polargectrode by
ensuring that its electrochemically active surface area is mueater than that of the working
electrode. The use of a lithium metal reference electrode allowsdguatential of the working
electrode to be scanned within a directly relevant range to the lithium-ion atyefinést 0.5-5 V
vs. Li/Li*). Other types of reference electrodes can be used, but the appliedcapofehé working
electrode relative to the reference must be converted to thé piténtial after the experiment is
completed.

The switching potentials for a CV electrochemical stability windoaasurement must
ensure that the stability limits of the electrolyte are readbedired potential stability windows
are guided by the electrode active materials employed in a lHB.LTB must be capable of
reversible operation between the potentials of the electrodes cahtaitiee cell. Accordingly,
the electrolyte must have a sufficient stability window to alfowreversible operation of the
electrodes. For the lithium-ion chemistry, the upper voltage limit redwof the electrolyte is

typically 4.5 V vs Li/Li*, although there are current research efforts to extend the oxidation
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potential of the electrolyte past this potential using fluorinated st@{&15]. The lower voltage
limit of electrochemical stability of conventional electrolytetures is typically between 0.5-1 V
vs. Li/Li* [22]. Common LIB anode materials reversibly operate below this potentiad,rhng
only after the successful formation of a stable 3H].

The final test parameter for consideration is scan rate, which is lsbwh&voltage is
swept between the predetermined switching potentials. In CV expesirtettstudy particular
redox reactions, varying the scan rate can provide insight into the diifftsefficient of the active
species to the working electrode surface. The measured peak cutrentgélic voltammagram
at a particular scan rate corresponds to a mass diffusion limitation. As less &losved for the
active species to diffuse to the electrode surface at higher scanhatgsak current predictably
changes for carefully-controlled diffusion scenarios. However, electrochestadslity window

measurements are not concerned with studying a single redox reactigawrging the scan rate is

300
not a necessary part of th
200 ——Cycle 1 (v=10)
measurement. In addition, scan ra —Cycle 1 (v=100)
does vary linearly with the &~ 100
| 5
measured charging currer 0 -
1 -
associated with the double-laye ‘5 -100 - jc increasing with
capacitance of the working 3 -200 _ SAaSHI REHle,
electrode [29]. This chargin [
[29] ging 300 4
current is completely reversible
-400
and does not affect the 00 10 20 3.0 40 50

Voltage (V vs. Li/Li*)
measurement of the stability limit:
Figure 4-7: Effect of Potential Scan Ratey in mV s, on
of an electrolyte. This effect isElectrochemical Stability Window of E1 Measured with
a GCE Working, Lithium Metal Counter and Reference
Electrodes
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illustrated in Figure 4-7 which shows the electrochemical stalviittglow of E1 measured on a
glassy carbon electrode at two different scan rates, 10 fnahd 100 mV 3. Although the
measured current between the potentials of 0.75-4.75 V vs! lfkimuch greater for the 100
mV s! scan rate, it does not affect the measurement of oxidation and rechateatials of the
electrolyte that define the stability window. The larger meastua@nt is simply due the charging
of the electrochemical double-layer.

4.3.2. Test Parameters and Equipment Used

The electrochemical stability windo

was measured with a Gamry Reference 3(

Potentiostat (Figure 4-8). The Reference 30 T | CAIM’ '

Reference
Potentiostat/Galvanostat/ZRA

potentiostat has 11 current ranges (300 pA-3 RS L e
N TN

5217

accuracy of +5 pA £0.05% of range +0.2% : i et caione
value) with £32 V capability and a +1 m
accuracy. Prior to performing the stabilif
window experiments, the instrument we
calibrated using the Gamry-provided calibratig
circuit in a Faraday cage (Figure 4-9). An ABigure 4-8 Gamry Reference 3000
Potentiostat
and DC calibration were performed using the Gamry Framework softwatarbutility. The
working electrodes were either platinum (1.6 mm diameter, BASI) osylearbon (3 mm

diameter, BASI) and are shown in Figure 4-10 The counter and referenitedsegere lithium

metal (Figure 4-11).
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The potentiostat cables
contain six colored leads with
alligator clips (Figure 4-12)

working (green), working sense

Figure 4-9 Gamry Calibration Circuit and Faraday (blue), counter (red), counter sense

Cage (source: gamry.com) (orange), reference sense (white),

and ground (black). The cables are hermetically sealed into a gloveduttikrtigh to allow the
instrument to remain outside the glove box to perform the experiment. Bothotkeng and
working sense leads were connected to the platinum or glassy carbon wadekitmgde. The
counter and counter sense leads were connected to the lithium coetéér electrode. The
reference sense lead was connected to the lithium metal referericedele€he ground lead was
connected to the large metal shelves of the argon glove box.

A glass jar lid was modified to accommodate the three electrodgsred for this
experiment (Figure 4-31The thickness of the lid was extended using the same epoxy technique

as the lid for the conductivity sensor. The working electrodes were gaedtpre-embedded in

black PEEK plastic, which

. . . > 1.6 mm diameter
allowed for direct insertion ‘ » Platinum Electrode

through the lid. The lithium
3.0 mm diameter

metal counter and referenc Glassy Carbon Electrode
electrode required the use of
6.35 mm 316 stainless steel rc
which contained 8-32 femalg
threads on both ends, machinddgure 4-10 Glassy Carbon and Platinum Working

Electrodes Used for Electrochemical Stability Window
Measuremernts
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Figure 4-11 Electrochemical Stability Window Experimental Setup.:vv}}tf-‘l‘il\./lic.)difi'e—d Glass Jér

Li

in-house. A fine, 316 stainless steel mesh is cut into a thin rectangular strip (7 62%5mmmn)
and a 4.50 mm hole is punched on one end. A 316 stainless steel #8 lock wd$h&8 anm long
socket head screw tighten the mesh onto the rod through the punched hole tgaotsetectrical
contact. The lithium metal is then wrapped at the opposite etk ahiésh to create the counter
and reference electrodes. An additional 25.4 mm long stainlesscstaglis used at the top of the
rod outside of the jar to provide an electrical connection location for tigatal clips of the
potentiostat leads. Figure 4-11 shows that the surface area of tha Iittatal counter electrode

is far greater than that of the platinum working electrode to provide an adegpad&imation of

an ideal non-polarizable electrode.

Prior to testing, all components wel
cleaned and/or polished. The 316 stainless s
rods were polished with Wenol metal polish usi
a Kimwipe laboratory tissue. The electrolyt
wetted portions of the modified lid, rods, screw

lock washers, and mesh were cleaned with acettrgiugwe 4-12: Gamry Reference 300

Potentiostat Leads
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methanol, and then isopropanol. The working electrodes were prepared actordiagBASi
electrode polishing guidd 16], described in detail in Appendix B. All components were vacuum
dried overnight at 80°C prior to pumping into the argon glove box. The lithiural riogtthe
counter and reference electrodes was prepared in the argon glove box. 1 kné3&Himmx
12.70 mm rectangles of lithium metal ribbon were cut. A metal spatas then used to scrape
the top oxide surface layer off of the lithium on both sides. The oxide-fraenithas a much
greater silver-metallic luster. Finally, the lithium was wrappa the stainless steel mesh opposite
of the screws.

Using the Gamry Framework software interface, the electrochematailityt window
parameters were defined. The voltage was scanned at 10'rfrdns the open-circuit voltage
(OCV) of the working electrode versus the lithium metal reference doWrd V, up to 5 V vs.
Li/Li *, and back to the OCV (3-3Xt). The scan was performed for one cycle. The OCV is
determined by 30 seconds of potential measurement between the working esrdtesééectrodes

prior to sweeping the potential. Figure 4-13 shows the applied potergralo$ the potentiostat

: 6.0 150
versus time for one complet ~ _ Voltage Current | —
: e 5. T £
electrochemical stability window 3 5.0 100 5
: <
[
, > 4.0 - 50 =
cycle. The OCV of the working = £
- l o
Q put
. . 3.0 T+ 0 =
electrode, in this case glass E ] 3
(o]
, > 2.0 +-50 3
carbon, was approximately 3.08 3 ] 5
— [}
_— 21.0 + -100 §
vs. Li/Li*. The measured curren & _ ] =
_ . 0.0 — .+ 150
versus time at the working 0 200 400 600 800 1000

Time (s)
electrode is also provided. T«
Figure 4-13 Applied Potential Scan and Measured
Current during Electrochemical Stability Window
Measurement of E1 at 10 mV $ with a Glassy Carbon
Working Electrode
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create a cyclic voltammagram, the measured current is plottedsagapotential domain, as
opposed to a time domain.
4.3.3. Results and Discussion

The initial switching potentials selected (0.5 and 5 V v4.itj/proved to be sufficient to
capture the stability window of the electrolytes on a glassy carlmmtredle (GCE). Both the
baseline and E1 reach their oxidative and reductive limits prior to the scamgethehswitching
potentials as indicated by the exponential growth and decline in measuredt seen in Figure
4-14. As the potential is swept from the OCV towards the lower switgutantial (0.5 V), it can
clearly be seen that the baseline electrolyte begins to deceropadakte GCE around 1.5 V vs.
Li/Li *. This observation is consistent with the first lithiation cycleafbonaceous electrodes
which includes significant EC decomposition to form a stable solidrelget interphase (SEI)
[117]. The candidate electrolyteél does not begin to show reductive decomposition until the

potential is swept below 1.0 V vs. Li/LiThe baseline electrolyte also showed increased oxidative

decomposition at 4.2 V vs. Li/Li 100
Both electrolytes appear to reac G S E:Se“"e
their oxidative limits by 5 V vs. 50
— 5 251¢

Li/Li*. E1 appears to have 4 |

= 0
improved stability compared to thi ‘g -

= 25
baseline electrolyte, as less curre 3 50 I
is passed over the entire potenti 75
range until the oxidative anc -100 [

0.0 1.0 2.0 3.0 4.0 5.0

reductive limits are reached. This | Voltage (V vs. Li/Li*)

a promising result as the baseliféigure 4-14  Electrochemical Stability Window
Measured with a GCE WE, Li metal CE/RE, 10 mV &
Scan Rate, 0.5V and 5 V vs. Li/lli Switching Potentials
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electrolyte is known to already have a sufficient electrochdmstedility with the lithium-ion
chemistry due to its ability to form a stable $8, 102]

The electrochemical stability window measured on a platinumwBiking electrode
provided a very different result from the glassy carbon electrode (Figi$¢. &1 clearly has
greater reactivity through the entire scan. The electrochemadailitst window of the baseline
electrolyte is markedly improved over E1, showing minimal decomposition untihifie bf 0.5
and 5 V vs. Li/LT are reached. The increased reactivity of E1 is most likely directeased
oxygen and water impurities in the electrolyte which are known to haNereactivity on a
platinum working electrodgl11]. Both the EMC and HFE-7000 fluids were purchased from the
suppliers and degassed using the freeze-pump-thaw procedure. Idegbsotaiss removes all
trapped gasses, but the results suggest that there are still enoagimtoaints of oxygen and water
to affect the stability window measurement on platinum. By contrast, the basettrelgte was
purchased from an electrolyte manufacturer, BASF. The baseline electrolyxture was

confirmed by the electrolyte

200
----- Baseline manufacturer, BASF, to have < 20
150 + E1
__ 100 A ppm of HO in the electrolyte.
£ . :
o 90 1 Therefore, the stability window
E
2 measurement with a platinum
o 50 -
3 - working electrode on E1 was more a
-100
150 1 measure of the impurities contained
200 - in the electrolyte than the oxidative

0.0 1.0 2.0 3.0 4.0 5.0
Voltage (V vs. Li/Li*) and reductive stability limits of the

Figure 4-15 Electrochemical Stability Window constituents. The stability window
Measured with a Pt WE, Li metal CE/RE, 10 mV &
Scan Rate, 0.5 V and 5 V vs. Li/Lli Switching Potentials
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measured with a glassy carbon electrode does appear to more definitively measetrtigel
potential limits.
4.4. Half Cell Electrochemical Testing

With miscibility, solubility, conductivity, and electrochemicaalsiity of the candidate
MFE established, half cell testing was performed to evaluatédtieashemical performance with
different LIB active materials with a lithium counter electrode. Hafl testing included
galvanostatic cycling and electrochemical impedance spectrosdupyalicell active materials,
construction process, experimental techniques, and resulting data areedescthe following
sections.
4.4.1. Definition and Method of Measurement

Half cells are created by using any LIB active materadtaining electrode (cathode or
anode) as the working electrode and lithium metal as a countaodkcthe redox potential of
the lithium metal counter electrode remains fixed at 0 V v&ildue to having a tremendously
larger capacity than the working electrode. Lithium metal electioales a theoretical capacity of
3860 mAh ¢, while the capacities of the working electrodes used in this studyldrelow 350
mAh g! [1]. As opposed to the lithium metal counter electrode, the working@decthanges
potential depending upon its state of lithiation. This allows the worddegtrode to be studied
independent of a counter electrode. A half cell containing a LIB actiteriadavorking electrode
and a lithium metal counter electrode is then filled with either the MFE or tkeéraaslectrolyte
to complete its construction.

The LIB active materials used to evaluate the two electraiythalf cells are lithium iron
phosphate (LFP, LiFeR{) lithium titanate oxide (LTO, LTisO12), and copper antimonide

(CwSh). LFP is a common active material in LIBs and is the only cathode actiggahased in
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this work. LTO and CiBb are two LIB anode active materials that serve as altera&tigeaphite,
the most common anode active material in commercial LIBs. The electrioetheharacteristics,
benefits, and drawbacks for each active material are discussed here.

LFP is one of the most common high power LIB cathode active materibbs. T
electrochemical reaction of LFP is a constant voltage, two-ppessess described by the

reversible reaction as follows:

Delithiation

LiIFePO, = FePQ+ Li+ e (4.1)

Lithiation
This reaction occurs at 3.5 V vs. LifLwith a theoretical capacity of 170 mArh.gIn addition
the lithiation process only produces a unit cell volume expansion of 6.81%. Theainiiome
expansion of the LFP particle minimizes the amount of capacity degradite to SEI cracking
on the particle surface and subsequent need for reformation, which enablegclenge [118].
Moreover, the redox potential of 3.5 V vs. LifLalthough lower than other popular cathode active
materials, is a lower chemical potential than the highest oatupadecular orbital (HOMO) of
conventional organic carbonate electrolytes. This minimizes tekhidod of a passivation layer
(SEI forming on the surface of the LFP particles. The binary mixture dEtedoes not contain
any additives commonly associated with stable SEI formg#iah Therefore, the preclusion of
SEI formation offers a valuable first-look at the electrochemical performance MiHABeavithout
complicated and irreversible reactions associated with the Bl LFP is inexpensive, non-
toxic, and a thermally stable active matefil9].

LTO is a highly reversible anode for the LIB chemistry, typicathpéoyed for high power
applications. The high reversibility is due to two unique features ohdtiee material: a flat

operation voltage of 1.5 V vs. Li/Liand a near zero lattice expansion and contraction upon
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lithiation and delithiation. The reversible two-phase reaction of LT® dbkvers a theoretical

capacity of 175 mAh§is as follows:

Lithiation
LiTi0,+3Li"+3% = LiTiO, (4.2)

Delithiation

Analogous to LFP, the flat voltage plateau of LTO at 1.5 V vs.iLiik above the chemical
potential of the LUMO of the electrolyte solvents. At this high pbtential, theoretically there is
no solvent reduction and SEI formation. Furthermore, the high potential of LTO
thermodynamically eliminates the possibility of lithium metatip@[120]. LTO particles have
inherently low electronic conductivity, a property that can be mitightesmall active material
particle size. Taking this idea to the extreme, Kavan and coworkposted satisfactory
electrochemical performance of a nanocrystalline LTO thin filmtelde at charging rates of
250C[121]. For these reasons, LTO is considered a safe, high-rate anode material for LIBs.

CwSb is an intermetallic anode capable of reversibie ihsertion and extraction.
Intermetallic anodes offer several benefits compared to other typesadiveegjectrodes for LIBs.
As opposed to insertion electrodes like LFP, LTO, and graphite whichlghouen in atomic
form, intermetallic anodes store lithium in ionic form. This enaldeme of the lithium
intermetallic alloys to have specific capacities on the order tbifufh metal. In addition,
intermetallic anodes have higher potentials versus lithium tharhiggapvhich reduces the
likelihood of lithium plating on the surface of the anode. Lithium canllbgeal with numerous
different metalloids including antimonyl). However, intermetallic anodes undergo significant
volume expansion and contraction during lithiation and delithigtl®®-200%). The expansion
causes cracking both of the active material and the SEI and logg@idrgding particle electric
contact[15]. CwSb is an intermetallic anode of particular interest becauselise expansion

is much less significant, 42%7], than other intermetallic alloys. In addition,Sb has a high
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theoretical capacity of 323 mAh'gcomparable to that of graphite (372 mAH.gThe lithiation

of CwSb is described by the following complete reaction:

Lithiation
CuSb+3Li+3e = LiSk2C (4.3)

Delithiation
In the complete reaction, copper is extruded from the intermetallidigeudureCuw,Sb upon

initial lithiation undergoes two separate reactions. The first two-phastores described as:

Lithiation
Cu,Sb+ xLi+ xe = LiCy, Sb yCdor0< x2and & . (4.4)

Delithiation
At the limits of the reaction described by Equation (4.4)CuBb is formed. Upon further

lithiation, the electrode undergoes a second single-phase reaction:

Lithiation
Cu,_,Sb+ zLi+ ze = LiSk zCdor 0< <1 (4.5)

Li2+z
Delithiation

The potentials at which the above reactions fofSButake place are 0-1 V vs. Lifliwith the
reaction described in Equation (4.5) solely occurring at potentsdsten 0.5 V vs. Li/Li[17].
Note that in the complete reaction described by Equations (4.3) andl(#hg)antimony is reacted
with lithium, leaving copper extruded from the structure. The formations&blis unfavorable
for reversible cycle life, therefore €sb anodes are typically lithiated to a minimum of 0.5 V vs.
Li/Li * to avoid complete copper extrusion.

The construction of a LFP half cell is shown in Figure 4-16 and Figpdré A 19 mm
PFA T-fitting was used as the body of the cell. The PFA T-fistiwgre purchased from Entegris
(part number UT12N) and bored through using a 19 mm drill bit. 19 mm diameter 6@6hwah
and 316 stainless steel rods eatkhe T-fitting at opposite ends of the bored passage and make
direct electrical contact with the working and counter electrodepectegely. Two ferrile-
containing PFA nuts provided a satisfactory seal between the radeaR&A T-body. Foall half

cells, the counter electrode wasl9 mm diameter x 1 mm thick disk of lithium metal placed
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Electrode
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Figure 4-16 Half Cell Stacking Architecture Performed in Argon Glove Box
directly in contact with the stainless steel current colleatody Prior to assembly, the surface
oxides of the lithium disk were scraped with a metal spatuladditian, the mass and thickness
of the working electrode was measured and recorded using a Mettler Fobddovith 0.1 mg
accuracy and a digital micrometer (1 um precision), respectiel®. mm diameter 25 pm thick
PP/PE separator (MTI) was placed directly on top of the lithiud® Aam diameter piece of glass
filter paper was then placed on top of the separator. Another piece of separator was placed on top
of the filter paper and the LFP working electrode. The opposite side of EheleEtrode was in
direct contact with the aluminum current collecting rod. An identiealkshg structure was used
for the LTO and CgSb half cells. However, these cells used 19 mm 101 copper rods in place of
the aluminum rods. Approximately 1 mL of the candidate MFE or basédicieadyte was inserted
into the top of the T-fitting directly over the stacked electrode structure. A caiheratightened
on the top port of the T-fitting to seal the cell.

Each of the electrode materials in half cells were investigatied) galvanostatic cycling
and electrochemical impedance spectroscopy (EIS). Both of these expafiteehhiques are

described in the following sections.

116



19 mm 316 19 mm 6061
10-32 316 Stainless Aluminum Rod
Stainless Steel Rod

Steel Screw I

| 19 mm PFA Tee Fitting
Figure 4-17 Assembled LFP Half Cell

4.4.2. Galvanostatic Cycling

Galvanostatic, or constant-current, cycling is the most common amEsgssool for
evaluating the performance of a battery. The cell under test has@itinent drawn or input to the
cell until a pre-determined time or voltage limit is reached. fEselting data of cell voltage,
current input or drawn, and time allows for several important parametersatchkited including

capacity and energy. Capacity is calculated using the following integral:

t

C(t) = [ 1(t)dt (4.6)

0
whereC(t) is the capacity in amp-hours (Ah{t) is the applied current in amps (A), andtime
in hours. For a galvanostatic test, the applied current is constahin Vinits of instrument
accuracy. It is necessary to utilize the recorded current ay ela¢a point,I(t), to maximize
accuracy. The change in capacity of a cell over many cycles provides insigtitda reversibility

of the power-producing redox reactions of the electrodes. The energy of tkecatdliated using

the following integral:
E() = V() I(t)dt 4.7)

whereE(t) is the energy in watt-hours (Wh) axi) is the voltage of the cell at timigin hours.
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The data from the galvanostatic tests can be further maniputatprbduce relevant
information. In particular, the voltage versus state-of-lithiation he@oulombic efficiency of the
electrodes are useful to assess the impact of the two electrdljtestate-of-lithiation§OL) of

an electrode was determined using Equation (4.8) and Equation (4.8¢ foathode and anode,

respectively:
C(t
delithiation
C(t
SOI‘CUZSb LTO™ i -100 (4.9)

lithiation
Cathode active materials require energy input for the delithiatiactiom, while anode active
materials require energy for the lithiation reaction. The normalizectitppata ranged from 0 to
100 percenSOL and was plotted against the measured cell voltage to provigdétinsto the
capacity producing reactions and the overpotentials required for lithiatiatehtidation. Similar
to the SOL calculations, the coulombic efficiencZE) was calculated using one of the two

formulas depending if the electrode of study was a cathode, Equation ¢t.a6hde, Equation

(4.11):
C. ..
CE, ., = —lihaton_.1(Q (4.10)
delithiation
C ithiation
CECLbSb o= oot 100 (4.11)

lithiation
The coulombic efficiency calculations provided insight into the revditgiluf the capacity-
producing electrode processes. A low coulombic efficiency indicatetitthat-ions are trapped
in the active material and are unable to be released. High couleffibiency indicated high

reversibility: all the intercalated lithium is de-intercathteThe comparison of coulombic
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efficiency between the baseline and MFE in each of the half cell cotanisallowed for direct
conclusions to be made on the performance and feasibility of the MFE in lithium-iorsttyemi
4.4.3. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is an experimentalgeelihat provides
valuable insight into the change of impedance at the electrodesslexinterface. The impedance
of this interface is composed of several different, well-understood eleatnmztiecomponents
EIS is of direct contrast to cyclic voltammetry and galvanostaying which force non-
equilibrium conditions upon an electrochemical system and ob#eswesponse of the system
Further description of the purpose of the EIS technique is provided in theifg section.
Thereafter, the experimental considerations and method for performing axpgei®reent are
discussed. The analysis of the resultant impedance data is then ekplachaling the use of
equivalent circuit models. An example of a Randles Cell is provided fdrefudiarification
throughout the description of the analysis procedure. Finally, the equivatait ciodel used for
impedance fitting in half cell testing is described. Useful textbtmksference on the subject of
EIS are written by Barsoukov and Macdonfl@2] and Orazenfil23].
4.4.3.1. Purpose

EIS is capable of observing impedance changes at the electrode-eledttelface of an
electrochemical cell. Specifically, EIS measurements arbtapf quantifying the electronic and
ionic conduction resistances of the cell, the electrochemical dtay@e-the charge-transfer
resistance of SEI films on the electrode surface, and the massatiiféinsiracteristics of the active
materials into the electrode and tracking how each change withtipbnd cycle life. Each of
the aforementioned electrochemical components produce impedance egntiffenescales.

Electronic and ionic conductivity impedance is observed at the snallero-second and below
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time scales. Doubl&yer and SEI charge transfer impedance is observed at the milli-second time
scale. Lastly, mass transfer impedance is observed on the secosddlej&23]. EIS is capable

of characterizing each of these electrochemical components betgesiance measurements can

be made in the frequency range of*16 1¢ Hz [29].

It is important to note that the impedance of an electrochepetialaries for every system
chemistry (electrodes and electrolyte) and morphology (structure of the eleekeati®lyte
interface). For this reason, EIS is only a useful technique for observinggeshdo an
electrochemical cell with a particular chemistry and morphologyntéfest in this work are the
electronic and ionic conduction resistances of the half cell, the elestntzdd double-layer, and
the charge-transfer resistance of the SEI films on the surface déttedes. Each of these are
significantly impacted by the components of the electrolyte, espethal resistance associated
with ionic conductivity and the SEI film. The resulting impedadata of half cells with E1 will
be directly compared to cells containing the baseline electrolytsdess the impact ofeth
candidate electrolyte mixture on each of the previously mentioned electrocheonqainents.

The EIS experiment operates by applying a small potential petittimb#éo the
electrochemical cell over a set frequency range. The current produced dioe potential
perturbation is measured. The impedance of the cell is determined by the magnitude and phase of
the measured current relative to the applied potential. The ingsihipedance data can be
modeled with equivalent electrical circuits to quantify each of sgtrechemical features at the
electrode-electrolyte interface. Tracking the changes in the equieddentical circuit fits of the
impedance data over the lifetime of the electrochemical cellgeevinsight into the stability or

instabilities present at the interface. The electrolyte istealricomponent in determining the
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properties of this interface and the EIS data will be useful in evaluating thetiofghe MFE on
its different components.
4.4.3.2. Experimental Considerations and Method

There are several critical experimental considerations thatbauset prior to performing
an EIS experiment on a half cell. The most important is ensuringhinaell is maintained &t
constant, time-averaged state of charge. The polarization curve dftaelha the potential of the
working electrode relative to lithium metal at any state ofdttbn under zero current. Ensuring
the cell remains at the same nominal potential during the expérah@ns for the impedance of
the cell to be analyzed as a linear circuit. Linear ciraats be analyzed with the principle of
superposition: inputs to the system are equivalent to the weightedfstire outputs[124].
Superposition only applies to electrochemical cells for very smalhpakgerturbations. In this
work, EIS experiments are performed potentiostatically (a con&@nfpotential offset) to
approximate steady-state conditions. Immediately prior to the EIS exgerithe half cells under
study are lithiated or delithiated to the potentidld) defined by the potentiostatic test condition.
Throughout the remainder of the EIS experiment, the sinusoidal AC potential poturba
AVcost), is offset by the DC potentiostatic test condition (Mgsy = AVcost) + Voc).

The second critical experimental consideration is the magnitude ofpdkential
perturbation applied to the electrochemical cell. For most electrochleaystems a potential
perturbation with an amplitude of 1 to 10 mV is sufficifif?3]; potential perturbations greater
than these will induce a non-linear response, and anything less than 1 mV wilteneasased
noise from the instrument and obscure the impedance data of the cell. dreseat study, a

perturbation amplitude of 5 m¥s (7.07 mV) is used.
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The final critical experimental considerations deal with managimgtreimagnetic
interference (EMI). EMI is the result of the current-magnetic fieldti@hship described by
Ampere’s Law, which states a magnetic fiel®, exists perpendicular to the direction of an

enclosed currenteng
456 B-dl= gl (4.12)

Wherel is an arbitrary unit of length and is the magnetic permeability in vacuum. EMI is present
in the test leads of the instrument performing the EIS experiment andtkdds of the
electrochemical cell under study. The EMI in the test leadbeanitigated by the use of shielded
cables; the EMI in the leads of the electrochemical cell rudealt with in the cell design. Figure
4-17 shows that the cell electrical lead connections are matiecastcentric 10-32 screws
threaded into 19 mm circular rods. Any EMI induced by the passing of current thhesgheads
will be in the same orientation and the effects are minimizechéugolation from environmental
EMI can be achieved with the use of a Faraday cage. EMI can be piddurethe 60 Hz AC
electric line frequency of nearby powerlines and lights. Faraday eagedectrically connected
to an earth ground and absorb all the environmental EMI. In the present skalpday Cage
was not used because of the sufficient distance of the cells from ceiling lighte@ndad lines.

The EIS experimental method has briefly been introduced in the previous section. A more
thorough explanation with relevant equations is now provided. The electroahemicunder
study is electrically connected to the EIS instrument. AfteEllSeexperiment begins, the applied
potential perturbation to the working electrode versus the counter eledsratkscribed by
Equation (4.13):

V(t)=AVcos@t) (4.13)
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WhereAV is the amplitude of the potential perturbation of the system in vuite & the angular
frequency in rad % of the applied signal. Equation (4.14) relates the angular frequertoythe

frequency in Hzf:

f=— 4.14
Y. (4.14)

The applied signal is stepped through the set frequency cutoffs defined éxptrement. The
number of impedance data points desired sets the number of independetidipotrturbations
that are applied to the system.

For each frequency set point of the applied potential perturbation signéd/ltveng
measurements and analysis of impedance ensues by the instrumentaBueech current at the
working electrode due to the applied potential described in Equation (4.13) is:

I(t)=1cost +¢) (4.15)
Wherel is the amplitude of the measured current signal in amp® @athe phase angle of the
measured current in radians. Tihephase or out-of-phase response of the measured current at a
particular frequency is what provides insight to each of the differentathastic time constants
of the half cells under studBy directextension of Ohm’s Law to AC impedance, the following
relationship is defined:

V(i) =1(t)-Z (4.16)

Where Z is the complex impedance of the system. Rearranging Equation (drlg)) and

substituting into Equation (4.15) gives the following expression:
|(t) = %cos@t L) (4.17)

Impedance can be expressed in several different notations, the mosbrtashmwhich is in

rectangular complex notation:

123



Z(0)=2 - iz, (4.18)
whereZ; is the real part of the impedance &fds the imaginary part. The imaginary part of the

impedance is multiplied by the imaginary upitlefined as the/~1 for the complex notationt |

is important to note that impedan@g,is only a function of angular frequency. That means each
impedance data point obtained from an EIS experiment has a unique fredudacy.formula

can be used to relate complex and trigonometric functions useful fgisisnal the impedance

data:

Z(w):\%: Ze" = Z(cosw t+ jsimt (4.19)

Equation (4.19) is particularly useful to separate the real andrniemggomponents of impedance
in the measured time domain of voltage and current for a single-frequencyr Fi@urséorm. The
Fourier transform converts the time domain of the voltage and currentssigna frequency

domain of impedance, as seen in Equations (4.20)-(4.23):

| (@) =%i| (t) coset Jit (4.20)
| () = —%il (t)sin(et Yit (4.21)
V(o) = %EV(D cost)dt (4.22)
V(@) = —%lV(t)sin(w t)dt (4.23)

WhereT is the period of the signal in seconds, defined as the inverse of the applied frequency:

T=1
f

(4.24)
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The imaginary portions of the applied potential and measured current cabehdivided to

produce the real and imaginary portions of impedance:

Z (@)= Re{vr " Ni} (4.25)
I+ jlj
V. + V.

Z,() = Im{ _ ,} (4.26)
I+l

Note Equations (4.25) and (4.2 Ohm’s Law in complex notation. The resulting real and
imaginary components of impedance are in the units of Ohms. The phaseandle related
directly to the resulting real and imaginary components using the following relagions

Z
tan(p)= ?J (4.27)

The process of applying the varying frequency potential perturbationurreashe resulting
current, and determining the impedance at each frequency is done by the EIS tesemsirben
analysis of the resulting data is now discussed with a Randles Cell example.
4.4.3.3. Analysis of Resultant Data with Randles Cell Example

After the completion of an EIS experiment, the resulting data containsathelus Zmod),
phase Zyny), and frequencyf) of the measured impedance. The modulus of the impedance is

related to the real and imaginary portions by the following equation and has units of Ohms:

Zooa =27+ 2] (4.28)

Zpnzis related to the real and imaginary portions of impedance by BQuétl7) and has units of
degrees. Splitting the modulus of impedance into real and imaginary conmp@nedtices an
alternative way to display the data. Figure 4-18 shows a 3D plboeadfipedance of a Randles

Cell with the frequency, real, and imaginary portions of the data displayed on the xzyaveesl
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respectively. Note that the lighter

/ colored red dots are a projection of

3000 { the impedance data onto thezy-
g [ plane. The electrical circuit
o 2000 1
«©
5 : “ele schematic of the Randles Cell used
" 1000 { . ¥ |
to generate the impedance data seen
g in the 3D plot is shown in Figure
o 1000
’@e,@zooo 10°  4-19. ARandles Cell is a RC circuit
il (¥ composed oR: and Cul in series
\‘vecwe'(ml
Figure 4-18 Impedance Spectra of a Randles Cell fromW'th a resistor,Ro. The Randles
1 Hz-5kHz

Cell is one of the most basic
electrochemical cell models and is often the foundation for more complexoeghemical syste
modeling. In this instancdiq represents the cell/solution resistanRe,represents the charge-
transfer resistance through the SEI, &drepresents the capacitance of the electrical double-
layer. This type of system is common in the lithium-ion chem|&fry

There are two conventional ways to display impedance data, Nytpissapd Bode plots.
In Nyquist plots, the real portion of the impedance is plotted on the x-axis and the negduéve of t
imaginary impedance is plotted on the y-axis (Figure ¥-Z@e negative of the imaginary

impedance is used so that capacitance appears positive Cy

and inductance, not commonly seen in half c

(200 Q) (1 uF)

(3010 Q)

impedance, appears negative. A projection of a Nyq

plot is shown in a lighter red dot color in the 3D plot

R

ct

Figure 4-18. Nyquist plots are useful for visualizir.y
Figure 4-19 Electrical Circuit
Schematic of Randles Cell
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different characteristic time constants

3000 + of an electrochemical cell; for a
1
C = =53 Hz Randl Il, thi rs in th
f 7R .C, 3 andles cell, this appears the
Q 2000 + impedance data as a single semicircle
- Rop=2000
ME A . Care should be taken to ensure that the

1000 Nyquist plot remains square with the x

5 kHz 1 Hz

R, =3010 Q and y limits to ensure any semicircles

1000 2000 3000
Zea (Q) true and non-distorted. Nyquist plots

present in the impedance data appear

Randles Cell from 1 Hz- 5 kHz

addition of resistances in an electrochemical ¢&jlis readily evident in a Nyquist plot as the
resistance that the semicircle is offset by on the real impedarsat high frequencies. Further,
Rt is the diameter of the impedance semicircle. At low frequenciesmipedance of the cell
approaches the series additionRf and R. The double layer capacitandgq, can only be
determined if the characteristic frequengy, of the RC circuit is known. The characteristic
frequency relates directly to the RC time constanti)e amount of time required to charge the
capacitor to 63.2% in seconds by:

1
2 f

Cc

7=R,Gy= (4.29)

Equation (4.29) is rearranged in Figure 4-20 to calculate the chaacteequency of the RC
circuit of the Randles Cell. In EIS experiments, the capacitance is unknawran be readily
determined by knowing the frequency used to generate the impedance correspotitegngC

time constant.
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Bode plots display the log of 100000 80

_ F| Slope of -1 in » Zmod
the modulus of the impedance o | log(f) vs. 109(Z,,00) + Zphz i
L ete
. . . o ” T 60
the primary y-axis and the negativ 10000 + ¢ " |
= o +
of the phase angle on the seconde % P \\,. . Y
° Slegs ° T £
E - Nn.
-axis ver he | f the ™ 32100 [ ° ™ .
y-axis versus the log of the 166 <L 1 ]
- 5 . b * 120
frequency  domain of  the : -+ [2000 \," .
experiment. A representative Bod [ e A
100 sl )
1 10 100 1000

plot for the Randles Cell is seen i
Frequency (Hz)

Figure 4-21. The primary benefit Ofjgre 4-21: Bode Plot of Impedance Data from Randles

_ _ Cell from 1 Hz -5 kHz
using Bode plots over Nyquist plots

is the direct visualization of the frequency dependence of the modulus apbatbe angle of
impedance, which must be directly labeled on a Nyquist plot. Tdghitude ofR, and the sum

of Ro andRt can be visualized at the frequency limits of the test. In additiermagnitude of the
double-layer capacitance can be determined as the inverse of the intercept of the daslittd line
a frequency of 0.16 Hz. The dashed line shown in Figure 4-21 has a -1 slop€)ivdogus
log(Zmod) coordinates for intermediate frequencies when the impedance afphetor dominates
the impedance of the cell, in this case approximately-1900 Hz. Within this frequency range,
the total cell impedance corresponds to the impedance of the capacitor described by:

1
JaCy

Z(w) = (4.30)

Therefore, the modulus of impedance of the cell within the log-log domain Bbtheplot within

the intermediate frequencies of 0600 Hz can be described by:
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100(Zpnea) = log[ wé j (4.31)

Note that the modulus of impedance, described by Equation (4.28), no longer reqoipesx
representation which is why no complex notation is observed in Equation. @wuistituting
Equation (4.14) into Equation (4.3fbr @ and applying appropriate logarithm algebra results in
the following:

log(Z,,.,)=—1og(2r f )— logC, ) (4.32)
At a frequency of 0.16 Hz, the quantity2ff equals 1, reducing Equation (4.32) to:

1
Zmod(f:O.lG Hz) = C_ (4.33)

dl
Note that the double-layer capacitance calculated in Equation (é@8)as extrapolation of the
linear fit of the intermediate frequency impedance to 0.16 Hz, andhta fit must be performed
in a log-log domain.
The Nyquist and Bode plots of Figure8-and Figure 4-21, respectively, can be modeled
with electrical circuit elements that are directly analogaushe different components of an
electrochemical cell. The complex impedance resptorsdifferent electrical circuit elements is

defined in Table 4-3. In

06
| / particular, resistors and
04 | 7| capacitors can be used to
" i .
N model the electronic and
02| -
i | ionic conduction resistances
0.0 of the cell, the
(Z-R)/R, electrochemical double-

Figure 4-22 Nyquist Plot of Impedance ofR-CPE Circuit with

Varying « [123] layer, and the charge-
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transfer resistance of the SEI films on tt

500
surface of the electrodes. Two addition i (200 Q)
400 1
modeling elements worth noting ar - —/\/\/\/—
& 300 +
constant phase elements (CPE) and infin =
N 200 +

Warburg diffusion elements. Althoug!

L e 1 Hz -5 kH
CPE and infinite Warburg diffusion 100 T z z

elements do not have a direct electric 0 — / .

0 100 200 300 400 500
circuit analog, they are commonly used Zea (Q)

interpret the impedance data of drigure 4-23 Nyquist Plot of 200 Q Resistor
Impedance from 1 Hz- 5 kHz

electrochemical cell. CPE model the capacitance of the eleatnazdiedouble-layer, but is able
to adjust for its imperfect capacitor behavior due to varying sudstebutions on the electrode
surface[125]. Figure 4-22 shows the impedance responseRC&E circuit with varying levels
of imperfect capacitor behavior as determinedxb¥ror a perfect capacitos, equals 1, and for
imperfect capacitors is less than 1. Infinite Warburg diffusion elements model the bulsma
transfer of the active material species into the electrode and oolnbexctive at low frequencies,
which is the time scale required for mass transfer to occur.

Each of these circuit elements produce a unique impedance responseathdte
frequency-dependent. In the case of a resistor, the impedance response upon the application of an
AC signal ranging from 1 Hz 5 kHz is simply a real resistance corresponding to the resistance

of the resistor (Figure 4-23). The impedance of a resistor is not frequency-depeitnieh is why

only a single point is observed in the Nyquist plot.
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1000000 =

100000 £
10000

1000

'Zimag (Q)

100

1

The impedance response of a

Hz ——l |— capacitor is much different, and it only has

(1 MF) impedance in imaginary space. In addition,

5

10 4

1

kHz

0

200

— frequencies the
400 600 800 1000

Zreal (-Q) |nf|n|ty (F|gure 4'24

Figure 4-24 Nyquist Plot of 1 pF Capacitor
Impedance from 1 Hz- 5 kHz

the impedance of the capacitor is dependent
upon frequency: at high frequencies the
impedance approaches zero while at low

impedance approaches

Table 4-3 Impedance of Common Circuit Elements used for EIS Measurements

Circuit Element Electrochemical Analogy Impedance
Electronic and ionic conduction resistances;
Resistor charge transfer resistance through SEI film o R
electrode surface
1
Capacitor Capacitance of the electrochemical double la E
Constant Phase Imperfect capacitance of the electrochemical 1
Element double layer Q(jw)*
Infinite Warburg Mass diffusion of active material species 1
Impedance through the electrode-electrolyte interface W, ( jw)¥?
Inductor Reactant adsorption, test setup errors joL

The impedance of the resistor and capacitor individually do not reldke impedance

spectra of a Randles Cell. However, these electrical elementbecanmbined to create an

equivalent circuit to model the impedance (Figure #-IBe equivalent impedance of the circuit

can be analytically determined by using the following two formulas Bdements in series (4.34)

or parallel (4.35):
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Zy=Z+Z+ Z++ (4.34)
Z—:—+—+—+---+— (4.35)

For the Randles Cell, there are three circuit elements that produegangeRq, R, andCq.. The

impedance of these respective components individually is:

Z =R, (4.36)

Z, =R, (4.37)
1

Z,= P (4.38)

Figure 4-19 shows th&k: andCqy are connected in parallel and this parallel connection is in series
with Rq. To determine the equivalent impedance of the Randles Cell, thakimpedance of

the Rt andCq parallel connection must first be determined. Then, the RC equivalerdamgee
canbe combined with the series impedancdrgfto calculate the equivalent impedance of the
Randles Cell. Applying Equation (4.35) to combine the parallel connectidmed®:t and Cy

elements yields:

1.1 + - (4.39)
Zy Ry Gy '
Further simplifying Equation (4.39) with complex algebra gives:
R, IR/
2 2
223 = a)Cd'—i)Cd' (4_40)

The equivalent impedance of the RC circids, can now be combined with the series impedance

of Ra using Equation (4.34) to determine the total equivalent impedance of the @edle
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1
R+
! a)szl2

Z,=R,+ (4.41)

The total impedance described in Equation (4.41) is in complex rectangtdaion, useful for
separating the real and imaginary portions of impedance for creatinguasiNylot. Moreover, the
total impedance is only a function of angular frequenrgyRo, Re, andCq all represent the
magnitude of resistance or capacitance of the circuit elements.

In the provided Randles Cell example, the magnitude of the equivalent elssuents is
known. However, in an EIS experiment on a half cell, the magnitudeistmese and capacitance
of the circuit elements is unknown. To determine these parametes)-lnear least squares
fitting (NLLS) algorithm contained within the Gamry Echem Anabgadftware is used. The general
frequency-dependent equation of impedance is input into the program. The experiprovides
initial estimates of each of the circuit element parametersttandlgorithm iterates through
parameter adjustments to minimize the error of the fit. Initi@in@ses of the parameters can be
made from Nyquist and Bode plots of the measured impedance data usafgrémentioned
techniques. After the fit converges on an acceptable solutionntidgofirameters for each of the
elements are determined. This NLLS process is performed usingtanb8implex Method
algorithm to update parameter guesses in the software.

Tracking the changes of these parameters in the impedance data pigwdiesint insight
into the changes of the electrochemical cell under study. In a gtatutilizes a Randles Cell
equivalent circuit, a growth in the cell resistanBg, would indicate loss of electrical contact
within working electrode or precipitation of the active species iretbetrolyte. Furthermore, a
loss in the double layer capacitan€q, would indicate that less active material surface area on

the working electrode exists. In addition, an increase in the charggeraesistance, would
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indicate that a thicker SEI layer has formed. Tracking these rpadateters and their changes
over the life of an electrochemical cell can provide valuable insightvhat portions of the cell
should be targeted for improvement.

4.4.3.4. Equivalent Circuit Model Used for Half and Full Cell Testing

The equivalent circuit used fo

CPE

modeling the impedance data measured fr

half and full cells is shown in Figure 4-25. Th R,

equivalent circuit is chosen for its simplicity i R
ct

modeling the observed impedance speckigure 4-25 Equivalent Circuit Model Used
for Impedance Fitting in Half and Full Cell
which contained only one time constant am@sts
showed diffusion controlled impedance at low frequencies. The measured impedance dgta is ve
similar to that collected by Arai on HFE-7100-containing electrolytes, whofibrhe semicircle

portion of the impedance, ignoring the diffusion control at low freque8&sThe equivalent

circuit in Figure 4-25 shares many similarities with the previodisiyussed Randles Cell. In place

of the capacitor, a constant phase element

60 + | * Measured

50 —Simulated Fit (CPE) is wused. The impedance
kD) measurements made on the half and full cells
e - Transition to .
230 4 Diffusion Control were much more accurately modeled with a
N

20 A CPE due to its ability to accommodate the

10 100 kHz varying surface distributions of the active

0 M :\ 1 M 1 M . M
0 10 20 30 40 50 60
Zea (Q) capacitive response. The  diffusion

materials, which produced a non-ideal

Figure 4-26 Example of Impedance Model
Fitting to Measured Data for CuSb/Li Cell at
0.5V vs. Li/Li* from 0.1 Hz— 100 kHz
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controlled portion of the impedance at low Current flow at high frequency

frequencies was modeled with an infinit

CPE

Warburg diffusion element.

An example of the measure

impedance spectra with its equivalent moc

R

ct

fit of a CwSb half cell after 20 cycles with

Current flow at low frequency

the cell held at 0.5 V vs. Li/tiis shown in Figure 4-27 Frequency-Dependent Preferential
Current Paths Through Equivalent Circuit

Figure 4-26. There is clearly one RC time constant (semicircle) pieste impedance data and

a transition to diffusion controlled impedance at low frequencies. An infinggolyg diffusion

element is used to model the diffusion controlled impedance, which appears as a diagonal line on

a Nyquist plot with a slope of 0.5. Although the diffusion controlled impedesnabserved and

modeled, the analysis of impedance data focuses primarily 83tH°E, andR, elements, which

provide direct insight into the electrode-electrolyte interface cgslpethe SEI. The characteristic

frequency of théR.-CPE circuit is calculated using the following formula provided by Orazem et

al. [126]:

1

fC = —a)la
27R, Q" R

(4.42)

Figure 4-27 shows the preferential current paths through the equivalent micmled,
which change depending upon the applied frequency of the potential signal. Atelogjgéncies,
the impedance of the CPE approaches zero, leading to a preferentiall pathethrough the top
portion of theR-CPE circuit. This is why at high frequencies, the equivalent impedainthe
cell is reduced tdRa. Conversely, at low frequencies when the CPE has sufficient time to

accumulate charge, the impedance of the CPE approaches infintipg@g@referential current
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path through the lower portion of tiR-CPE circuit. At even lower frequencies, the impedance
of the infinite Warburg diffusion element grows adding to the series resistaRseanfiRc.
4.4.4. Test Parameters and Equipment Used

The equipment required for galvanostatic cycling and electrochermgaédance
spectroscopy of half cells was extensive. The following sectiond tetaequipment used to
manufacture the LFP, LTO, and £ electrodes. Thereafter, the equipment used for the
galvanostatic cycling and electrochemical impedance spectroscopy nmeaisisare described.
4.4.4.1. Fabrication of Lithium Iron Phosphate and Lithium Titanate Oxide Slurrg®as

Electrodes

The LFP and LTO electrodes used in this work were manufactured on elexbaite
and calendaring equipment at Prieto Battery. The equipment used inalugkight scale, paint
can shaker, draw down machine with doctor blade, heat lamp, vacuum overgl@mdhring
machine. To create these electrodes, a slurry containing thre awierial particles was mixed
and thoroughly homogenized. The slurry was then uniformly coated onto a prepared aluminum or
copper foil for the LFP or LTO electrodes, respectively. The freshly cdailedas then baked
under a heat lamp for 10-15 minutes and then transported to a vacuum ovenlta€ltiCaand
baked overnight to remove all the liquid solvent used to suspend the honeagshizy. The
dried electrode was then calendared to its final thickness usiagrdaring machine. A more
detailed slurry-based electrode coating procedure with pictures is provided in Appendix C.

Table 4-4 lists the components of the slurry for the LFP and LTGredkss. The active
material comprises the majority of the electrode slurry mixture bightveln addition, two
different types of graphite, Timcal KS6 and C65, are used to improve thecallezontact between

the active material particles and reduce the electronic neststd the electrode. Furthermore, two
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different types of PVDF binder are used to improve the particle-partitienigi (Kynar 761) and
the particle-foil binding (Kynar 161). The LTO electrodes required additiomaaiK761 binder
to improve the adhesion of the electrode coating. (The initial LTO shipcgure mirroring the
LFP slurry mixture did not produce successful coatings.) N-Methyl-2-pyorae (NMP) was the
solvent used to homogeneously suspend the electrode slurry purchased from Sigma Aldrich.

Table 4-4: Slurry Composition for LFP and LTO Electrodes by Weight Percent

Phostech,
Supplier Aldrich Timcal Timcal Kynar Kynar
Active KS6 C65 161 PVDF 761 PVDF
Material Graphite Graphite Binder Binder
Electrode (%) (%) (%) (%) (%)
Lithium Iron Phosphate
(LiFePQ) 77.50 9.75 5.25 1.13 6.38
Lithium Titanate Oxide
(LiaTisO1) 74.33 9.35 5.04 1.69 9.59

For LFP electrodes, the slurry was coated onto 25 pm aluminum foil Emdiased to a
final thickness of approximately 100 pm with an average loading of 7.3mmfg Eor LTO
electrodes, the slurry was coated onto a 15 um copper foil and calendaredalathickness of
approximately 55 pm with an average loading of 4.1 mg.dNter vacuum drying, the electrodes
were punched into 19 mm disks and pumped into the argon glove box for assembly in half cells.

4.4.4.2. Fabrication of Copper Antimonide Electrodes

The CuSb electrodes were

Copper strips
prior to Cu,Sb produced by room temperature aqueous
deposition
\‘ electrodeposition onto a 15 um copper
Aqueous foil substrate by a process described
deposition
electrolyte elsewherg127]. Figure 4-28 shows the

¥

Figure 4-28: CwSb Electrodeposition Setup at
Prieto Battery Prieto Battery, which was used for the

CwSb electrodeposition setup located at
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"

manufacturing of the G8D

electrodes in this studyA i

picture of the completec

Spot welded current
collection tabs

Electrolyte
submersion line

Cu:Sb electrodeposition

Electrodeposited

onto the copper foil is seel
Cu,Sb (3 pym thick)

in Figure 4-29. The benefits
of electrodeposition as ¢
Figure 4-29: Post-Electrodeposition of 3 um o€u2Sb onto 15
coating technique includegtm Copper Foil
good electrical contact of the ¢8b coating with the foil substrate without the use of PVDF
binding agents or carbon conductive additives. For electrodeposit&ih @lectrodes, 100% of
the coating mass was active material whereas only 77.5% and 74.33%nao@isbevas active
material for LFP and LTO electrodes respectively. The;SBucoating thickness was
approximately 3 um with an average loading of 2.1 mgf.cfine CuSb-coated copper foil was
then punched into 19 mm disks and pumped into the argon glove box for half cell assembly.
4.4.4.3. Galvanostatic Cycling Voltage Limits and Determination of Cycling Current

Each cell combination was cycled on an ArBif-2143 battery tester at an approximate

0.5C raein 2-10 cycle increments for a total of 20 cycles in a Tenney@mwiental chamber held

Figure 4-30 Arbin BT-2143 attery Tester (Left) and Tenney
Environmental Chamber (Right)
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at 25°C (Figure 4-30). The Arbin contains 8 independent channels with 0-5nW#loltage
control and measurement. Each channel contains three current range& 56@0 mA / 100 |A
+0.02% full scale range accuracy for both control and measurement. The Bemreyymental
chamber contains a sealable 7.62 cm access port for the Arbin testTieadsalf cells were
electrically connected to the Arbin test leads as shown in Fig@de Zhe Arbin battery tester
uses four-point Kelvin probe connections for all channels. The white and Igashare for
positive and negative terminal voltage sense, respectivelyrethand black leads are current-
carrying wires for the positive and negative terminals respégtiViee Arbin leads are terminated
with alligator clips, which are directly attached to the 10-3&ir@al screws on the half and full
cells.

The current applied and cell voltage limits for each half @etitmnation varied: 386 pA
cm2 for LFP/Li cells between 2.5 and 4 V vs. LifL.B86 pA cn for LTO/Li cells between 1 and
2 Vvs. Li/Li*; and 87.7 uA crd for CwSb/Li cells between 0.5 and 0.95 V vs. Li/LIn addition
the CuSbl/Li cells were cycled at an approximate 0.1C rate for the first lithiati7z.54 pA crm.
After completion of the first lithiation, th€wSb/Li cells were cycled using the previously

specified 0.5C rate.

The applied current was initiall
determined by calculating the expectg
capacity of the half cellCeer. This was
calculated by the mass of the acti

material present in the working electroc

Positive Voltage Sense Negative Current

multiplied by the theoretical capacit

Crheo Of the active material (Table 4:5 Figure 4-31 Arbin Battéry Tester Lead
Connections to Full Cells in Environmental
Chamber
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Ccell = (rTLoatYAM) ’ c:l'heo (443)
Wheremeoat is the mass of the electrode coating &rd is the mass fraction of active material,
used only for the slurry-based LFP and LTO electrodes. To approximate the ceqréred for a

0.5C rate, the expected capacity was divided accordingly:
lpee = % (4.44)

The 2 in Equation (4.44) has units of hours: one lithiation or delithiation of tive ataterial will
be completed in 2 hours at a 0.5C rate. The resulting cursegtyas applied to the half cells and
adjusted accordingly to best approximate a 0.5C rate.

The voltage limits used for the half cells was determined by thatope potential of the
active materials. LFP provides its useful capacity at a constant voltagprokanately 3.5 V vs.
Li/Li *; therefore, the voltage limits were extended around this value to mzaxihe capacity
utilization of the active materig2.54 V vs. Li/Li"). Similarly, the lower and upper voltage limits
for LTO half cells were 1 and 2 V, respectively, which is 0.5 V abovebahov the constant
potential it delivers useful capacity at low rates. The potenti#lsiused for CeSb were selected
to best utilize the most reversible two-phase reaction of theeantterial, which occurs between
0.5 and 0.95 V vs. Li/l'i[128]. The selection of voltage limits directly affects the capacity of the
cell, especially for Cs5b. Table 4-5 shows the interaction of the cell voltage limite the
theoretical and cycling capacity. The cycling capacity wasrdebhed as an average measured
capacity of the half cells studied for both the baseline and MFE to piiagidét into the influence
of voltage limits on the measured capacity. For LFP and LTO, ybkng capacity and the
theoretical capacity are close. The differences between thesalwes are a result of the capacity

loss associated with SEI formation on the active material surface during tHeviisgcles.

140



Table 4-5: Half Cell Voltage Limits and Capacity

Theoretical Upper Voltage Lower Cycling
Capacity Density Limit Voltage Limit ~ Capacity
Active Material (mAh g?b) (genm®)  (Vvs.LilLiY) (Vvs. LiLi*) (mAhg?
Lithium Iron Phosphate (LiFePp 170 3.601 4.0 2.5 145
Copper Antimonide (Cisb) 323 8.510 0.95 0.5 85
Lithium Titanate Oxide (LiTisO12) 175 3.429 2.0 1.0 150

The test schedule was defined in Arbin MITS PRO software (version 4.323chbdule
file defines each step type of the galvanostatic cycling experindatd sampling rate, and
manipulation of internal variables. Table 4-6 defines the geresticthedule created in the MITS
PRO software used for galvanostatic cycling experiments. The only extépthe provided test
schedule is for the G8b/Li cells which use a reduced (0.1C) current for the first lithiation.

Table 4-6: Generic Half Cell Test Schedule for Galvanostatic Cycling Tests

Data
Step Control  Control Sampling
Number Description Type Value Step Limits Rate
1 Rest N/A Time(t) t>30minutes 0.1 Hz
Voltage (V) >
Delithiate (LFP 0.5C UVL (LFP) or
2 Lithiate (L‘E’O, ()3u_>Sb) Current Current V< L(VL (ETO, 0.1Hz
Cu:Sb)
3 Rest N/A Time () t>2 minutes 0.1 Hz
Lithiate (LFP) 050 XrS LVL (LFP)
4 gewjgr;)l)ate (LTO, Current Current V> UVL (LTO, 0.1 Hz
Cu:Sb)
5 Rest N/A Time (t) T>2minutes 0.1Hz
Increment cycle
6 index, reset Software N/A N/A N/A
charge/discharge
capacity and energy
Cycle If CI <10, return
7 10 cycle loop N/A Index to Step 2, else  N/A
(Ch Step 8
8 Final rest N/A Time (t) t>1hour 0.1 Hz
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4.4.4.4. Electrochemical Impedance Spectroscopy Test Parameters

The EIS experiments were performed with a Gamry Reference 3000 posgntiessame
instrument used for cyclic voltammetry experiments (Figurg.A8er 10 and 20 lithiation-
delithiation cycles, each cell underwent potentiostatic electrachémpedance spectroscopy
(EIS) at the upper and lower voltage limits (UVL and LVL respebtjvé\ 5 mVims signal was
applied between the frequencies 0.1 Hz and 100 kHz with 10 points per decade of frequency. The
resulting impedance data was used to compare the interfacial impeofatitze baseline and
candidate electrolyte in each cell combination. Gamry Framework softvesresed to define alll
the aforementioned test parameters using the Sequence Wizard. To engateriti@ of the cell
under test was at its potentiostatic test condition prior to thee¥yd€riment, a constant-current
lithiation or delithiation step was added prior to the EIS experimetite UVL and LVL. The
experimental sequence is described in Table 4-7.

Table 4-7: EIS Experimental Sequence Defined in Sequence Wizard of Gamry Framerk

Step Experiment
Number Type Description Data Sampling Rate
1 Read Voltage Cell voltage is read to ensure leac 1 Hz
are correctly connected to cell
Cell is charged with constant 0.5C
2 Charge current until the UVL of the cell is 0.2 Hz
reached
Potentiostatic  Cell undergoes EIS experiment al 10 points per decade
3
EIS UVL of frequency
Cell is discharged with constant
4 Discharge 0.5C current until the LVL of the 0.2 Hz
cell is reached
5 Potentiostatic  Cell undergoes EIS experiment al 10 points per decade

EIS LVL of frequency
Gamry Echem Analyst software is used to perform equivalent cifittinty of the
impedance data to extract model parameters. The Simplex Method;ia blgorithm, is used to

vary model parameters to determine the best model fit. The reponpediance data for model
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parameters are an average of three cells for each electrolyte thdiimpedance data shown in
Nyquist plots is of a single cell representative of the average.
4.4.5. Results and Discussion

The results and discussion of the galvanostatic cycling and impesia@cieoscopy tests
are presented in the following sections. For the lithiation and @eidhicapacity and coulombic
efficiency plots, the reported data is an average of a minimum of thiteeloeaddition, the
Nyquist Plots of impedance data are of a single cell representdtithe average impedance
response observed by all of the cells tested of a particular elechdadeatrolyte combination.
Moreover, the cell potential versus state of lithiation plots k@ @& a single cell representative
of the cells tested. Finally, the parameters of the EIS equivatenit fits reported in Table 4-8
at the end of Section 4.4.5 are an average of a minimum of three cells.
4.4.5.1. Lithium Titanate Oxide Half Cells

Figure 4-32 shows the lithiation and delithiation capacity and the cbidafficiency of

the LTO half cells. The reported data is the average of thisefoe each electrolyte. Before

cycling, the E1 cells had an open circt 180 1
175 1 pEEEEaEEROgREEaREaRT 100
. - A —
potential (OCP) on average of 2.9 V v. 170 Lo 1 =
— L A
A . ™165 + T8 %
Li/Li *, while the B cells were 3.2 V vs ¢ i . 1 o
< 160 1, 3]
Sis5 1 ‘. 1% &
Li/Li*. The cause of the differenc 2 [ ttsaaaiaag,, o
0 150 + .4 ALdaag AAA:“AAA =)
3 - wnEB0fEmy e ‘;AAA--40 =
. [ |
between the OCP of the cells is uncle §143 1 _=* el L S
140 1 +20 8
and may be due to the lower ioni 135 1
130 ey b g
conductivity of the E1 electrolytdhe E1 0 5 10 15 20

Cycle Number

i 0
cells have a lower first CyCle CE (83'6A = B Delithiation = B Lithiation 4+ E1 Delithiation

compared to B cells (89.4%). The loy “E1Lithiation ©BCE ~E1CE
Figure 4-32: Lithiation and Delithiation Capacity
and Coulombic Efficiency of LTO/Li Cells
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coulombic efficiency of the first cycle is expected for LTO, given iitaéNe impurities in the
active material particled 20]. In addition, the E1 LTO cells require 3 cycles to achieve a CE of
greater than 98%, as compared to 1 cycle for B cells. This indicatésdlmimponents of E1 are
not as effective at initially passivating the LTO patrticle swfatowever, for all 20 cycles the E1
cells had a greater charge-discharge capacity than the B csiisilér trend for improved charge-
discharge performance for an HFE-containing electrolyte over a carbonatelectiplyte was
observed by Yan et al[129]. The authors introduced a new HFE, 13t2,2
tetrafluoroethoxy)propane, into lithium-ion electrolytes and found that in grdphitells, the
HFE-containing electrolyte, EEH, (1 M LiRk 1:1:1 EC/EMC/HFE by wt) had greater charge-
discharge capacity than a 1 M Li@8:7 EC/EMC by wt electrolyte, named EE. The authors
attributed to improved performance of EEH to the improved surface wettihg gfdaphite due to
the surfactant properties of the HFE. The HFE was measured to havace sension of 24.65
mN m! which yielded a surface tension of 27.94 mN for the EEH electrolyte mixture, while
EE mixture had a surface tension of 31.04 mN.8M reports the surface tension of HFE-7000
at 12.4 mN . This suggests that E1 has improved surface wetting of the LTOl@auitace
over the baseline due to the lower surface tension of HFE-7000, possibly augéanthe greater
charge-discharge capacity.

Figure 4-33a-b shows the measured impedance spectra for the LTOllkalf tee lower
and upper voltage limit, respectively. The resulting impedance rapettow only one
characteristic time constant for the applied frequency range, whetpécted for the complete
lithiation and delithiation of the LTO active material. Da#dilEIS studies have shown three

characteristic time constants exist during the two-phase lifhation-delithiation processes
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depending upon the state of lithiation [130]. The EIS spectra obtained in this work wezdlypri
evaluated for the cell resistance, charge-transfer resistance, and doublefageacee.

It can clearly be seen that the E1 cells have a higheesatanceRq in Table 4-8), which
is attributed to the lower measured ionic conductivity compared thiBtfEnd was seen for every
cell combination studied with E1. Arai saw a similarly increaseltiresistance for electrolytes
that contained HFE-7100 as an electrolyte co-solvent and also shawéketionic conductivity
decreased with increasing amounts of the HFE in the mixture [85n8&Ek$tingly, the impedance
associated with thB.-CPE circuit of the E1 cells dropped significantly from 10 to 20 cycles. The
charge transfer resistande reduced by nearly one half while the double-layer capacitajce (
doubled, indicating an increase in the ionic conductivity of thea®H an increase of available
LTO patrticle active surface area. This result suggests thahitied LTO electrode-electrolyte
passivation products formed during the first three cycles are not dtalleyer, with additional
cycling a more optimal SEI forms. Yan et[dl29] in their study of the EEH electrolyte found that

the SEI formed on graphite contained more organic compounds than a Bidha&(l M LiPF
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Figure 4-33 (a) Nyquist Plot at 1 V vs. Li/Li* After 10 and 20 Cycles (b) Nyquist Plot at 2 V
vs. Li/Li* After 10 and 20 Cycles for LTO/Li Cells
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in 1:1:1 EC/EMC/FEC by wt) by measuring the higher presence of carbon andol@sence of
fluorine with XPS. The lower conductivity of inorganic compounds such asgoired in the
presence of extra fluorine lead to SEI with higher interfacial impe=lal he lower SEI impedance
observed by Yan with the EEH electrolyte are consistent withethdts found here with E1 in
LTO/Li cells.

Figure 4-34 shows the #and 28" cycle LTO/Li cell voltage as a function of state of
lithiation. The data was plotted by normalizing the capacity to the lithiatipacity measured on
the 18" and 2@ cycle for each cell. It can be seen in Figure 4-34a that the E1 oadlsilsdightly
higher overpotential over the entire state of lithiation that is diyréwoe result of the higher cell
resistance. More interestingly, in Figure 4-34b, the E1 cell apmedediver more than 25% of its
capacity below the characteristic two-phase voltage plateau obET®5 V vs. Li/Li [14]. The
two-phase reaction of spinel4lisO12 to LizTisO12 rock salt occurs only at the 1.55 V plateau
[131]. It appears this change to the lithiation potential indicates thel&ttrolyte causes a

modification to the LTO active material. It is thought that tlkecomposition reactions at the
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Figure 4-34: LTO/Li Cell Voltage vs. State of Lithiation (a) 1¢" Cycle (b) 20" Cycle
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electrode interface produces a ?ihium intercalating structure. The single-phase lithiation of a
bronze-phase Ti©structure has a very similar sloping voltage versus capatcttye potentials
seen in the E1 half cell. Yan et al. credits the capacity in @ &t these potentials to partial
lithium storage at the surface of the active material pastit&2]. The formation of the Ti®like
intercalating compound occurs between cycles 11-20 as evidenced hatige ¢n theR: and
CPE from 10 to 20 cycles. Based on the cycling capacity of the E1 LTO cells, the introduction of
this alternate lithium-intercalating phase is not detrimentag¢liaeversibility. Further cycling is
required to evaluate the impact of E1 on LTO, and if the observestilithipotential change is
detrimental to long-term reversibility.
4.4.5.2. Copper Antimonide Half Cells

Figure 4-35 shows the cycling and coulombic efficiency performance 8kl cells.
Before cycling, the E1 cells had an average OCP of 2.8 V vs."Lwhile the B cells had an
average of 3.3 V vs. Li/Li The lower OCP for the E1 cells is again unclear and could possibly be

attributed to the lower ionic conductivity of
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structure causes severe capacity degradation assBied¢an become electrically isolated from the
electrodg128]. The first lithiation cycle of the cells was performed at a bftthe cycling current
density. The E1 cells had a first cycle lithiation capacitd® mAh @', while the B cells had a
capacity of 280 mAh ¢ High first lithiation capacity loss has been observed faSGlanodes
manufactured from powders and is attributed to electrolyte reaction to oxidesifonthe surfae

of the active material particles during manufacture [17, 128, 133, 134]. Howevdlirebe
electrodeposition of G&b onto the copper current collector does significantly reduce the amount
of surface oxides formed, so the irreversible capacity loss can be priataiiyted to electrolyte
decomposition for SEI formation. The first lithiation capacity differencelm attributed to the

reduced passivation capability of E1 compared to B.
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Figure 4-36: (a) Nyquist Plot at 0.5 V vs. Li/LT After 10 and 20 Cycles (b) Nyquist Plot at
0.95 V vs. Li/Li* After 10 and 20 Cycles for CuSb/Li Cells

Both E1 and B CiBb/Li cells experienced increasing coulombic efficiency as cycle
number increased. Moreover, the E1 cells saw a significant incretise rieversible capacity as
cycle number increased: an approximately 19 mAtingrease from cycle 2 to 20. This can be

attributed to the decreasing impedance of the cell as seen in #86eeb, which enables lithium
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Figure 4-37: CwSh/Li Cell Voltage vs. State of Lithiation (a) 18 Cycle (b) 20" Cycle

trapped during the first lithiation of the electrode to be accessedg®sgon et al. saw capacity
increase in their G&b electrodes produced by deposition in pH 1.3 solutions as well, although no
proposed mechanism was providdad5]. Table 4-8 shows an approximate 20% decrea®:in

for E1 cells indicating the ionic conductivity of the SEI improves. Ailsindecrease iR is
observed for B cells; however, this does not result in improved cyclpagitg as a slight capacity
fade is observed throughout the 20 cycles. This result is similar to that foBuhb\et al[128]

who studied CgBb/Li cell cycling with a similarly-composed LIPEC/DEC electrolyte. Figure
4-37a-b shows the Ttand 28 cycle voltage as a function of state of lithiation for theSRiLi

cells. Both the E1 and B cells have very similar voltage peoféitel overpotentials at both thé"10

and 20" cycle. This indicates identical utilization of the two-phase region esitu
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4.4.5.3. Lithium Iron Phosphate Half Cells

Figure 4-38 shows the cycling and coulombic efficiency performance dLLE#Is. LFP
was selected as a cathode active material because elhiisaly low redox potential (3.5 V vs.
Li/Li *) versus other lithium intercalating cathode chemistries. The cbbitEP precludes the
need to form a substantial SEI because the oxidative limit of ¢e&r@lyte is nearly 1 V above
the upper voltage limit of the LFP/Li cell (4 V vs. Lifli The lower voltage limit (2.5 V vs.
Li/Li ) of the LFP half cell is also much greater than the reductiondirttie electrolytes allowing
both the E1 (94%) and B (96%) cells have a much higher first cycle CE compdré® and
CwSb half cells. However, after approximately six cycles, the reversipacity begins to fade
for the B cells, and more dramatically so for the E1 cells. The cgjadé seen in the B cells can
possibly be attributed to two degradation mechanisms: trace watamngoation in the cell and
LFP active material particle cracking. ThesP&nions in the B electrolyte readily react with any
trace HO to form HF which is capable of dissolving iron from the olivine structireFP,

reducing the capacity of the cell [136]
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total capacity utilization of the LFP particle was used in this study with tlmgyoltage limits
of 2.5-4 V vs. Li/Li". Either of these mechanisms are plausible; however, the gageagradation
rate observed reflects very similarly to the LFP patrticle fracture observedrny. Wa

The capacity fade seen in the E1 cells is attributed to theaatien of the aluminum
current collector and the LITFSI salt. 1.0 M concentrations of LITFSI hais sleown to cause
aluminum current collector corrosion at potentials above 3.8 V vs."LiflLorganic carbonate
solvents [106, 107, 138]. It was unclear if the upper voltage limit of 4 ViAs.” would cause
aluminum corrosion in the E1 cells or if the fluorinated HFE-7000 co-sblweuld be capable of
providing aluminum passivation by reacting to form LiF. Based on tl#ises is clear that HFE-
7000 does not assist in aluminum current collector passivation as threpesdlance continues to
grow over the 20 cycles of the cell.

Figure 4-39 shows the dramatic growth in impedance in an E1 cell from2D0cdycles.
Most notably, a 64% increaseRa is observed at 4 V vs. Li/Lifor E1 cells from cycles 10 to 20.

This indicates that irreversible aluminum corrosion is occurringsaptitential and the E1 mixture
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Figure 4-39: (a) Nyquist Plot at 2.5 V vs. Li/LT After 10 and 20 Cycles (b) Nyquist Plot at 4
V vs. Li/Li ™ After 10 and 20 Cycles for LFP/Li Cells
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is not capable of passivating the surface of the aluminum, as theolgtecttontinues to

decompose.

This effect is also very evident in Figure 4-40 which shows thegeltersus state of

lithiation for the 18 and 2@ cycle for both electrolytes. The large voltage difference between the

lithiation and delithiation curves for E1 indicates large cell rascss resulting from the aluminum

corrosion and electrolyte decomposition, which clearly worsens from agci® 20. Several

solutions have been identified for aluminum passivation in 1.0 M Li€Sstrolytes. The addition

of another lithium salt, either 1% by electrolyte weight (0.1 M) kil2B8] or 0.26 M of LiBOB

[139] has proven to be sufficient for aluminum passivation, and further investigation is wérrante

for E1-containing LFP/Li cells.
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Table 4-8: Average EIS Fit Parameters for Half Cells, All Potentials are vs. Li/Lii

LTO/LI CuzSh/Li LFP/LI
10 Cycle 20 Cycle 10 Cycle 20 Cycle 10 Cycle 20 Cycle

II\DA;r(:\ilweter Electrolyte Y 2V Y, 2V 05V 095V 05V 095V 25V 4V 25V 4V
Ro B 5.78 5.77 6.15 6.17 4.74 4.60 4.96 4.77 4.43 4.51 4.79 4.86
€] El 18.6 18.7 20.5 20.0 14.4 14.5 14.9 14.8 17.6 17.7 18.7 18.9
Qx 10 B 1.33 2.85 1.26 3.28 1.42 2.41 1.64 3.09 0.403 0.382 0.420 0.369
[S ¢ El 0.662 0.407 1.57 1.17 0.519 0.878 0.660 1.30 0.172 0.167 0.213 0.206
a B 0.790 0.825 0.796 0.795 0.706 0.683 0.699 0.660 0.765 0.794 0.763 0.793
[-] El 0.740 0.785 0.663 0.668 0.752 0.725 0.746 0.701 0.821 0.833 0.802 0.807
Wy B 5.13 7.63 14.6 8.16 4.26 17.3 4.53 17.0 1.59 2.49 1.51 2.14
[S s/ El 7.73 1.21 6.66 1.87 5.96 13.4 6.56 14.5 1.97 2.91 3.49 111
Ret B 25.9 3.16 24.0 3.83 25.47 20.0 18.7 18.6 142 53.6 177 75.6
Q] E1l 34.2 34.5 17.3 16.0 38.0 35.1 28.6 29.6 287 185 377 305
fe B 210 784 234 710 456 392 631 397 136 387 98 264

[Hz] El 601 689 1170 1946 627 462 713 442 103 164 65 85
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4.5. Full Cell Electrochemical Testing

Upon completion of half cell electrochemical testing, full cells voemestructed to study
the impact of the candidate MFE with only lithium-ion insertion active méggti&P, LTO, and
CwSh). Full cell electrochemical testing provides insight into thepted positive electrode-
electrolyte-negative electrode performance that is consistentawattimmercial LIB, where no
lithium metal is present. The full cell construction process, experatiachniques, and resulting
data are described in the following sections.
4.5.1. Definition and Method of Measurement

19 mm 6061
Aluminum Rod

Full cells were constructed

19 mm 110
. . . . 10-32 316 Copper Rod
with the following combinations: stainless

Steel Screw

LFP/CySb and LFP/LTO. The
architecture of the full cell is nearly
19 mm PFA Tee Fitting
identical to that of the half cellFigure 4-41: Assembled Full Cell
depicted in Figure 4-17. The same 19 mm PFA T-fitting and electacadection scheme is used.
For a full cell, the lithium metal electrode is replaced withegative electrode, either LTO or
CwSb. In addition, the 19 mm 316 stainless steel rods used to eleciritaifgice with the lithium
metal in half cells are replaced with 19 mm 101 copper rods. An assfoil cell is seen in
Figure 4-41; note the aluminum rods interface with the positivereter; LFP, and the copper
rods interface with the negative electrode (LTO osSE). The LFP, LTO, and G8b electrodes

used in full cells are produced by the same manufacturing processes described in Sections 4.4.4.1

and 4.4.4.2.
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4.5.2. Test Parameters and Equipment Used

In both the LFP/Cib and LFP/LTO architectures, the anode active material lveas t
limiting capacity. The cycling voltage limits for the LFPASD full cells were determined from
the half cell cycling voltage limits. The upper voltage limit of the dell (3.5 V) was determined
by subtracting the delithiated LFP cathode potential (4 V vs. iftom the lithiated potential of
the CuSb anode (0.5 V vs. Li/L). The lower voltage limit assumed the LFP cathode potential
would remain near 3.5 V vs. Li/Ldue to the limiting capacity of the €8b anodeand its potential
would quickly rise when fully delithiated. The delithiated potential ther CuSb anode was
determined to be 1.75 V vs. Lifliyielding 1.75 V as the lower voltage limit of the LFP#Sh
cell. The cycling voltage limits for the LFP/LTO full celivere determined by predicting the
average potential of the cell to be approximately 2 V sinceHdsa two-phase voltage plateau
of 3.5 V vs. Li/Li* and LTO has a two-phase voltage plateau of 1.5 V vs.’Lilecause minimal
capacity is delivered outside of the two-phase region for both actiterials, the LFP/LTO
voltage limits were extended by 0.5 V on either side of 2 V.

The same style of generic test plan for galvanostatic cycked tor half cells was used
for full cells (Table 4-6). The cells were cycled 10 times, removed themArbin battery tester
and connected to the Gamry Reference 3000 potentiostat for EIS measunieatdVVL and
LVL of the cells. Again, the same style of test plan was atdeatdhe Gamry Framework Sequence
Editor as was used for the half cell tests (Tablg.4-7

The current applied for each full cell combination was different: 291mmAfor LFP/LTO
cells and 175 pA crafor LFP/CuSb cells. In addition, the LFP/€Sb cells were cycled at an
approximate 0.1C rate for the first charge, 52.63 pu/.cfihe determination of these cycling

currents utilized a similar process to that described in Seétba.3. The initial cycling currents
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determined by Equation (4.44) were refined after galvanostatic cycling tri@ié oélls for each
combination. Table 4-9 describes the voltage limit adjusted capacitye full cell combination
studies. The LFP/G&b cell, which is capacity limited by the £3lb anode, has a much greater
voltage limit adjusted capacity than in a half cell aetdiiire (Table 4-5). This indicates that
additional capacity producing reactions are utilized outside of the 0.5-O0v85LV/Li* potential
operating window of the G8b/Li cell.

Table 4-9: Full Cell Voltage Limits and Capacity

Full Cell Upper Voltage Lower Voltage Cycling Capacity
Type Limit (V) Limit (V) (mAh g1
LFP/CuShb 3.5 1.75 150
LFP/LTO 2.5 1.5 140

4.5.3. Results and Discussion

Similar to the half cell tests, the reported datathe charge and discharge capacity and
coulombic efficiency plots is an average of a minimum of three. ¢éelgldition, the Nyquist Plots
of impedance data are of a single cell representative of the avenaggance response observed
by all of the cells tested of a particular electrode and elearotytinbination. Moreover, the cell
potential versus state of charge plots are for a single cell ezpatise of the cells tested. Finally,
the parameters of the EIS equivalent circuit fits reported in the #Aablkat the end of Section
4.5.3 are an average of a minimum of three cells.
4.5.3.1. Lithium Iron Phosphate Copper Antimonide Cells

The cycling and coulombic efficiency performance of LFR&ufull cells is shown in
Figure 4-42. The first charge coulombic efficiency for the E1 cells (8&¥)significantly higher
than for the B cells (58%). Throughout the 20 cycles, the E1 cells hagatiygireater coulombic
efficiency suggesting that the E1 electrolyte offers improved eedirsibility. Both electrolytes

showed some capacity fade over the 20 cycles. The reduction in gagadd be due to the
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Figure 4-42 Charge and Discharge Capacity and

likely that the potential of the GBb anode Coulombic Efficiency of LFP/Cu:Sb Cells

was lower than ideal threshold of 0.5 V vs. Li/kince it was the limiting capacity electrode of
the full cell. This is exemplified by the significantly greatapacity (approximately 150 mAh
g?) produced by the LFP/G8b cells in comparison to the £3bb/Li cells (approximately 90 mAh
g?) which were carefully controlled between the potential limits of 0.5-0.95 V vs.LBoing et

al. showed the sensitivity of the €8b anode to full cell voltage limits. The reversible capacity
dramatically improved in a LiNjgCoo.15Al 0.0502/CuSb cell with revised cell voltage limits to limit
the CuSb anode’s potential to 0.65-1.4 V vs. Li/Li" as opposed to 0.1-1.2 V vs. Lifl[iL28].

Figure 4-43 shows the impedance spectra of the LEBICoell at the lower and upper
voltage limits. The resulting equivalent circuit model fit pararetare listed in Table 4-10.
Interestingly, the charge transfer resistance of the E1 cellsrig haH of the B cells at 20 cycles.
Moreover, the charge transfer resistance at the upper voltage limitlégfRewSb cell decreased
as cycle number increased. This result indicates that more favotadige ctransfer kinetics

through the SEI are present in the E1 cells. More importantly, this aésoikhows that aluminum
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Figure 4-43: (a) Nyquist Plot at 1.75 V After 10 and 20 Cycles (b) Nyquist®lat 3.5 V After
10 and 20 Cycles for LFP/CeSb Cells

current collector corrosion on the LFP cathode is not present in the Elroufail cells. The
El-containing LFP/Li half cells had a growing charge transfer resistand severe capacity fade
over the 20 cycles, but this is not the case for the full cells. $hadtiibuted to the positive
electrode of the full cells never reaching a potential greater3t&¥ vs. Li/Li* to activate the

aluminum corrosion reaction.
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Figure 4-44: LFP/Cuw:Sb Cell Voltage vs. Depth of Dischargéa) 10" Cycle (b) 28" Cycle
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Figure 4-44 shows the voltage of the LFP/8lucells as a function of state of charge for
the 10" and 26 cycle. The plots were generated by normalizing the measuredypatiity during
the 10" and 20" cycle to the total charge capacity of thé" Hhd 28 cycle, respectively. It can
clearly be seen that the E1 cells have a more narrow cyclitagealindow at both cycles 10 and
20. This result suggests that the lithium intercalation and de-itggorakinetics in the active
materials are improved for the E1 cells; a consistently lower overteites measured over the
entire state of charge window compared to B cells. This is a promising result for the proposed E1
electrolyte mixture.
4.5.3.2. Lithium Iron Phosphate Lithium Titanate Oxide Cells

Figure 4-45 shows the cycling an 200

_ - 190 + @@@@mmwwawﬂﬂlﬂ@mnu" 100
coulombic efficiency performance o 180 ':ﬂ ] =
o170 §4 T8 3
LFP/LTO full cells. Boththe E1 and B cell: £ L ] 5
g 160 0 2
. . . E [ = i E
have a first cycle coulombic efficiency 0 > 150 T=gafaattssas, i
S0 TEEREm sl o
[ ol WAL
84%. This value is much higher than t & 130 CLLE T * 5
g O L™ x —_
[ =
. . 120 1 +20 8§
coulombic efficiency seen for the LFF 444 . _
100 -------------------- 0
Cw:Sb cells. At the upper and lower voltac 0 5 10 15 20

Cycle Number

limits of the full cell, minimal active
= B Charge = B Discharge i E1 Charge

material particle passivation is requires + E1 Discharge o B CE AE1CE

o . Figure 4-45 Charge and Discharge Capacity and
and therefore minimal capacity loss due ¢ulombic Efficiency of LFP/LTO Cells

lithium consumption in decomposition products is observed on the first cymleeudr, over the
course of the 20 cycles, significant capacity fade was observed for baitdER cells. The rate
of capacity fade for both electrolytes is also very similar. This result sugigastespite the two

different electrolytes, the same capacity fade mechanism is piresemtwo cell types. Moreover,
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Figure 4-46: (a) Nyquist Plot at 1.5 V After 10 and 20 Cycles (b) Nyegi Plot at 2.5 V After
10 and 20 Cycles for LFP/LTO Cells

the rate of capacity fade is similar to that observed with the Batong LFP/Li half cells
indicating the mechanism could possibly be LFP active material pantad&ing.

Figure 4-46a-b shows the cell impedance spectra at the loweppaad voltage limits of
the LFP/LTO cells. The cell resistand&(in Table 4-10) of the B cells increased approximately
18% from cycles 10 to 20. The cell resistance for the E1 cells incraassdll, but to a much
lesser degre€é~5%). This increase could possibly be due to the LFP particle craciinmgng
reduced electrical conductivifgr the positive electrode. In addition, the charge transfer resistance
for both the B and E1 cells significantly increased at both the upper aedvoltage limits. This
result indicates that continued decomposition products are formed at the aamtbamthode
interfaces of the cell increasing the thickness and impedance oEth&i§ure 4-47 shows the
10" and 20" cycle voltage versus state of charge for the LFP/LTO cetlanibe seen that a larger
overpotential is required for the E1 cells compared to B cells for both charge and discharge at the
same cycling rate during cycles 10 and 20. This relates direditettmwer conductivity of the

electrolyte and the larger impedances found in the E1 cells compared to the B cells.
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Table 4-10: Average EIS Fit Parameters for Full Cells

LFP/CuzSb LFP/LTO
10 Cycle 20 Cycle 10 Cycle 20 Cycle
Model 1.75V 35V 1.75V 35V 1.5V 25V 1.5V 25V
Parameter Electrolyte

Ro B 4.67 4.89 5.00 5.13 5.10 5.06 6.18 6.32

] E1l 12.1 12.6 12.2 13.1 12.8 13.1 13.4 14.0
Q x 10 B 0.233 0.339 0.241 0.363 0.285 0.286 0.281 0.273
[S¢] E1l 0.152 0.234 0.175 0.204 0.176 0.158 0.190 0.159
o B 0.823 0.783 0.819 0.776 0.826 0.826 0.815 0.818
[-] E1l 0.845 0.790 0.830 0.809 0.827 0.840 0.815 0.835

Wa x 1C B 0.135 4.71 0.148 3.93 2.54 3.52 2.39 3.10
[S s/ E1l 0.147 3.05 0.152 4.22 2.83 3.41 2.33 3.02
Ret B 237 204 318 231 101 89.3 141 112

] E1l 141 134 175 115 129 99.6 185 128

fo B 88 91 61 76 190 219 140 189
[HZ] El 230 234 170 284 250 344 164 265
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4.6. Summary

In this chapterthe non-boiling electrochemical performance of the MFE was imadstl.
Miscibility testing quickly narrowed the candidate volatile co-sotg for the MFE to HFE-7000
and HFE-7100. FC-72 and Perflenapent were not miscible with EMC and ner figsking was
performed. HFE-7000 was selected over HFE-7100 for further investigation dtse rtwre
favorable thermal properties for the proposed internal TMS. A candidatewdBEormulated
using 1.0 M LiTFSI salt in 1:1 HFE-7000/EMC by volume. Room temperainmductivity testing
showed that the MFE had a slightly lower ionic conductivity thansalivee electrolyte, 1.0 M
LiPFe in 3:7 EC/DEC by weight.

After these tests, the electrochemical stability window, hadf aull cell cycling, and
impedance spectroscopy measurements were conducted with the MFE artine ledectrolyte.
The electrochemical stability on a glassy carbon electrode shbatettié candidate E1 electrolyte
had improved oxidative and reductive stability compared to the basatidehe stability window
on a platinum electrode measured impurities in the MFE rather thestatbiéity limits for the
electrolyte. In half cell tests with @b and LTO anode active materials, the candidate electrolyte
exceeded the charge-discharge capacity of the baseline electioipiedance spectroscopy
testing showed E1-containing cells had higher cell resistancedoeer ionic conductivity, but
in some instances had reduced charge transfer resistance compardshteline. Half cell tests
with LFP showed the HFE-7000 in the E1 electrolyte is not effective at pasgittad aluminum
current collector to the LITFSI salt. Additional refinement to thEBWelectrolyte is required to
minimize these irreversible reactions. Full cell tests showedhbaVIFE electrolyte is capable of
equally reversible cycling as the baseline electrolyte, withquaatily promising performance in

LFP/CwSb architecture.
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This study is the first work to investigate HFE-7000 in a lithiomelectrolyte. Even with
its high volatility, the experiments conducted in the present studyH#t7000 has proven the
feasibility of thisco-solvent for use in lithium-ion batteries. The thermal and electroclaémic
performance of the MFE in the proposed internal thermal managememh sgStevestigated in

Chapter 5.

163



CHAPTER 5.ELECTROCHEMICAL PERFORMANCE OF MULTI-FUNCTIONAL
ELECTROLYTE WITH SIMULTANEOUS CO-SOLVENT BOILING

In the previous chapter, the non-boiling electrochemical performandes d¥IEE was
established using a variety of electrochemical experimental teedsi Despite having a lower
ionic conductivity and low active material passivation capgbilite MFE performed comparably
well to the baseline electrolyte. Several electrolyte mixtadeitives are proposed for the
continued improvement of the electrochemical performance of the MFE. However, befoge furt
electrolyte refinement is done, the electrochemical performancendidede MFE needs to be
evaluated while the volatile co-solvent is continuously evaporating, whatttical to validating
the proposed internal TMS. For validation purposes, the under test willFf&/@wkSb cell, which
showed more stable electrochemical performance than the LFPEETS) was selected. To
evaluate electrochemical performance while boiling the HFE-70000luerg, a custom
electrolyte boiling facility was constructed. The following sectioletail the experimental
requirements, design, manufacturing, and commissioning of the facility, folloyvadlescription
of the testing parameters. Finally, the results and discussion of theefemical performance
of the MFE under constant vapor generation are presented.

5.1. Experimental Requirements for Custom Electrolyte Boiling Facility

The design of the electrolyte boiling facility (EBF) needed to encasnpisof the
requirements listed in Table 5-1. The EBF must be operated asd slgem to approximate a
loop heat pipe architecture and prevent the loss of the volatide#9B0 co-solvent during testing.
The EBFis a low pressure test facility, and internal pressuresigifesaiel 72.4 kPa will be vented.
To keep the system pressure low, the M&troduced into the EBF while it is under vacuum.

In this scenario, the components of the vapor in the EBF are only the compoingatdiquid
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MFE mixture. This should allow for rapid two-phase heat transfer to occur upappheation

of an external heat source. Furthermore, to prevent parasitic sitiensaall of the electrolyte
wetted components must be inert to the LFRBDelectrodes and the MFE. For safety, all testing
with the EBFis done in the argon glove box, and, therefore, the facility must fit inatige |
antechamber of the glove box. Finally, the EBF must measure reteuwgperatures and pressures
to evaluate the thermal-hydraulic performance of the MFE. In the aetids, the design of the
facility is presented.

Table 5-1: Requirements of the Electrolyte Boiling Facility
#  Requirement

The EBF must be a closed system constructed with non-reactive materials.
The electrolyte wetted EBF components must be chemically clean.
The EBF must withstand internal pressures up to 172.4 kPa (25 psig).

The EBF must contain and electrically connect to a positive electrode wetbarolyte
evaporation channel and a negative electrode.

The EBF must be capable of variably applying heat to the positiveeagledo induce
boiling in the evaporation channel.

The EBF must allow for direct viewing of vapor generation in the posgigetrode
channel.

The EBF must accurately measure the bulk electrolyte temperatureygoesectrode
temperature, and condenser inlet and outlet temperatures.

8  The EBF must accurately measure the electrolyte vapor pressure.

9  The EBF must interface with a battery testing instrument (potentiostat) ttbgctell.
10 The EBF must measure the voltage of the cell independent of the potentiostat.
The EBF electrolyte wetted test section must be capable of complete vacamumaten

A WIN|PF

11 and charging with electrolyte.

12 The EBF must fit into the large glove box antechamber and be cayaddsembly in
glove box.

13 The EBF must be fully capable of disassembly for cleaning and componegctrepi,

if necessary.

5.2. Electrolyte Boiling Facility
In this section, the design, fabrication, and assembly of and thengeand filling

procedures for the boiling facility are documented. When reviewing the deékgmaterial
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selection and compatibility issues for all components are discusset: of the components are
not compatible with the battery materials, and, as a result, aageiddfom the MFE and electrode
assembly. The items in contact with the electrolyte are thorowigdyed to prevent impurities
from impacting the results. This includes the electrolyte, which alst be a pure fluid mixture
and special filling procedures are utilized
5.2.1. Facility Design and Fabrication

The design of the EBF is given in Figure 5-1 and Figure 5-2. As shown in Bigyre/o
316 stainless steel ball valves are used for system evacuatiarharging of the MFE. A 172.4
kPa pop safety valve is used to ensure that the system is newerrigexs above this value. The
test section contains a small LFP#Shk cell contained within a sight glass. The surrounding

infrastructure of the tesl <+— Pressure Gauge

facility mimics a closed-loop
25 psig

Evacuation Valve —> Safety Valve

thermosiphon. All generatec

vapor is routed out of the tes .
Vapor Exit ———

section through 6.35 mm 31!
Shell and Tube

stainless steel smooth-bor Candenser

) _ Test Section ———
tubing and into a #l-and-

tube water-cooled condense <« Liquid Return
that is connected to the te¢ Charging Valve ———
Figure 5-1 Electrolyte Boiling Facility
section.
An exploded view of the test section is provided in Figure 5-2. A 10 Wfilm heater
(25.4 mmx 25.4 mm) interfaces with the backside of the LFP electrode, which esmtaingle

evaporation channel in the center of the active material coafimg thin film heater simulates
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Figure 5-2 Electrolyte Boiling Facility: Exploded View of Test Section

extreme heat generation in a LIB to continuously generate vapor in thele€frode channel
while the cell is cycled. It is important to note that the applied heat repieesentative of normal
heat generation in a LIB, which is typically on the order of 100 Y[3], but is intended to
represent thermal runaway of neighboring cells. The 10 W heater is capapf@ying up to 1.55

W cnt? of heat to the backside of the positive electrode of the cell; normal heat generation of 100
W L scales to approximately 136 pW énfurther discussion on the normal heat generation of
a LIB is given in Section 5.4. The material incompatibility of t@e W thin film heater and
thermocouples in the BE required it to be isolated from the cell. To do this, a PEEK heater
housing and stainless steel filler were used. The PEEK heatenpmitsirfaces with an aluminum
sealing plate to keep the heater and thermocouples sealed from the MFE. The staailéierst
provides a mounting location for the heater housing, a wire passage for tlee aedt
thermocouples, and substantially reduces the volume of MFE required to tmyglémerge the
LFP/CwSb cell. The separator and S anode contain a window that enable direct viewing of

the vapor generation channel in the LFP electrode.
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A full list of the
components used to construct the

EBF is provided in Appendix D.

The  component  description,
PEEK

i Top
supplier, and part number are also Flange
provided. Particular attention was
given to the selection of electrolyte-

wetted materials used in the Liquid Return

ili e . . PEEK Bottom Flange Fitting
facility. Very minimal information

Figure 5-3 Interface of PEEK Top and Bottom Flanges
is available on  materiawith Test Section
compatibility for lithium-ion electrolytes, especially for a novel MFE mixture; h@wethere are
materials that are consistently used in LIB research and manufigctidllowing this logic, the
only wetted materials of the EBF are 316 stainless steel, 3003 atuyundilled PEEK plastic,
PTFE Teflon, and Parker compound FF500-75 (used for all o-rings). All o-ring groa@res
designed using Parker inPHorm software available online.

As seen in Figure 5-3, the PEEK top and bottom flanges provided grooves for PTFE
gaskets to seal the glass sight. In addition, the top flangeetbéour Swagelok fittings: two for
electrical connections with the LFP and.Sh electrodes, one for a vapor exit, and tovea
thermocouple probe. Furthermore, the top flange also interfaced with thiesstasteel filler,

providing an o-ring seal for the heater

and thermocouple wire passage. The

PEEK bottom flange interfaced with

e

Top FIanS p‘ort 3 the Swagelok liquid return fitting. The
- upp

Bottom Flange Support

Figure 5-4: Steel Top and Bottom Flange Supports
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steel top and bottom flange supports 2-029 0-Ring 2-013 O-Ring

7a \ ——
-\ ,
(Figure 5-4 behaved like washers,g . X e ! Qt

ok
s

spreading the clamping load create(

it
s

by the four 1/4-20 threaded rodsff;g'_'

more evenly across the PEEK tof

2
&

and bottom flanges. Thermocouple  Heate
Recess Recess Passage

The PEEK heater housing igigure 5-5 PEEK Heater Housing with O-Rings

seen in Figure 5-5 with its two FF500-75 o-rings. A small recessed pocket (01284 pth) was
created for the 10 W thin film heater. Additional recesses were macfan¢he three surface
thermocouples placed on the backside of the thin film heater (Fig@je Fsur #8 close fit
clearance holes were drilled to allow for the 8-32 screws to pass thamagprovide clamping
force on the 2-029 o-ring seal. In addition, six #6 close fit clearanes are drilled for 6-32
screws to pass through and mount the PEEK heater housing to the sta@dkbllter and provide
clamping force for the 2-013 o-ring seal on the backside of the part.
|y i The stainless steel filler and relevant
| 10 W Thin
e .:' ; '1:,',";‘1",',33‘9’ | features are highlighted in Figure 5-7. Most
| | , critically, the stainless steel filler provides a sealed
heater and thermocouple wire passage. The
stainless steel filler interfaces with the PEEK top
flange with two 8-32 screws which provide

clamping force on a 2-013 o-ring seal. It also

provides the mounting location for the PEEK
T-Type Thermocouples

Figure 5-6. 10 W Thin Film Heater with
Three T-Type Surface Thermocouples

heater housing and entire stacking assembly seen
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2-013 O-Ring Groove

2x8-32
Tapped Holes

7/16-20 Tapped

in Figure 5-2. Moreover, the stainless steel
filler contains a mounting location for a

preheater, also seen in the exploded view of

Hole for Preheater

the test section (Figure 5:Z'he preheater

6 x 6-32

" Tapped Holes contains a 10 W thin film heater (12.7 mm

. Heater & Thermocouple

x 50.8 mm) and is used to preheat the fluid
Wire Passage

to near the saturation temperature. Figure

4 x 8-32
Tapped Holes

Figure 5-7: 316 Stainless Steel Filler

5-8 shows the how the preheater wire
passage connects with the main sealed wire
passage.

The LFP electrode contains two rectangular patches (19.1 x 7.62 mm) ef metierial

separated by 6.35 mm to create a vapor generation

channel (Figure 5-9). The LFP electrode slur
was the same composition as the slurry used

half and full cell experiments (Table 4-4The

Preheater
Wire Passage

LFP slurry was applied to a 50 pm aluminum foi
cut to its final shape and vacuum dried overnig
Excess active material was removed with a me
spatula. The electrode was then calendared t¢

total thickness of 93 um with an active materi .

e

fabricated by direct electrodeposition onto 25 um

Figure 5-8 Preheater Wire Passage in
copper foil using process described elsewhé&t@inless Steel Filler

weight of 0.0225 g. The G8b electrode was V
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Lithium Iron Phosphate [127]. Prior to electrodeposition, a

Electrode Coating

19.1 x 5.6 mm window was cut into
the center of the copper foil to
allow for direct viewing of the

evaporation channel on the LFP

Positive Electrode Vapor Electrodeposited

epnerition Shanns! Cuz50 electrode (Figure 5-9). Kapton tape
Figure 5-9 LFP and Cu:Sb Electrodes Used in
Electrolyte Boiling Facility was used to mask all submerged

portions of the copper foil in the deposition electrolyte except for twoitosabf the same
approximate area of 19.1 x 7.62 mm on either side of the window, where 3 pumStf Was
deposited. The G&b electrode contained approximately 0.0130 g of active material. A 31.8 mm
tall x 11.1 mm wide x 1 mm thick piece of borosilicate glass waeglan the backside of the
CwSb electrode to confine any nucleate boiling to the evaporation chgale 5-10). A 25
pm polypropylene/polyethylene separator (MTI) was cut to ensure no electrical shanegroe
the anode and cathode and obstruction of the LFP evaporation channel.

Prior to assembling the facility, all parts wetted by the sdgde were thoroughly cleaned.

In the next two sections, the cleaning procedure and assembly of the facility are describe

Aluminum Sealing Plate
Current Collecting Tabs Teflon Electrode

Strapping Tape i . Insulao o

Assembled
Electrode Stack
Configuration

\ 0.05 mm Thick Glass Slide Pseudo-sealing
Teflon Film Vapor Generation Channel

Figure 5-10: Electrode Configuration in Electrolyte Boiling Facility
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5.2.2. Cleaning of Electrolyte Wetted Components

Cleaning the electrolyte wetted componenéxcept the LFP and 8b electrodes, which
were only vacuum driedin the EBF was the most labor-intensive task of the experimental set
Cleaning required the use of nitrile gloves for handing of all componentsleglirolyte-wetted
metallic components except for tubing were hand polished with Wenol patisth. The metal
polish was applied to a Kimwipe and rubbed on all of the surfaces ofdtalimcomponent
which would initially darken the metal surfacEhe surface was then cleaned with a fresh
Kimwipe, which caused the metal surface to have a substanbiafiizter appearance. All

components (metallic and non g, onized
Water

Acetone __ Methanol _ Isopropanol

metallic) were then cleaned wit
the following solvents in the
specified order: de-ionized wate
acetone, methanol, an
isopropanol (Figure 5-11)
Finally, all components were
vacuum dried overnight at 80°C

before final assembly both inside Wenol Metal Polish Kimwipes

_ Figure 5-11 Metal Polish and Solvents Used for Cleaning
and outside of an argon glove box|ectrolyte Wetted Components
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5.2.3. Assembly of Electrolyte Boiling Facility

The assembly of the EBF was conducted in two phases: outside andhesiigon glove
box. The test section was assembled outside of the glove box firsjpdrhien of the assembly
included all components seen in Figure 5-2 and was performed with a clean pair of nitate glov
To help with positioning the electrodes and separator in the sta@acbehemical cell in the test
section, green strapping tape (10 mm wide x 0.03 mm thick, MTI) was(bgpde 5-10). The
strapping tape located the LFP positive electrode on the alumiralmgsplate and the G8b
negative electrode on the Teflon clamp. Prior to locating th8ICelectrode on the Teflon clamp
with tape, the glass slide was positioned into the groove on flehéamp. To supplement the
electrical insulation between the two electrodes provided byegpa@ratora 0.05 mm thick Teflon
sheet was positioned around the edge of the positive electrode to adeéienal physical
separation of the LFP and £€3b electrodes. With this arrangement, the compressive load applied

Heifer Laads to the cell stacking architecture would not

compress and compromise the porous
separator. The addition of the Teflon sheet

increased the spacing between the LFP and
6 x 6-32 Screws
CwSb electrode to approximately htn.

After the electrodes and separator
were located with strapping tape, the thin
10 W Thin _ : :
Eilm Heater film heater wires and thermocouple wires

were carefully fed through the PEEK heater
housing, stainless steel filler, and PEEK top
Figure 5-12 Mounting of PEEK Heater Housing flange. The PEEK heater housing was then

onto Stainless Steel Filler with 10 W Thin Film
Heater
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secured to the stainless steel filler using si Preheater Leads

6-32 screws (Figer5-12). The aluminum
90 deg Elbow with
Straight Thread

sealing plate was placed on top of the heater O-Ring Seal

over the 2-029 o-ring such that the vapor

. o Teflon Clamp
channel is visible through the glass. The

316 SS
Electrode
Clamp

four 8-32 screws were tightened into the

stainless steel filler to create the clamping

3003 Aluminum
Sealing Plate

Capped 316 SS
Tube with Thin
Film Preheater
fed through the stainless steel filler wire (10 W 0.5” x 2”)

force necessary to compress the heater o-

ring. The wires of the preheater were then

L _Figure 5-13 Assembled Test Section with
passage shown in Figure 5-8. The o-fipgoheater and without Electrodes

elbow fitting of the preheater was then tightened to form a seal oadbeof the stainless steel
filler. Figure 5-13 shows the assembled test section with thegeyhand without the LFP and

CwSb electrodes, and Figure 5-14 shows
Heater

Thermocouple \ Heater , ,
Wires - Leads the assembled test section without the

preheater and with the electrodes.
Preheater

O-Ring

Seal Plug The PTFE gasket was inserted into

its machined groove in the PEEK top
flange. The top flange was then attached to
the stainless steel filler using two 8-32
screws with an o-ring sealing head (Figure
5-15 and Figure 5-16). These two screws
also provided the necessary compression

Figure 5-14 Assembled Test Section without
Preheater and with Electrodes
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force for the o-ring seal on the top of the stainless steel fillee.fittings
shown in Figure 5-16 were tightened onto the top surface of the top

flange. The positive and negative electrode electrical conneetieres

x

»
é
=
-
=
——
-
—
——
e

L ——
=
=

then created with 316 stainless steel wire and smooth jaw stainless steel

Figure 5-15 8-32
Screw with O-Ring
Sealing Head

alligator clips (Figure 5-17). One end of the connection wire was
wrapped around the screw connected to the electrode leads and the other
was placed in between the alligator clip and the current colietdibs of the electrodes. During

assembly, a digital
8-32 O-Ring
Screws

multimeter was used tq

PEEK Top Flange

PTFE Gasket

measure the resistand
between the electrodg
leads; if the test sectio
'y \ ? . - & F

Figure 5-16 Intalled 8-32 O-Ring Screws, ittings, and PTFE
infinite resistance Gasket

was assembled properl

should be measured the positive and negative electrodes beforasithwaerged in the electrolyte

Part of the design

challenge of the boiling facility
316 SS Potentiostat

Electrode Leads

was ensuring all components fit
Electrolyte Vapor

Exit
Positive Electrode into the cylindrical glass sight
Electrical Connection

| 15 b ST

Bulk Electrolyte and minimized the volumetric
Submersion Probe

Thermocouple

o
e b

fill of the MFE to reduce cost

Positive Electrode Vapol
. Generation Channel

i

Y
/
S o / PR

Negative Electrode
Electrical Connection

(Section 4.1.1). Figure 5-18

shows a bottom view of the
Figure 5-17. Assembly of the Test Section with Top Flange
and Electrode Leads
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Bulk Electrolyte

Preh??_ser Temperature Probe Tip

Simulated

PEEIC Top Sight Glass

P Bottom Edge
gﬁ;‘(’;:::e Bottom Edge of Glass
Current Slide Pseudo-sealing

Collector Tab Vapor Generation Channel

PEEK
Heater Teflon Clamp
Housing |~ Recess for Vapor

Generation Channel

316 SS Filler

Figure 5-18 Bottom View of Assembled Test Section with Top Flange and Electrodeads
with Simulated Sight Glass Bottom Edge

assembled test section with the approximated clearances of the glass kigfithéAtomponents

fit snugly into the 66.8 mm inner diameter of the sight glass. Speuialwas taken when inserting

. . Potentiostat
the stainless steel filler and assembled electrode sta Ejectrode

Leads
into the sight glass. The electrode lead wires and curr g,
Top

collector tabs needed to be carefully folded inwards Flange
Support

. Electrolyte
: Vapor Exit

ensure they did not catch on the glass sight edge. ?EEK
op

. . . Flange
sight glass and top flange/stainless steel filler assemoiy

1/4-20
Threaded

were then aligned with the bottom flange by the fo PEEK
Bottom Rod

1/4-20 threaded rods. High torque 12-point flange nul:tlémge
were used to provide the clamping force of the gle §E§é’:
sight on the PTFE gaskets via the threaded rods. FigS‘r‘gpm E::tf,?;o'yte
eturn
5-19 shows the final assembled test section. Figure 5-19 Final Assembly of Test
Section with Sight Glass and Bottom

Flange
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Upon completion of the test section, all components were placetthengbove box for the
second phase of the assembly. The components were first placétge antechamber, which
was evacuated and filled with Argdor a total of three cycles (Figure 5-20). The atmosphere of
the large antechamber was evacuated for a minimum of 30 minutes forcyde. At the
conclusion of the atmosphere exchange, the water and oxygen levels ietrdujuche lab
atmosphere have been reduced to levels acceptable for the argon glove box environment.

Inside the glove box, the test section was
connected to the surrounding loop heat pipe
structure; the condenser water lines were
connected to the re-circulating chiller; all
temperature, pressure and voltage leads were

wired and connected to the data acquisition

i B & i U
Figure 5-2Q Inserting all Electrolyte _
Boiling Facility Components into GloveBox [0 @ potentiostat (Gamry, used for all EBF
via the Large Antechamber

system; and the electrodes leads were connected

experiments, Figure 4)}8

Bulk Electrolyte
Temperature
Probe Connection |

Vacuum
Line Temperature,
¥ Pressure, Voltage
Condenser
Water Lines

Pressure
Transmitter and
Preheater Power
Supply

Potentiostat
Leads

Test Section
Flashlight

Figure 5-21 Fully Assembled Electrolyte Boiling Facility in Glove Box
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The fully assembled EBF in the glove box is seen in Figure 5-2lhdfuttetails on the
EBF integration with auxiliary equipment are discussed in Section™& procedure used to fill
the test section with electrolyte is described in the next section.
5.2.4. Charging Electrolyte Boiling Facility with Multi-Functional Electrolyte

To ensure that the only components of the vapor in the EBF were constituents of the MFE
mixture, a charging process for the system was developed where allgafstirapped within the
facility is evacuated prior to introducing only the liquid MFE. The prooésharging the EBF
with the MFE was developed using water outside the glove box prior ttelr@ng and assembly
process. The charging process required the modification of a 180 mLaglélsatjwas used for
the initial MFE mixing. Acapthat fit the jar was modified to contain a 6.35 riibnTeflon dip
tube that extends to the bottom surface of the glass jar (Figgee Fhe Teflon dip tube slides
snugly over an epoxied 6.35 m@D 316 stainless steel tube that is inserted through the cap.
Because the Teflon tube extended to the bottom of the jar, only the liquid phase of the @ectrolyt
will be drawn into the boiling facility if the jar was maintairiacn upright position. The modified
jar cap also contained a small check valve with a 13.4 kPa (2rpsking pressure to allow the

pressure within the jar to equalize as the MFE is drawn from it.

303 SS Check Valve B 0.25” ID
2 psi cracking pressure Teflon Tubing

180 mL

/ Glass Jar

Check Valve
Direction of

Flow
0.25” OD

316 SS
Epoxied Tube

Simulated

Liquid
- Cured Epoxy Seal Electrolyte
- = — ‘ Teflon Liquid
- — Dip Tube

Figure 5-22 Modified 180 mL Glass Jar Lid for Charging the MFE into the Electrolyte
Boiling Facility
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To begin the charging process, the teflon dip tube was connected to theghaflge as
shown in Figure 5-23. The EBF was connected to the Trivac vacuum pantipevevacuation
valve (seen in Figure 5-23). The vacuum pump was turned on and theagwaocsalve was
opened, while the charging valve remained closed. The EBF systesuigavas monitored on
the data acquisition laptop by reading the vapor pressure transmitteiifgi@sc Section 5.3.1).
After the EBF was completely evacuated, the evacuation vageclosed. The charging valve
was opened slightly and the liquid was observed to travel up the dip tube towardseh®©mae
the liquid was drawn to the valve fitting, the charging valve elased. The gas trapped in the dip
tube line that was displaced by the liquidsevacuated from the EBF by opening the evacuation
valve. After the system pressure reduced to its fully-evacuated(sta kPa as measured by the
pressure transmitter), the evacuation valve was closed. Theinthajve was then slowly
opened, and the water was drawn into the EBF. This process istlasin Figure 5-24 which
plots the system pressure versus time during the valve events. While the chalggingas open

and water was filling the system, the water level in the jar egaefully monitored to ensure the

System Under
Vacuum Liquid Fill Line
(Test Section
Completely
A Submerged)
1

Evacuation |
Valve

- i ; g - "‘lxylp:
| ==
Charging | 5\
Valve T <y gl

Water
(Simulating

\ Electrolyte) : )
Figure 5-23 EBF Charging Process Deelopment with Water
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liquid level never reached below the di 25 ~

cv cv EV EV cv
tube. After the test section was complete 2 Cracked Closed Open Closed Open

—
[2)]
1

submerged, the charging valve wz

immediately closed and the charging proce

was complete. The approximate volumett L ,———\
" A 4

fill of the EBF to completely submerge th

Pressure (psia)

o
[3)]

1
|

o

-0.5 —tt
0 2 4 6 8 10 12 14 16 18 20
Time (s)

test section was 75 mL.

With the charging process definediigure 5-24 EBF System Pressure versus Time

with Valve Events

the MFE electrolyte for the EBF was prepared in the argon glove box. FlBe/B00 and EMC
solvents were degassed using the freeze-pump-thaw procedure prior to(#ppegdix A). The
LITFSI salt was used as received. A 1.0 M concentration of Lis&®ivas solvated into a mixture
containing 1:1 HFE-7000/EMC by volume. Approximately 100 mL of electralys mixed in
the 180 mL glass jar. The 25 mL excess of the MFE was criti@iguring the dip tube remained

completely submerged in liquid so that no argon gas was drawn int@ilitg.fRigure 5-25 shows

the 180 mL glass jar with modified cap containing the MFE connectdeé teBF. The liquid line

can be seen in the Teflon tube.
Evacuated

EBF
Figure 5-26 shows the system

pressure versus time with snapshots from a

T

™ recorded video of charging the EBF with the

gn—

MFE. The highly volatilized mixture had a

Liquid Tevawhi
milky-white foam texture that gathered at the

top of the liquid line. The texture was quickly

Figure 5-25 Modified Glass Jar Containing dissipated within seconds after the charging
MFE Connected to EBF for Charging
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valve was closed. It is believed that in this extreme cabeitifg, the LITFSI was precipitated
from the solution to produce the milky-while color and was quickly re-solvated by the7BEO

and EMC solvents.

Pressure (psia)
-y

80 100

Time (s)

V [N \ : 9 ,. : ~= ‘ d—
Figure 5-26 Video Snapshots of MFE Charging Process into theB

5.3. Test Parameters and Equipment Used

In the following subsections, the data acquisition system component&iang are
presented. The auxiliary components of the EBF are also presented inchalirggitculating
chiller and DC power supplies. Thereafter, the thermal control of theugiB§ the 10 W thin film
heater and associated DC power supply is described. Finally, ltrenagstatic cycling testing
process and parameters are detailed. A complete list of compamenegjuipment used for the

EBF can be found in Appendix D.
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5.3.1. Data Acquisition and Auxiliary Components
The EBF utilizes T-type thermocouples to make several temperature meassraihef
which were 7-point water bath calibrated from 0-90°C using an interatihynin resistance

thermometer standard with a NIST-traceable calibrated uncertainty of £0.0A@6er details

Banana Plug
Receptacles

Outside of Box

Outside of Box | Inside of Box

Figure 5-27: Instek SPS-606 Variable DC Power Supply for 10 W Thin Film Heater
of thermocouple calibration are provided in Appendix E. Three surface thermocouples are placed
on the backside of the 10 W thin film heater, and the reported data for teetbegperature is an

average of these three measurements (Figure 5-6) Condenser Outlet

The electrolyte bulk temperature is measured just

outside of the vapor generation channel using a

; Chilled Water
1.59 mm 316 stainless steel probe thermocouple g Shroasiis
(Figure 5-17). The water condenser inlet and

outlet temperatures are measured with 6.35 mm D2t

Acquisition
Laptop
316 stainless steel NPT embedded thermocouples.
250 W
In addition, the vapor pressure of the MF Recirculating
Water Chiller
is measured with a 0-50 psia pressure transmitter i
: Gamry e
- >

with an accuracy of +0.25% of the measurement.

W

Power for the pressure transmitter is supplied by a
Figure 5-28 Thermo Scientific LC 250

26 V, 1.3 A maximum DC power supply (SolRecirculating Chiller, Water Lines, and
Glove Box Feedthroughs
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SDPZ:24-100T, Figure 5-21). This power supply can
also be wired to provide power to the 10 W
preheater, if necessary. A 0-60 V, 6 A maximum
variable DC power supply (Instek SPS-606)

provides power to the thin film heater. Figure 5-27

shows the Instek power supply and glove box
Figure 5-29: National Instruments

cDAQ-9174 DAQ Chassis (source:glectrical feedthrough to interface with the 10 W thin
ni.com)

film heater contained within the EBF. Banana plug terminatedswéonnect to the glove box

feedthrough on the outside; ring terminals provide the connection on the. iAsidg0 W

Condenser

recirculating water chiller (Thermc Sy outlet

Scientific LC 250) is connected t I ator TIC Lot

Heater T/C Middle
Heater T/C Right

the shell-and-tube condenser usii

Bulk
Electrolyte
Probe

12.7 mm ID water lines. Figure 5-2]

shows the chiller, water lines, an"——.

Condenser 1> -7 mmmmiiianng <l
o e

Inlet

glove box feedthroughs to interfac
with the condenser. Figure 5-30 Wiring of NI 9214 16-Channel Isothermal
Thermocouple Input Module

The thermocouple, pressure transmitter, and cell voltage measuramertiiected using
National Instruments DAQ hardware. A cDAQ-9174 chassis (Figure 5-293ed to collect
measurement signals from a NI 9214 thermocouple sensing module contastadliand a NI
9207 analog voltage and current sensing module contained in slot 2. Ting efithe NI 9214
module is shown in Figure 5-30. The heater surface thermocouples aretednneT CO-TC2.

The bulk electrolyte thermocouple probe is connected to TC3. The NPT conttiemsercouples

are connected to TC4-TC5.
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LFPéCIIiIZSb + The wiring of the NI 9207
(]

1mMa module is shown in Figure 5-31
f©>— e
i A The positive lead of Sola power
|
" supply is wired directly to ®suppin,
—Venl | e
19, with a 2 A quick burn inline
@t::-' e || e
o — fuse. The ground of the power
0-50 psia Gedifa).

Pressure NI 9207 | Power Supply ]
Tratamiugr (26Vat13AMax)  sypply is attached to a common

Figure 5-31: Wiring of NI 9207 Voltage/Current Analog
Input Module pressure transmitter lead is

ground pin, 10. The positive

connected to &sup pin, 30, and the negative lead is connected to a current sehsimget, Al8.

The voltage of the LFP/G8b cell is measured via the AlO+ and AlO- pins. A Qvesistor is
wired to have a common node with the negative voltage leadsac@hnected to the common
ground (pin 28). The addition of the 1(Mresistor removed the noise associated with measuring
the floating differential voltage signal of the cell relative to the DAQ madul

The cDAQ-9174 chassis was

National Instruments
DAQ USB Feedthrough '

attached to the side of the 80/20

aluminum support frame inside the

Gamry Potentiostat

Cable Feedthrough glove box (Figure 5-21). The chassis

communicated with the data
acquisition laptop via a USB cable

\\, R hermetically sealed in a glove box

Figure 5-32: Glove Box Feedthroughs for NI DAQ and )
Gamry Potentiostat feedthrough (Figure 5-32
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A Virtual Instrument (V1) was created in LabVIEW software to collect, cakhrisplay,
and record the data from the sensors contained within the EBF. The VI Front Panel is seen on the
data acquisition laptop screen in Figure 5-33. In separate chaisilkhedectrolyte temperature,
vapor pressure, heater temperatures, and chiller water temperatveetisplayed. The VI output
a * TDMS binary file type that contains the recorded measuremericrdsoft Excel plug-in

was used to import the National Instruments binary data file intosalig eanipulated spreadsheet

format.
LabVIEW VI Front Panel
Gamry
Potentiostat
usB National Instruments DAQ

USB from

Figure 5-33: VI Front Panel for EBF DAQ Systém
5.3.2. Thermal Control of Electrolyte Boiling Facility

The amount of heat input required to induce nucleate boiling in the LFP positiveddect
channel was determined iteratively. After the EBF was chargddtiet MFE, the variable DC
power supply that controlled the heater (Figure 5-27) was turned set taridvihe evaporation
channel was monitored for vapor bubble generation. After 10 minutes, if the contirapmrs
bubble generation was not observed, the power supply output was increasetbyring the
experiments, 4 W produced the desired continuous vapor generation in the chanred asddv

as the set point for the boiling and galvanostatic cycling experim2uésto the sufficiency of the
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4 W supplied by the thin film heater on the backside of the LFPretistthe preheater was not
used for any of the boiling experiments.

In initial testing with the EBF, a significant system thernnalet constant was observed
when the heater was turned on or off. This is mainly due to the large thermal mass afildss sta
steel filler, which required a significant amount of time to rehehmal equilibrium with the MFE
and the surroundings. Approximately 7 hours were required for the system temperature and
pressure to stabilize. The galvanostatic cycling experiments werpenibrmed once equilibrated
thermal conditions existed for both boiling and non-boiling experiments.

5.3.3. Galvanostatic Cycling

A Gamry Reference 3000 Potentiostat (Figure 4-8) was used to perforaheagsgtatic
cycling of the LFP/CgSb cell in the EBF. A set of 3 m potentiostat cables were heatlgisealed
into the glove box feedthrough (seen in Figure 5-32) which aliidixe potentiostat to perform the
cycling experiments while outside of the glove box. The same datibarocedure described in
Section 4.3.2 was used.

The LFP/CuSb cell cycling voltage limits were 1.75-3.5 V, the same usddllircell
testing described in Section 4.5.2. The testing procedure was splihieeosegmentgl) pre-
boiling cycling, (2) boiling and cycling, and3) post-boiling cycling (Table 5-2). The pre-boiling
cycling was accomplished in cycles 1-10. The cell wasalhytchargedat 51.7 pA cn¥ (0.15
mA). All remaining cycles were performed with a cycling current of 172 pA& (b mA) which
is approximately a 0.5 C rate. Cycles 1-10 were used to establish an electrocperfocaance
baseline prior to boiling the MFE. After the completion of cycle 10, t@epower supply was
turned on to apply 4 W to the thin film heater, the re-circulating whi#ercwas turned on and

set to 8°C, and the cell was placed on a 7 hour rest for thermal stet@dgesiditions to be
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achieved. After the rest, the cell was cycled 10 times whdeMFE was continuously boiled
(cycles 11-20). Upon the completion of cycle 20, the power supply for the thimdidter was
turned off and the cell is placed on a 7 hour rest to achieve non-boiling tieeyuidrium. Once
cooled back to room temperature, thd eels cycled 10 additional times (cycles 21-30) to assess
the electrochemical impact of the boiling electrolyte during cycles 11-20.

Table 5-2: Testing Procedure for Electrolyte Boiling Facility
Test EBF Testing
Segment Event Test Parameters Notes
) First Charge 51.7 pA cn? until 3.5V
at room temperature
(1) Cveles 1-10 172 pA cny from 1.75- Establish electrochemical
Y 3.5 V at room temperatur. performance baseline pre-boil
(2) Heater On 4 W, chiller set to 8°C Wait 7 hours for thermal equilibrium
172 wA cr from 1.75- Measure electrochemical performar

Only applied for first charge

(2) Cycles 11-20 : ; with continuous co-solvent

3.5 V with 4 W heat input evaporation
(2) Heater Off Chiller off Wait 7 hours for thermal equilibrium
(3) Cycles 21-30 172 pA ent from 1.75- Assess impact of boiling electrolyte

3.5V at room temperatur:

5.4. Results and Discussion

The pre-boiling data of cycles 1-1 50 4.0

is seen in Figure 5-34 and Figure 5-35. T 40 4

first charge capacity was approximate

w
o
!

1.06 mAh cn¥, with a first cycle

N
o
1

Temperature (°C)
Pressure (psia)

coulombic efficiency (CE) of 37.4% 10 1 110
[ 0.5
(Figure 5-35). The CE of the LFP/gSb od— -+ 10
0 10 20 30 40 50 60 70
cell in the boiling facility was much lowel Time (hr)
——Pressure ——Bulk Electrolyte ——Cell Voltage

than that observed in Section 4.5 with tl.. N ,
Figure 5-34: Pre-Boiling Chronopotentiogram of

same electrode architecture in PFA T-cel§P/Cu2Sb Cell during Cycles 1-10 with System
Temperature and Pressure Traces
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Figure 5-35: LFP/CwSb Cell Capacity and dropped to approximately 0.347 mAh ém
Coulombic Efficiency versus Cycle Number

Coulombic Efficiency (%)

(83%). The large first charge capacity loss
is attributed to the formation of the SEI on
both the anode and cathode interfaces as
well as reactions with any surface oxides
on the active materials and wetted
components of the boiling facility. After

cycle 10, the reversible cycling capacity

(76.3 mAh ¢'). This capacity is lower than

the reversible capacity of the LFPASb full cell tests conducted in Chapter 4 (~150 mAh g

The lower capacity is most likely due to the additional decortiposproducts formed on the

electrode surfaces from excess manipulation outside of the glove box for &B#tdg During

these cycles, the bulk electrolyte temperature and absolute pressure of the tdF&veerage,

19.3°C and 51.7 kPa (7.5 psia), respectively. As expected, HFE-7000 appearset@iamary

contribution to the high vapor pressure of the MFE. HFE-7000 in pure form has a vasoirgre

of 55.6 kPa at 19.3°C. The slight temperature and pressure fluctuations seée coeerrse of the

65 hours of this portion of the experiment are due to changes in the roperatune, which were

present in all phases of the experiment. The cell appears to have oparation throughout the

10 cycles and establishes an electrochemical performance baseline prior to boiling.

At the conclusion of cycle 10, 4 W were supplied to the thin film heatgrolMgeneration

was immediately observed (<1.5 seconds) in the evaporation channel. éifstyndf the vapor

generation increased as both the heater and electrolyte temperatareased. After

approximately 7 hours, the heater and bulk electrolyte temperatures el tbquilibrium, and
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cycles 11-20 were started (Figure 5-3¢ 60 4.0

I 135
Interestingly, while the heater and bul %] 110
O %40 1.
| - 39 \ 1255
electrolyte temperatures increased, tg2 [~ 7=
22304 l
R RERRRES
voltage of the cell decreased under opeg g, | 1158
- - -y - ﬁ m [ T 1.0
circuit conditions. Cell thermodynamic: 10 - 1 05
. . : . 0 . t . t . t . t . t - 0.0
predict the potential to increase wit 0 10 20 30 40 50
Time (hr)
increasing temperature. This indiest __yo.er —Bulk Electrolyte — Pressure
——Condenser —Cell Voltage

that the cell in the current experiment |,,.e 5.36: Boiling Chronopotentiogram of

. . LFP/Cu2Sb Cell during Cycles 11-20 with System
self-discharging as the system warms ‘f%mperature and Pressure Traces

thermal equilibrium. Over the course of the 7 hours, the cell voltage droppggimximately 0.5
V. Bandhauer et al. states reversible self-discharge is causkee thgs$olution of surface species,
such as the SEI. The dissolution increases the reactivity of tive ataterials which, in turn,
increases the rate of self-dischaf8g It appears this is the case for the LFR&ucell, which
has already demonstrated reduced performance in stable SEI formatidmeWMFE in prior non-
boiling experiments.

The average heater surface and bulk electrolyte temperatures durieg t$€20 were
50.0°C and 32.9°C, respectively. The average vapor pressure during the samastB0el® kPa
(11.63 psia). The water circulating through the condenser remained at a ctarsfzatature of
8°C throughout cycles 11-20. The boiling temperature of the MFE, 32.9°C, is ¢nit@adluating
the feasibility of the proposed internal TMS. These results show thisitREecan be continuously
boiled at temperatures lower than those associated with cafstetyand thermal runaway. The

isothermal heat absorption provided by boiling HFE-7000 allows the cethaiotain safe
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operation temperatures while effectively dissipating a very laegé flux (1.4 W cnif) applied to
the positive electrode.

To better understand the thermal dissipation performance of the LIS®/Call with the
MFE, the applied heat flux is compared to heat flux of the cells in teeyCVWolt battery pack.
Hamut et al. reports the Chevy Volt battery TMS is designed tagest.35 kW of heat generation
from the 288-15 Ah pouch cells of the pd6HK], each of which contains 16 unit cells (two-sided
cathode, separator, two-sided anode) with approximate electrode dimesfsich2 x 14.5 cm
[30]. By estimating the electrode area, and normalizing the reportddgkearation, the
approximate heat flux experienced by the electrodes of the cells chaninal operation is 136
UW cn?, or four orders of magnitude lower than the heat flux experienced by the 1SP/Cail
during this experiment. Therefore, the results shown in Figure 5-36 reprasexiteme case of
heat flux, such as thermal runaway of a neighboring cell in a largapp#ck. Not only did the
cell manage to dissipate the heat while maintaining a safe imgetamperature, it was also
capable of cycling.

The chronopotentiogram in Figure 5-36 and the charge-discharge capadgyre 535
show the effect of the self-discharge during the 7 hour rest prior to cycléd 1.fTcycle charge
had a capacity of 0.616 mAh ¢mThis is nearly double the charge capacity during tiecyle
charge, 0.361 mAh cr indicating that additional electrolyte decomposition products are formed
to re-passivate the active material surface. It is also pedsiat the cell was slowly discharged
by the test fixture during the 7 hour rest due to a small elecshicat, but this is unlikely because
physical separation of the anode and cathode created by the 50 um heélbmghe electrode
stacking structure. After the ¥icycle, the cell cycles more reversibly and the coulombic

efficiency improves. However, the cell never achieves a coulonffitieacy greater than 84%
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during cycles 11-20. The reduced coulombic efficiency during the boiling exg@sncan be
attributed to two different mechanismsz&b formation in the G$b anode and continual SEI
decomposition. 13Sb has more favorable formation kinetics at higher temperatureSbGsi
known to have high sensitivity to the potential vs. Li/land slight capacity fade is expected when
cycled to potentials lower than 0.5 V vs. Li7l[128]. In the LFP/CuSb cell of this experiment,
the CuSb anode had the limiting capacity of the two electrodes. Therefore dtgtipbys. Li/Li*
varied much more significantly and was more difficult to control. Potenteder than 0.5 V vs.
Li/Li * causes excess formation o§%b and loss of electrical contact with the surrounding copper,
preventing de-intercalation of lithium. This causes a high chargeibapad a low discharge
capacity. The higher cell temperatures did induce slight SEI dezsition, most notably during
the self-discharge during the rest period before cycle 11. Because thedatjtemperature is
maintained during the boiling, this slight SEI decomposition is exgeaoteontinue during the
cycling of the cell, contributing to the lower coulombic efficiencyapwrating HFE-7000 from
the MFE appears to have a smaller effect on the capacity fadedaredecoulombic efficiency
than LeSb formation in the anode and SEI decomposition due to higher cell teanpsra future
experiments, revised cell voltage limits are required to better managetmtgdimiting CuSb
anode. In addition, investigations into the inclusion of SEI stabilizingiadslin the MFE, such

as EC and LiPé; could help to reduce the amount of SEI decomposition when the temperature of
the cell is increased. Arai showed significant electrochenmeptovement by utilizing these

additives in electrolytes that contained HFE-7100, a very similar fluid to HFE{86D0
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< > - \‘? i
Figure 5-37: View of Evaporation Channel while Cycling LFP/CuSb Cell at 0.5C with 4 W
of Heat Input

Figure 5-37 shows a representative snapshot of the continuous vapor genertiteon in
evaporation channel of the LFP electrode during cycles 11-20. The etongétthe bubbles
indicates the boiling was confined into the channel bounded by the hiclpiece of glass on
the backside of the G8b electrode (see Figure 5-10 and Figure 5-18). Upon sufficient heat
absorption, the vapor bubbles rapidly rose to exit the top of the channekamgust as rapidly
replaced by the formation of additional vapor bubbles. The high vapor pressure MIFE
indicates that HFE-7000 accounts for the majority of the vapor phase, aredoitheit is the
primary constituent boiled in the channel. Visual observation showed no lithium sgitpten
at any location within the test facility, including the evaporatbannel. This result was not
unexpected. Arai and Dokko et al. have measured the role of HFEs in sobftioh Arai
demonstrated with C-NMR solvation shift measurements that HFE-7100igested minimally

in Li* solvation of LIBETI salt when mixed with EM{B5]. Dokko et al. used pulsed-gradient
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spin-echo NMR to evaluate the self diffusion coefficients 6fdnd HFE-458 in a triglyme and
LiITFSI salt electrolyte, and found the HFE had increased diffusivity doe participation in Li
solvation in comparison to its triglyme counterpart [140, 141]. Due to dinettasties in
molecular structure of HFE-7000 and HFE-7100, the same solvation performabiceveds
expected in the MFE. Therefore, the increased availability of HFED- for evaporation, due to
minimal participation in Li solvation, further supports the feasibility of the proposed internal
TMS.

The measured heater and bulk electrolyte temperatures during cyclesvéte2bmpared
to thermodynamic calculations based on ideal mixture assumptions of th&d8bEand EMC
fluids. These calculations did not incorporate the effect of LiTFS] $alb component ideal

mixtures can be modeled using the following system of equdtdi2$

Yire-7000Pv = Xuire- 700 Hre-7oc (5.1)
Yeme P = Xeme Fie (5.2)
Yire-7000t Yeme=1 (5.3)
Xyre7000T Xeme=1 (5.4)

wherey; is the vapor molar fraction of either EMC or HFE-70B0,is the total system vapor

pressurey; is the liquid molar fraction of EMC or HFE-7000 in the MFE mixture, &fftds the

saturation pressure of either the EMC or HFE-7000 liquid. Equationi§Rapult’s Law which
describes the system vapor pressure contribution of the HFE-7000 fluid baseid tigomimolar
fraction in the MFE mixture. Similarly, Equation (5.2) describes the contribid the system
vapor pressure of the EMC fluid based on its molar mixing ratio. Equationsi(fsl 8$.4) describe
that only HFE-7000 and EMC comprise the ideal mixture in the vapor igodl Iphase,
respectively. The two component ideal mixture model contains six unknoviogriequations.
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To solve this system, two independent variables are required: fluid temperature emdvaysir
pressure. Therefore, for any predetermined temperature and pressure, the mole dfaldfidhs
7000 and EMC in the liquid and vapor phase can be calculated.

The thermodynamic properties of HFE-7000 are well understood and avarnabESi
software. Unfortunately, the thermodynamic properties of EMC are not defirmammercial
software. However, a study has been performed to determine the vapor predsM@ af a
function of temperature, which is sufficient for performing this ideal mixtaedyais[143]. In
this study, the vapor pressure measurements of EMC were fit usiAgtihiee Equation which
has the general expression:

B
T+C

log(Rc) = A- (5.5)

whereA is 6.4308B is 1466.437, an@ is -49.461 for EM(143].

Bubble point-dew point graphs are useful for visualizing the equilibrium vaporcand |
composition in two component fluid mixtures. The bubble point line defthes lowest
temperature at which vapor will be generated in the mixture bsmdneoration of the most volatile

of the two liquids. The dew point line defines the temperature at whecideal vapor mixture
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Figure 5-38: Bubble Point-Dew Point of HFE-

7000/EMC Mixture with Measured Heater and
Bulk Electrolyte Temperature from EBF Test
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vapor phase and the saturation temperature of both HFE-7000 and EMC.

Figure 5-38 shows the bubble point-dew point curve of an ideal HFE-7000/EMC mixture.
Since HFE-7000 has a much greater vapor pressure than EMC, the 1:1 HFBVIO®Y/iZolume
liquid mixture (i.e.xnre-7000 = 0.42) is expected to have a vapor composition that contains
approximately 92% HFE-7000 by molar ratio. The vapor composition is deternyinetting the
liquid molar composition to the bubble point line. A horizontal line can then be drawn to the dew
point line. The molar composition at which the horizontal line and thepdént line intersect is
the vapor molar composition. Because HFE-7000 is 92% of the vapor mixture undériequil
conditions, the vapor generation observed in the EBF is primarily HFE-7000. Bg#also
contains the average temperatures of the heater and bulk elealwofiytg the MFE boiling. Based
upon these two physical measurements, it is expected that thetaotparature of the boiling
electrolyte would be in between these two values. Interestingdyhe¢ater temperature and the
expected bubble point of the HFE-7000/EMC mixture are in close agreerhente3ult suggests
that the effect of the LITFSI salt might not be significant, antth&afluid evaporation temperature
is very close to the heater temperature. More investigation adftbet of salt concentration on

the bubble point is warranted.

Figure 5-39 shows the effect c
system pressure on the bubble point-di

point curves of the HFE-7000/EMC(C
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Figure 5-39: Effect of System Pressure on Bubble
Point-Dew Point of HFE-7000/EMC Mixture
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boiling point of the MFE mixture warrantd-igure 5-40: Post-Boiling Chronopotentiogram of
LFP/Cu2Sb Cell during Cycles 21-30 with System

further investigation. Temperature and Pressure Traces

Figure 5-40 shows the post-boiling data collected on the LEBICeell. After the 7 hour
rest, the bulk electrolyte cooled to an average temperature of 17.35°C angresgare of 55.57
kPa (8.06 psia) for cycles 21-30. The vapor pressure of the system incregiggdfsdm cycles
1-10 to cycles 21-30. The small increase of 3.87 kPa (0.56 psi) is attributezldissolution of
the SEI during the 7 hour rest prior to cycle 11. Decomposition and reformétioa SEI has
been shown to produce gaseous products in the electidfjtevhich caused the slight increase
in the electrolyte vapor pressure. The chronopotentiogram of Figure 5-40 showsimilar
properties to those seen in the previous 20 cycles. There appeara smial SEI reformation
capacity loss during the 2tharge, which had a coulombic efficiency of 75.1% (Figure 5-35). In
subsequent cycles, the coulombic efficiency quickly recovered to > 90%. The cell’s return to
normal function after the extreme heat flux was applied shows definite préonithe proposed

internal TMS.
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Figure 5-41: LFP/CwSb Cell Voltage versus

reformations of the SEI on the electrode@Pacity for Cycles 10, 20, and 30
surfaces. The capacity separation of the charge-discharge profiles focyedehs a direct
indication of the coulombic efficiency of the cycle. The lowest coulorefficiencies of the cell
occurred during cycles 11-20, and thd'2§cle had a coulombic efficiency of 78.4%. The poor
coulombic efficiency performance of the cell during boiling was quickly oveecafter the heat
was removed, rising to 98.9% during thd"2%cle. The LFP/Ci8b cell did experience capacity
fade over the 30 cycles; the discharge capacity of tHec@6le is approximately only 73.5% of
the discharge capacity of the"16ycle. The binary MFE mixture requires additional refinement
to improve its electrochemical performance. Nonetheless, the elemtn@mal performance
demonstrated by the binary mixture under the extreme heat flux is promising.
5.5.  Summary

The thermal and electrochemical performance of a MFE containingale@o-solvent,
HFE-7000, has been demonstrated in a boiling facility containing a LEB#Ccell. Under
continuous vapor generation in the channel of the LFP electrode, theasathpable of cycling

with an average coulombic efficiency of 80%. The coulombic efficiency dossg boiling
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compared to non-boiling, is attributed ta®b formation in the Gi$b anode and continual SEI
decomposition at the higher temperatures of the cell. Boiling the iSIFB6t believed to be a
significant source of the capacity fade seen in the cell. The proposedhinI®S that relies on
evaporating HFE-7000 from MFE mixture has proven to be feasible. The heat fliedapphe
cell to induce the continual vapor generation far exceeded the intern@ememation of a LIB
during normal operation. Future investigations into revised cycling oltagits and SEI
stabilizing additives in the MFE are warranted to improve the electrochegpeidalmance of the

cell with the proposed TMS.
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CHAPTER 6. CONCLUSION AND RECOMMENDATIONS

The present study is the first investigation of a MFE for the inteneaital management
of LIBs. State-of-the-art TMSs for LIB-powered EVs employ single-pltigsid cooling to the
exterior surfaces of the cells within the pack. These systems, altefiagtive at maintaining cell
temperatures below those associated with capacity fade and themaahy, negatively affect the
pack size and weight. In addition, these systems are limitecein d@ffectiveness by the low
thermal conductivity of the LIB materials comprising the cell. Tlais kead to potentially high
thermal gradients within the cell, which causes uneven activerialattilization and associated
aging. The proposed internal TMS eliminates the high thermal gradiesitscan plague
conventional TMSs by the introduction of small vapor generation channkeéspositive electrode
at strategic locations in the cell. These small channalsvdbbr heat to be quickly dissipated
through the evaporation of a volatile co-solvent contained within the MFE mixture. The glopose
internal TMS is capable of scaling to address the cooling needdofvitl high capacities and
enable cell geometries that are no longer limited by external TMS heat trangkgrdns.

Previous investigations to modify LIB electrolytes for their thermal pt@se have
focused on reducing flammability in an effort to improve cell safety. Thest flammable
component of state-of-the-art electrolyte mixtures are the solveméstigators have sought to
find alternative co-solvents that produce nonflammable mixtures whel mwike flammable co-
solvents in the electrolyte. Some of the co-solvents aimed tdisagrily reduce the vapor pressure
of the electrolyte to increase thermal stability, while other aomfhable co-solvents were
introduced to dominate the vapor phase of the mixture with an inert mol8t#deresults
consistently showed that nonflammable electrolytes can be achievedt the expense of
electrochemical performance of the LIB. Some of the more promisingpleenss were
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hydrofluoroethers (HFE). Arai formulated a nonflammable electrolyte with HEED- that had
comparable electrochemical performance to a conventional electnuixtiere. The HFE-7000-
series of fluids all have high vapor pressure, making them ideal for the proposed MFE mixture.
In addition to HFES, several other co-solvents for the LIB chemistrg \wroposed and
tested, all of which were nonaqueous and aprotic. After basic miscitaktyng, the most
promising volatile co-solvent for the MFE mixture was HFE-7000. Thidysis the first to
investigate HFE-7000 as a lithium-ion electrolyte co-solvent.ciineidate MFE mixture was 1.0
M LITFSI in 1:1 HFE-7000/EMC by volume. LiTFSI salt was choser its high solubility and
conductivity in solutions of low dielectric constant solvents. EMC vhasen as the carbonate co-
solvent due to the work of Arai who mixed the highest ionic conductilegtrelytes with EMC
as compared to other linear carbonate co-solvents. Prior to any aotipemal and
electrochemical testing for the proposed internal TMS with this MRE, electrochemical
performance was compared to a conventional LIB electrolyte mixturit LiBFe in 3:7 EC/DEC
by weight. The electrochemical experiments performed on the MFE amés$béne electrolyte
included conductivity, stability window, half cell cycling and irdpace spectroscopy, and full
cell cycling and impedance spectroscopy. The results of the condutdstityy showed that the
MFE had a lower ionic conductivity than the baseline. This result wasneapected, and was a
consequence of using the organic LITFSI salt, which has a larger andarduces the mobility
of lithium-ions in the electrolyte solution. The electrochemicaliltyatvindow of the electrolytes
was measured using cyclic voltammetry with two inert workingteddes, glassy carbon and
platinum, with lithium metal counter and reference electrodes. Thexp®riment was controlled
by a potentiostat. The stability window results with a glassy carbon electrodedsbomparable

oxidative and reductive decomposition limits for the MFE and baseline eleetrahd decreased
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reactivity of the MFE between the potential scan limits. Thbilgy window measured with a
platinum electrode showed more reactivity for the MFE, but was nialy lilue to oxygen and
water impurities. The oxygen and water impurities are most likelyebealt of the imperfect
process of the freeze-puntmw degassing procedure and 3M’s HFE-7000 synthesizing process.

Three LIB active materials were used to investigate thdretdemical performance of
the electrolytes in half cells: LFP, LTO, and sSh. The electrodes used in this study were
produced at Prieto Battery using either a slurry-based (LFP, LT®)anuweous electrodeposition
process (Cs5b). The half cells were constructed using 19 mm PFA T-fittingslenan argon
glove box. The cells were galvanostatically cycled using @#yattster at a 0.5C rate for a total
of 10 cycles in an environmental chamber at 25°C. After these cyelesasmplete, each cell
underwent impedance spectroscopy at the upper and lower voltage limits of the cedll Waes c
cycled 10 additional times for a total of 20 cycles, and the impedasasurements were then
repeated. The galvanostatic cycling results showed that thedvtielticed comparable cycling
capacity to the baseline electrolyte in LTO/Li and®&/Li cells. The impedance data showed that
the MFE-containing cells did have a higher cell resistancethjirattributed to the lower ionic
conductivity of the electrolyte, but had comparable charge transfetaregisand double-layer
capacitance. MFE-containing LFP/Li cells did not demonstrate c@legperformance to the cell
made with the baseline electrolyte. The upper voltage lintiteohalf cell (4 V vs. Li/Li) appeared
to activate the aluminum corrosion reaction associated withAB& anion of the organic LiTFSI
salt. Several published studies have shown different methods of supresaingiinem corrosion
reaction with the LiTFSI salt, and warrant further investigation with the currét idixture.

The same three LIB active materials were used to formulate twaodillarchitectures:

LFP/CwSb and LFP/LTO. In both of the full cell architectures, the anodeeactaterial limited
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capacity. The same galvanostatic cycling and impedancecpamgpy measurements were made
as the half cell experiments. In LFPASb cells, the MFE cycled with higher coulombic efficiency
than the baseline throughout all 20 cycles. Both the MFE and basellseexperienced slight
capacity fade thatanbe attributed to voltage limits of the cell. Because thg§SGelectrode was
the limiting capacity of the cell, its potential versus lithichanged much more significantly than
LFP and very likely decreased below 0.5 V vs. Li/Oihe delivered capacity of LFP/€3b cells
was much greater than €3b/Li cells for similarly manufactured €sib electrodes. This caused
excess L4Sb formation and subsequent copper extrusion from the electrode structure.t&tueies
shown that the reversibility of G8b is compromised when33b is formed, which is the only
capacity producing reaction at potentials below 0.5 V vs. LifEkcess LiSb formation occurred
in LFP/CuSb cells independent of the electrolyte. The impedance data showddFe
containing cells had lower charge transfer resistance and higher double-[za@tacece than the
baseline cells, but, more importantly, showed that the aluminum corresiction was not active.
In LFP/LTO cells, the MFE and baseline showed equal capacitpfadehe 20 cycles, suggesting
the same capacity degradation mechanism was present for both electrolytesieivési libht the
capacity fade is due to LFP particle cracking due to the erifimation of its available capacity
with the full cell voltage limits selected. The impedanpectra for both electrolytes showed
increasing charge transfer resistance, which can be attributed to ciytieyzassivation of the
newly exposed surfaces of the cracked LFP particles. In both LES3Gund LFP/LTO cells, the
MFE performed comparably well to the baseline electrolyte. In\agiiginto revised full cell
voltage limits are warranted to reduce the amount of capacdieydhserved from excessz&b

formation and LFP particle cracking.
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After the electrochemical performance of the MFE was establishedotipbed thermal-
electrochemical performance of the MFE was investigated. To profestibility of the proposed
TMS, the electrochemical cycling of a full cell with the MFEeded to be demonstrated while the
volatile co-solvent (HFE-7000) continuously boiled. This experiment reqtheedevelopment
and construction of a custom electrolyte boiling facility. The fgoddntained a LFP/GS$b cell
that enabled direct viewing of a vapor generation channel containesl iiFP positive electrode.
A small thin film heater was placed on the backside of the élEEtrode to induce continuous
vapor generation in the channel. The test facility was capableaduring the heater temperature,
bulk electrolyte temperature, condenser temperatures, and system vapor poagsugeesting,

4 W of heat input was sufficient to continuously evaporate the MEkeichannel. The LFP/Csb
cell was galvanostatically cycled for a total of 30 cyclesfitse10 without heat input, the second
10 with a 4 W heat input, and the final 10 without heat input.

The results showed that the cell was capable of cycling undengouns vapor generation
with an average coulombic efficiency of 80%. The cell was observedfidiseharge while the
system was warmed with the 4 W heat input during the 7 hour rest periotbprieling. It was
believed that the increased temperature reduced the stabittig SEI layer, causing increased
reactivity at both the anode and cathode interfaces. With the additidl efa®ilizing additives
to the MFE mixture, the thermal stability of the SEI is expeteaignificantly improve. The slight
capacity fade seen in the cell appeared to be consistent wittaffaeity fade seen in the
LFP/CuSb 19 mm PFA T-fitting cells, indicating excess formation afShi in the capacity-
limiting Cu2Sb anode. The cell voltage limits between the two experiments ¢@lIs and EBF)
were unchanged. This source of capacity fade appeared to be the only samd: freiling the

electrolyte continuously did not adversely affect the cell. Most promysitigg heat flux applied
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to the cell to induce the continuous vapor generation far exceededeitmairteat generation of
a LIB during normal operation. This result showed definite promise for the proptsel TMS.
Continuous vapor generation in the LIB is not expected to occur under normalingperat
conditions; therefore, the excess heat rejection capability of the pmagrnal TMS could
provide safety improvements over external TMSs by removing heat feomotimally insulated
internal portion of the cell during a thermal event (e.g., an internal shdrw).eXperiments
performed in the EBF were the first of their kind: no studies have ever reported evaporating a co-
solvent in the electrolyte while cycling a LIB cell. The expemts proved that boiling the
electrolyte is possible without salt precipitation under the camditiof the experiment in the
present study and appeared to have a relatively small impac¢ efetiirochemical performance
of the LFP/CgSb cell.
6.1. Recommendations for Future Research

The current study has answered many fundamental questions towards usiegttbé/te
as part of an internal TMS for a LIB. However, significant work is requiredmtinue to develop
the proposed TMS for its ultimate deployment in a large LIB pack:

e The binary MFE mixture requires refinement to continue to improve itsreddemical
and thermal performance. The mixture currently contains no solvents or esdditiv
commonly credited for the creation of a stable SEI. Such solvents anesidiclude
ethylene carbonate, vinylene carbonate, fluoroethylene carbonate, asdALiRRermore,
the relative amount of HFE-7000 in the MFE mixture is not optimized. A 1:1 mixing ratio
by volume of EMC to HFE-7000 was chosen only as a starting point. Futwkecan
assess the thermal and electrochemical impact of reducing or ingréas amount of

HFE-7000 relative to the other solvents. With a reduction in HFE-7000, it wibh$mipe
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to mix EC to much higher concentrations than Arai showed in his {&&k Higher
concentrations of EC might provide the opportunity to exclusively us€slL#d the
electrolyte salt, and forego the lower ionic conductivity and aluminum corrosion issues of
LITFSI. The impact of the MFE mixture refinement can be assesseglthe experimental
techniques and facilities developed in this study.

The electrochemical performance of the MFE needs to be evaluateadtivdr, higher
energy LIB active materials to be comparable to the cell cheesisturrently employed in
EVs. LFP was chosen as a positive electrode material for its relativelgtox potential
versus Li/Li", which precluded the need to form a substantial SEI. Higher energy cathode
active materials such as lithium nickel cobalt aluminum oxid&uht nickel manganese
cobalt oxide, and lithium manganese oxide warrant investigation withMRE.
Furthermore, LTO and G8b were used as alternatives to using a graphite negative
electrode, both of which have a higher redox potential versus*Liiaphite was
specifically avoided in this study due to the lack of SEI stabdizdditives in the binary
MFE mixture required for successful passivation of graphite. However, graphtite i
state-of-the-art negative electrode material and needs toaheatd with the MFE. If a
refined MFE mixture is developed that includes SEI stabilizing aégit{e.g., EC and
LiPFe), its electrochemical performance needs to be evaluated with grafiie
combination of a higher energy cathode and anode with the MFE will prodiate eof-
the-art LIB that can fundamentally change how LIB thermal management is approached.
The current study did not include any thermal modeling efforts of a LIB comgaini
evaporation channels in the positive electrode. The modeling studytoesdsilate(1)

normal volumetric heat generation of a LIB with vapor generation chaan@(2) thermal
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runaway in an immediately adjacent with simultaneous conduction througatteey and
convective heat rejection in vapor generation channels. The rettiftsrmal modeling
efforts can better inform the ideal number and placement of evaporation chiantiels
positive electrode to minimize thermal gradients throughout the electrode stack.

In the present study, the vapor generation channel in the positive electrode vweasloyeat
abrasively removing the electrode coating with a metal spaliteough it worked well
to quickly produce the channel in this study, this is not a scalablearomical
manufacturing process. Therefore, the development of a scalable vapor gecbaatined
manufacturing process for slurry-based positive electrodes is alaniged for the future
development of the proposed internal TMS.

The final recommendation from this study is to demonstrate the sgstezapt in a higher
capacity cell (>1 Ah) with a more realistic MFE volumetric fill. The EBF wasgytes! to
minimize the required volumetric fill of the MFE; however, 75 mL otcelyte is an
extreme excess for the size of cell studied in this work. This coatsgpheeds to package
the condenser to a more commercially-viable size. Under normal heatagen, the
suface of the cell casing should be sufficient in providing adequate hestetrarea to
condense the evaporated HFE-7000. With a successful system demonstratipdsed
internal TMS can be directly compared to conventional TMS in Eo¢éher applications

to assess the system volumetric and gravimetric energy density improvements.
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APPENDIX A. FREEZE-PUMP-THAW LIQUID DEGASSING PROCEDURE

The following freeze-pump-thaw degassing procedure was used for all LldBogfe
solvents, including HFE-7000 and EMC. It was also used on Perflenapent af®&Id¥or to their
miscibility testing with EMC. Aside from LIB electrolyte solvenit is recommended that any
fluids that enter the argon glove box undergo the freeze-pump-thaw degassiedure. The only
limitation for the use of the procedure is the boiling temperature of lmjtrogen, 77 K. Any
fluids that are to be degassed must have a freezing point greater than 77 K.

1. Clean and rinse a Schlenk flask and cap with an appropriate solvent; typicatiyjzsl
water is suitable.

2. Vacuum dry the Schlenk flask without the PTFE cap threaded in placeigitein the
oven at 80C.

3. Insert the solvent to be degassed in the flr' :- _-

using a funnel. Be sure to leave adequ¢

head room in the flask, especially if it i
Vacuum Line

uncertain if the fluid will expand wher Seated PTFE Seal

solidified. Ensure the cap is properly seale

a white ring becomes visible in the glas

stem when the cap has properly seaf 7

(Figure A-J). Figure A-1: 50 mL Sealed Schlenk Flask
Connected to Vacuum Line

4. Connect the Schlenk flask to a vacuum line.

The lab fume hood has a three line vacuum manifold (Figurg A-2
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5. Fill the two dewars noted in Vacuum Manifold

Figure A-2  with liquid
nitrogen. Wrap a rag around th
top of the dewar to minimize
Solvent Trap

the amount of liquid nitroge

loss. Turn on the vaccu To Vacuum Pump

Liquid
Nitrogen
Dewar

ump-Thaw Vacuum Manifold

pump, but do not open an

vacuum valves at this time. Flgure A-2: Freeze-P
Setup in Fume Hood

6. Submerge the Schlenk flask
into the liquid nitrogen dewar. Secure the flask in place witmg stand clamp. Allow
sufficient time for the liquid contents to freeze solid.

7. Once the contents are frozen solid, open the main vacuum manifold valve. Then, open the
next downstream valve. The vacuum line connected to the flask should nandéee
vacuum. Open the Schlenk cap for the headspace above the frozen liqueVacieted.

Leave the Schlenk flask submerged in the liquid nitrogen throughout the puonpoess.

8. After 10-20 minutes, tighten the Schlenk cap and remake the seal. dlédwe vacuum
valves open.

9. Leaving the vacuum line in place, remove the flask from the dewaraaefiilly submerge
in a luke-warm water bath to thaw the solvent (Figure A-3). A heated stir pidtal for
maintaining a uniform temperature water bath. Make sure the entire Bezgon of the
flask is submerged in the beaker to minimize severe temperatdrergsavhich can cause

the flask to shatter. Watch for gas evolution as the frozen solvent. thhevsrapped gas

will travel to the headspace of the flask.
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10.Repeat steps 6-9 until no more g

evolution is observed during the

thawing process. Repeat t

process a minimum of three times Stir Bar

11.0nce completed, close all vacuu
valves, disconnect the vacuum li Heated Stir Plate

from the flask, and turn off th

Figure A-3: Luke Warm Water Bath for Thawing
vacuum pump. Frozen Solvents
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APPENDIX B. WORKING ELECTRODE POLISHING PROCEDURE

The working electrode polishing procedure presented here is adapted frpolisheng
procedure provided by BASi116]. The polishing procedure aims to completely clean the
electrode surface which can form many different contaminants during expetioreatad sitting
in open air for a long duration. This complete procedure was performedmat@lim working
electrodes prior to all electrochemical stability window measuresné&he glassy carbon working
electrode polishing procedure is an abbreviated version of the procedure présémieconly
perform steps 1, 4-5 to complete the polishing process. The BASi electrode polishing kit is used.

1. Wearing a pair of clean nitrile gloves, rinse the electrode surfatedsibnized water
followed by methanol. Wipe the electrode dry with a Kimwipe laboratory tissue.

2. Wet the surface of the nylon disk with deionized water and apply a few drops of the 1 p
diamond polish slurry on the white nylon disk. Thoroughly shake to mix the diashong
prior to applying it to the nylon disk.

3. Using very light and wuniform

Electrode

pressure, place the electrode agai
the nylon disk and move the electrog

through the wetted portion in a figure 1 pm
Diamond

eight motion. Ensure the electroo Polish

remains perpendicular to the surfag

and rotate the electrode in regular g  Glass Plate

s  Nylon Disk
degree intervals (Figure B-1). After 1= = e == e
g (Fig ) Figure B-1: Platinum Electrode Polishing on

2 minutes, remove the electrode frohlY!o" Disk
the nylon disk and rinse with methanol.
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4. Wet the brown microcloth disk
Electrode

surface with deionized water. Afte

Alumina

thoroughly shaking, apply severg Polish

drops of the alumina polish (Figur

B-2). Use the same procedu

_ _ ) ™~ Glass Plate
described in step 3. After 1-2 minute P sas—
Microcloth Disk

remove the electrode from the™ £ -
Figure B-2: Electrode Polishing on Microcloth
microcloth disk and rinse withDisk

deionized water.

5. Rinse the electrode with methanol and dry with a Kimwipe. Do not touchléctrode

surface as this can contaminate it or possibly scratch the surface.
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APPENDIX C. SLURRY-BASED ELECTRODE COATING PROCEDURE

The following slurry-based electrode coating procedure was used to producd’thed.F
LTO single-sideclectodes used in half and full cell testing. In addition, this procedure wds use
for producing the LFP electrode used in the electrolyte boiling fadlityf the electrodes in this

work were created on equipment at Prieto Battery (Figurg C-1

Drawdown Machine Doctor Blade  Calendaring Machine

Figure C-1: Surry-Based Electrode Coating Equipment used at Prieto Battery
Initial Current Collector Cutting and Characterization:
1. Cut strips of copper or aluminum current collector appropriate for the desired application.
2. Label the top of each current collector strip with a sharpie for ideniificpurposes (e.g.,
“LTO 17).
3. Measure the weight of each current collector strip and record. This wiksdxk for the
determination of the active material loading after the coating process has beg®eted.
Slurry Mixing:
1. Measure required weights of PVDF binding agents (Kynar 161 and 761) usiegla w
boat and scale and insert into plastic jar.
2. Measure required weight of NMP solvent and insert into plasticgataming PVDF

binding agents.
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. Place ~30 stainless steel ball bearings into pla

Stainless Steel |

. ) o Ball Bearings
jar (Figure C-2). Seal lid tightly. r

. Place the jar in the paint can shaking mach
(Figure C-3). Secure tightly. Shake for
minutes.

. After shaking, remove the plastic jar. Measure ¢ 9
appropriate quantities of carbon black and act@%%léreer’ Caﬁd Nsl\ﬂ;nlzggegtt}a ePIVEB)ZII

material and place into plastic jar (Figure C-4 aR§arings in Plastic Jar

Figure C-5.

= e———

. Place the jar in the paint can shaking machi
Secure tightly. Shake for 15 minutes.
. The slurry should now be thoroughl
homogenized (Figure C-6) and ready to be us

for electrode coating on the Draw Dowhigure C-3: Paint Can Shaker used

for Slurry Homogenizing
Machine (DDM).

‘ E-; -
Carbon o 4 4..
Conductive ‘ o
Additive |

_ Scale Plate

Lithium Titanate Oxide

(NS
Figure C-4: Weighing Lithium Figure C-5: NMP and Suspended
Titanate Oxide Particles Prior to PVDF with Carbon Conductive
Inserting into Slurry Mixing Jar Additives

NMP + Suspended PVDF
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Current Collector (CC) Preparation on Draw Down Machine (DDM):

1. Completely cover the coating surface of the

DDM with a small amount of NMP to help th
CC adhere to the surface.

2. Turn on the DMM’s suction down feature to aid
with holding the CC to the surface.

3. Apply a small amount of isopropanol (IPA) ont
a Kimwipe and wipe the top surface of the CE Homogenized Lithium

Titanate 0xude Slurry

For aluminum, make sure the shiny (Ie§$gure C-6: Homogenlze LTO
Slurry; Ready for Electrode Coating
oxidized) side is face-up (only if there is a visible

difference between the two sides). ) " Doctor Blde‘

4. Using a steel wool roughing pad wetted with
little IPA, lightly scrub the top surface of the C
to roughen it. You should see scrape marks apy
on the surface after properly scrubbing. This

help the slurry to adhere to the CC surface.

Steel Wool Scuffed

5. Use NMP on a Kimwipe to wipe the scrape Copper Current Collector

surface clean. The CC is now ready for coatipgyure C-7: Prepad Copper
. Current Collector with LTO Slurry
(Figure C-7. Globs Prior to First Pass with DDM
Coating the slurry onto the current collector using the DDM:
1. Using a polypropylene spatula, glob the slurry onto the front of the CC b&guaf the
direction of travel (Figure C-8). The slurry glob will then be spreacheyXDM which

pushes the doctor blade over the glob to evenly spread it over the length of the CC strip.
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. Place the coated electrodes under a heat lamj

10. Transfer the coated electrodes to a vacuum o

11.Turn the vacuum oven on and set to 110°C fo

. Set the doctor blade height. For the LTO and LFP electrodes coakesistudy, the doctor
blade height was set to 450 pum.

. Place the doctor blade around the CC strips to be coated.

3 P

. Press the> button on the DMM to advance th™a prawdown machine at travel limit
= <=1

doctor blade over the length of the CC str
(Figure C-§.

. Once complete press tie button to return the! LTO Slurry

Coating

DDM to its home position.

. Note where the coating stopped spreading on|

CC strip. Glob additional slurry on areas that neleidure C-8: Coated LTO Electrodes
with DDM at Travel Limit

to be coated mer

. Repeat steps 3-6 until the entire CC is coated with electrode rhaménias the small

portion at the top where the CC is labeled.

. Remove the coated electrodes from the DDM using tweezers and haneslcoie nitrile

gloves. Be very careful moving the coated electrediae coating can very easily be wiped

from the surface of the current collector.

. . . Heat L
approximately 10 to 15 minutes (Figure £-9

hour. Do not draw vacuum on the chamber at t ‘,;;7"
point. P
Vacuum Oven Tray

Figure C-9: Coated LTO Electrodes
under Heat Lamp Prior to Vacuum
Oven

223



12. After 1 hour in the oven at atmospheric pressure, turn on the vacuum anceletthmles
vacuum dry overnight.
Calendaring the Dried Electrodes:
1. Using two sheets of nickel foil, sandwich the coated electrode strip (Figure C-10).

2. Feed the sandwich through the Adjustment Dials

calendaring machine once.
Nickel Foil

/

Check the thickness of the

CC+coating using calipers.

3. The desired coating thickness is

approximately 80 pum. Adjust Coated Electrode

the dials on the front of thellz'ir?igli?]esg-l(): Calendaring Electrodes to Final
machine which set the roller height accordingly.
Final Electrode Preparation:
1. Measure the weight of the coated and calendared electrode strip. The diffareeoght

between the uncoated and coated current collector is the weight of the electrodge coat

2. Determine the average active material loadimg,, of the CC strip in mg crhusing the
following formula:

W, = (rrEE _g:]:c)' Yaw
C

wherem.. is the mass of the coated electrode siny, is the mass of the uncoated current

Cl1l

collector strip,Y,,, is the mass fraction of active material in the electrode slang/A_..

is the coated area of the current collector strip.
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3. Using a 19 mm punch, create electrode disks that can be directly inaést&@d mm PFA
T-fitting.

4. Vacuum dry the electrodes at 80°C overnight before being assembled in a cell.
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APPENDIX D. ELECTROLYTE BOILING FACILTIY COMPONENT LIST

Table D-1: Components of Electrolyte Boiling Facility

Electrolyte

Part Description Supplier Part Number Wetted?

Heater Machined Unfilled

Housing PEEK McMaster 9089K129 Yes

Heater 3003 Aluminum,

Sealing Plate 1.60 mm Thick McMaster 8973K137 ves

Top & , ,

Bottom Machined Unfilled McMaster 9089K129 Yes
PEEK

Flanges

-Igg?to&m Machined Low
Carbon Steel, 4.76  McMaster 1388K664 No

Flange .
mm thick

Supports

Teflon PTFE Teflon, 3.18 ) Master ~ 8735K14 Yes

Clamp mm Thick

Electrode

Stack 316 Stainless Steel,

Clamping 2 67 mm thick McMaster 88885K78 Yes

Plate

) 6.35 cm OD Tube )

Sight Glass Replacement Glass MSC Direct 61924767 Yes
Pure PTFE Flange

Gaskets Gasket, 2 Pipe Size, McMaster 9483K846 Yes
1.59 mm thick

Stainless Machined 316

Steel Filler Stainless Steel McMaster 89325Ke68 Yes
FF500-75

O-Rings Compound, Sizes Parker FF500-X-XXX Yes
2-011, 2-013, 2-029

O-Ring 8-32 x 19 mm, #2

Sealing Drive, 18-8 Stainless \\ \1aster  90825A387 Yes
Fluoroelastomer

Screw :
O-Ring

ﬂgﬁ;‘f{l 316 SS Hex Head

Clam i?] Cap Screws McMaster 92185A149 Yes

PN 632 x 15.9 mm
Screws
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Electrolyte

Part Description Supplier Part Number Wetted?
Heatgr No. 8 lock washers, 92147A420
Housing general purpose McMaster Yes
90107A007
Washers washers
Soo0de 316 SS Hex Head
. Cap Screws McMaster 92185A198 Yes
Clamping
8-32 x 22.2 mm
Screws
Electrode No. 8 lock washers,
Stack general purpose McMaster 921477425 Yes
90107A010
Washers washers
. 316 Stainless Steel
Tubing Smooth Bore Tubing McMaster 89785K823 Yes
6.35 mm 316 SS400-3-4TTM
- Stainless Steel Tee, SS400-3-4TMT
Tube Fittings Straight, Elbow Swagelok SS400-1-4 Yes
Fittings SS400-9
Condenser 316 Stainless Steel SS810-3TFT
Tube Fittings Tee and Straight Swagelok SS810-3-4TTF No
95 Fittings SS400-1-6BT
6.35 mm FNPT,
Ball Valves PTEE Seats Swagelok SS83TF4 Yes
Pre-Heater 316 Stainless Steel
Elbow 7/16-20 ST Elbow  Swagelok SS400-2-4ST Yes
Fitting with O-Ring
. 316 Stainless Steel,
Si;t?r']”g fTo‘jbe 7/16-20 ST (6.35 mir SS400-10R
PEE}% Tube OD) or 5/16-24 Swagelok SS400-1-ORBT  Yes
ST (1.59mm Tube SS100-1-ORBT
Flanges
OD)
Pressure 6.35 mm NPT Pop-
Relief Safety Safety Valve, 172.4 McMaster 98905K15 Yes
Valve kPa
High-Pressure 316
NPT Cross  giainless Steel, 6.35 McMaster  4443K652 Yes
Fitting
mmNPT
Extreme-Pressure
Elzl-[] Tee 316 Stainless Steel, McMaster 51205K127 Yes
9 6.35 mmNPT
Barbed Hose 316 Stainless Steel,
to NPT 6.35 mm Hose ID to McMaster 53505K64 Yes
Adapter 6.35 mmNPT

227



Electrolyte

Part Description Supplier Part Number Wetted?
Heater Type T Surface
Thermo- Thermocouples, Omega SA1XL-T-120 No
couples Stripped Ends, 3 m
Pre-Heater  PFA-insulated, Type
Thermo- T, 40 gauge, strippec Omega 5TC-TT-T-40-36 No
couple lead termination
28 V, 10 W Kapton
Thin Film Insulated Flexible
Test Section Heater, 0.254 mm  Omega KHLV-101/10 No
Heater Max Thickness, 25.4
mm x 25.4 mm
28 V, 10 W Kapton
Thin Eilm Insulated Flexible
Pre-Heater Heater, 0.254 mm Omega KHLV-0502/10 No
Max Thickness, 50.8
mmx 12.7 mm
Electrolyte . ,
Bulk Quick Disconnect T- CP316SS-116U-
Type Thermocouple, Omega Yes
Temperature : 12
P 316 Stainless Steel
robe
Condenser
Thermo- O30 MMNPTT- o 0ia TCT-NPT-U-72  No
Type Thermocouples
couples
Vapor 4-20 mA Output, O-
Pressure 344.7 kPa, 316 SS Omega PX309-050Al Yes
Transmitter Wetted Parts,
6.35 mmNPT
Vapor
Pressure AC-DC Power .
Transmitter  Supply, 26 V at 1.3 éllltlai(tjronics ch)lF_:JA:\-ZZI?lOOT No
Power A, 85-264 V In
Supply
Power 2 A maximum fast- Mountain
Supply Fuse acting fuse States N/A No
to NI 9207 9 Electronics
Mountain
Wire 18 Gauge, Red & States N/A No
Black .
Electronics
Mountain
Bread Board Classic style States N/A No
Electronics
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Electrolyte

Part Description Supplier Part Number Wetted?
Alligator 304 Stainless Steel
Cligs Micro Alligator Clip, Digi-Key 314-1017ND Yes
Resistor for
DAQ 1 MQ resistance SparkFun 50110969 No
Voltage Electronics
Sense
Thermo- 16-Channel
coupl_e_I_Data Isothermal National NI 9214 No
Acquisition  Thermocouple Input Instruments
Card
Current & Voltage/Current
Voltage Data Analog Input, 500 National NI 9207 with No
Acquisition ~ Samples/second, 16 Instruments D-SUB
Card Channel Module
Data :
Acquisition CompactDAQ 4-Slot National cDAQ-9174 No
. USB Chassis Instruments
Card Chassis
Compression .
Threaded ~ S-0Stainless Steel o\ oster  00575A223 No
1/4-20 x 20.3 cm
Rods
Nuts for
Compression High-Torque 12- McMaster gg%gﬁggg No
Rod Point Flange Nut
Washers for Black-Oxide Steel
) ) . 90377A157
Compression Oversized Flat, Split McMaster 91475A029 No
Rod
Nylon 6/6 Female
Standoff Threaded Standoff,
NUts 25.4 mm Length, 1/4 McMaster 92319A550 No
Tubing Vibration-Damping
Support Loop Clamps, 3.175 McMaster 3225761 No
Clamps
Electrolyte 180 mL Glass Jar,
Mixing & Phenolic Cap with  McMaster 4239733 Yes
Charging Jar PTFE Seal
Check valve .. .
. Miniature Check
B(;rrCharglng Valve, 303 SS McMaster 8567T32 Yes
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Electrolyte

Part Description Supplier Part Number Wetted?
Teflon Teflon PTFE, 6.35
Tubing for mm ID, 7.94 mm
Electrolyte  OD, Semi-Clear McMaster 5239K13 ves
Charging White
Epoxy for

WEST System G/flex Jamestown WSY-650-8 Yes

Charging Jar
Lid

650-8 Liquid Epoxy Distributors
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APPENDIX E. THERMOCOUPLE CALIBRATION

All of the T-type thermocouples used in the electrolyte boilingifiaavere calibrated
using a Fluke 5615 platinum resistance device with a Fluke 1502A readout. The internadistanda
has a NIST-traceable calibrated uncertainty of £0.012°C. A water calibration bath atesl ¢tre
using Chemglass AREC.X Heating Magnetic Stirring Plate (CG-1999-V-1iB) am insulated
glass beaker. A magnetic stirring bar was inserted into the battdahe beaker to continually
circulate the water bath. The heated stirring plate contaifd@Remperature probe that provides
temperature feedback to control the water temperature to within +1.0%Curfdte thermocouples
were wrapped into a plastic bag prior to insertion into the water biagh6@15 temperature probe
and the thermocouples were fixtured above the glass beaker usingandgktmps. The top of
the water bath was then covered with insulation. The temperaturagfeoRluke 1502A readout
and the thermocouple measurements was recorded using a LabVIEW YHefiecouples were
calibrated over a nominal range of 0°C to 90°C with seven set points (0, 8, 40, 75, 90C).
This temperature range encompassed the expected temperature rdrgpriesdnt study. At each
temperature set point, a minimum of 50 temperature measurements were made ovands0 sec

After recording the thermocouple and 5615 temperature data at each set pmiear
regression was fit to the average of each thermocouple’s measured value versus the average of the
5616 standard measurement. The resulting slope and intercept was tisedadbration fit for
each thermocouple. A calibration uncertainty was determined for eachtloéthecouples which
is a combination of the bias uncertainty of the Fluke standard and precisiotaungef the
thermocouple measurement. The following equations were used to detetimeinéotal

measurement uncertainty of each of the thermocouples.
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To determine the bias uncertainty associated with the datibyahe standard error of

estimate $EB was calculated as follows:

N

MY, - (aX + BT
SEE - 3 =1
N-2

whereYi is the average temperature measured by the 5615 standard at the temperatute &et poin
is the slope of the linear regressiofjs the average temperature measured by the thermocouple
at the temperature set point,s the intercept of the linear regression, &he the number of
calibration set points. For the Heater TC 1 thermocouple, the slope (1.00) and intercept (-0.28) of
the calibration fit gave SEF of 0.020 [°C]. The total bias uncertainty of the thermocouple

calibration was calculated using:

B, = /B, +4SEE E.2

whereBrs is the bias uncertainty of the 5615 temperature calibration standard ©)OE@rf the
Heater TC 1 thermocouple, the bias uncertainty was determined to be 0.28°C.
To determine the precision uncertainty, which is the random errori@ssbevith a

measured value of the thermocouple, several parameters were caldttatethe sample mean

()Z) and standard deviatiosq) of the thermocouple measurement at each of the set points were

determined as follows:

_ o1y
x:Nin E.3

S {NL_IZN:( X~ Y)Z}M E.4
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The precision erroRx) at each temperature set point can then be estimated usthgtiabution
with N-1 degrees of freedom, whelkis the number of temperature measurements collected at

each set point:

% X
For a 95% confidence interval and 50 temperature measurements at a single tempepainte se
(N), t is conservatively estimated to be 2.021 (the closest valuproided was for 40 degrees
of freedom). Values dfcan be found in distribution lookup table for various degrees of freedom
and confidence intervals. The precision error at each temperaturende@tg@®calculated and then

averaged to determine the total precision uncertainty of the thermocdrple (

R
= _Z E.6
N i
For the Heater TC 1 thermocouple, the total precision uncertainty weamieed to be 0.004%&>
Lastly, the total uncertainty which combines the bias uncertaitiyeafalibration with the

precision uncertainty of the measurement was determined using:

U, =B+ R’ E.7

For the Heater TC 1 thermocouple, the bias uncertainty of 0.28°C and precisestaintyg of
0.0045°C gave a total uncertainty of 0.28°The summary of calibration and uncertainty
calculations for each of the thermocouples used in the electrolytegofatility is provided in

Table E-1.
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Table E-1: Thermocouple Calibration Fits and Total Uncertainty

Thermocouple ID Heater Heater Heater Probe NPT NPT
TC1 TC2 TC 3 TC TC 1 TC 2

Linear Regression Slopea 1.00 1.00 1.00 0.99 1.00 1.00
Linear Regression Intercept,b -0.28 -0.29 -0.27 -0.07 -0.08 -0.16
Standard Error of Estimate, SEE? 0.020 0.00038 0.00076 0.00023 0.00048 0.0027
Set Point Measurement CountN 50 50 50 50 50 50
Bias (standard),Bts [°C] 0.012 0.012 0.012 0.012 0.012 0.012
Bias Uncertainty, Brc [°C] 0.28 0.041 0.056 0.033 0.046 0.11
Precision Uncertainty, P, [°C] 0.0045 0.0055 0.0057 0.010 0.0058 0.0061
Total Uncertainty, Ut [°C] 0.280 0.041 0.057 0.034 0.046 0.105
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