Designing an Elastomeric Binder for
Large-Volume-Change Electrodes
for Lithium-Ion Batteries

Zonghai Chen

Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy

at

Dalhousie University
Halifax, Nova Scotia
Feburuary 2004

Copyright by Zonghai Chen, 2004



3

National Library
of Canada

Acquisitions and
Bibliographic Services

395 Wellington Street
Ottawa ON K1A ON4

Canada Canada

The author has granted a non-
exclusive licence allowing the
National Library of Canada to
reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

Bibliotheque nationale
du Canada

Acquisisitons et
services bibliographiques

395, rue Wellington
Ottawa ON K1A ON4

Your file Votre référence
ISBN: 0-612-89799-0
Our file  Notre référence
ISBN: 0-612-89799-0

L'auteur a accordé une licence non
exclusive permettant a la

Bibliothéque nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de cette these sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L'auteur conserve la propriété du
droit d'auteur qui protége cette thése.
Ni la thése ni des extraits substantiels
de celle-ci ne doivent étre imprimés
ou aturement reproduits sans son
autorisation.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this dissertation.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the
dissertation.

| Lol ]

Canada

Conformément a la loi canadienne
sur la protection de la vie privée,
guelques formulaires secondaires
ont été enlevés de ce manuscrit.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.



DALHOUSIE UNIVERSITY

DEPARTMENT OF CHEMISTRY

The undersigned hereby certify that they have read and recommend to the Faculty of
Graduate Studies for acceptance a thesis entitled “Designing an Elastomeric Binder for
Large-Volume-Change Electrodes for Lithium-Ion Batteries” by Zonghai Chen in partial

fulfillment of the requirements for the degree of Doctor of Philosophy.

Dated: February 20, 2004

External Examiner:

Research Supervisor:

e

Examining Cgmﬁittee:

e
™

R ""Mjﬂ’{ﬂd

Departmental Representative:

1

7 sanaao



DALHOUSIE UNIVERSITY

DATE: Febuary 20, 2004
AUTHOR:  Zonghai Chen
TITLE: Designing an Elastomeric Binder for Large-Volume-Change Electrodes
for Lithium-Ion Batteroes
DEPARTMENT OR SCHOOL: Chemistry
DEGREE: Ph.D CONVOCATION:  May YEAR: 2004
Permission is herewith granted to Dalhousie University to circulate and to have

copied for non-commercial purposes, at its discretion, the above title upon the request of
individuals or institutions.

MMM.
P

%atufé of Author

The author reserves other publication rights, and neither the thesis nor extensive
extracts from it may be printed or otherwise reproduced without the author’s written
permission.

The author attests that permission has been obtained for the use of any
copyrighted material appearing in the thesis (other than the brief excerpts requiring only
proper acknowledgement in scholarly writing), and that all such use is clearly
acknowledged.



Table of Contents

LSt OF FIGUIES. ..ttt et ice et ettt et e e e X
T R o) =T PP XXiv
N 3 2 U XXV
List of Abbreviations and Symbols.........cooeiiii i XXVi
Acknowled@ements. ... ...oo it XXX
Chapter 1 Introduction to lithium-ion batteries........................ 1
1.1 Importance of lithium-ion battery development...............coooinn. 1

1.2 Electrochemistry of lithium-ion batteries............cooivviiiiiii i, 2

1.3 Advanced negative electrode materials for lithium-ion batteries.................. 6

1.4 Tether model and proposal........ccovveniiiiiiiiiiiiiiiii 10

1.5 Scope of this thesis......ooiie i 16
Chapter 2 Intreduction te pelymer mechanics...................coo 18
2.1 Mechanical properties of polymer samples.............oooiiiiiii 18
2.2 Random walk model] for elastomers..............coooiiiiiiiiiiiinn i 20
2.3 Mechanical models.......oooiiiiiorii i 22

2.4 Chemical modification of polymers and their solids-filled composites.......... 23
2.4.1 Crosshnking agents.......coeeetiiiiiiiiiiiiiiiii i 23
2.4.2 Coupling agent.......cooviitii i 25

2.4 3 PlastiCiZer. .ot 28

v



Chapter 3 Experimental details........................ 30
3.1 Polymers investigated in this thesiS.......ooiiiiiiiiiiiiiiiic e 30

3.2 Preparation of polymer and polymer/SS films for mechanical and electrical

o Lo 711 Lt 11 S R 31

3.3 Preparation of samples forthe peel test..............ooi 32
3.4 Preparation of electrodes........oooveiiiiiiiii i 33
3.4.1 MCMB electrode using PVDFE ... 33

3.4.2 a-SiggsSngs¢/Ag electrode using PVDF ... 33

3.4.3 a-Sig 4451936/ Ag electrodes using elastomers...........oooovii 33

3.4.4 Combinatorial electrode film using PVDF............... 34

3.4.5 Combinatorial electrode film using PVDF-TFE-P........................ 36

3.5 Mechanical and electrical characterization.............c..ooooviiiiiiiiinnn 37
3.5.1 Investigation of dry binder films...............o 39
3.5.2 Investigation of swelled binder films................ooo 42

3.5 3 Pl oSttt 45

3.6 S0KING TOSt. 1. tvieiiiiiieie e 46
3.7 In-situ Resistance teChnique.........ccoiiiiiiiiiiiii 46
3.8 Coin cell construction and testing..........ovriiriii i 52
3.9 In-situ thickness measurement. ... ...ooovvveieiieicerinnmininiii e 54
3.10 Other physical characterizations.............oooiiiiiiiiiiiii e 55
3.11 Specifications of negative electrode materialsused................ooooil. 56



Chapter 4 PVDF-HFP-based elastomeric binder system.........................ooe 59

AR IR Ui Tuge s ) Ioi o vy DU 59

472 Mechanical and electrical characterization of FC2178 and FC2178/SS

Y541 o] (=1 S RO O 60
4.2.1 Mechanical models.............cooiiiiiiiiiii 60
4.2.1.1 Thelinearmodel.......ccovvviiiiiiriiiiiiiii e, 60

4.2.1.2 Thenon-linearmodel..............o.o 61

4.2.2 Poor mechanical properties of PVDF compared to FC2178............. 63
4.2 3 Effect of carbon black on the properties of FC2178.............. . 64
4.2.4 Crosslinking of FC2178 with TETA. ... 65

4.2.5 Introducing the non-linear element in the mechanical model.............70

4.2.6 Effect of TETA on the properties of FC2178 films containing 25 pph

4.3.1 Swelling of TETA-crosslinked FC2178 in EC/DEC (1:2, v/v)..........79
4.3.2 Mechanical properties of swelled FC2178 samples....................... 80

4.3.3 Mechanical and electrical properties of swelled FC2178/SS samples..81

4.4 Importance of the coupling agent...............ooi 85
4.5 Flectrochemical characterization of a-Sigg4Sng3¢/Ag electrodes.................. S0
SRS %1111 F: N PP TR G4

vi



Chapter 5 Effect of the Molecular Weight of PVD

5.1 IIEEOGUCHION. oot eve ettt ettt ettt ettt e e e 96
5.2 Comparison of dry binder films.............oo 96
5.3 Comparison of swelled binder films...........ocoooii 102
5.4 Electrochemical characterization.............oovoiiiiiiiiiiiii e 106
R B a1 12T O PP 108
Chapter 6 PVYDF-TFE-P-based Elastomeric Binder System........................ 110
6.1 INETOQUCTION. 1.ttt ettt ettt et et ettt e ae e ne e 110

6.2 Mechanical and electrical study of PVDF-TFE-P and PVDF-TFE-P/SS

151410 P 111
6.2.1 Effect of chemical additives.......c..oooeiiiiiiiiiiiiii i 111
6.2.2 Mechanical properties of crosslinked PVDF-TFE-P films.............. 115

6.2.3 Mechanical and elecirical properties of crosslinked PVDF-TFE-
P/carbon black composites........ooeriviiriiiiiii 122

6.3 Mechanical and electrical study of swelled PVDF-TFE-P and PVDF-TFE-P/SS

6.3.1 Swelling of crosslinked PVDF-TFE-P and carbon-filled PVDF-TFE-P
COMIPOSIEES ¢+ e etenaeeneninateneinetera e aasan et sa et e eaeeeaneniiees 126
6.3.2 Mechanical properties of bisphenol-crosslinked PVDF-TFE-P swelled
M EBC/DEC. . i 128

6.3.3 Mechanical properties of TETA-crosslinked PVDF-TFE-P swelled in

vii



6.3.4 Mechanical and electrical properties of bisphenol-crosslinked PVDT-
TFE-P/SSswelled in EC/DEC. ... 133

6.3.5 Mechanical and electrical properties of TETA-crosslinked PVDF-TFE-

P/ISS swelled in EC/DEC. ... 134

6.4 Effect of the coupling agent........c..cocviiiiiiiiiiiiiiiiiiiiiii e 136
6.4.1 Coupling between PVDF-TFE-Pand SS..............oooii 136

6.4.2 Coupling between PVDF-TFE-P and the silicon surface................ 141

6.5 Effect of heating. .....oovininini e e 144
6.5.1 Effect of heating on TETA-crosslinked PVDF-TFE-P films........... 144

6.5.2 Effect of heating on TETA-~crosslinked PVDF-TFE-P/SS films....... 148

6.6 Electrochemical characterization..............cocooiviiiiiiiiii i 151
6.6.1 Effect of SS1oading.......oecvriiiiiiiii i 151
6.6.2 Superiority of the elastomeric binder................ 156

6.6.3 Effect of the electrode thickness and the electrolyte.................... 159

6.7 Mechanical degradation of binder.................cooii 162
6.7.1 In-situ resistance of MCMB electrodes...............ooiiiiiii 163

6.7.2 In-situ resistance of an a-Sip¢Sng36/Ag electrode incorporating PVDF
{21111 L= ST 165
6.7.3 In-situ resistance of an a-Sij¢4Sng3¢/Ag electrode incorporating PVDF-

BN oY [ SO U 171

viii



Chapter 7 Combinatorial and In-situ Experiments...................c..coin 180

7.1 INEEOTUCHION. et een et et ettt et et et e 180

7.2 Characterization of the thickness gradient................coooi 180

7.3 Effect of the active material loading of electrodes. ... 185

7.4 Effect of the lower cutoff potential................ooo 189

7.5 Effect of the compression of electrodes. ..o 192

7.6 Effect of the electrolyte type. ... 194

7.7 Summary of the combinatorial experiment................coiiiiiii 195

7.8 Observation of different cell behaviors with in-situ experiments............... 199

7.8.1 In-SitU r€SIStANCE. ..virereieinetenenen bttt e as 199

7.8.2 In-situ thickness experiment.............coooiiiiiiiiiii i 202

7.9 SUIMMIATY . .. ettt ettt et ee e e et e et et ea et e e et e e e ssaaa s e enareeanes 206
Chapter 8 Conclusions and future work................c. 208
8.1 CONCIUSIONS. ... etttttinieenteete e e et e e et ce et e et e e ae e e e aana e 208

8.2 FULUIE WOTK . ..ottt 209

8.2.1 Basic science of materials...........cociiiii 209

8.2.2 Battery technology......ovveiiiiiiiiiiii i 211

8.2.3 Methodology..o.corernriiiiei i 212

2 L) Q1 = PR PP 213

ix



List of Figures

Figure 1.1 Comparison of different battery technologies in terms volumetric and
gravimetric energy density. ... ..o 3
Figure 1.2 Schematic illustration of a lithium-ion cell during discharge..................... 3
Figure 1.3 Voltage vs. specific capacity for negative electrode and positive electrode
materials presently used or under serious consideration for the next
generation of rechargeable lithium and lithium-ion batteries..................... 4
Figure 1.4 Cell potential vs. specific capacity of an MCMB electrode showing the
definition of reversible capacity and irreversible capacity........................ 6
Figure 1.5 Change in length, width, height, volume, and electrode potential of an a-Si
tower vs. AFM scan number...........cooi i 9
Figure 1.6 Change in average area, height, volume, and electrode potential of an a-
Sip64Sng26 tower vs. AFM Scan number. ......ovvevveiiiieriiienriiieeeananes 10
Figure 1.7 Schematic of the tether model showing the impact of particle shuffling...... 13
Figure 1.8 Schematic of the chemical route proposed to improve the mechanical
properties of the solid-filled elastomeric composite (the elastomeric
311170 = o TR U 15
Figure 2.1 Force displacement curves showing the dependence of the spring constant on
springs in series or parallel................ 19
Figure 2.2 F/A vs. X/L, showing that the Young’s modulus is independent of the size of
the Sample (SPIINEZ). .. covnier ittt e 20
Figure 2.3 Schematic of (a) the Kelvin or Voigt model, (b) the Maxwell model, and (¢}

the four-element model (the linear model)................o 23



Figure 2.4 Schematic of a crosslinked polymer network

Figure 2.5 Types of network defects present in a crosslinked polymer system: (a) loose

Toop; and (b) loose end......ooiiiiiiiiiiii 25
Figure 2.6 Some examples of commonly used silanes................c.oooi 26
Figure 2.7 Schematic illustration of ordering arrangement of monomers................... 28
Figure 3.1 Schematic of a sample for the peel test...........ccooii, 32

Figure 3.2 Schematic of the production of the electrode with the combinatorial thickness

GEAGICIIE. .o ..eiiit it e 35
Figure 3.3 The array of PVDF-based electrodes prepared..............ooooiiiiinninnn 35
Figure 3.4 The array of PVDF-TFE-P-based electrodes prepared.............................36

Figure 3.5 (a) View of the dual-unit stress-stress tester, (b) side view of the actuator, and
(c) top view of the sample holder for dry samples...........o..oocooiiinn 38

Figure 3.6 Schematic of a stress-Strain teSter. ......vevvvneiinniiiniii e 38
Figure 3.7 A snapshot of the software interface for stress-strain testers and in-situ
resistance teSting UMitS. ..ovvee vt 39

Figure 3.8 (a) stress vs. strain, and (b) nominal resistivity vs. strain of a TETA-
crosslinked PVDF-HFP/SS composite film showing the definitions of

breaking strain, breaking stress, and Young’s modulus (E)..................... 41

Figure 3.9 (a) stress vs. strain, and (b) nominal resistivity vs. strain of a TETA-
crosslinked PVDF-HFP/SS composite film under cyclic deformation showing

the definitions of the maximum stress (Gmax), and the rebound after

SEEICRINIZ. ..o et e 41

X1



Figure 3.10 (a) stress vs. time, and (b) nominal resistivity vs. time of a PVDF-HFP/SS
composite film during a relaxation test..........oooeociiiiiniii i 42
Figure 3.11 Schematic of the specially designed grips to study the mechanical and
electrical properties of binder films swelled in the liquid solvent.............. 43
Figure 3.12 Typical resistance change of a TETA-crosslinked PVDF-HFP/SS film
swelled in EC/DEC (112, V/V) et ciit e 44
Figure 3.13 (a) stress vs. strain, and (b) nominal resistivity vs. strain of a TETA-

crosslinked PVDF-HFP/SS composite film swelled in EC/DEC (1:2,

Figure 3.14 Typical data for a peel test to measure the adhesion strength between the
binder film and the silicon wafer. ..o 45

Figure 3.15 Schematic of the negative electrode on the negative electrode plate used for

the in-situ resistance MEASUIEMENIE. .. ... .vvenririrtiiiinirtiniiniiareeiinaasanes 47
Figure 3.16 Exploded view of the in-situ resistance cell................o, 48
Figure 3.17 A photograph of the dual-unit in-situ resistance testing system................ 50

Figure 3.18 A typical voltage response of an a-SipeiSnpse/Ag electrode to the pulse
CUITENE SEQUETICE. .. eeeneenteniisititat e s et eteeenearernesareanraesnnenensseons 51
Figure 3.19 Current flow carried by the ionic path during resistance measurement....... 51

Figure 3.20 The equivalent circuit used to fit the experimental data of a~Sig 64Sn036/Ag

T o T LT 52
Figure 3.21 An exploded view of acointype testcell................ 53
Figure 3.22 An exploded view of the in-situ thickness cell.................oc 55
Figure 3.23 Schematic of the in-situ thickness measuring system...................ooene. 55

xii



Figure 3.24 (a) SEM image of a-Sig4Sno3s (low magnification), (b) SEM image of a-
SigsaSng3s (high magnification), (¢) SEM image of a-SigaSnoss/Ag (low
magnification), and (d) SEM image of a-SipesSnoszs/Ag (high
MAagNIFICAtION). .. e vitiiii it e e ca e 57

Figure 3.25 XRD patterns of a-Sig 6450036 and a-Sig.64Sn036/Ag..cvverveeeniiiiiinnn 58

Figure 4.1 Schematic of the linear model used to describe the mechanical properties of
polymer fIlmS......oooiiiiii 61

Figure 4.2 Schematic of the non-linear model used to describe the mechanical properties
of polymer/carbon black films.............oooi 62

Figure 4.3 The stress-strain curve of the non-linear element proposed....................... 63

Figure 4.4(a) Stress vs. strain and (b) nominal resistivity vs. strain showing the elongation
till break behavior of PVDF/SS and FC2178/SS films.............cooiiiiis 64

Figure 4.5 (a) Stress vs. strain and (b) nominal resistivity vs. strain showing the effect of
the SS content on the breaking behavior of FC2178/SS films.................. 65

Figure 4.6 Stress vs. strain curves of TETA-crosslinked FC2178 films..................... 67

Figure 4.7 The effect of crosslinking on the parameters of the linear model for FC2178

Figure 4.8 The effect of TETA on the mechanical properties of FC2178 films............ 70
Figure 4.9 An attempt to describe the stress-strain curve of an FC2178 film incorporating

25 pph SS and 6.0 pph TETA using the linear model..................c...o 71
Figure 4.10 Features that cannot be explained by the linear model...................oieen. 73
Figure 4.11 Testing the non-linear model's description of carbon-filled crosslinked

| U T P 75

Xiii



Figure 4.12 Stress vs. strain curves showing the effect of TETA on the mechanical
properties of FC2178 Ailms with 25 pph SS........o 77
Figure 4.13 Nominal resistivity vs. strain curves showing the effect of TETA on the
electrical properties of FC2178 films with 25 pph SS.......ooooiiiiin 78
Figure 4.14 Swelling ratio vs. TETA content of TETA-crosslinked FC2178............... 80

Figure 4.15 Stress vs. strain of TETA-crosslinked FC2178 films swelled in EC/DEC (1:2,

Figure 4.16 Nominal resistivity of TETA-crosslinked FC2178/8S films as a function of
SWELHNE tIME. ..o vt ee e e 83
Figure 4.17 (a) Stress-strain and (b) Nominal resistivity-strain curves of TETA-
crosslinked FC2178/SS swelled in EC/DEC (1:2 by volume).................. 84
Figure 4.18 (a) Stress vs. strain and (b) nominal resistivity vs. strain of FC2178/SS
composites using APTES as the coupling agent................ooon 86
Figure 4.19 (a) Stress vs. strain and (b) nominal resistivity vs. strain of FC2178
composite incorporating 25 pph SS and 5.0 pph APTES..............oill 87
Figure 4.20 (a) Stress vs. strain and (b) nominal resistivity vs. strain of FC2178
composite incorporating 25 pph S8, 5.0 pph APTES, and 5.0 pph TETA....89
Figure 4.21 () Cyclic tress vs. strain and (b) nominal resistivity vs. strain of the FC2178

composite incorporating 25 pph SS, 5.0 pph APTES, and 5.0 pph

Figure 4.22 (a) Stress vs. strain and (b) nominal resistivity vs. strain of swelled FC2178

composite incorporating 25 pph SS, 5.0 pph APTES, and 5.0 pph

Xiv



Figure 4.23 Capacity vs. cycle number of a-Sip saSng36/Ag electrodes incorporating 2.0
pph TETA and different amounts of APTES..............oos o1
Figure 4.24 Capacity vs. cycle number of thermally treated a-Sipg4Sng3s/Ag clectrodes
incorporating 2.0 pph TETA and different amounts of APTES...............92
Figure 4.25 Capacity vs. cycle number of a-Sig 64Sng36/Ag electrodes incorporating 4 pph
APTES different amounts of TETA......cooiiiiiiiii 93
Figure 4.26 Capacity retention of a-SigeaSng3¢/Ag electrodes incorporating PVDF and
PVDF-HFP-based elastomeric binder showing the effect of the binder...... 94
Figure 5.1 Stress vs. strain curves of TETA-crosslinked PVDF-HFP films of different
molecular Welghts. ... .couvreriiiiiii e 97
Figure 5.2 Stress-strain curves of (a) FC2211, (b) FC2230, (¢) FC2261Q, and (d)
FC2178 crosslinked with4 pph TETA ... 98
Figure 5.3 (a) Stress vs. strain, and (b) nominal resistivity vs. strain of TETA-crosslinked
PVDF-HFP/SS films containing 4.0 pph TETA and 25 pph SS............... 99
Figure 5.4 Stress vs. strain and nominal resistivity vs. strain curves of TETA-crosstinked
PVDF-HFP/SS films under cyclic deformation............coooioiiiiiiann 101

Figure 5.5 (a) Stress-strain and (b) nominal resistivity-strain curves of FC2211/SS film

cyclically deformed to 100% strainn.........ocovvriniiiininic 101
Figure 5.6 Swelling ratios of TETA-crosslinked PVDF-HFP samples..................... 102
Figure 5.7 Stress-strain curves of swelled PVDF-HFP films.............ooinnn 104

Figure 5.8 (a) Stress vs. strain, and (b) nominal resistivity vs. strain of swelled PVDF-
HFP/SS films containing 4.0 pph TETA and 25 pph SS......oiein 105

Figure 5.9 Voltage curves of a-Sig 64500 36/ Ag electrodes using different polymers......107

KV



Figure 5.10 Specific capacity vs. cycle number of a-SiggaSng36/Ag electrodes using
PVDF-HFP-based binders.........coooiiiiiiiiiiiiiiiiiiii e 108
Figure 6.1 Stress-strain curves of cured PVDF-TFE-P (110°C for 24 hours) showing the
effect of the additives MgO and CaO.........ooooiiiiiiiiiiii 112
Figure 6.2 Stress-strain curves of TETA-crosslinked PVDF-TFE-P showing the eifect of
DABCO and CaO.....ooiiiniiiiiii i s 114
Figure 6.3 Stress-strain curves of cured PVDF-TFE-P (curing conditions listed in the
inset) with strains up 10 250%......ooviiiiiii 116

Figure 6.4 Stress-strain curves of TETA-crosslinked PVDF-TFE-P with strains up to

Figure 6.5 Fitting stress-strain curves of TETA-crosslinked PVDF-TFE-P............... 118

Figure 6.6 Cyclic stress-strain curves of bisphenol-crosslinked PVDF-TFE-P films at

Figure 6.7 Cyclic stress-strain curves of TETA-crosslinked PVDF-TFE-P films with
different TETA CONLEMES....vvvenitiieiiiiiiiiin et eaneaaeaaeee 120
Figure 6.8 Comparison of the best-fit parameters of the linear model to the data in
Figures 6.6 and 6.7......c..ooiiiiiiiiiiiii 122
Figure 6.9 (a) Stress-strain and (b) nominal resistivity-strain curves of the bisphenol-

crosslinked (110°C, 24 hours) SS-filled PVDF-TFE-P composites (25 pph

Figure 6.10 (a) Stress-strain and (b) nominal resistivity-strain curves of the TETA-

crosslinked SS-filled PVDF-TFE-P composites (25 pph SS)................ 125

xvi



Figure 6.11 Cyclic stress-strain curves of the TETA-crosslinked SS-filled PVDF-TFE-P
COMMIPOSIEES. 11t seeea et ettt et ieea e reer e ettt aer b en e as et ane e s e aaaens 125
Figure 6.12 Cyclic nominal resistivity-strain curves of TETA-crosslinked SS-filled
PVDF-TFE-P COMPOSIES.. . outieiriiertieiniiiini i e eatiiiinieieanneeneas 126
Figure 6.13 The swelling ratios of crosslinked PVDF-TFE-P in EC/DEC(1:2, v/v).....127

Figure 6.14 Stress-strain curves of bisphenol-crosslinked PVDF-TFE-P heated at

L1000 . i 130
Figure 6.16 Stress-strain curves of TETA-crosslinked PVDF-TFE-P...................... 131
Figure 6.17 Cyclic stress-strain curves of TETA-crosslinked PVDF-TFE-P...............132

Figure 6.18 (a) Stress-strain and (b) Nominal resistivity-strain curves of bisphenol-
crosslinked PVDF-TFE-P/SS immersed in EC/DEC (1:2, v/V)............... 133
Figure 6.19 (a) Stress-strain and (b) Nominal resistivity-strain curves of TETA-
crosslinked PVDF-TFE-P/SS immersed in EC/DEC (1:2, v/V)....coooenels 135
Figure 6.20 Stress versus strain and nominal resistivity versus strain during cyclic
deformation of TETA-crosslinked PVDF-TFE-P/SS composites immersed in
EBC/DEC (112, V/V) et et 135
Figure 6.21 (a) Stress vs. strain, and (b) nominal resistivity vs. strain of PVDEF-TFE-P/SS
composites showing the effect of APTES..............o 137
Figure 6.22 (a) Stress vs. strain, and (b) nominal resistivity vs. strain of PVDF-TFE-P/SS

composites showing the effect of APTES.............ocoonn 138

xvii



Figure 6.23 (2) The stress and (b) the nominal resistivity at 10% strain of PVDF-TFE-
P/SS composites showing the impact of added APTES....................... 138
Figure 6.24 (a) Cyclic stress-strain and (b) nominal resistivity-strain curves of a PVDF-
TFE-P/SS composite containing 25 pph SS and 5.1 pph APTES............ 139
Figure 6.25 (a) Stress-strain and (b) nominal resistivity-strain curves of a PVDF-TFE-

P/SS composite containing 25 pph SS, 5.0 pph TETA, and 3.6 pph

Figure 6.26 (a) Cyclic stress-strain and (b) nominal resistivity-strain curves of a PVDF-

TFE-P/SS composite containing 25 pph SS, 5.0 pph TETA, and 3.6 pph

Figure 6.27 Peel tests of binder films without TETA on silicon wafers showing the
significant impact of APTES. ... 142
Figure 6.28 Peel tests of binder films with TETA on silicon wafers showing the counter
effect of TETA on the adhesion strength.............coo 143
Figure 6.29 Stress vs. strain of TETA-crosslinked PVDF-TFE-P films after heating in an
argon flow at 110°C for 24 hours.........ooovviiiiiiiiiiiiiiicne e 145
Figure 6.30 Cyclic stress-strain curves of heated PVDF-TFE-P films with different
amounts Of TE T A ... e 146
Figure 6.31 Stress vs. strain curves of heated and TETA-crosslinked PVDF-TFE-P films
after swelling in EC/DEC (1:2, V/V)..ioiiiiiiiiiiiiiei e 147
Figure 6.32 Cyclic stress-strain curves of heated and TETA-crosslinked PVDF-TFE-P

films after swelling in EC/DEC (1:2, V/V).oioiiiviiiiie 147

xviii



Figure 6.33 (a) Stress vs. strain, and (b) nominal resistivity vs. strain of heated PVDF-
TFE-P/SS composites incorporating 25 pph SS and different amounts of
TETA and APTES. ..o e e 149
Figure 6.34 (a) Stress vs. strain, and (b) nominal resistivity vs. strain of heated and

TETA-crosslinked PVDF-TFE-P/SS films after swelling in EC/DEC (1:2,

Figure 6.37 Capacity retention of a-Sips4Sno3¢ electrodes showing the impact of the SS
Loa) £175) 1 AR 155
Figure 6.38 Capacity retention of a-Sips4Sng3¢/Ag electrodes showing the impact of the
R T 511 11 7S R N 155
Figure 6.39 Specific capacity vs. cycle number for electrodes A-E (Table 6.5) showing
the effect of the binder system on the cycling performance of a-
Sip4Sng3¢/Ag composite electrodes. ..o 158
Figure 6.40 Specific capacity vs. cycle number for thin electrodes showing the effect of
the €leCtroly e oo et 161
Figure 6.41 Voltage versus specific capacity of a Li/(a-SioesSnga¢/Ag) cell using the
LiBETI-based electrolyte. ... .coviiiiiiiiiiiiii i 161
Figure 6.42 Schematic of the tether model showing the motivation for the in-situ

reSiStance EXPEriMENt. ... ...ouiuiit ittt iiiniiit ittt e et aneaaas 163

Xix



Figure 6.43 A typical voltage response of the MCMB electrode to the pulse current
SEOQUEBTIC . .t eueaeeeie et eetat et et eieeeeas e saetenanetesees ettt e s aa e ae s en e s 164
Figure 6.44 (a) The resistance of the MCMB electrode and (b) the cell potential vs. the
cumulative capacity of the MCMB electrode...............coo 165
Figure 6.45 A typical voltage response of an a-SipssSnos¢/Ag electrode to the pulse
CUITENE SEQUETICE. 1t vt et enteneerentenetneerarneeetaneaesneeneaneaeeniueanneses 166
Figure 6.46 (a) Cell potential, (b) electrical resistance, (c) expanded view of the electrical
resistance at the start of the experiment, (d) ionic resistance and (e)
capacitance of the a-Sij 64Sng3¢/Ag electrode incorporating PVDF binder and
20 pph Super-S carbon black. ... 168
Figure 6.47 Voltage response of the a-SipesSnose/Ag electrode incorporating PVDF

binder to the pulse current sequence at 0.2 V for the (a) 1% and (b) 2nd

Figure 6.48 Voltage response of the a-Sig ¢4Sno36/Ag electrode incorporating PVDF to the
pulse current sequence at (a) 1.0 V, (b) 0.6 V during discharge, (¢) 0.2 V, and
(d) 0.6 Vduring charge..........coovoveiiiiiiiiiiiiiin e 171

Figure 6.49(a) cell potential, (b) electrical resistance, (c¢) ionic resistance and (d)
capacitance of the a-Sige4Sng3¢/Ag electrode incorporating a PVDF-TFE-P-
based elastomeric binder............cooeviiiiiiiiiii 172

Figure 6.50 Electrical resistance of the a-SigesSng3s/Ag electrode incorporating the
PVDF-TFE-P-based elastomeric binder vs. cycle number at different cell

POLENHIAlS. .. .ot 174

XX



Figure 6.51 Electrical resistance of the a-SigsSnpss/Ag elecirode using PVDF as the
binder vs. cycle number at different cell potentials...................ni. 175
Figure 6.52 lonic resistance change of the a-SigsSnoss/Ag electrode incorporating the
PVDE-TFE-P-based elastomeric binder vs. cycle number at different cell
POLENEIALS. ... iee e 176
Figure 6.53 Voltage response of the a-SiygsSno3¢/Ag electrode incorporating the PVDF-
TFE-P-based elastomeric binder to a pulse current sequence input at 0.2 V of
the (2) 1%, (b) 2™, () 5™, and (d) 10™ cycle ... eovimnniieeiiiin i 177
Figure 6.54 Voltage response of the a-SipesSngas/Ag electrode incorporating the PVDF-
TFE-P-based elastomeric binder to the pulse current sequence at (a) 1.0V, (b)

0.6V during discharge, (¢) 0.2V, and (d) 0.6V during charge for the 1™

Figure 7.1 (2) The mass of active material per electrode and (b) the thickness of PVDF-
TFE-P-based electrodes as functions of electrode position..................... 182
Figure 7.2 () The mass of active material per electrode and (b) the thickness of PVDF-
based electrodes as functions of electrode position............coooiiiiinn. 183
Figure 7.3 Voltage versus specific capacity of Li/(a-SigsSno3e/Ag) cells using the
proposed PVDF-TFE-P-based elastomeric binder................coooiinn 186
Figure 7.4 The specific capacity vs. cycle number showing the effect of electrode loading
(thickness) on the capacity retention of a-Sips4Sno3¢/Ag electrodes using the

proposed PVDF-TFE-P-based elastomeric binder...............oc.oooien 187

XXi



Figure 7.5 The specific capacity vs. cycle number showing the effect of electrode loading
(thickness) on the capacity retention of a-SipesSnga¢/Ag electrodes using the
PVDF-based binder.........cooiiiiimiiiii i 189

Figure 7.6 The specific capacity vs. cycle number showing the effect of the lower cutoff
potential on the capacity retention of a-SigssSnoss/Ag electrodes using the
proposed PVDF-TFE-P-based elastomeric binder....................o.e 191

Figure 7.7 Specific capacities vs. cycle number of a-SigesSnoss/Ag electrodes showing
the impact of the binder and the lower cutoff potential......................... 193

Figure 7.8 Specific capacity vs. cycle number of a-Sig 6aSng 3¢/ Ag electrodes using PVDF-
TFE-P-based elastomeric binder showing the effect of compression........ 194

Figure 7.9 The specific capacity vs. cycle number of a-Sig 64519 36/Ag electrodes using the
proposed PVDF-TFE-P-based elastomeric binder showing the effect of the
ElECtTOlYIE LY POt ettt e 197

Figure 7.10 The charge-discharge cycle number at which 80% of the maximum cell
capacity was reached vs. the loading of active material showing (a) the effect
of lower cutoff potential, (b) the effect of compression, and (c) the effect of
the electrolyte salt.......ooiiiii i 198

Figure 7.11 Specific capacity of the in-situ resistance cell showing the effect of the lower
cutoff potential..... ..ot 200

Figure 7.12 The resistance variation vs. cycle number of the electrode film during
QISCRATEE. . ettt 202

Figure 7.13 Specific capacity of the in-situ thickness cell showing the effect of the lower

cutoff potential.........ooviiiii i 203

x%ii



Figure 7.14 (a) cell potential, (b) LVDT potential, and (c) thickness variation of the
negative electrode of the in-situ thickness cell during cycling (cycles 1-3).204
Figure 7.15 (2) cell potential, (b) LVDT potential, and (c) thickness variation of the

negative electrode of the in-situ thickness cell during cycling................ 205

®xiit



List of Tables

Table 2.1 Nine classes of silane coupling agents...........oooiiiii i 27
Table 3.1 Specification of the polymers used..............ooiii 30
Table 4.1 Best-fit parameters of the linear model to crosslinked FC2178 films............ 68

Table 4.2 Best-fit parameters of the non-linear model to experiments (Figure 4.9 and

CONtAININE S8, ..ottt e 79
Table 5.1 A comparison of PVDF-HFP samples crosslinked with 4 pph TETA........... 99
Table 6.1 Best-fit parameters of the linear model to the data shown in Figures 6.1 and
8. e e e e e e e 113
Table 6.2 Best-fit parameters of equations 6-5 and 6-6 to the data in Figure 6.5 for the
highly crosslinked PVDF-TFE-P films...........oooooiii 118
Table 6.3 Best-fit parameters of the linear model to the stress-strain curves of bisphenol-
crosslinked PVDF-TFE-P films (Figure 6.6)...........coooiiiiiiiiiiin i 120
Table 6.4 Best-fit parameters of the linear model to the stress-strain curves of TETA-
crosslinked PVDF-TFE-P (Figure 6.7)....ccooiiiiiiiiiiiiii e 121

Table 6.5 Preparation recipes of electrodes A-E to study the effect of the binder



Abstract

It is of commercial importance to develop high capacity negative and positive
electrode materials for lithium-ion batteries to meet the energy requirements of portable
electronic devices. Excellent capacity retention has been achieved for thin sputtered
films of amorphous Si, Ge and Si-Sn alloys even when cycled to 2000 mAh/g and above,
which suggests that amorphous alloys are capable of extended cycling. However, PVDE-
based composite electrodes incorporating a-SipssSnosze/Ag powder (10 wt% silver
coating) (~10um) still suffer from severe capacity fading because of the huge volumetric
changes of a-Sig4Sng3¢/Ag during charge/discharge cycling. It is the objective of this
thesis to understand the problem scientifically and to propose practical solutions to solve
this problem.

Mechanical studies of binders for lithium battery electrodes have never been
reported in the literature. The mechanical properties of commonly used binders, such as
poly(vinylidene fluoride) (PVDF), haven’t been challenged because commercially used
active materials, such as LiCoO, and graphite, have small volumetric changes (<10%)
during charge/discharge cycling. However, the recently proposed metallic alloys have
huge volumetric changes (up to 250%) during cycling. In this case, the mechanical
properties of the binder become critical.

A tether model is proposed to qualitatively understand the capacity fading of
high-volume-change electrodes, and to predict the properties of a good binder system. A
crosslinking/coupling route was used to modify the binder system according to the
requirements of the tether model. A poly(vinylidene fluoride-tetrafluoroethylene-
propylene)-based elastomeric binder system was designed to successfully improve the
capacity retention of a-Sig64Sng 36/ Ag composite electrodes.

In this thesis, it has also proven nontrivial to maximize the capacity retention of
large-volume-change electrodes even when a fixed elastomeric binder system was used.
The parameters that affect the capacity retention of large-volume-change electrodes at
least include the mass loading of the active material, the lower cutoff voltage, the
compression pressure on the electrodes, and the salt in the electrolyte.
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Chapter 1 Introduction to lithium-ion batteries

1.1 Importance of lithium-ien battery development

Environmental pollution and the looming energy crisis have been attracting more
and more worldwide attention. Much of the criticism has been directed to the
consumption of fossil fuels and the greenhouse gases emitted by automobiles.
Automobiles consume almost 1/3 of all fossil fuels produced. The main component of
the exhaust gas emitted by automobiles is carbon dioxide (COy), which is a greenhouse
gas and contributes to global warning [1, 2]. Moreover, the exhaust gas also contains
some toxic gases, such as carbon monoxide (CO) from the incomplete combustion of the
fossil fuels.

Fossil fuels are a non-renewable natural resource, and we need to find alternatives
before we finally use up all that is available. In the meanwhile, we should reduce the
fossil fuel consumption by automobiles. The recently introduced hybrid electric vehicle
(HEV), which combines a small internal combustion engine and a rechargeable battery,
has been a big step forward. Furthermore, the electric vehicles (EV) under development
could completely eliminate greenhouse gas emission and the air pollution from vehicles.
Both the HEV and EV need high-energy-density batteries to minimize the size and
weight of the battery and the vehicle.

Advanced battery technology is also required by modem information technology
(IT) as well. Portable electronics with onboard computers, displays and memory have
proliferated. As these become more complex, the power requirements increase. Thus,

there is a need for batteries with high energy density, so that this power requirement can



be met, without increasing the size of the batteries packed in the devices. In order to do
this, one must develop high capacity negative and positive electrode materials to increase

the capacity density of the baiteries.

1.2 Electrochemistry of lithium-ion batteries

Figure 1.1 shows a comparison of different battery technologies in terms of
volumetric and gravimetric energy density. Lithium-ion batteries have the largest energy
density of all rechargeable batteries and therefore have become the most popular choice
for portable electronic devices.

Figure 1.2 schematically illustrates a lithium-ion cell during discharge. Typically, a
lithium-ion cell consists of a negative electrode (usually graphite-based material) and a
lithium transition metal oxide positive electrode (usually LiCoOy), a polypropylene
microporous separator (not shown in Figure 1.2), and an organic electrolyte with a
dissolved lithium salt (typically LiPFe). During discharge, lithium atoms are extracted
from the negative electrode material and pairs of electrons and lithium ions (Li") are
formed.

Li,Cs > xLi" + xe” + Cs (1-D
Then, the Li" transports through the electrolyte to the positive electrode while the
electron (&) travels through the external circuit. Finally, the € and Li" combine at the

positive electrode and the lithium atom formed inserts into the positive electrode material.
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The voltage of the electrochemical cell depends on the difference in the chemical
potential of the lithium atoms in both electrode materials (negative electrode and positive
electrode).

V=(p. — p)fe (1-3)
where . and . are the chemical potential of lithium atoms in the negative electrode and
positive electrode materials respectively and e is the magnitude of the electron charge
(1.6x10']9C). The potential range and specific capacity of different active materials for
lithium and lithium-ion batteries are shown in Figure 1.3. Generally, the negative
electrode materials have lower potential vs. Li/Li", while the positive electrode materials

have higher potential.
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Figure 1.3 Voltage vs. specific capacity for negative electrode and positive elecirode
materials presently used or under serious consideration for the next generation of

rechargeable lithium and lithium-ion batteries



Normally, an electrode for an electrochemical cell consists of active material
particies, carbon black as a conductive filler, and a polymer as the binder. This type of
electrode is called a composite electrode. The carbon black filled polymer composite is
required to maintain the physical integrity of the electrode and provide an electronic
pathway between the active material particles and the current collector.

Figure 1.4 shows the potential vs. specific capacity of a Li/MCMB (graphitized
mesocarbon microbeads, a negative electrode material for a lithium-ion cell)
electrochemical cell to schematically indicate the reversible capacity and the irreversible
capacity of the electrode. The reversible capacity corresponds to the valence electrons
associated with those lithium atoms that can reversibly react with the MCMB electrode.
The irreversible capacity (IRC) corresponds to the valence electrons associated with those
lithium atoms that are trapped in the electrode after the first insertion and removal cycle.
During the first discharge, lithium ions are removed from the negative electrode (lithium
metal) and inserted into the positive graphite electrode (MCMB). The lithium atoms
hosted in the graphite particles can diffuse to the surface of the graphite particles and
react with the electrolyte surrounding the graphite particles. The products of the reaction
will then cover the surface of the particles. This layer of “special material”, which
prevents the electrolyte from further reaction with lithium atoms, is called a solid
electrolyte interphase (SEI) [4, 5]. Normally, irreversible capacity mainly results from
lithium loss during the formation of the SEI since the formation of the SEI is irreversible.
Trreversible capacity loss has been shown to vary linearly with the surface area of the
active material [4]. Therefore, active materials with small specific surface area are highly

desired to minimize the irreversible capacity.
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Figure 1.4 Cell potential vs. specific capacity of an MCMB electrode showing the

definition of reversible capacity and irreversible capacity.

1.3 Advanced negative electrode materials for lithinm-ion batteries

Today, graphite-based negative electrode materials, such as mesocarbon microbeads
(MCMB), are widely used as the negative electrode materials for lithium-ion batteries.
However, the theoretical capacity of graphite is only 372 mAh/g (see Figure 1.3). The
intercalation of lithium into MCMB can be expressed as equation 1-1.

Ce+Li = LiCq (1-D)
Tn order to meet the increasing energy requirement of both information technology and
HEVs/EVs, one must develop high capacity negative and positive electrode materials to

increase the capacity density of batteries.



Recently, metallic alloys, such as Si;.4Sny, have been proposed as the high capacity
negative electrode materials for lithium-ion batteries and have been attracting lots of
scientific and industrial interest [6-29]. The reaction of SiiSn, with lithium is

SipxSng +4.4L1 = LigsSi;Sny. (1-2)

However, the reversible capacity of metallic alloy based composite electrodes
decreases quickly with charge/discharge cycling number. This phenomenon is called
“capacity fading”, which is believed to be caused by the huge volumetric changes of such
active materials during charge/discharge cycling. The commercialization of such metallic
negative electrode materials has been severely hindered by their rapid capacity fading.

Substantial research has been done to address the capacity fading of metallic
negative electrode materials. The crystal structures of Li-M alloy phases, i.e. LiSn and
Li,Sns, have different lattice constants and different volumes per metalloid atom.[30].
When different Li-M alloy phases coexist in the same particle during charge/discharge
cycling, inhomogeneous strain generally occurs. This results in the cracking of the
particles, loss of electrical contact and the capacity fading. Some solutions proposed
include using fine powdered materials (sub-micron size) [14, 27, 28, 31] and
active/inactive composite materials [18, 32-36] to suppress the cracking of active material
particles during charge/discharge cycling. However, fine-powdered materials have large
specific surface area, which leads to high irreversible capacity, and low packing
efficiency in electrodes, which limits the amount of active material that can be loaded per
unit volume of the electrode. On the other hand, active/inactive composite materials can
have large particle size and high packing efficiency. However, only part of the composite

material is “active”. If we can get rid of the inactive phase while eliminating the



inhomogeneous expansion of active material particles, more practical specific capacity
can be exploited.

Recently, amorphous metallic alloys, such as a-Si [37] or a-SiSn [12], were proposed
to solve the cracking problem of the active material. Excellent capacity retention has
been achieved for thin sputtered films of amorphous Si [6], Ge [7] and SiSn [8] alloys
even when cycled to 2000 mAh/g and above which suggests that amorphous alloys are
capable of extensive cycling. When Li is added to amorphous alloys, the bulk
intermetallic phases of the Li-metal phases (Li-M) are not formed [12]. Thus, the ratio of
Li to metal can vary continuously and inhomogeneous strain, which results from the
different lattice constant of coexisting Li-M phases, can be eliminated.

These ideas were greatly supported by in-situ atomic force microscopy (AFM)
experiments on amorphous Si and Sij 6451036 metallic particles [10]. The samples were
prepared by magnetron sputtering. Active material “towers” were deposited on a
polished stainless steel disc through a fine mesh (7.6x7.6 pm openings) with a periodicity
of 12.6 um. The typical height of the towers was 0.3-0.5 um. The morphology and size
change of the active material towers during charge/discharge cycling was monitored with
an in-situ AFM. Figure 1.5 and 1.6 show the analysis of the AFM images collected
during experiments on a-Si and a-Sig 64Sng3s electrodes, respectively. Both a-Si1 and a-
SigesSng 3¢ towers can reversibly expand/contract upon the insertion/removal of the
lithium atoms without cracking. In both cases, a volumetric expansion of about 250%

was observed when the electrodes were fully discharged.
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1.4 Tether model and proposal

Although in-situ AFM results confirmed that the particle-cracking problem can be
solved by using amorphous materials, the huge volumetric changes of the active material
during charge/discharge cycling are not suppressed at all. We also have found that
capacity fading is still problematic for conventional composite a-SipesSnoss/Ag
electrodes containing particles of silver-coated amorphous Sig 645936 active material (10-

20 um), carbon black and a conventional polymeric binder like poly(vinylidene fluoride)
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(PVDF). Therefore, we believe that the loss of the capacity for amorphous materials is
not caused by the cracking of the negative electrode material particles, but is dominated
by the mechanical degradation of the binder, which holds the negative electrode material
particles to the current collector. It is our view that the critical importance of the binder
system has been widely underestimated or ignored until recently.

The first report about the importance of the binder choice, which made a significant
difference to the cycling of composite electrodes of metallic alloys, came from
Besenhard’s group [13]. However, in most literature work on composite electrodes of
high-volume-change alloys, a poor polymer binder, such as PVDF [16, 17, 19-26, 28,
29], was used to evaluate the charge-discharge cycling performance of the alloys. There
is no reason for us to believe that such poor binders can tolerate the large volumetric
changes (~250%) of negative electrode particles. Therefore, it is very dangerous to
evaluate high-volume-change electrodes using such a binder system. It is the scope of
this thesis to understand the critical importance of the binder system to the cycling
performance of amorphous metallic negative electrode materials and to find practical
solutions to improve their capacity retention.

Figure 1.7 schematically shows the tether model we proposed to understand the
capacity fading of amorphous metallic negative composite ‘electrodes.  Figure 1.7a
schematically shows the initial state of an electrode. The tethers between the active
particles and the current collector are polymeric binder strands containing carbon black to
maintain the physical integrity of the electrode and to provide an electronic pathway
between particles and the current collector. For small-volume-change materials, such as

MCMB, the electrode contains sufficient porosity to accommodate the ca. 10% expansion



12

and contraction of individual particles without substantial interparticle collision and
motion.

The situation for large-volume-change materials, such as a-Si and a-Sipe4Sng36,
however, is quite different. When the particles undergo large expansions, they will
eventually touch one another (Figure 1.7b). If further expansion occurs, a "shuffling” of
the particles, involving substantial interparticle motion, is necessary to accommodate the
expansion. Figure 1.7c shows the electrode after such a "shuffling" has occurred. As
particles move in the z-direction, some of the binder strands or tethers will become highly
stretched, and many of them may break if the strain exceeds the breaking strain or if the
force on the tether is larger than the adhesion strength between the tether and the
particles. The broken tethers will increase the electrical resistance of the electrode and
some electfically isolated active particles may be formed as depicted in Figure 1.7c.
Electrically isolated particles cannot be charged or discharged again and contribute to
capacity loss of the electrode. Resistance growth of the electrode can also contribute to

the capacity loss of the electrode.
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Figure 1.7 Schematic of the tether model showing the impact of particle shuffling

Using Figure 1.7 as a guide, it is clear that a “good” binder should be one that
satisfies the following criteria.

(1) It should be a highly extensible elastomer that can tolerate the huge volumetric
change of the active material particles.

(2) It should be electrically and ionically conductive (for Li" ions). To ensure
electrical conductivity, a certain amount of carbon black must be added to the polymer.
At the same time, the binder/solids blend should also satisfy rule (1). To ensure lithium
ion conductivity, the binder/solids blend should uptake a certain amount of liquid
electrolyte.

(3) It must maintain acceptable mechanical properties in the liquid electrolyte. When
a polymer is immersed in the organic solvent, it may absorb the solvent and swell. In
some cases, the polymer will completely dissolve in the solvent. The swelling of the

binder in the electrolyte normally decreases the mechanical properties of the binder/solids
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blend. Thus, a “good” binder/solids blend should maintain “good” mechanical properties
after exposure to the liquid electrolyte.

(4) The binder should have a certain chemical activity. That is, the binder should be
crosslinkable to inhibit viscous flow. In addition, coupling agents to enhance the
interfacial adhesion between the binder and the electrode particles, including carbon
black and active material particles, are needed.

(5) The binder and the chemical additives needed should not react with lithium.
Otherwise, they will add extra irreversible capacity to the electrode.

(6) In order to find a “good” binder for eventual commercialization, we must also

consider the commercial availability of the proposed chemicals.

In a solids-filled polymer composite, the interactions between the polymer chains
themselves and between the polymer chains and the solid components are Van der Waals
interactions and perhaps involve some hydrogen bonds. However, both of these are
relatively weak interactions. Such solids-filled polymer composites have very poor
elasticity and break at very small strain. The poor mechanical properties of such
composites are insufficient to tolerate the huge volumetric changes of the solid fillers,
such as the amorphous metallic negative electrode material in composite electrodes. The
polymer system in such composites can degrade quickly under huge internal strain, which
can be more than 200% during charge/discharge cycling.

If we can introduce some covalent bonds between the polymer molecules themselves
and between polymer molecules and the solid components, we should be able to

dramatically improve the mechanical properties of the composite.  Figure 1.8
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schematically depicts the chemical route we propose for solids-filled elastomeric
composites. The solid line and the dashed line represent two different elastomer chains.
The crosslinking agent is a bifunctional molecule, whose functional groups can
chemically, covalently bond to the backbone of the polymer chain. Hence, it can
significantly improve the interaction between the polymer chains. The coupling agent or
adhesion promoter (AP), is another bifunctional molecule that can chemically bond to
both the polymer chain and the solid components (the carbon black particle or the active
material particle). The difference between the crosslinking agent and the coupling agent
is that the coupling agent has two different functional groups, which can react with the

polymer chain and the solid surface respectively.

Elastomer chains,
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Crosslinking agent

Coupling agent, adhesion promoter
Figure 1.8 Schematic of the chemical route proposed to improve the mechanical
properties of the solid-filled elastomeric composite (the elastomeric binder)

Notice that the solid line and the dashed line represent different elastomer chains.
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1.5 Scope of this thesis

It is our belief that the capacity fading of composite electrodes of amorphous
metallic alloys results from the poor mechanical properties of the conventional binder
system. It is the scope of this thesis to verify the critical importance of the binder system
for high-volume-change alloys and to point toward practical solutions to improve the
capacity retention of composite electrodes incorporating metallic negative clectrode
materials.

Chapter 2 gives a brief introduction to polymer mechanics. Some definitions that
describe the mechanical properties of polymers and their solid-filled composites are
summarized. Some chemical routes to improve the mechanical properties of polymers
and solids-filled polymer composites are briefly summarized as well. Chapter 3 gives a
simple description of the experimental details, which include the preparation of samples,
the testing methods used, and the specifications of the materials studied.

The potential capability of poly(vinylidene fluoride-hexafluoropropylene) (PVDF-
HFP) to improve the capacity retention of silver-coated amorphous SigesSngss (a-
SigesSnose/Ag, 10 wt% silver coating) will be examined in chapter 4. In chapter 5, the
effect of molecular weight (MW) of PVDF-HFP on the mechanical and electrical
properties of the binder system will be investigated as well as the effect of MW on the
cycling behavior of a-SigesSngss/Ag electrodes incorporating such PVDF-HFP-based
clastomeric binder systems. Chapters 6 and 7 focus on another elastomeric binder
system, poly(vinylidene fluoride-tetrafluoroethylene-propylene) (PVDF-TFE-P). The
superiority of the elastomeric binder system over the conventional PVDF binder will be

fully demonstrated in chapter 6. Chapter 7 presents electrochemical results from 2
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combinatorial experiment. Chapter 7 gives a detailed discussion of the effect of the
active material loading, the lower cutoff voltage, the compression of the electrodes, the

crystallization of the amorphous material, and the electrolyte type. Conclusions and

suggestions for the future work are presented in chapter 8.



Chapter 2 Introduction to polymer mechanics

2.1 Mechanical properties of polymer samples

Hooke’s force law is described in university physics textbooks, e.g. the one by Reese
[38]. Hooke’s law can be expressed by the following equation,

F=kx, 2-1)
where k is the spring constant and has SI units of N/m, and F is the force needed to
change the length of the spring by x. The spring constant can be doubled by placing two
identical springs in parallel, and the spring constant can be reduced to 50% if two
identical springs are placed in series. Figure 2.1 shows the relationship between F and x
for: (a) a single spring; (b) two identical springs in parallel; and (¢) two springs in series,
respectively. The spring constant depends on the length and cross-sectional area of the
sample (spring). So, the spring constant is not an effective way to describe the
mechanical properties of a material.

Instead, if we normalize the force (F) by the cross-sectional area of the spring and

normalize the deformation (x) by the original length of the spring, we obtain

r. x—, (2-2)
A A L,

where A is the cross-sectional area of the sample (spring), and Ly is the original length of
the sample (spring). Figure 2.2 shows F/A as a function of x/Lg for the three types of
springs described in Figure 2.1. Now, all the springs show the same trend.

Materials scientists use the Young’s modulus (E), the strain (g), and the stress (), to

describe the mechanical properties of materials.

18
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g=F* tj‘“ 2-3)

o= —2 (2-4)

£= {‘—0 2-5)
In some cases, another definition, the nominal stress (), will also be used,

fea 2-6)

where Ay is the original cross-sectional area of the sample (spring). Generally, the
Young’s modulus (E), the nominal stress (f), and the stress () have units of MPa while
the strain (¢) is dimensionless. Now, equation 2-1 can be written as the following,

c=Ee. 2-7)

— |—— (a) single spring f
——e— (b) two springs in paraliel)
—e— (¢) two springs in series '

F(N)

]

X (m)
Figure 2.1 Force displacement curves showing the dependence of the spring constant on

springs in series or parallel
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Figure 2.2 F/A vs. X/Lg showing that the Young’s modulus is independent of the size of

the sample (spring).

2.2 Random walk model for elastomers

An elastomer is usually an amorphous material, which can be approximately
described by the random walk model [39, 40]. If we randomly pick 2 monomer in a
polymer chain, the probability to find the next bonded monomer is a spherically

symmetric function in 3D space.

1/4r r=Ii
pr)= ) (2-8)
0 else

where p(r) is the distribution function of the next bonded monomer at a distance 7, and /
is the bond length between the monomers. Based on the random walk model, we can
develop a relation between the length of the polymer chain and its equilibrium end-to-end

distance or the root mean square length (Jims).

I =+<r?>=4lnl, (2-9)
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where n is the number of bonds between the two end monomers, which can be more than
1000 for high molecular weight polymers. Apparently, the polymer chain can be

extended by n''

times before changing the chemical bond configuration, or internal
energy. However, the stretching process places the polymer chain in a position with a
smaller number of equivalent configurations, which means a decrease in entropy.
Therefore, the elasticity of the polymer is mostly dominated by the configuration, or
entropy, change of the polymer, and the polymer system is also called an entropy spring.
In order to develop a relation between the stress and the strain of a polymer sample,
a constant volume assumption will be used. The assumption assumes the volume of the
polymer sample is constant during deformation and is valid for most polymer systems.
AL, =AL=AL A=AL (1+¢) (2-10)
In equation 2-10, A is the deformation ratio of the polymer sample. Based on the random
walk model and the constant volume assumption, the nominal stress can be expressed

[41] as the following,

f:kaT(X—%z—), 2-11)

where v is the number of the polymer chains per unit volume, kp is the Boltzmann’s

constant (1.3806x10'23J K™, and T is the temperature. Under a small deformation, i.e.
small &, equation 2-11 can be simplified to the following,

o= f=3vk,Te. (2-12)

Equation 2-12 is valid only when the strain is small. Actually, it’s not so useful in

this thesis since we are interested in the maximum elongation of the binder film and

equation 2-12 will not valid at such strain.
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2.3 Mechanical models

The mechanical behavior of polymeric materials is usually discussed in terms of two
particular types of ideal materials, an elastic solid and a viscous liquid. The
viscoelasticity of the polymer system can be represented pictorially by models
comprising massless Hookean springs (elastic solids) and Newtonian dashpots (viscous
liquids). A spring behaves exactly like a metal spring, stretching instantly under stress
and holding that stress indefinitely. A dashpot is considered to be an oil-filled cylinder
with a loosely fitting piston. Under stress, the piston moves through the fluid at a rate
proportional to the stress. On removing the stress, there is no recovery.

Springs and dashpots can be put together to develop mathematically amenable
models of the viscoelastic behavior of the polymer system. Figures 2.3a and 2.3b show
two simple arrangements, the Voigt model (or the Kelvin model, Figure 2.3a) and the
Maxwell model (Figure 2.3b). The Maxwell model has been successfully used to
simulate the stress relaxation of linear polymers, the time dependence of the stress under
a constant strain. However, it cannot simulate the creep of the polymer, which is the
elongation of the polymer film under a constant stress, and the stress relaxation of a
crosslinked polymer. The Voigt model is useful for simulating the creep of polymers. In
the Voigt model, the dashpot is placed in parallel to the spring, so an infinite force is
needed to give an instantaneous strain. Hence, the Voigt model cannot simulate the stress
relaxation of the polymer.

Combining the advantages of the Maxwell model and the Voigt model, four-element
models are frequently used. Figure 2.3c also shows one arrangement of four elements that

we adopt in this thesis. We call this the linear model.



23

Figure 2.3 Schematic of (a) the Kelvin or Voigt model, (b) the Maxwell model, and (c) the

Sfour-element model (the linear model)

2.4 Chemical modification of pelymers and their solids-filled composites

As chemists, we are interested in chemical routes to change the properties of
polymers and their solids-filled composites to match our requirements. Several chemical
routes have been widely reported in the literature to modify the properties of polymers
and their composites. The chemicals used include crosslinking agents [42-46], coupling

agents (or adhesion promoters) [47-52], and plasticizers [53-39].

2.4.1 Crosslinking agents

Crosslinking is a chemical technique used to improve the mechanical properties of
polymers and their solids-filled composites. Figure 2.4 schematically shows a
crosslinked polymer network. The solid lines represent two polymer chains, and X-R-X
represents the crosslinking molecule, in which X represents the functional group.
Viscoelastic flow is common in un-crosslinked linear polymers because of the weak

" interaction between polymer chains. Chemical bonds can be introduced between chains
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with crosslinking agents so that the interaction between polymer chains is dramatically

improved. In a typical linked polymer network, viscoelastic flow is significantly
suppressed and the mechanical properties can be greatly improved. Crosslinking agents
reported in the literature include diisocyanates [42], maleic anhydride [43], silanes [45],
diamino-compounds [60-63], and bisphenols [60, 61]. Radiation and heating are also

used to crosslink some unsaturated polymers, such as the ethylene propylene butadiene

clastomer and styrene butadiene rubber (SBR) [46].

. -R-)l(

Figure 2.4 Schematic of a crosslinked polymer network

Worthy of mention is that the effective crosslinking degree is often quite
unpredictable because of network defects present in the polymer network even when
crosslinking agents and chemical additives are added. Figure 2.5 schematically illustrates
two types of network defects: (a) “loose loops™ , where a chain folds back on itself and
(b) “loose ends”, where a chain does not contribute to the network [39]. Normally, the
introduction of the crosslinking can be quantitatively or qualitatively detected by the
change of the glass transition temperature (T,) [42, 43, 46, 64], the heat capacity (Cp)

[65], the Young’s modulus (E) [62], the maximum elongation at break [46], and the
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swelling of crosslinked samples in solvents [61, 65, 66]. The linear model is also a useful

tool to study the effective crosslinking degree [62].

'

Figure 2.5 Types of network defects present in a crosslinked polymer system

(a) loose loop,; and (b) loose end (Extracted from reference [39])

2.4.2 Coupling agent

A coupling agent, or adhesion promoter, is a bifunctional molecule that can react
with both the polymer and the surface of a solid to enhance the bonding between the
polymer and the solid component. Typically, a coupling agent can be expressed as X-R-
Y. X is the functional group that reacts with the polymer chain. Normally, X is similar
to the active groups of the crosslinking agent and is matched to the chemical properties of
the polymer. Y is the functional group that reacts with the solid surface and is normally
determined by the functional groups on the solid surface. Generally, silanes are widely
used as coupling agents since the —Si-OR group in silanes can easily react with acidic
functional groups, such as ~OH on non-metallic surfaces. Some commonly used silane

coupling agents are listed in Table 2.1 [52].
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A typical coupling reaction of a silane is shown in equation 2-13. The functional
group X is used to react with the polymer chain. Depending on the group X, silane
coupling agents are divided into 9 classes, which are shown in Table 2.1. Chemical
structures of representative coupling agents for each class are shown in Figure 2.6. As
shown in Table 2.1, each class of coupling agent can only react with certain polymers,

which are divided into five groups and are listed in the last column of Table 2.1.

OH OC,H, N
]
OH + CHO-SiRX ——> O;SE—R—X + 3C,H,0H
OH OCH O
7S (2-13)
@ QFZHS (,)_Czﬂs ®) QC2H5
CZHSO—§1—C3H6—S;C3Hg$rOCZH5 HS—CSHg§i'0CZH5
OC,H; OC,Hy OC,H,
© OC,H, (@) OC,H,
H,N—C,H8i-OC,H, CI-C,H;—$i~OC,H,
OC,H, OC,H;
©  ocH, D q QC,H,
H,C=CH-Si-OC,H, C-0-C,H7§i-OC,H;
OC,H, H,C=C_ OC,H,
CH,
® OC,H, () oCH,
H,C~CH-0-C;H—S$i-0C,H 0=C=N-C,H;—8i-OC,H,
o} OC,H, OC,H,
® OC,Hj
N=C-S—C,H8i-0C,H,
OC,H,

Figure 2.6 Some examples of commonly used silanes
(a) TESPT, (b) MPTES, (c) APTES, (d) CPTES, (e) VIES, () MOPTES, (g) GOPTES, (h)

ICPTES, and (i) TCPTES (One example for each class)



Table 2.1 Nine classes of silane coupling agents
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264)

Class Example Abbreviation | Chemical Applied polymer
molecule {(Commercial | structure
Name)
Polysulfide Bis-[3- TESPT Fig. 2.6a | Unsaturated polymers
class (triethoxysilyl)p | (Degussa Si-
ropyl]- 69)
tetrasulfide
Mercapto 3- MPTES Fig. 2.6b | Unsaturated polymers,
class mercaptopropylt | (UC A189) and Halongenated
riethoxysilane polymers
Amino class 3- APTES Fig. 2.6¢c | Unsaturated polymers
aminopropyltriet | (UC A1100)
hoxysilane
Chloro class 3- CPTES Fig. 2.6d | Halogenated polymers
chloropropyltrie | (Degussa Si
thoxysilane 230)
Vinyl class | Vinyltriethoxysi VTES Fig. 2.6¢ Peroxide cured and
lane (UC A171) unsaturated polymers
(free radical-based
Methacrylate 3- MOPTES Fig. 2.6f reaction)
class methacryloxypr
opyltriethoxysil
ane
Epoxy class 3-glycidoxy- GOPTES Fig. 2.6g | Unsaturated polymers
propyltriethoxys | (UC A187) (free radical) and
ilane polyurethane
Isocyanato 3- ICPTES Fig. 2.6h Polyurethane
class isocyanatopropy | (UC A1310)
ltriethoxysilane
Thiocyanato 3- TCPTES Fig. 2.6i | Unsaturated polymers
class cyanatopropyltri .
ethoxysilane (Degussa Si
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2.4.3 Plasticizer

In some strong polymer systems, such as highly crosslinked polymers [56],
polyaniline (PAni) [59], and poly(vinyl chloride) (PVC) [54], local chain order arises
from the presence of constraints, which restrict chain motion. Figure 2.7 schematically
illustrates an example of local chain order in such a high-interaction polymer. The
polymer chains in the ordered region are fully extended so that a change of internal
energy will occur if the polymer is under strain. Generally, a polymer with local chain
order has poor elasticity and high Young’s modulus. In order to improve the elasticity of
such high-strength polymers, some small molecules, called plasticizers, can be used to
increase the number of configurations accessible to the polymer chains. Typically, the
interaction between the plasticizer and the monomer is stronger than that between the
unbonded monomers. As an example, dodecylbenzenesulfonic acid was used as the

plasticizer of polyaniline [59].

e—0—¢ 00— —0—0—0
&—0———0 @0 —0—0
80— —06—06—0

Figure 2.7 Schematic illustration of ordering arrangement of monomers

It is important to distinguish plasticizers from organic solvents. Both plasticizers
and organic solvents can weaken the contribution from the interaction between polymer
chains, but they are quite different. Normally, plasticizers are nonvolatile organic
compounds, that can be well dispersed in the polymer matrix and that remain in the

polymer matrix as long as possible.  Although solvents have a similar influence on
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polymer materials as plasticizers, they can’t be called “plasticizers” because they are
volatile. The composition and properties of the solvent-swelled polymer material change
from time to time (out of control). The only way to maintain the plasticizer-like
properties of the solvent swelled polymer is to immerse the polymer material in an excess
of solvent. In this case, an equilibrium-swelled state is reached and the vaporization of a
small amount of the solvent has little impact on the composition of the polymer material.
Based on the interaction between a solvent and polymer molecules, the equilibrium
swelled state of the polymer in the solvent can be: (a) complete dissolution, which results
from the infinite swelling of a linear polymer in a good solvent; (b) a gel, which is from
the swelling of a lightly crosslinked polymer in a good solvent; (c) a “brittle” material, in
which a heavily crosslinked polymer is greatly swelled in a good solvent so that the
polymer chains are in configurations close to their elongation limit; and (d) an improved

elastic material with low amount of polymer swelling in an intermediate solvent.



Chapter 3 Experimental details

3.1 Polymers investigated in this thesis

The polymers investigated were poly(vinylidene fluoride) (PVDF, Solvay Co.,
Belgium), poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP, Dyneon Corp.)
with different molecular weights, and poly(vinylidene fluoride-tetrafluoroethylene-
propylene) (PVDF-TFE-P, Dyneon Corp.). Some information about the polymers is
listed in Table 3.1. The PVDF-HFP copolymers will be investigated to shed light on the
impact of molecular weight, which controls the Mooney viscosity listed in Table 3.1.

The molecular weight increases in the order of FC2211, FC2230, FC2261Q and FC2178.

Table 3.1 Specification of the polymers used

Commercial Chemical F% by | Mooney Solvent Supplier
name name weight | Viscosity

Solef 1008/1001 PVDF 59.4° N/A NMP Solvay Co.
FC2211 PVDF-HFP 65.9 20 Ketone | Dyneon Co.
FC2230 PVDF-HFP 65.9 38 Ketone | Dyneon Co.
FC2261Q PVDF-HFP 65.9 63 Ketone | Dyneon Co.
FC2178 PVDF-HFP 65.9 100 Ketone | Dyneon Co.
BRE-7131X PVDF-TFE-P | N/A N/A Ketone | Dyneon Co.

*Calculated value based on its monomer (CoHpF,).

The Mooney Viscosity is widely used in industry as an index of the molecular

weight of polymers. Generally, the Mooney viscosity is measured by sandwiching the

30
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melted polymer (i.e. at 121°C) between two parallel discs, and measuring the torque
needed to rotate the discs at a certain angular velocity, i.e. 2 rotations per minute (rpm).
Then, the Mooney viscosity of the polymer is ranked from 0 to 100 based on the torque

measured. The detailed measuring standard is described in ASTM D 1646.

3.2 Preparation of polymer and peolymer/SS films for mechanical and electrical

measurements

The polymers (PVDF, FC2211, FC2230, FC2261Q, FC2178 and BRE-7131X) were
dissolved in solvent (N-methyl pyrrollidinone (NMP, Aldrich) for PVDF, and methyl
ethyl ketone (MEK, Aldrich) for the others) to obtain solutions containing 20 wt%
polymer. Then, a measured amount of Super-S carbon black (SS, MMM Carbon,
Belgium), the crosslinking agent, the coupling agent, and chemical additives were added
to the polymer solution. The amount of the components added was described by part per
hundred ratio of the mass of the polymer (pph). Notice that we always use the highest
wt% component in the sample as the reference and set its content to 100 pph. After
shaking for 15 minutes, the final mixture was then cast on a piece of TEFLON release
film (3M Co.) using a notch bar spreader with a gap of 0.4 mm. After that, PVDF and
PVDF/SS films were dried in an oven at 90°C overnight, while PVDF-HFP, PVDF-
HFP/SS, PVDF-TFE-P, and PVDF-TFE-P/SS films were dried in air overnight before
use. Then, the dry films were cut into narrow strips for mechanical and electrical
measurements. The widths of PVDF-based films and elastomer-based films are about 1
mm and 5 mm respectively. The PVDF-based films are quite stiff. However, the

homemade stress-strain tester was specially designed for elastomeric composites. Hence,
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the PVDF-based films had to be carefully cut into very narrow strips to avoid breaking

the load cell.

3.3 Preparation of samples for the peel test

The sliced PVDF-TFE-P terpolymer was dissolved in MEK to make a solution
containing 20 wt% PVDF-TFE-P. Then 3 pph (part per hundred ratio of the mass of
PVDF-TFE-P) 1,4-diazabicyclo[2.2.2]octane (DABCQO, Aldrich), 4 pph CaO (Fisher
Scientific), 25 pph SS, and measured amounts of triethylenetetramine (TETA, Aldrich)
and 3-aminopropyliriethoxysilane (Adhesion promoter, APTES, Aldrich), if any, were
added to the PVDF-TFE-P solution. After shaking for 15 minutes, the final mixture was
then cast on a 50 mm by 25 mm piece of silicon wafer (Silicon Inc.) and dried in air for
>24 hours. The silicon wafer was used to mimic the surface silicon atoms in a-Sig 64510 36
or a-Si. A knife was then used to cut and remove the excess binder film on the wafer to
obtain a binder strip (about 5 mm wide) on the silicon wafer surface as shown in Figure

3.1

waaaaffp

Silicon wafer, |

attached to the
actuator by a
metal frame

Binder film
attached to the
load cell grip

Figure 3.1 Schematic of a sample for the peel test
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3.4 Preparation of electrodes

3.4.1 MCMB electrode using PVDF

PVDF was first dissolved in NMP to prepare a 10 wt% PVDF solution. 0.300 g
mesocarbon microbeads (MCMB, heat-treated to about 2650°C, Osaka Gas, Japan) was
mixed with 0.030 g SS, 0.300 g PVDF solution and 0.750 g NMP. After shaking in a
small vial with several stainless steel beads for 15 minutes, the slurry was then cast on a
piece of copper foil (ca. 10 pm thick) using a notch bar spreader with a gap of 0.4 mm.

The electrode was dried in an oven at 90°C overnight before use.

3.4.2 a-Sige4Sngs¢/Ag electrode using PVDF

0.300 g silver-coated amorphous SipesSnoses (a-SioesSnose/Ag, ca. 10 wt% silver
coating, 3M Co.) was mixed with 0.060 g SS, 0.300 g 10 wt% PVDF solution (mentioned
in 3.4.1) and 0.750 g NMP. After shaking in a small vial with several stainless steel
beads for 15 minutes, the slurry was then cast on a piece of copper foil using a notch bar
spreader with a gap of 0.4 mm. The electrode film was dried in an oven at 90°C

overnight before use.

3.4.3 a-Sig64Sng3¢/Ag electrodes using elastomers

0.300 g a-SigesSngs¢/Ag was mixed with 0.060 g SS, 0.300 g 10 wt% elastomer
solution (FC2211, FC2230, FC2261Q, FC2178, or BRE-7131X), measured amounts of
TETA, APTES, CaO, DABCO, and 0.750-0.900 g MEK. The amount of MEK depends

on the precise value of the room temperature. Normally, more MEK is used during the
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summer months. After shaking in a small vial with several stainless steel beads for 15
minutes, the slurry was then cast on a piece of copper foil using a notch bar spreader.
The electrode was dried in air overnight and then dried in an argon flow at 110°C for 24

hours before use.

3.4.4 Combinatorial electrode film using PVDF

9.036 g a-SigeSng3s/Ag, 1.809 g SS, and 5.028 g 20 wt% PVDF solution in NMP
were added to a polypropylene bottle. Then 31.8 g NMP and 3 zirconia milling media
were added and the bottle was closed with its lid and shaken for 30 minutes to mix the
slurry. After shaking, the slurry was spread as a “bead” along a straight line on a piece of
flattened copper foil (10 pm thick, 25 cm wide and ca. 30 cm long) supported on a glass
plate (Steps 1 and 2 in Figure 3.2). Then the slurry bead was spread in the perpendicular
direction using a tilted notch bar spreader (33 cm long) with a gap between the bottom of
the spreader and the top of the copper foil ranging from 0 to 250 pm as shown by step 3
in Figure 3.2. The film was dried in an oven at 90°C overnight before use. An array of
6x4 electrodes were cut out of the film as illustrated in Figure 3.3. The compression step,

if desired, was carried out before cell assembly.



STEP 1
Flatten copper
foil on glass plate

STEP 2

Spread slurry in
a uniform bead
with translator

STEP 3
Spread bead in
perpendicular
direction with
tilted notch bar

 STEP4
' Dry film

Figure 3.2 Schematic of the production of the electrode with the combinatorial thickness

gradient.

Thickness gradient
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Figure3.3 The array of PVDF-based electrodes prepared. Rows A-C were used to study
the effect of the lower cutoff voltage; Rows A, D-F were used to study the effect of

compression



3.4.5 Combinatorial electrode film using PVDF-TFE-P

10.038 g a-SipgsSngse/Ag, 2.000 g SS, 5.028 g 20 wi% PVDF-TFE-P solution in
MEK, 0.039 g Ca0, 0.031 g DABCO, 0.042 g TETA, and 0.477 g APTES were added to
a polypropylene bottle. Then 29.8 g MEK and 3 zirconia milling media were added and
the bottle was closed with its lid and shaken for 30 minutes to mix the slurry. After
shaking, a combinatorial electrode film was made as described in section 3.4.4. The film
was dried in air overnight before use. An array of 9x16 electrodes were cut out of the
film as illustrated in Figure 3.4. Then the electrodes were labeled and heated in an argon
flow at 110°C for 24 hours. The compression step, if desired, was carried out after

heating.

Thickness gradient

O m g A w

2L

1 23 45 6 789 1011121314 15 16
Figure 3.4 The array of PVDF-TFE-P-based electrodes prepared. Rows A-C were used
to study the effect of the lower cutoff voltage; Rows A, D-F were used to study the effect

of compression; Rows A, G-H were used to study the effect of the elecitrolyre.
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3.5 Mechanical and electrical characterization

During the charge/discharge of the electrode, the negative electrode material
particles will contract or expand, which will cause relaxation, elongation or breaking of
the binder. Hence, it is important to study the mechanical and electrical behavior of
binder/solids films under the cyclic deformation. A stress-strain tester designed and built
at Dalhousie was used for this purpose. Figure 3.5 shows a photograph of the dual-unit
stress-strain tester. The instrument has two complete units as shown in Figure 3.5 and
allows for simultaneous testing of two samples. A single stress-strain testing unit is
schematically shown in Figure 3.6. A program, whose interface is shown in Figure 3.7,
was written in Visual Basic to communicate with the motion controllers and the
multimeter.

The two stress-strain testing units and two in-situ resistance testing units, which will
be described in the following section, share one computer and the hardware interface, and
the current program enables the computer to fully control the four different units
simultaneously and independently. The computer controls the action of actuators through
motion controllers.

Figure 3.6 shows a block diagram of a stress-strain tester. The actuator can
cyclically stretch or release a binder film using programmed steps. The load cell is a
force sensor, which transfers the force it experiences into a potential signal. There are two
leads connected to the ends of the binder film via grips. These two leads are used to
measure the resistance of the film during the experiment. The multimeter collects the
signal from both load cells and resistance leads, and converts them into digital signals for

the computer. With such a system, we are able to study the mechanical and electrical
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properties of dry binder films and swelled binder films as well as the adhesion strength of

binder films to 2 solid surface.

Figure 3.5 (a) View of the dual-unit stress-siress tester, (b) side view of the actuator, and

(c) top view of the sample holder for dry samples.

Grips

Actuator

Resistance
Multimeter leads Motion controller

Computer

Figure 3.6 Schematic of a stress-sirain tester
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Figure 3.7 A snapshot of the software interface for stress-strain testers and in-situ

resistance testing units

3.5.1 Investigation of dry binder films

Figure 3.8 shows typical data collected on a TETA-crosslinked PVDF-HFP/SS film.
Figure 3.8a shows a typical experimental stress-strain curve measured until the sample
broke. Three parameters are used to describe the stress-strain curve. The Young's
modulus, E, is the slope of the stress-strain curve at small strain. The maximum strain
that the film can be stretched before breaking is called the maximum elongation before
break, or the breaking strain. The stress at the breaking point is defined as the breaking
stress. Figure 3.8b shows a typical resistivity variation of the binder film during

stretching. The nominal resistivity, p,, is defined as

Pn=— (3'1)
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where R is the measured resistance of the binder/solid film, and 4, and L, are the original
cross-sectional area and length of the film, respectively.

Figure 3.9 shows stress-strain, and nominal resistivity-strain curves for a TETA-
crosslinked PVDF-HFP/SS composite film under cyclic deformation. The maximum
stress, Gmax, 1S the stress measured at maximum strain during a cyclic deformation or the
relaxation test (Figures 3.9a and 3.10a). The rebound is the value of the strain where the
stress-strain curve reaches zero stress at the end of the first deformation cycle.

Figure 3.10a shows the relaxation of applied stress at fixed strain as a function of
time, and the change of the nominal resistivity is shown in Figure 3.10b. Two
parameters, Gmg and onq are used to define the amount of relaxation that occurs in a

specific time. We define the relaxation as,

Relaxation = o~ Zend  100% . (3-2)
[0

The amount of relaxation depends on the time of the experiment. Normally, we measure
the amount of relaxation that occurs in 60 minutes.

All stress-strain curves reported here were measured using a strain rate of £0.01
strain per minute. A slow rate was chosen to mimic the conditions within a lithium-ion

battery where electrode expansion and contraction cycles take on the order of one hour.
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Figure 3.8 (a) stress vs. strain, and (b) nominal resistivity vs. strain of a TETA-
crosslinked PVDF-HFP/SS composite film showing the definitions of breaking strain,

breaking stress, and Young's modulus (E)
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Figure 3.9 (a) stress vs. strain, and (b) nominal resistivity vs. strain of a TETA-
crosslinked PVDF-HFP/SS composite film under cyclic deformation showing the

definitions of the maximum stress (Cmay), and the rebound after stretching
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Figure 3.10 (a) stress vs. time, and (b) nominal resistivity vs. time of a PVDF-HFP/SS

composite film during a relaxation test

3.5.2 Investigation of swelled binder films

In order to study the properties of binder films swelled in liquid solvent, special
modification was made to the sample grips, as schematically shown in Figure 3.11. The
solvent used was a mixture of ethylene carbonate (EC, Aldrich) and diethyl carbonate
(DEC, Aldrich) with a ratio of 1:2 by volume. After the sample was successfully
mounted in the grips, the container with the liquid solvent was lifted and the sample film
was immersed in the solvent for 5 minutes before the measurement started. During this
time the polymer swelled in the solvent. During the experiment, some electrochemical
reactions, such as the electrochemical decomposition of the solvent, could occur if the
potential difference between the Al grips reached over 4 V. Hence, the current used for

the resistance measurement was set to a small value of 0.5 pA. Therefore, it is not



unusual to see some noise in the nominal resistivity versus strain results since small
voltage measurements were usually recorded. The strain rate was set to £0.05 strain per
minute to decrease the effect of solvent (i.e. DEC) evaporation.

Figure 3.12 shows a typical resistivity variation of a binder film during swelling.
From the data, we can see that the film reaches its equilibrium-swollen state in less than 1
minute. Figure 3.13 shows typical stress-strain data of a swelled binder film in EC/DEC
(1:2, v/v). Notice that that resistivity of the film under large strain is so high that the

decomposition of solvent occurs when the strain is larger than 80%.

PEgrpto  pogistance leads
foad cell
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jSam fe film ﬁg
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i
/ \
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Figure 3.11 Schematic of the specially designed grips to study the mechanical and

electrical properties of binder films swelled in the liguid solvent.
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Figure 3.12 Typical resistance change of a TETA-crosslinked PVDF-HFP/SS film
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crosslinked PVDF-HFP/SS composite film swelled in EC/DEC (1:2, v/v)
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3.5.3 Peel test

A sample prepared for the peel test is schematically shown in Figure 3.1. A silicon
wafer was used to mimic the surface (silicon atoms) of amorphous SigesSno3s. The free
end of the binder film was attached to a load cell via a grip, and the silicon wafer was
attached to an actuator via a metal frame. Then, the force applied to the load cell was
recorded while the actuator pulled the silicon wafer. Figure 3.14 shows typical data for
the peel test. At the beginning, the binder film was stretched and became taut. The force
applied increases as the actuator moves backward. At a certain point the force applied is
equal to the adhesion strength, and the binder film will peel up and the force will remain
constant. Notice that the adhesion strength, or the adhesion energy, shown in Figure 3.14
is about 20 J/m?. The adhesion energy was obtained by dividing the force measured with

the width of the binder film.

25 ] ' 11 I L ' ¥ I ¥
20 -
r’g 15 Constant force.
= Peeling. i
=~ G=20 J/m?
Q10+ -
5 Stretching binder film. i
1) AT WIS NI WS —
¢ 2 4 6 8 10

Time (min)
Figure 3.14 Typical data for a peel test to measure the adhesion strength between the

binder film and the silicon wafer
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3.6 Soaking Test

To evaluate the amount of swelling of the crosslinked polymer films, the films were
immersed in the mixed solvent [EC/DEC (1:2 by volume)] for 24 hours. Then the film
was dried quickly with a paper towel (in <1 minute) to eliminate the solvent drops on the
surface. The mass of the film before and after soaking was measured to determine the %
weight uptake of films, which is defined here to be the swelling ratio. The typical mass

of samples used for the soaking test was about 0.2-1.0 g.

3.7 In-situ Resistance technigue

The in-situ resistance cell, measurement method and measuring electronics are very
similar to those described by Baudais et al. [67]. However, in-situ resistance results in
reference [67] were made on pure evaporated films of micrometer thickness. Here the
studies are being made on composite electrodes, containing negative electrode material,
carbon black and binder, which are about 75 micrometers thick.

Figure 3.15 shows the current collector design used in our test cells to provide an
appropriate current path through the negative electrode, with which to measure the
resistance of the electrode across the gap. The current collector is a copper film, ca. 1 pm
thick, deposited using a RF spuitering machine on a cleaned glass microscope slide. The
glass slide, with the sputtered copper film is called the negative electrode plate here. A
narrow gap, ca. 1.0 mm wide, was masked in the copper film. A well-mixed electrode
slurry, which is described in section 3.4, was cast as a thin film across the gap using a

notch bar spreader with a gap of 0.3 mm. Before assembling the cell, excess film on the
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substrate was gently removed with a scalpel to leave a square electrode (about 1 cm x 1
cm) spanning the gap.

Figure 3.16 shows an exploded view of the in-situ resistance cell. The base plate is
made of TEFLON and has a slot machined into the top surface to hold the negative
electrode plate. Four screws are threaded through this base plate to secure the top plate of
the cell. The cells used a polypropylene microporous separator, an electrolyte (1M
LiClO, dissolved in EC/DEC (1:2, v/v), Mitsubishi Chemical), and a Li counter
electrode. The lithium metal rests against the top plate, which has an O-ring groove. A
Kalrez O-ring was used to seal the cell. The cells were assembled in an argon-filled

glove box.

. Sputtered Copper
layer for electrical
contact

Gap

egative electrode

Figure 3.15 Schematic of the negative electrode on the negative electrode plate used for

the in-situ resistance measurement



48

Stainless Lead T
ﬁ] steeflate
| |

-Kalrez-19

O-ring
Cu layer sputtered - Lithiom foil
on a glass slide O_.w Separator
\ B Anode electrode
T Lead R

. TEFLON slab

Figure 3.16 Exploded view of the in-situ resistance cell

Figure 3.17 shows a photograph of the dual-unit in-situ resistance testing system
built at Dalhousie. During charge or discharge to a given state of charge, the two copper
contacts were electrically connected together so that the entire negative electrode was at
the same potential. Once the desired state of charge was reached, the cell was then
placed in an open circuit condition and a current pulse was applied across the negative
electrode using the leads L and R in Figure 3.16. The potential drop across the electrode
was measured as a function of time during the current puise. The voltage profile

recorded was fitted to obtain the resistance of the electrode.

Figure 3.18 shows a typical voltage response of the electrode to the pulse current
input during the resistance measurement. Apparently, the voltage response to the pulse
current input is not a square wave as expected by Ohm’s law. The curved voltage peaks
are caused by the transport of lithium ions between the half-electrodes during the
measurement [67]. When a current passes through the electrode film across the gap, a
small potential difference is set up between the half-electrodes. Therefore, a small

compositional difference (x in a-LixSios4Snoz6/Ag) between the half-electrodes is needed



49

to match the potential difference. Thus, the lithium atoms have to be redistributed
between the half-electrodes. Figure 3.19 schematically shows the ionic pathway that is
able to transport charge during the resistance measurement. The charge transfer rate is
controlled by the ionic resistance (R;) between the half-electrodes, and the amount of
charge that can be transferred by the ionic pathway is limited by the differential capacity

(C) of the half-electrodes and the potential difference.

Figure 3.20 shows an equivalent circuit, that incorporates the electrical (R) and ionic
(R;, C) paths [67], which was used to fit the experiments. An example of the good fit to
the experimental data is also shown in Figure 3.18. Normally, the current pulse used to
measure the resistance was +25pA for MCMB composite electrodes and +1pA for a-

Si0.64Sng 3¢/ Ag composite electrodes.



Figure 3.17 A photograph of the dual-unit in-situ resistance testing system
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Figure 3.18 A typical voltage response of an a-Sip 6:Sn.36/Ag elecirode to the pulse

current sequence. A pulse current sequence of 0, -1, 0, 1, and 0 p4 was applied to

measure the resistance.
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Figure 3.19 Current flow carried by the ionic path during resistance measurement
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Figure 3.20 The equivalent circuit used to fit the experimental data of a-Sip 6,510 36/Ag

electrodes.

3.8 Coin cell construction and testing

The electrochemical performance of negative electrodes was tested in 2325 (23 mm
diameter, 2.5 mm thickness) coin cells. Figure 3.21 shows an exploded view of a lithium
coin cell used for electrochemical characterization. The cell stack consists of a working
electrode (negative electrode in this study), a microporous polypropylene (PP) separator
(Celgard 2502), a counter electrode (lithium metal) and an appropriate amount of
electrolyte. The electrolyte used was IM LiPF in a mixed solution of ethylene carbonate
(EC) and diethyl carbonate (DEC) with a ratio of 1:2 by volume. The cell stack was held
in place with a spacer and a spring. After the whole cell was assembled, it was crimp-
sealed. All cells were assembled in an argon-filled glove box. In a few cases, 1M LiBFy,
1M LiClOs, 1M LiBETI, respectively, in EC/DEC (1:2, v/v) were used instead of LiPFe-

based electrolyte.
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Figure 3.21 An exploded view of a coin type fest cell

Computer controlled chargers made by E-One/Moli Energy and by Maccor were
used to characterize the cells. Cells were discharged and charged between a lower cutoff
potential and an upper cutoff potential with a computer-controlled constant-current
charger system. Tests were made at a constant temperature of 30°C. During discharge,
the potential of the cell drops. The discharge current is stopped when the cell potential
reaches the lower cutoff potential. During charge, the potential of the cell increases and
the current is stopped when the cell potential reaches the upper cutoff potential. The raw
cycling data recorded by the charger system is the cell voltage versus time.

A program, “Datamangler”, developed by D. A. Stevens was used to calculate the
cell potential versus the specific capacity, differential capacity versus cell potential and
the specific capacity versus the cycle number based on the raw data from the charger

systems.
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2.9 In-sitw thickness measurement

The in-situ thickness cell is almost the same as the normal coin type test cell except
that the spring is replaced with two spacers. The spring was removed so that the
thickness change of the electrode can be measured by monitoring the thickness change of
the whole cell. The three spacers fill the internal volume of the cell casing. An exploded
view of the in-situ thickness cell is schematically shown in Figure 3.22.

Figure 3.23 shows a schematic of the in-situ thickness measurement. The cell was
connected to the Moli charger system in the same way as a regular coin-type test cell, but
with the casing bottom facing up. A linear voltage displacement transducer (LVDT,
ATA 2001, Schaevitz) touched the casing bottom. Thickness changes of the cell moved
the probe vertically and the displacement of the probe was detected by the LVDT. The
output signal of the LVDT was recorded by the slave channel of the charger system.
Using the master-slave technique provided by the Moli charger system, the potential of
the electrode and the thickness changes of the cell can be monitored simultaneously.
Then, the theoretical thickness changes of the lithium foil were accounted for to obtain

the thickness change of the working electrode.
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Figure 3.22 An exploded view of the in-situ thickness cell
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Figure 3.23 Schematic of the in-situ thickness measuring system

3.10 Other physical characterizations

Powder X-ray diffraction (XRD) was used to confirm the amorphous state of the

negative electrode materials, a-Sip.4Sno3¢ and a-Sige4Sng3e/Ag. The diffractometer used
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was a Siemens D500 diffractometer, which has a copper target X-ray tube and a
diffracted beam monochromator. A flat stainless steel holder with a rectangular well in
the center was used to hold the powder samples. The X-ray scattering angle range
measured was between 10° and 90° with a step size of 0.05°. The count time was 30
seconds per step.

Scanning electron microscopy was used to investigate the morphology and size of
negative electrode materials used. Differential scanning calorimetry (DSC) was used to
measure the crystallization temperature of the amorphous materials, a-Sige4Sng36 and a-

Sig.64Sn036/Ag.

3.11 Specifications of negative electrode materials used

The negative electrode materials discussed in this thesis are a-Sig64Sng s, and a-
Sig 62Sng 3¢/ Ag (with 10 wt% silver coating). Both of the materials were provided by 3M
Company. The a-Sig4Sno 3¢ was prepared using a sputtering machine, which deposited
the a-Sig 6Snoe4 on a metal substrate in a thick layer. The material was removed from the
substrate by a high-impact blow. The removed chunks were then ground into powder at
3M using automated grinding equipment. Figure 3.24a shows SEM images of some a-
Sig¢4Sngs¢ particles. The particle size is about 10-20 microns. The surface of the a-
Sig.64Sng 36 particles is quite smooth with some small humps (Figare 3.24b). Then, a layer
of silver was deposited on the surface of the a-SigesSnose particles by electroless
deposition to obtain a-SigeSngs¢/Ag. Figure 3.24c shows the particle size of a silver-
coated negative electrode material particle. Figure 3.24d clearly shows that the particle

was evenly covered with a layer of silver particles, whose size is about 100 nm. Almost
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no bare a-Sige4Sng 3¢ surfaces can be observed with SEM. The amorphous state of the
materials was confirmed by X-ray diffraction patterns (Figure 3.25). The sharp peaks in
the XRD patterns are associated with the XRD pattern of crystalline silver particles on

the surface of a-Sigs4Sng 3¢/ Ag particles.

1 T

S00nm

Figure 3.24 (a) SEM image of a-Sig 64Sno 36 (low magnification), (b) SEM image of a-
Sip.645n0,35 (high magnification), (c) SEM image of a-Sip ¢4Sny 3¢/Ag (low magnification),

and (d) SEM image of a-Sig s4Sng 36/Ag (high magnification)
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Chapter 4 PVDF-HFP-based elastomeric binder system

4.1 Introduction

Carbon-filled polymer composites, especially based on PVDF, have been widely
used in lithium-ion batteries as an electrode binder to maintain physical integrity of the
electrode and to help maintain an electrical pathway between active material particles and
the current collector [16, 17, 19-26, 28, 29]. The mechanical and electrical properties of
the carbon-filled polymeric binder may therefore impact the performance of lithium-ion
and other batteries.

However, the mechanical and electrical properties of the binder system were widely
ignored until recently. The first publication about the impact of the binder system on the
cycling performance of metallic alloy composite electrodes appeared in 1999 [68]. The
author used polyethylene (PE) as a flexible binder for ultrafine Sn and SnSby composite
electrodes. Compared to the electrodes using the PVDF-based binder, the ultrafine Sn
and SnSby electrodes using the PE-based binder had better capacity retention. However,
only a minor improvement was obtained. One year later, Besenhard et. al. proposed the
use of crosslinked binders to improve the capacity retention of Sn and SnSb composite
electrodes [13]. However, no follow up publication about the importance of the binder
system appeared until we published a series of research works to successfully address the
critical importance of the binder system [60-63, 69, 70].

According to the tether model we propose, it is apparent that an elastomer with good
mechanical properties is not enough to maximize the capacity retention of metallic alloy

composite electrodes.  Good adhesion strength between the polymer and solid
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components of composite electrodes, carbon black particles and active material particles,
is critical as well. A poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HEP,
FC2178) polymer was carefully investigated as a potential elastomeric binder system to

improve the capacity retention of a-Sig.645n0 3¢/ Ag composite electrodes.

4.2 Mechanical and electrical characterization of FC2178 and FC2178/SS samples

4.2.1 Mechanical models

It is our long-term goal to determine the link between the mechanical properties of
the binder system and the electrochemical performance of the resulting electrode. As a
first step, it is important to describe the mechanical properties of the binder system with a
suitable mechanical model. Two mechanical models were used to describe the
mechanical properties of the crosslinked polymer and polymer/carbon black blends,

respectively.

4.2.1.1 The linear model

Springs and dashpots are the basic elements used to simulate the mechanical
behavior of polymers [39]. Figure 4.1 shows a schematic of a four-element linear model.
In the linear model, K; and K, are the Young’s modulus of the springs used to represent
the strength of the polymer, while Kq; and Ky are constants of the dashpots used to
model the viscosity of the polymer. This linear model was used to study the mechanical
properties of the FC2178 polymer and the effect of crosslinking in the absence of carbon

black.
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Figure 4.1 Schematic of the linear model used to describe the mechanical properties of
polymer films. K; and K, are spring constants in the model and Kay and Kq; are

constants used to characterize the viscosity of the dashpots in the model.

4.2.1.2 The bilinear model

Normally, carbon black is used in polymers and binders as a conductive filler. When
carbon black was added to the polymer, the mechanical properties changed dramatically
and the linear model couldn’t fit cyclic stress-strain experiments properly. A bilinear
element was needed to describe the effect of the carbon black. Figure 4.2 shows a
schematic of the bilinear model. Compared to the linear model, the bilinear model has a
bilinear element placed in series with a third dashpot. The stress of the bilinear element,

G, is described by two parameters, ks; and kg, as shown in equation (4-1);

k.vlg g Z gmax
Grz = kslgmax - ks2 (gmax - 8) ge <es gmax (4_1)

0 £<eg,
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where € is the strain, gy, is the largest strain applied in the deformation history and €. is
the strain at which a new equilibrium length of the bilinear element is established.

Figure 4.3 shows a diagram of the stress-strain behavior of the bilinear element as
described by equation (4-1) with g, = 0.4. Physically, the bilinear element is meant to
represent a carbon black strand connected to viscoelastic polymer at each end. As the
element is stretched the carbon black strand rotates to be parallel to the stretching
direction, thus establishing a new, longer equilibrium length. When the stress is
removed, the polymer contracts, but we assume the carbon black strand does not rotate
fully back to the original position and the element goes "slack” at the point "f" in Figure
4.3, Although this bilinear element is empirically derived, we will show that it captures

the main behavior of carbon black-filled polymer composites studied here.

Figure 4.2 Schematic of the bilinear model used to describe the mechanical properties of
polymer/carbon black films. K; and K; are spring constants in the model and K, K
and Kz are constants used to characterize the viscosity of the dashpots in the model.
K(K,1,K,3) describes the stiffness of the bilinear element. Parameters Ky and K are

described in equation (4-1).



1] ¥ i ) ¥ T 1 N T
a 1.0F — Firstcyele C,Im 4
® e . .
Further cyeling / Sm,_
[+ Y —- 0.8+ J
% /
¢, % 8
% .
d » k=1
@
[¥] o
e 2
® @
@
>
f -
® @
g o\/m b
i

0.0 0.2 0.4 0.6 0.8 1.0
Reduced Sirain

Figure 4.3 The stress-strain curve of the bilinear element proposed. (a) Initial state of the
bilinear element, (a)-(d) a stretched bilinear element, which is taut, (d)-(f) a releasing,
but taut, bilinear element, (f) a bilinear element with its new equilibrium length, and (g) a

slack element if further released.

4.2.2 Poor mechanical properties of PVDF compared to FC2178

Figure 4.4 compares the mechanical and electrical properties of PVDF/SS and
FC2178/SS films. Figure 4.4a shows the stress versus strain for PVDF/SS and
FC2178/SS films stretched to the breaking point. Both PVDF/SS films with 10 pph and
25 pph SS, respectively, can only be stretched to about 4% before breaking. The
extensibility is quite poor. Compared to PVDF/SS films, FC2178/SS films have much
betier elongation before breaking. The FC2178 film with 11 pph SS can be extended to
about 50% strain without breaking. Even when 25 pph SS is added, the film can be
stretched to about 20% before breaking. Figure 4.4b shows the nominal resistivity vs.

strain of PVDF/SS films and FC2178/SS films. When the SS content increases from 10
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pph to 25 pph, the nominal resistivity of both PVDF/SS films and FC2178/SS films

decreases.
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Figure 4.4(a) Stress vs. strain and (b) nominal resistivity vs. strain showing the

elongation till break behavior of PVDF/SS and FC2178/SS films.

4.2.3 Effect of carbon black on the properties of FC2178

Figure 4.5a shows the effect of the SS content on the mechanical properties of
FC2178/SS films. As the SS content increases, the Young’s modulus of the FC2178/SS
film increases and the maximum elongation before break decreases significantly. When

5.2 pph SS was used, the film could be elongated by 60% before breaking. However, the
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film with 25 pph SS could only be stretched by 20%. Figure 4.5b shows the effect of the
SS content on the nominal resistivity of FC2178/SS films. As the SS content increases,
the resistivity decreases. The nominal resistivity increases exponentially with the strain

applied.
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Figure 4.5 (a) Stress vs. strain and (b) nominal resistivity vs. strain showing the effect of

the SS content on the breaking behavior of FC2178/SS films

4.2.4 Crosslinking of FC2178 with TETA

The active material is an essential component of electrodes for lithium-ion batteries.
The addition of active materials (normally > 400 pph polymer) will dramatically degrade
the mechanical properties of the binder film like additions of SS do. Hence, the

mechanical properties of the FC2178/SS system may not be sufficient for applications
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with large volumetric changes. Fortunately, the mechanical properties of FC2178/SS
films can be significantly improved by crosslinking.

The VDF monomer in PVDF-HFP (FC2178) can react with a base to form an
unsaturated carbon-carbon double bond as shown in equation 4-2. Carbon-carbon double
bonds in the backbone of the polymer chains can act as the active sites for crosslinking
and coupling reactions. For instance, -NH, in an organic molecule can be added to a
carbon-carbon double bond. Equation 4-3 shows the reaction of the active site in the
polymer backbone with a bifunctional molecule, triethylenetetramine (TETA), which will
be used as the crosslinking agent for PVDF-HEP.

~-CH,-CF,~ + base — -CH=CF- + HF-base (4-2)
-CH=CF- + NH,-R-NH; — -CH,-CF(-NH-R-NH)- (4-3)

A series of FC2178 films were prepared with different TETA contents, which ranged
from 0 to 10 pph. The stress-strain curves collected are shown in Figure 4.6. All curves
were fitted with the linear model, and the fitted results are also shown in Figure 4.6 for
comparison. As the TETA content increases, the Young’s modulus of the binder film
increases and the rebound point decreases. When 10 pph TETA was used, the stress-
strain curve is almost linear, and rebounds to a very small strain (about 3%). This sample

behaves almost as a Hooke’s-law spring.
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Figure 4.6 Stress vs. strain curves of TETA-crosslinked FC2178 films with (a) 0.0 pph
TETA, (b) 0.3 pph TETA, (c) 0.9 pph TETA, (d) 1.2 pph TETA, (e) 2.0 pph TETA, (f) 2.9

pph TETA, () 5.0 pph TETA, and (h) 10.0 pph TETA

The parameters used to fit the linear model to the data in Figure 4.6 are listed in
Table 4.1. Figure 4.7 shows the fitted parameters plotted as functions of the TETA
content. The parameters, K; and Kz do not show a clear trend with the TETA content.
However, K; and Ky, show a strong dependence on TETA content. They increase
linearly when the TETA content is less than 4 pph, and continue to increase more slowly
when more than 4 pph TETA is used. These parameters increase because the films are

getting stiffer (K;) and more viscous (Kg).



Table 4.1 Best-fit parameters of the linear modet to crosslinked FC2178 films

TETA K, (MPa) | K, (MPa) Kt Ka
content (pph) (10* MPa-S) | (10° MPa-S)

0.0 0.70 0.81 4.1 0.14

0.3 0.89 0.30 3.6 0.77

0.9 1.8 0.85 1.5 1.1

12 1.6 1.3 3.8 0.81

2.0 3.0 1.9 2.7 1.9

2.9 3.7 10 32 2.0

5.0 3.2 3.1 1.2 2.5

10.0 4.4 16 0.68 3.6
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Figure 4.7 The effect of crosslinking on the parameters of the linear model for FC2178
films: (@)K, vs. TETA content, (b) K, vs. TETA content, (c) Kar vs. TETA content, and (d)

K> vs. TETA content.

Figure 4.8 shows the effect of the TETA content in FC2178 films on the maximum
stress at a given strain, the rebound point from the same strain and the relaxation in stress
of films held at fixed strain. The maximum stress at fixed strain increases with TETA
content when less than 3 pph TETA is used (Figure 4.8a). The rebound point and the
amount of relaxation decrease with the TETA content. When the TETA content is larger
than 3 pph, the rebound point is less than 10% strain (Figure 4.8b) and the amount of
stress relaxation is constant near 10% (Figure 4.8¢). Crosslinking with TETA not only

increases the strength of polymer films but also suppresses the viscoelastic flow of
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polymer chains. However, the improvement of the mechanical properties slows down

when the TETA content is above 3 pph.
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Figure 4.8 The effect of TETA on the mechanical properties of FC2178 films: (a)
maximum stress vs. TETA content, (b) rebound vs. TETA content, and (c) percent stress

relaxation vs. TETA content

4.2.5 Introducing the bilinear element in the mechanical model

Solids, for example the carbon black and the active material, are essential
components of the electrode. We would like to be able to use the mechanical model to
describe films that are similar to electrodes. However, the linear model doesn’t describe

experiment well when SS is added to the polymer. Figure 4.9 shows the poor agreement
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between the experiment and the simulation, using the linear model, for a FC2178/TETA
film containing 25 pph SS. The best-fit parameters for the linear model are listed in the
first row of Table 4.2. After the first stretch, the experimental curve shows sharply rising
regions when the strain is larger than 40%. This corresponds to an increase in the
modulus of the binder film. However, calculated results do not show this behavior.
Under the extreme condition that the dashpot viscosities are infinite, the linear model
reduces to a spring with a constant modulus. There is no way to explain the upward
curvature in the experiment. Thus, the linear model cannot simulate regions with an

increasing modulus, and a bilinear element is needed to describe this behavior.
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Figure 4.9 An attempt to describe the stress-strain curve of an FC2178 film

incorporating 25 pph SS and 6.0 pph TETA using the linear model.
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Table 4.2 Best-fit parameters of the bilinear model to experiments (Figure 4.9 and 4.11)

K1 Ky K Ko | Kag (10* | Ko @10 Ka Figure
(MPa) | (MPa) | (MPa) | (MPa) | MPaS) | MPa$S) | (10°MPzaS)

a | 12 12 | N/A | N/A 2.1 1.3 N/A 4.9

a | 10 8.2 8.0 25 0.82 9.3 1.7 4.11a

b | 12 79 | 6.6 24 0.64 4.4 4.0 4.11b

¢ | 15 14 7.0 17 0.28 3.1 9.2 4.11c

Figure 4.10a shows a stress-strain curve for a cross-linked FC2178 sample
containing 25 pph SS and 6.0 pph TETA, which was first strained to 45%, then released
to zero stress and then strained beyond 45%. Notice that the sample has “memory” of its
original behavior (same slope in the stress-strain curve) when it is strained beyond 45%.
Figure 4.10b shows stress-strain curves for two identical films, which have been first
strained to 40% and then cycled to 13% or to 30% strain repeatedly. The data cycled to
13% show no hint of a region of increasing modulus, while there is some increase in
modulus when the film is stretched to 30%. A bilinear element is needed that can
"memorize" the deformation history and that has little effect when the strain is small,

after an initial high-strain extension.
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Figure 4.10 Features that cannot be explained by the linear model. (a) ‘Memory’ effect,
and (b) linear and bilinear stress vs. strain of an FC2178 film with 25 pph SS and 6.0 pph

TETA

We propose that the bilinear element resemble the behavior of a string. Carbon black
is composed of chains of carbon nano-spheres that can attach one to the next. It is quite
filamentary. When the polymer is stretched we believe carbon black filaments will first
rotate to be parallel to the stretching direction. At this point, the “string” will be taut, and
stretching of the polymer attached to the end of the carbon black will occur. If the stress
is released, only a small contraction will occur before the stress reaches zero.

Figure 4.3 shows a schematic model of the bilinear element we propose. As the
element is stretched (a—>b->c—>d) carbon black filaments rotate to be parallel to the
stretching direction, thus establishing a new, longer equilibrium length. When the stress

is removed, the polymer contracts (d—>e—>f), but we assume the carbon black strand does
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not rotate fully back to the original position and the element goes "slack” at the point "f"
in Figure 4.3. After that, the stress will be zero if the strain is further reduced (f—>g—a).
Further cycling follows the path ge>fére. If the element is stretched beyond the point e
(the maximum strain in the history), a new €max is reached and the stress increases with
strain with a slope of %, instead of K, Based on the above discussion, a bilinear element
was added to the mechanical model (see Figure 4.2). The stress within the bilinear
element, o, can be described by equation 4-1.

Figure 4.11 shows stress-strain curves calculated using the bilinear model compared
to the data in Figures 4.9 and 4.10. The best-fit parameters are also listed in Table 4.2
(rows a’, b and ¢ respectively). Figure 4.11a shows the fitting to the cyclic stress-strain
curve. The bilinear model fits the experimental curve very well. It also models the
upturn of the stress at about 40% strain, which is beyond the capability of the linear
model. The singular point at about 40% strain occurs at the point where the bilinear
element establishes its new equilibrium length. When the strain is less than 40%, the
contribution of the bilinear element to the stress is zero, while springs K| and K, shown
in Figure 4.2 are still stretched and the stress varies with strain with a smaller slope as
shown in Figure 4.11. The bilinear model can also model the “memory” effect of the
polymer film with SS (Figure 4.11b) and the linear cycling behavior at small strain
(Figure 4.11¢c). The parameters listed in Table 4.2 provide good fits to the data in Figure
4.11, but we do not feel they are unique. For example, each of the parameter sets a', b
and ¢ in Table 4.2 produce stress-strain curves that agree almost exactly during the initial

extension. The parameter sets differ slightly in order to fit the subsequent behavior.
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Figure 4.11 Testing the bilinear model's description of carbon-filled crosslinked FC2178.
(a) The increase of modulus at large strain during cyclic deformation, (b) the “memory”
effect for films cycled once and then strained further and (c) the linear behavior at small
strain after a large initial strain history. Note: the sample used was FC2178 with 25 pph

SS and 6.0 pph TETA

4.2.6 Effect of TETA on the properties of FC2178 films containing 25 pph SS

When no TETA was added, the FC2178 film with 25 pph SS easily broke at about
20% strain (see Figure 4.5a). The addition of TETA improves the mechanical properties,
and all films can be cyclically stretched to 50% strain without breaking. Figure 4.12
shows stress-strain curves (open circles) during cyclic deformation for films with

different TETA content. As the TETA content increases, the maximum stress of the
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films increases from about 4 MPa (1 pph TETA) to about 9 MPa (6 pph TETA).
Moreover, the rebound point in the stress-strain curves decreases from 15% to about
10%. Figure 4.12 also shows best-fittings (solid lines) to experiments using the bilinear
model. Apparently, the bilinear model fits all experiments quite well. The best-fit
parameters are listed in Table 4.3. The parameters K;, Ky and Ky3 increase with the
TETA content.

Figure 4.13 shows the effect of TETA on the nominal resistivity of FC2178 films
with 25 pph SS. The nominal resistivity of all the samples ranges from 1.5 to 2.5 L2-cm
during cyclic deformation. The addition of TETA has no significant impact on the value
of nominal resistivity. However, the results clearly demonstrate the effect of TETA on
the reversibility. As the TETA content increases, the difference in nominal resistivity
between loading and unloading cycles decreases after the first cycle. When 6.0 pph
TETA was used, the nominal resistivity changes reversibly during cycling. This may be
attributed to the crosslinking in the polymer matrix. As the degree of crosslinking
increases, the modulus of the polymer matrix increases and the possibility of carbon
black re-orientation decreases. Hence, the reversibility should increase with the TETA

content.
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Figure 4.12 Stress vs. strain curves showing the effect of TETA on the mechanical
properties of FC2178 films with 25 pph SS (a) 1.0 pph TETA, (b) 2.0 pph TETA4, (c) 3.0
pph TETA, (d) 4.0 pph TETA, (e) 5.0 pph TETA and (f) 6.0 pph TETA. Best-fit

calculations using the bilinear model are also shown.
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Figure 4.13 Nominal resistivity vs. strain curves showing the effect of TETA on the
electrical properties of FC2178 films with 25 pph SS (a) 1.0 pph TETA, (b) 2.0 pph

TETA, (c) 3.0 pph TETA, (d) 4.0 pph TETA, (e) 5.0 pph TETA and (f) 6.0 pph TETA.
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Table 4.3 Best-fit parameters of the bilinear model to crosslinked FC2178 films

containing SS

TETA K; Ky | Ka | Ko Kai Ka Ka
content | (MPa) | (MPa) | (MPa) | (MPa) |  (10° (10° (10
(pph) MPa-S) | MPa:S) | MPa-S)
1.0 44 | 58 | 45 | 74 4.0 6.8 0.69
2.0 46 | 46 | 50 | 54 4.2 1.5 1.5
3.0 48 | 64 | 45 5.2 6.2 49 1.5
4.0 57 | 52 | 48 | 62 8.4 3.2 3.6
5.0 66 | 49 | 43 13 7.8 4.4 4.1
6.0 11 84 | 7.0 15 12 1.6 8.7

4.3 Mechanical and electrical characterization of swelled FC2178 and FC2178/SS

films

4.3.1 Swelling of TET A-crosslinked FC2178 in EC/DEC (1:2, v/v)

The crosslinked FC2178 polymer samples were immersed in the EC/DEC (1:2, v/v)
mixed solvent for 1, 2, and 3 days, respectively. Then the change of weight, which was
caused by the uptake of the solvent, was recorded. The ratio of the mass change to the
original mass of the polymer sample is defined as the swelling ratio. Figure 4.14 shows
the swelling ratio of TETA-crosslinked FC2178 polymer samples as a function of TETA
content. The un-crosslinked polymer completely dissolved in the EC/DEC, while the
samples with less than 0.5 pph TETA dramatically swelled in the solvent and a gel was
formed. Three data sets are shown in Figure 4.14 for 1, 2, and 3 days respectively. Only

a small difference was observed among the data sets. Clearly, the swelling ratio of the
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samples decreases with the TETA content. Even when 10 pph TETA was added, the

sample can still uptake more than 100 wt% solvent (EC/DEC, 1:2v/v).

Swelling ratio

0 2 4 6 8 10
TETA content (pph)

Figure 4.14 Swelling ratio vs. TETA content of TETA-crosslinked FC2178

4.3.2 Mechanical properties of swelled FC2178 samples

Figure 4.15 shows the stress-strain curves of TETA-crosslinked FC2178 films,
which were swelled in EC/DEC (1:2, v/v) for 5 minutes before measurement. The stress-
strain curves clearly indicate the dimensional change of polymer films during swelling.
Even though films were mounted taut between grips, upon immersion in the solvent the
resulting expansion (about 80% in length) caused the films to go slack. This is why the
stress in Figure 4.15 does not begin to increase until the strain (measured from the dry
length) reaches about 80% when the new equilibrium length of the swelled film 1is

reached. It is not surprising to observe large dimensional changes since the samples with
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4 and 5 pph TETA can uptake about 150 wt% organic solvent (Figure 3.14). After the
new equilibrium point was reached, the stress increased almost linearly with the strain,

and both samples broke at about 140% strain.
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Figure 4.15 Stress vs. strain of TETA-crossiinked FC2178 films swelled in EC/DEC (1:2,

v/v)

4.3.3 Mechanical and electrical properties of swelled FC2178/SS samples

In a practical electrode for lithium-ion batteries, Super-S carbon black (SS) can be
used as the conductive filler. It is important to study the mechanical and electrical
properties of carbon-filled composites during and after swelling in the organic solvent
(EC/DEC, 1:2 v/v).

As illustrated in Figure 4.14, TETA-~crosslinked polymers can uptake more than

100% liquid solvent and this leads to a large dimensional change in the polymer films.
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When the polymer is loaded with conductive fillers, such as Super-S carbon black, the
resistivity of composites changes during swelling and can be used as an indicator to study
the swelling kinetics of composites in the liquid solvent. Figure 4.16 shows the nominal
resistivity vs. swelling time of TETA-crosslinked FC2178 films filled with 25 pph SS.
The nominal resistivity increases rapidly and reaches its maximum in 1 minute. The
difference of the initial resistivity results from the poor control of the experiment.
Generally, the binder film was first immersed in the organic solvent, then the program
was started to collect data. The time between these two steps was not rigorously
controlled, and is inconsistent among different samples. Hence, the initial resistivity
shown in Figure 4.16 is the nominal resistivity immediately after swelling, and is
different from sample to sample. After 1 minute, the nominal resistivity remains
approximately constant. Therefore, the samples were believed to be completely swelled
in the solvent in 5 minutes, and all the samples were pre-swelled in EC/DEC (1:2, v/v)
for 5 minutes before the measurement.

Comparing samples with different TETA content, one observes that the TETA
content has a dramatic impact on the resistivity of binder films after swelling. When the
TETA content increases from 1 pph to 5 pph, the nominal resistivity after swelling
decreases from about 300 Q-cm to about 10 Q-cm. Therefore, high TETA content is

highly desired to maintain good electrical conductivity of binder films.
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Figure 4.16 Nominal resistivity of TETA-crosslinked FC2178/SS films as a function of

swelling time. 25 pph SS was added to the composites.

Figure 4.17a shows stress-strain curves of TETA-crosslinked FC2178 films filled
with 25 pph SS. After swelling in EC/DEC, the films expanded by about 25% in the
stretching direction. Once the film was taut, the stress increased linearly with the strain.
The elastic modulus, or the slope of stress-strain curve, increases with the TETA content.
The maximum elongation before break of the swelled films decreases with the TETA
content. When 1 pph TETA was used, the film broke at about 200% strain. However,
the films with 4 pph or 5 pph TETA could only be stretched to about 100%.

Figure 4.17b shows the nominal resistivity of composites after swelling and during
strain. The nominal resistivity of swelled films increases exponentially once the films are
taut. It should be pointed out that the plateaus in the nominal resistivity of samples with
low TETA content are not real. Since the samples with low TETA content can uptake

quite a lot of organic solvent, the resistance of the sample film was as high as 1 M.
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Even if a very low current, e.g. 0.5 uA, was used to measure the resistance, the voltage
across the sample film can be as high as 5 V, which leads to the electrochemical
decomposition of the organic solvent (EC/DEC) on the aluminum grips.

Figures 4.16 and 4.17b show that the nominal resistivity of binder films after
swelling dramatically decreases with the TETA content. However, Figure 4.17a suggests
that low TETA content is desired to maintain good mechanical properties. Therefore, the
content of TETA should be carefully optimized to balance the mechanical and electrical

properties.

Tass () 5

1000k

B 1 [~ 1.0pph TETA
¢ 100 " | 3.0pph TETA
& 1o —+— 4.0pph TETA

—*— 5.0pph TET
i 5 . P | i

0 50 100 150 200 250
£ (%)

Figure 4.17 (a) Stress-strain and (b) Nominal resistivity-strain curves of TETA-
crosslinked FC2178/SS swelled in EC/DEC (1:2 by volume). 25 pph SS was added o the

samples.
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4.4 Importance of the coupling agent

The poor mechanical behavior of binder/solids composites can also result from a
poor interfacial bond between the polymer and the solids. A coupling agent is a
bifunctional molecule to enhance the adhesion strength between the polymer and the
solids. Silanes are widely used as coupling agents (adhesion promoters), whose —Si-OR
groups can react with acidic groups, such as ~OH, on the surface of nonmetallic solids.
The -NH, group in TETA is the functional group that reacts with the carbon-carbon
double bonds in the backbone of the polymer chain. Combining both ideas, 3-
aminopropyltriethoxysilane (APTES) was used as a bifunctional surface coupling agent
for FC2178/solids composites.

Figure 4.18 shows the stress-strain and resistivity-strain curves for samples
containing 25 pph SS. When the content of APTES is less than 3.0 pph, the film breaks
at about 50% strain. If 5.0 pph APTES is added, the film can be extended to 250%
without breaking. The nominal resistivity of the binder film increases exponentially with
the strain applied and the content of APTES has little or no impact on the resistivity of

binder films (see Figure 4.18b).
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Figure 4.18 (a) Stress vs. strain and (b) nominal resistivity vs. strain of FC2178/5S

composites using APTES as the coupling agent. 25 pph SS was added to the samples.

Figure 4.19 shows cyclic stress-strain and nominal resistivity-strain curves for the
sample containing 25 pph SS and 5 pph APTES. The modulus of the film is more than
10 MPa, and it rebounds to about 15% strain, which is acceptable. Notice that no
crosslinking agent, TETA, was added to this sample. It could probably rebound at a
strain less than 15% if TETA was added to suppress the viscoelastic flow of polymer
chains. The film also displays very good electrical conductivity with an average

resistivity of less than 25 Q-cm during the cyclic deformation.
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Figure 4.19 (a) Stress vs. strain and (b) nominal resistivity vs. strain of FC2178

composite incorporating 25 pph SS and 5.0 pph APTES

In order to suppress the viscoelastic flow of polymer chains, 5.0 pph TETA was
added to the FC2178/SS composite as well as 5.0 pph APTES. Because the polymer
matrix was heavily crosslinked, the maximum elongation before break of such a binder
film is about 60% (Figure 4.20). Compared to the FC2178/SS sample with 5.0 pph
APTES only (Figure 4.19), the sample containing 5.0 pph TETA and 5.0 pph APTES
(Figure 4.20) has smaller nominal resistivity. When only 5.0 pph APTES was added, the
nominal resistivity of the binder film was about 25 Q-cm at 45% strain (Figure 4.19).
However, if 5.0 pph TETA was added as well, the nominal resistivity was about 10 Q-cm
at 60% strain (Figure 4.20). The improvement of the electrical conductivity is probably
associated with the suppression of viscoelastic flow of polymer chains and the
subpression of the mechanical degradation of the polymer matrix during deformation.

With the addition of 5.0 pph TETA and 5.0 pph APTES, the binder film could be
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cyclically deformed to 45% with a small rebound of about 8% (Figure 4.21), which is
much smaller than the rebound of the sample without TETA (Figure 4.19). After the first
stretching, both stress and nominal resistivity have very good reversibility upon cyclic
deformation.

Figure 4.22 shows stress-strain and nominal resistivity-strain curves of a
FC2178/SS/TETA/APTES film after swelling in EC/DEC (1:2, v/s) for 5 minutes.
Notice that 5.0 pph TETA and 5.0 pph APTES were added. The film expanded about
25% in the stretching direction after swelling. The maximum elongation before break of
the binder film is about 100%, which is larger than that of the dry film with the same
recipe. This can be explained by the plasticizer-like behavior of the solvent. The
composite film was heavily crosslinked and the chain motion was restricted by the
bonding introduced. During swelling, the organic solvent interacts with the polymer
chains and increases the number of chain configurations that are accessible to the
polymer chains. Hence, the swelled composite film had better elasticity than the dry film

(Figure 4.20 vs. Figure 4.22).
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Figure 4.20 (a) Stress vs. strain and (b) nominal resistivity vs. strain of FC2178

composite incorporating 25 pph SS, 5.0 pph APTES, and 5.0 pph TETA
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Figure 4.21 (a) Cyclic stress vs. strain and (b) nominal resistivity vs. strain of the

FC2178 composite incorporating 25 pph SS, 5.0 pph APTES, and 5.0 pph TETA
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Figure 4.22 (a) Stress vs. strain and (b) nominal resistivity vs. strain of swelled FC2178
composite incorporating 25 pph SS, 5.0 pph APTES, and 5.0 pph TETA
The sample was first swelled in EC/DEC (1:2, v/v) for 5 minutes before measuring in

EC/DEC.

4.5 Electrochemical characterization of a-Siy ¢4Sng3s/Ag electrodes

In the previous sections, the mechanical and electrical properties of binder films
without any active material, a-Sig¢sSng3s/Ag, were discussed. However, if the active
material is introduced, the working recipe has to be optimized again.

Figure 4.23 shows the capacity vs. cycle number of a-SigssSnoz6/Ag electrodes
incorporating 2.0 pph (part per hundred ratio of the mass of a-Sip¢Sng36/Ag) TETA as a
function of the APTES content. The cells were made after the electrodes dried in air
overnight (no heating). The capacity of the cells decreases quickly with the cycling
number. Almost 60% capacity was lost after 100 cycles. However, no big difference

was observed among the cells incorporating different amounts of APTES. Figure 4.24
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shows that, if the electrodes were heated in an argon flow at 110°C for 24 hours, the
capacity retention was greatly improved. This is because the heating step helps to
remove the moisture in electrodes and to increase the crosslinking and coupling

efficiency at a higher temperature.
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Figure 4.23 Capacity vs. cycle number of a-Siy 4510 36/Ag electrodes incorporating 2.0
pph TETA and different amounts of APTES, (a) 1.0 pph, (b) 2.0 pph, (c) 3.0 pph, (d) 4.0
pph, and (e) 5.0 pph.

The cells were made directly after the electrodes dried in air overnight.
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Figure 4.24 Capacity vs. cycle number of thermally treated a-Siy 6451 36/Ag electrodes
incorporating 2.0 pph TETA and different amounts of APTES, (a) 1.0 pph, (b) 2.0 pph,
(c) 3.0 pph, and (d) 4.0 pph.

The electrodes were heated in an argon flow at 110°C for 24 hours before use.

Figure 4.25 shows the capacity vs. cycle number of a-SiggsSngse/Ag electrodes
incorporating 4.0 pph APTES as a function of the TETA content. All electrodes were
heated in an argon flow at 110°C for 24 hours. The TETA content has a small impact on
the capacity retention of electrodes. No consistent trend was obtained. For instance,
compared to the cell with 2.0 pph TETA, the cell with 1.0 pph TETA has a smaller
capacity for some reason while it has a better capacity retention. In general, the electrode
incorporating 2.0 pph TETA and 4.0 pph APTES (see Figure 4.25¢) is better than the
others since it has a relatively high capacity (about 700 mAh/g) and about 56% of the

maximum capacity was maintained after 100 cycles.
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An a-SigssSngss/Ag electrode incorporating PVDF binder was characterized as the
control experiment and is shown in Figure 4.26. The maximum capacity of the electrode
incorporating PVDF binder was about 790 mAh/g. As shown in Figure 4.25, the cell
with 2.0 pph TETA is not the best cell in terms of the capacity retention. However, it is
the cell with a capacity (about 730 mAh/g) closest to the control cell (PVDF-based).
Hence, the cell incorporating 4.0 pph APTES and 2.0 pph TETA was selected to compare
to the PVDF-based cell showing the effect of the binder system. Notice that both cells
shown in Figure 4.26 have similar areal density. The capacity retention of a-
Sip 1SN 36/Ag composite electrodes was improved by replacing PVDF with a PVDF-

HFP-based binder.
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Figure 4.25 Capacity vs. cycle number of a-Sig s4Snp 36/Ag electrodes incorporating 4

pph APTES and different amounts of TETA: (a) 0 pph, (8) 0.5 pph, (c) 1.0 pph, (d) 1.5

pph, (e) 2.0 pph, (f) 2.5 pph, and (g) 3.0 pph
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Figure 4.26 Capacity retention of a-Sip.s45ng, 35/Ag electrodes incorporating PVDF and

PVDF-HFP-based elastomeric binder showing the effect of the binder

4.6 Summary

In order to verify the tether model proposed to understand the capacity fading of
amorphous metallic alloy composite electrodes (section 1.4), the mechanical and
electrical properties of PVDF-HFP (FC2178)-based binder films were investigated in
detail. A crosslinking agent, triethylenetetramine (TETA), was used to suppress the
viscoelastic flow of polymer chains and to improve the mechanical properties of the
binder, while the coupling agent, 3-aminopropyltriethoxysilane (APTES), was added to
improve the adhesion strength between the binder matrix and solid components of
composite electrodes. The capacity retention of a-Sip 64Sng 3¢/ Ag composite electrode was
improved by replacing PVDF with a PVDF-HFP-based elastomeric binder.

Even when the polymer (FC2178) was highly crosslinked, it still uptook more than

100 wt% organic solvent (EC/DEC, 1:2, v/v) and became brittle after swelling. The high
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swelling ratio leads to a large dimensional change of the binder films and a high
resistivity after swelling. Hence, a high crosslinking degree is required to minimize the
swelling ratio of binders in EC/DEC and to decrease the resistivity of binders afier
swelling. However, high crosslinking degree decreases the elasticity of binder films.
According to results shown in this chapter, an elastomer that can only uptake a
controlled amount of the organic solvent is desired. However, the selection of the next
elastomer should also be subject to the requirement of an acceptable ionic conductivity in

the presence of the organic solvent.



Chapter S Effect of the M

5.1 Introduction

In chapter 4, we demonstrated that the capacity retention of a-SigesSnose/Ag
composite electrodes was slightly improved by replacing PVDF-based binder with a
PVDF-HFP-based clastomeric binder system. We currently have four different PVDF-
HFP copolymers (FC2211, FC2230, FC2261Q, and FC2178) with different molecular
weights, which can be used to study the impact of polymer molecular weight on the
electrochemical behavior of a-SiggSngss/Ag composite electrodes. Their chemical
compositions are identical, but their molecular weights increase in the same order (from

FC2211 to FC2178).

5.2 Comparison of dry binder films

Figure 5.1 shows stress-strain curves of TETA-crosslinked PVDF-HFP films with
4.0 pph TETA. All the films can be extended to 250% strain before breaking. The
molecular weight of the polymer affects the strength of the TETA-crosslinked PVDF-
HFP films. The Young’s modulus of the films increases with the molecular weight of the

polymer.

96
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Figure 5.1 Stress vs. strain curves of TETA-crosslinked PVDF-HFP films of different

molecular weights

Figure 5.2 shows cyclic stress-strain curves of TETA-crosslinked PVDF-HFP films
deformed up to 50% strain showing the impact of the molecular weight. The
experimental data were also fitted with the linear model (see Figure 3.19). A summary of
the mechanical properties of the polymer films and best-fit parameters are listed in Table
5.1. Apparently, the Young’s modulus, the maximum stress at 50% strain, the spring
constants (K; in the linear model), and the viscosity of the dashpot (K4 in the linear
model) increase with the molecular weight of the polymer, while the rebound point
decreases with the molecular weight. These differences can be attributed to the
difference in the length of the polymer chains. Although the chemical compositions of
the four polymers (FC2211, FC2230, FC2261Q, and FC2178) are the same, a long
polymer chain in a high molecular weight polymer (i.e. FC2178) has a greater likelihood

to be physically entangled with other polymer chains. Hence, the number of network
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defects, loose loops or free ends, in the crosslinked polymer system decreases as the
length of the polymer chains increases. Therefore, we expect more effective crosslinks in

a higher molecular weight polymer, presuming the same amount of TETA was used.
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Figure 5.2 Stress-strain curves of (a) FC2211, (b) FC2230, (c) FC2261Q), and (d)

FC2178 crossiinked with 4 pph TETA

Figure 5.3a shows stress-strain curves of PVDF-HFP composites containing 25 pph
SS and 4.0 pph TETA. The sample prepared from FC2178 broke at about 200% strain,
while the others could be extended to 250% without breaking. Figure 5.3b shows
nominal resistivity-strain curves of the composites. These curves approximately overlap
each other. The molecular weight of the polymer has no or little impact on the resistivity

of the composites.
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Table 5.1 A comparisen of PVDF-HFP samples crosslinked with 4 pph TETA

Mechanical properties Best-fit parameters of the linear model
Polymer E Tmax Rebound K} I(z Kdg Kdz
(MPa) | (MPa) (%) (MPa) | (MPa) | (10°Mpa S) (10°MPa S)
FC2211 0.54 | 0.25 7.2 0.45 0.15 1.6 3.9
FC2230 0.98 | 041 4.7 0.79 | 0.17 2.0 9.5
FC2261Q | 133 | 0.54 4.2 1.03 0.18 34 15.6
FC2178 1.34 | 0.55 34 1.08 | 0.16 1.9 18.2
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Figure 5.3 (a) Stress vs. strain, and (b) nominal resistivity vs. strain of TETA-crosslinked

PVDF-HFP/SS films containing 4.0 pph TETA and 25 pph SS

Figure 5.4 shows cyclic stress-strain and nominal resistivity-strain curves of PVDF-
HFP/SS composites containing 25 pph SS and 4.0 pph TETA. The cyclic stress-strain
curves of the binder films show the impact of polymer molecular weight. The binder film

prepared from FC2211 (low molecular weight) doesn’t show clear bilinear behavior,
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which was discussed in section 4.2.5 of this thesis, in its stress-strain curve (Figure 5.4a).
However, bilinear behavior is clearly observed in the stress-strain curve of the FC2178-
based binder film (Figure 5.4d). A nice transition from the linear behavior (FC2211) to
bilinear behavior (FC2178) can be seen in Figure 5.4. Moreover, the rebound point also
decreases with the molecular weight of the polymers. The FC2178-based binder film
rebounded to 10% strain when the stress was removed.

The different behavior of the samples using different polymers can be explained by
the decreasing number of network defects with increasing polymer molecular weight,
which means that the FC2211-based sample had more network defects and less effective
crosslinks. Therefore, the FC2211-based film (see Figure 5.4a) was weaker than the
FC2178-based film (see Figure 5.4d). If the FC2211-based film was deformed beyond
50% strain, a larger stress would result and induce the rotation of SS strands (the bilinear
behavior). In order to verify this point, an FC2211-based film was cyclically deformed to
100% strain. The stress-strain and nominal resistivity-strain curves of this film are shown
in Figure 5.5. When the film was extended to 100% strain, the stress was about 4.3 MPa,
which is equivalent to the maximum stress of the sample shown in Figure 5.4d. This
suggests that a force is needed to rotate an SS strand in a viscous matrix (crosslinked
polymer), and the rotation of the SS strands is negligible when the stress is small. The
bilinear behavior clearly appears when the stress is large enough, for instance, 4.0 MPa.
Therefore, it is reasonable to see linear behavior when the strain is small or when the film

is weak.
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Figure 5.4 Stress vs. strain and nominal resistivity vs. strain curves of TETA-crossiinked
PVDF-HFP/SS films under cyclic deformation. 4.0 pph TETA and 25 pph SS were added

to each sample.
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Figure 5.5 (a) Stress-strain and (b) nominal resistivity-strain curves of FC2211/SS film

cyclically deformed to 100% strain. 4.0 pph TETA and 25 pph SS were added
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5.3 Comparison of swelled binder films

Figure 5.6 shows the swelling ratios (by mass) of TETA-crosslinked PVDF-HFP
samples in EC/DEC (1:2, v/v). The swelling ratio decreases with increasing TETA
content. Generally, the swelling ratio of a high molecular weight polymer is smaller than
that of a low molecular weight polymer with the same TETA content. FC2211 samples
crosslinked with less than 3 pph TETA dissolved in EC/DEC (1:2, v/v). Even when the
FC2211-based sample was heavily crosslinked with 10 pph TETA, the sample uptook
more than 150 wt% EC/DEC (1:2, v/v). The swelling ratios of FC2230, FC2261Q, and

F(C2178 were almost the same when more than 5 pph TETA was added.
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Figure 5.6 Swelling ratios of TETA-crosslinked PVDF-HFP samples

Swelling experiments of TETA-crosslinked FC2178/SS composites, which
contained 25 pph SS, were also carried out to study the impact of incorporated SS. When

less than 3 pph TETA was added, the composites dissolved in EC/DEC (1:2, v/v),
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presumably because the incorporated SS decreased the number of effective crosslinks and
hence weakened the interaction between polymer chains. The swelling ratios of samples
with 3 pph, 4 pph, and 5 pph TETA were 144.5%, 91.1%, and 85.0%, respectively. On
the other hand, the samples without SS can uptake more than 100% EC/DEC (1:2, v/v)
(see Figure 5.6).

Figure 5.7 shows stress-strain curves of TETA-crosslinked PVDF-HFP films (4.0
pph TETA) swelled in EC/DEC (1:2, v/v) for 5 minutes before measurements were taken.
As shown in Figure 5.5, the polymer crosslinked with 4.0 pph TETA can uptake more
than 100 wt% EC/DEC (1:2, v/v). It is not surprising to see that all the samples have a
very large expansion in the stretching direction. The FC2211-based sample expanded by
100% in the stretching direction while the others expanded by about 80%. The FC2261Q
film crosslinked with 4.0 pph TETA has the largest breaking strain (~220%). This is
surprising to us, but repeatable. Molecular weight distribution data might be useful to

understand this surprising result.
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Figure 5.7 Stress-strain curves of swelled PVDF-HFP films. All samples were

crosslinked with 4.0 pph TETA.

Figure 5.8a shows stress-strain curves of PVDF-HFP/SS composite films containing
25 pph SS and 4.0 pph TETA after swelling in EC/DEC (1:2, v/v). All the films broke at
about 100% strain, and only small differences were observed between the samples. After
swelling in EC/DEC (1:2, v/v), the FC2178/SS film expanded by 25% in the stretching
direction, while the other films expanded by about 30%. Meanwhile, the samples without
SS expanded by more than 80% after swelling (see Figure 5.6). This can be associated
with the interaction between SS particles and polymer chains since SS is a high structure
material. Compared to the polymer matrix, SS is a stiff material and will not expand after

swelling in EC/DEC (1:2, v/v). Therefore, the interaction between SS and the polymer
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matrix can suppress the volumetric expansion during swelling. Less solvent can be

uptaken after complete swelling just as was discussed in the swelling experiment.
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Figure 5.8 (a) Stress vs. strain, and (b) nominal resistivity vs. strain of swelled PVDF-

HFP/SS films containing 4.0 pph TETA and 25 pph SS

Figure 5.8b shows nominal resistivity-strain curves of the composite films after
swelling in EC/DEC (1:2, v/v). The FC2178/SS film differed from the others. After
complete swelling in EC/DEC (1:2, v/v), the resistivity of FC2178/SS film started from a
small value (~20 Q-cm), and increased exponentially during stretching. Generally, the
nominal resistivity of FC2178/SS film is about 1/5 of the nominal resistivity of other
films under the same condition (the SS content, the TETA content, and the strain). This
result suggests that the FC2178-based binder system might be more promising than the
others to improve the capacity retention of high-volume-change metallic alloy composite

electrodes.
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£ 4 Flectrochemical characterization

Figure 5.9 shows the cell potential versus specific capacity curves of a-
Sig.esSng3¢/Ag electrodes incorporating the different PVDF-HFP binder systems. The
cell incorporating the FC2178-based binder (shown in Figure 5.9d) was first discharged
t0 0.22 V and then cycled between 0.2 V and 1.0 V with a constant current of 160 mA/g.
Because of the high impedance surface layer on the lithium foil counter electrode, two
activation cycles were needed before the cell can cycle properly as expected. In order to
minimize the impact of the initial cell impedance, the other cells (shown in Figures 5.9a,
5.9b, and 5.9¢) were first discharged for 3.5 hours and then cycled between 0.2 V and 1.0
V with a constant current of 160 mA/g.

Figure 5.10 shows the specific capacity versus cycle number for the cells, whose
potential-capacity curves were shown in Figure 5.9. For some reason(s), the cells using
FC2230 and FC2261Q have a smaller capacity, which means a smaller particle expansion
ratio. Meanwhile, the cells using FC2211 and FC2178 have a relatively large capacity
(~750 mAh/g), which means a large particle expansion ratio. A more reliable way is to
compare cells with the same maximum capacity to minimize the impact of particle
expansion ratio. Figure 5.10 suggests that FC2178 might be better than the other
polymers. However, more reliable data needs to be collected to show the impact of the

polymer molecular weight.
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Recipe: 100 pph a-Sigs4Sng36/Ag + 20 pph SS + 10 pph PVDF-HFP + 2 pph TETA + 4

pph APTES
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Figure 5.10 Specific capacity vs. cycle number of a-Sips4Sng 36/Ag elecirodes using
PVDF-HFP-based binders. The mass of a-Sip s45n0.36/Ag in each electrode is indicated in

the legend. The voltage curves are shown in Figure 5.9.

5.5 Summary

In order to understand the impact of the polymer molecular weight on the cycling
performance of high-volume-change metallic alloy composite electrodes, a series of
PVDF-HFP copolymers with different molecular weight were studied. The polymers
studied were FC2211, FC2230, FC2261Q, and FC2178. The molecular weight increases
from FC2211 to FC2178.

It was demonstrated that the polymer molecular weight had an impact on the
mechanical and electrical properties, and swelling behavior of crosslinked PVDF-HFP
and its SS-filled composites. The mechanical and electrical characterization suggests that

the number network defects of crosslinked polymer network decrease with increasing
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polymer chain length. The unexpected large breaking strain of TETA-crosslinked
FC2261Q after swelling implies that the molecular weight distribution range might be
also important as well.

The electrochemical characterization of a-SipgSngs¢/Ag composite electrodes
showed that all the polymers could function as binders. However, the cycling data of the
cells using different polymers (different molecular weight) are far from being conclusive.
More reliable data needs to be collected for all the systems and this should be the focus of

future work.



Chapter 6 PVDF-TFE-P-based Elastomeric Binder System

6.1 Introduction

Chapters 4 and 5 discussed the potential application of the PVDF-HFP-based
elastomeric binder system to improve the capacity retention of a-SipesSnoss/Ag
composite electrodes.  However, fluorinated polymers, including poly(vinylidene
fluoride-hexafluoropropylene) (PVDF-HFP), can sometimes be readily swollen, gelled or
dissolved by non-aqueous liquid electrolytes used in lithium-ion batteries [71-73].
Swelling or dissolution can cause deterioration in the adhesion of electrode materials to
the current collector. Although the swelling of PVDF-HFP in non-aqueous solvents (e.g.
EC/DEC, 1:2, v/v) can be controlled to some degree by introducing crosslinking, more
than 100 wt% organic solvent can still be absorbed by highly crosslinked PVDF-HFP
samples (up to 10 pph TETA). However, over-crosslinking greatly deteriorates the
elasticity of PVDF-HFP films, and the maximum elongation of the film decreases with
the TETA content (if overcrosslinked). Hence, a compromise between the swelling and
the elasticity of PVDF-HFP-based binder systems is needed to maximum the
performance in lithium-ion batteries incorporating amorphous metallic alloys.

Fluorinated polymers can absorb a relatively large amount of non-aqueous
electrolyte because of highly polar bonds (C-F). On the other hand, polypropylene
absorbs none because both C-H bonds and C-C bonds are non-polar or slightly polar and
the solvents are polar. Additions of propylene to the fluoroelastomer should reduce

swelling during exposure to nom-aqueous electrolytes. Therefore, a commercially

110
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available terpolymer, poly(vinylidene fluoride-tetrafluoroethylene-propylene) (PVDF-

TFE-P, BRE-7131X) was chosen for careful evaluation.

6.2 Mechanical and electrical study of PVDF-TFE-P and PVDF-TFE-P/SS films

6.2.1 Effect of chemical additives

The polymer studied, PVDF-TFE-P, contained some bisphenol as supplied.
Bisphenol is a crosslinker for fluorinated elastomers. As recommended by the supplier,
the polymer can be crosslinked by heating with additions of CaO and MgO. The reaction
mechanisms can be summarized as follows. A base such as MgO or CaO
dehydrofluorinates the fluoroelastomer backbone as shown by equations 6-1 and 6-2.
The VDF unit reacts with the base to form an active site, unsaturated -CH=CF-. After
that, a bifunctional molecule, such as bisphenol, is added to the backbone to provide

crosslinking (equation 6-3).

-CH,-CF,- + % MgO — -CH=CF- + ¥%MgF, + ¥ H,0 (6-1)
-CHy-CFp- + % Ca0 — -CH=CF- + %CaF, + ¥ H,0 (6-2)
-CH=CF- + HO-CgH,-R-CeH4-OH — -CHy-CF(-0-C¢Hy-R-CHy-OH)- (6-3)

Figure 6.1 shows the stress-strain curves of bisphenol-crosslinked PVDF-TFE-P
films that were prepared with different contents of MgO and CaO. These films were all
heat-treated at 110°C for 24 hours. The experimental curves were also fitted with the
linear model. The best fit parameters for the spring constants K; and K3 and the dashpot

viscosities, Kqi and K are listed in Table 6.1. Only small differences between the
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samples heated with only MgO, only CaO and with both can be seen from both Figure

6.1 and the fitted parameters in Table 6.1.
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Figure 6.1 Siress-strain curves of cured PVDF-TFE-P (110°C for 24 hours) showing the
effect of the additives MgO and CaO (a) 6 pph MgO and 2 pph CaO; (b) 8 pph MgO; (¢)
8 pph CaO. The data are the symbols and the solid lines are calculated siress-strain

behavior using the linear model and the parameters in Table 6.1.

The sample with 8 pph CaO (Figure 6.1c¢) has slightly better mechanical properties
than the other samples. It has the largest spring constant, K;, the largest dashpot
viscosity, Ko and rebounds closest to its original length when the stress is removed.
Hence, CaO was chosen as the inorganic base for the new crosslinking recipe with
TETA. However, the degree of crosslinking needs to be improved because the values of
K, and K4 are still quite small. Although the sample with the manufacturer's

recommended ratio of 2 pph Ca0 and 6 pph MgO was not the best one, films made using
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the recommended recipe were used for comparison to the TETA-crosslinked films

hereafter.

Table 6.1 Best-fit parameters of the linear model to the data shown in Figures 6.1 and 6.2

K (MP2) | K; (MPa) | Ka(10°MPaS) | Kg(10'MPa S)

Heating | (8) | 0.59 0.39 2.9 2.1
(Figare | (b) | 042 0.28 2.2 1.3
6.1)

@ | 069 0.51 12 2.6
TETA |@ | 123 0.28 2.4 9.8
(Figure | (b) | 0.33 0.36 3.1 1.0
6.2)

)| 054 0.28 2.6 3.4

The amount of crosslinking can be increased by two methods. Both MgO and Ca0

have dual roles in the reactions, they both act as a base to dehydrofluorinate the backbone

and as a reagent to consume the byproduct, HF. Since an organic solvent, MEK, was

used to dissolve the polymer, a strong organic base, such as DABCO, will enhance the

basic environment and produce more unsaturated active sites in the backbone of polymer

chains. In addition, the content of the crosslinker, bisphenol, is set by the amount added

by the manufacturer to the initial as-received polymer.

Another crosslinking agent,

TETA, can be added to increase the density of crosslinks. The crosslinking reaction

involving TETA is given by equation 6-4, where the group R is -C,Hs-NH-CoHs-NH-

CoHy-.

-CH=CF- + NH,-R-NH; — -CH,-CF(-NH-R-NH;}-

(6-4)
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Figure 6.2 shows the cyclic stress-strain curves of TETA (5 pph) crosslinked PVDF-
TFE-P with different additives. Figure 6.2a shows results for a film cast with TETA,
DABCO and Ca0. Figures 6.2b and 6.2¢ show the results for a film cast with TETA and
DABCO (Figure 6.2b) and for a film cast with TETA and CaO (Figure 6.2¢). The resulis
in Figure 6.2 show that the film is much stiffer, but still very elastic, when both DABCO
and CaQO are used. Both a strong organic base, like DABCO, and an inorganic
compound, i.e. Ca0, to consume the HF produced, must be included to achieve good

mechanical properties.
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Figure 6.2 Stress-sirain curves of TETA-crosslinked PVDF-TFE-P showing the effect of
DABCO and CaO (a) 5 pph TETA + 3 pph DABCO + 4 pph CaO; (b) 5 pph TETA + 5
pph DABCO; (c) 5 pph TETA + 5 pph CaQ. The data are the symbols and the solid lines
are calculated sivess-strain behavior using the linear model and the parameters in Table

6.1.
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The linear model was used to fit the stress-strain curves in Figure 6.2, and the best-
fit parameters are listed in table 6.1. Compared to films crosslinked by the heating recipe
(shown in Figure 6.1 and Table 6.1), both K; and K, increased significantly for the film
crosslinked with TETA, DABCO and CaO (Figure 6.2a). K; increased from 0.59 MPa to
1.23 MPa, and Ky increased from 2.1 MPa-S to 9.8 MPa-S. The sample described by
Figure 6.2a rebounds to 1.06 times its original length when the stress is removed,

significantly better than the samples prepared by the heating recipe.

6.2.2 Mechanical properties of crosslinked PVDF-TFE-P films

Figure 6.3 shows stress-strain curves for the bisphenol-crosslinked PVDF-TFE-P
films as a function of heat treatment conditions. The strength of the polymer film
increases with the heating time at 110°C, presumably due to an increased density of
crosslinks. As expected, the crosslinking reaction is faster at higher temperature (180°C).
The sample cured at 110°C for 24 hours has almost the same mechanical properties as the
sample cured at 180°C for 3 hours. In order to avoid possible crystallization of the active
material, a-Sig 64Sng 36, a lower temperature (1 10°C) was adopted for the heating recipe in

experiments to be described below.
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Figure 6.3 Stress-strain curves of cured PVDF-TFE-P (curing conditions listed in the

inset) with strains up to 250%

In Figure 6.3 the slope of stress-strain curves of bisphenol-crosslinked samples
decreases as the strain nears 50% strain. The decrease of the slope is caused by the
viscoelastic flow of polymer chains in the un-crosslinked or lightly crosslinked samples.
For the un-crosslinked sample, the viscoelastic flow is so significant that eventually the
film breaks at about 80% strain. In the high strain region, the slope of the stress-strain
curve increases with strain. This phenomenon is called non-Gaussian behavior, which
can be described by the theory of James and Guth [41]. However, this theory does not fit
the data in Figure 6.3 because of the obvious viscous flow.

Figure 6.4 shows the stress-strain curves of TETA-crosslinked PVDF-TFE-P films.
Both viscoelastic flow and non-Gaussian behavior can be seen in the curves. By simply
comparing the scale of the vertical axis in Figures 6.3 and 6.4, one can easily see that the

samples prepared using the TETA recipe are more crosslinked than the samples prepared
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by the heating recipe. When 4 pph or 5 pph TETA was added, the viscoelastic flow was
almost eliminated by the crosslinks. Hence, these two samples can be fitted with
equations 6-5 and 6-6 derived by Guth and James [41] and discussed by Ward (equation

3.27 inref. [39]);

NET o . A o 1
f=~————3 ni‘z(Ll(;—l—/a—)—/l ’ZL‘(W)) (6-5)
o=f*A (6-6)

where f'is the nominal stress, o is the true stress, NV is the number of freely jointed chains
per unit volume, # is the number of chain links between successive cross-links, A is the

elongation ratio and L7¢) is the inverse Langevin function.
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Figure 6.4 Stress-strain curves of TETA-crosslinked PVDF-TFE-P with strains up to

250%. The amount of TETA added to each sample is indicated in the legend.

Figure 6.5 shows that equations 6-5 and 6-6 can fit the experiments well for a

suitable choice of parameters, listed in Table 6.2. The fitted parameters clearly indicate
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the impact of TETA on the degree of crosslinking. That is, N increases and » decreases

with TETA content, as expected.
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Figure 6.5 Fitting stress-strain curves of TETA-crosslinked PVDF-TFE-P.  The solid
lines are calculations using equations 6-5 and 6-6 with the parameters listed in Table

6.2.

Table 6.2 Best-fit parameters of equations 6-5 and 6-6 to the data in Figure 6.5 for the

highly crosslinked PVDF-TFE-P films.

TETA content (pph) | viT (MPa) n x>
4 0.086 57 3.77
5 0.126 18 1.11

Figures 6.6 and 6.7 show the stress-strain curves of bisphenol and TETA-crosslinked

PVDF-TFE-P films, respectively, under cyclic deformation to 50% strain. Both figures
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show that the mechanical properties are improved by increasing the degree of
crosslinking. The stiffness of the polymer film increases as the crosslinking increases.
As the degree of crosslinking increases, the film rebounds closer to its original length
when the stress is removed. However, the TETA-crosslinked films have much better
mechanical properties than the films crosslinked with the heating recipe. When 5 pph
TETA was added, the stress at 50% strain was 0.66 MPa, and the film rebounded to 5%
strain when the stress was removed. For the bisphenol-crosslinked sample (heated for 24
hours at 110°C), the stress at 50% strain was only about 0.32 MPa and the film rebounded

to 12% strain.
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Figure 6.6 Cyclic stress-strain curves of bisphenol-crosslinked PVDF-TFE-P films at
110°C for (a) Ohrs; (b) 4hrs; (c) Shrs; (d) 16hrs; and (e) 24hrs. The data are the symbols
and the solid lines are calculated stress-strain behavior using the linear model and the

parameters in Table 6.3.
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Figure 6.7 Cyclic stress-strain curves of TETA-crossiinked PVDF-TFE-P films with
different TETA contents: (a) 0 pph; (b) 1 pph; (c) 2 pph; (d) 3 pph; (¢) 4 pph; and (f) 5
pph. The data are the symbols and the solid lines are calculated stress-strain behavior

using the linear model and the parameters in Table 6.4.

Table 6.3 Best-fit parameters of the linear model to the stress-strain curves of bisphenol-

crosslinked PVDF-TFE-P films (Figure 6.6)

Time (hrs) | K; (MPa) K, (MPa) Ka (10°MPa S) Kg (10°MPa S)
0 0.44 0.42 2.6 0.89
4 0.46 0.46 3.6 0.98
8 0.58 0.47 3.0 1.8
16 0.58 0.41 2.2 1.9
24 0.59 0.39 2.9 2.1
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Table 6.4 Best-fit parameters of the linear model to the stress-strain curves of TETA-

crosslinked PVDF-TFE-P (Figure 6.7)

TETA (pph) | K1 (MPa) K2 (MPa) Kdl (10°MPa ) | Kd2 (10°MPa S)
0 0.41 0.46 2.1 0.74
1 0.62 0.32 1.9 2.1
2 0.66 0.57 2.0 1.9
3 0.71 0.34 2.8 2.8
4 1.0 0.34 1.5 6.8
5 1.3 0.44 1.5 7.9

In order to determine the effect of crosslinking, the cyclic deformation curves were

fitted with the linear model. The calculated curves are also shown in Figures 6.6 and 6.7.

Tables 6.3 and 6.4 list the best-fit parameters of the linear model and Figure 6.8 shows

how the parameters K; and K, vary with heating time (for the bisphenol crosslinking

method) and with TETA content. Crosslinking with TETA at levels of 4 or 5 pph causes

a rapid increase in the film stiffness and viscosity, leading to improved mechanical

properties.
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Figure 6.8 Comparison of the best-fit parameters of the linear model to the data in

Figures 6.6 and 6.7. (¢) heating recipe; and (#) TETA-based recipe.

6.2.3 Mechanical and electrical properties of crosslinked PVDF-TFE-P/carbon black

composites

It is our opinion that the mechanical and electrical properties of electrode films,
which contain active solids, carbon black and polymer binder, under large-strain cyclic
deformation must be stable. The mechanical and electrical properties must not degrade
with increasing number of deformations in order for the electrodes to display good
capacity retention with charge-discharge cycle number. In order to gain some
appreciation of the effect of solids loading on the mechanical and electrical properties of
crosslinked PVDF-TFE-P films, we decided to load the polymer films to the level of 25

pph SS. It is well known that the addition of carbon black will decrease the elasticity of
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the polymers while improving the electrical conductivity. In this section, SS-filled
PVDFE-TFE-P films with different amounts of crosslinking and different crosslinking
recipes are compared in terms of mechanical and electrical properties.

Figures 6.9a and 6.10a show the stress-strain curves of SS-filled PVDF-TFE-P films
as a function of the relative amount of crosslinking for films crosslinked by the heating
method and the TETA method, respectively. The breaking point of the composite films
has been severely degraded by the addition of SS. The film crosslinked with bisphenol
(110°C for 24 hours) can only be strained to 60% before breaking, and the film
crosslinked with 4 pph TETA can be extended by 100%. The maximum elongation of
the film with 5 pph TETA is about 160%. In both figures, the improvement of
mechanical properties with crosslinking is clear. The maximum elongation before break
increases with the amount of crosslinking, and the TETA crosslinking method apparently
gives a higher degree of crosslinking than the bisphenol crosslinking method.

Figures 6.9b and 6.10b show the nominal resistivity-strain curves of SS-filled films
as a function of the relative amount of crosslinking. The nominal resistivity (pa)
increases with the strain for samples prepared by both crosslinking methods. However,
the nominal resistivity-strain curves for polymer/SS films with different amounts of
crosslinking degree almost overlap. No significant impact of crosslinking on the
resistivity was found.

Figure 6.11 shows the cyclic stress-strain curves of SS-filled polymer films
crosslinked with TETA. Only samples containing more than 3 pph TETA can be
stretched to 50% strain without breaking and only results for these samples are shown.

As the TETA content increases, the maximum stress increases and the film rebounds



124

closer to its original length when the stress is removed. However, no striking
improvement of strength with TETA content can be seen. Figure 6.12 shows the nominal
resistivity-strain curves measured for the same films during the deformations shown in
Figure 6.11. No obvious difference can be seen in the resistivity-strain behavior as a
function of the TETA content. The nominal resistivity rises from ~1 Q-cm and is stable
at about 2.5 Q-cm during the cyclic deformation. The addition of TETA improves the
maximum elongation of the PVDF-TFE-P/SS composites while the electrical properties

are basically unaffected by the addition of the crosslinks.
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Figure 6.9 (a) Stress-strain and (b) nominal resistivity-strain curves of the bisphenol-

crosslinked (110°C, 24 hours) SS-filled PVDF-TFE-P composites (25 pph SS)
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Figure 6.10 (a) Stress-strain and (b) nominal resistivity-strain curves of the TETA-

crosslinked SS-filled PVDF-TFE-P composites (25 pph SS)
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Figure 6.11 Cyclic stress-strain curves of the TETA-crosslinked SS-filled PVDF-TFE-P

composites: (a) 3 pph TETA; (b) 4 pph TETA; and (c) 5 pph TETA
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Figure 6.12 Cyclic nominal resistivity-strain curves of TETA-crosslinked SS-filled PVDF-

TFE-P composites: (a) 3 pph TETA; (b) 4 pph TETA; and (c) 5 pph TETA

6.3 Mechanical and electrical study of swelled PVDF-TFE-P and PVDF-TFE-P/SS

samples

6.3.1 Swelling of crosslinked PVDF-TFE-P and carbon-filled PVDEF-TFE-P
composites

The crosslinked polymer samples were immersed in the EC/DEC (1:2, v/v) mixed
solvent for 24 hours, and then the change of weight, which was caused by the uptake of
the solvent, was recorded. Figure 6.13 shows the swelling ratios of the crosslinked
PVDF-TFE-P films as a function of the amount of crosslinking. For both sets of
polymers, the amount of solvent absorbed decreases with increased crosslinking. The

uncrosslinked film absorbs 140 wt% solvent by weight while the film crosslinked with 5
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pph TETA absorbs 47 wt% solvent by weight. The equilibrium-swelling ratio of the

polymer can be controlled by the amount of crosslinking.
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Figure 6.13 The swelling ratios of crosslinked PVDF-TFE-P in EC/DEC(1:2, v/v)

(w) bisphenol crosslinking recipe and (&) TETA crosslinking recipe

As mentioned above, the polymer can uptake more than 40 wt% liquid solvent and
this causes the volumetric expansion of the polymer. For bisphenol-crosslinked PVDF-
TFE-P/SS samples, the nominal resistivity increases rapidly and reaches its maximum in
about 1 minute. However, it takes about 2 minutes for the TET A-crosslinked samples to
reach their equilibrium-swelled states. All samples were believed to be completely
swelled in the solvent in 5 minutes, and all the samples in the following sections were

pre-swelled in EC/DEC (1:2, v/v) for 5 minutes before mechanical and electrical

measurements.
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6.3.2 Mechanical properties of bisphenol-crosslinked PVDF-TFE-P swelled in

EC/DEC

Figure 6.14 shows the stress-strain curves of bisphenol-crosslinked PVDF-TFE-P
films, which were swelled in EC/DEC (1:2, v/v) for 5 minutes before measurement. The
stress-strain curves clearly indicate the dimensional change of the polymer films after
swelling. Even though the films were mounted taut between the grips, upon immersion
in the solvent the resulting expansion (about 20% in length) caused the films to go slack.
This is why the stress in Figure 6.14 does not begin to increase until the strain (measured
from the dry length) reaches about 20% when the new equilibrium length of the swelled
film is reached. After that point, the stress increases almost linearly with the strain.
When the polymer film was not heated, assuming that no or negligible crosslinking was
introduced, the film swelled significantly in the solvent and the stress during stretching
was small and the film broke at a small strain. When the dry films, before measurement,
were heated in argon at 110°C to introduce crosslinking, the elastic modulus (the slope of
the curves in Figure 6.14) increased with the heating time. This is believed to be the
effect of the crosslinking introduced. When the film was heated at 110°C for less than 16
hours, the film could be stretched to 250% strain without breaking. However, if the film
was heated longer to introduce more crosslinks, the film broke at a smaller strain. For
example, a relatively high degree of crosslinking can be achieved by heating for 72 hours,

but the film breaks at about 140% strain.
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Figure 6.14 Stress-strain curves of bisphenol-crosslinked PVDF-TFE-P heated at 110°C.

The samples were immersed in EC/DEC (1:2, v/v) during the measurement.

Figure 6.15 shows the cyclic stress-strain curves of bisphenol-crosslinked PVDEF-
TFE-P in EC/DEC (1:2, v/v). Since a large breaking strain is our desired objective, only
the data for samples heated at 110°C for 4 (Figure 6.5a), 8 (b),16 (c) and 24 (d) hours are
shown in Figure 6.15. All the four samples studied could be cyclically deformed to 100%
strain without breaking. The samples have almost the same reversibility during cyclic

deformation, and may be acceptable for our application.
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Figure 6.15 Cyclic stress-strain curves of bisphenol-crosslinked PVDF-TFE-P heated at
110°C for (a) 4 hours, (b) 8 hours, (c) 16 hours, and (d) 24 hours. The samples were

immersed in EC/DEC (1:2, v/v) during the measurement.

6.3.3 Mechanical properties of TETA-crosslinked PVDF-TFE-P swelled in EC/DEC

Figure 6.16 shows the stress-strain curves of TETA-crosslinked PVDF-TFE-P films
swelled in EC/DEC (1:2, v/v). The elastic modulus of the films increases with the TETA
content. When the content of TETA is less than 3 pph, the film can be stretched to 250%
strain without breaking. When 4 or 5 pph TETA was added, the film broke at about
120% strain. Comparing the sample without TETA (TETA-crosslinking recipe in Figure
6.16) to the sample without heating (bisphenol-crosslinking recipe in Figure 6.14), one
can see that the sample without TETA (Figure 6.16) has a visible elastic modulus and a
larger breaking strain (>250%). This suggests that a small amount of crosslinking was
introduced even when no TETA was added under the preparation conditions. A possible

explanation is that the highly basic conditions of the TETA-crosslinking recipe assists



bisphenol, which was already incorporated in the polymer by the manufacturer, to
introduce a small number of crosslinks at room temperature, even though a higher

temperature is suggested with the recommended recipe.

1.6 T T T T = ﬂpph T
: —+—1pph| ]
w [ — 2pph
1.2+ e 3pph
i w |~ 4pph i
5 / #| | Spph
e 0.8 b
W / S
b ] f
/7%‘
0.4 o ¥
o} :]
0 e ) i
0 (1] 100 150 200 250
€ (%)

Figure 6.16 Stress-strain curves of TETA-crosslinked PVDF-TFE-P. The samples were

immersed in EC/DEC (1:2, v/v) during the measurement.

Figure 6.17 shows the cyclic stress-strain curves of TET A-crosslinked PVDF-TFE-P
in EC/DEC with the TETA content ranging from 0 to 4 pph. Since the breaking strain of
the sample crosslinked with 5 pph TETA was slightly larger than 100%, it could be
stretched to 100% strain but broke during the second cycle. Hence, Figure 6.17 doesn’t
include the data for the sample with 5 pph TETA. Compared to samples crosslinked with
bisphenol (Figure 6.15), the TETA-crosslinked samples show almost no hysteresis during
cyclic deformation. The films establish their new equilibrium length at about 20% strain
regardless of the amount of TETA added. After that, the stress increases linearly with the

strain up to 100%. The most interesting point is that the stress-strain curve completely
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overlaps after the first stretching, and almost no hysteresis was observed. We believe that
such behavior can be attributed to the swelling of the crosslinked polymer. When the
polymer was immersed in the solvent, the solvent interacted with polymer chains and
decreased the physical interaction between polymer chains. Most of the uncrosslinked
ends lose the physical entanglement with other polymer chains and became free ends,
reducing the viscoelastic properties of the polymer [39]. Hence, the highly crosslinked

polymer network responds like a true spring after swelling as shown in Figure 6.17.
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Figure 6.17 Cyclic stress-strain curves of TETA-crosslinked PVDF-TFE-P with (a) 0
pph, (b) 1 pph, (c) 2 pph, (d) 3 pph, and (e) 4 pph TETA. The samples were immersed in

EC/DEC (1.2, v/v) during the measurement.
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6.3.4 Mechanical and electrical properties of bisphenol-crosslinked PVDF-TFE-P/SS
swelled in EC/DEC

Figure 6.18a shows the stress-strain curves of bisphenol-crosslinked PVDF-TFE-P
filled with 25 pph SS. After swelling in EC/DEC (1:2, v/v), the films expanded by about
10% in the stretching direction. When the film is taut, the stress increases linearly with
the strain. The elastic modulus, or the slope of the stress-strain curve, increases with the
heating time for crosslinking. Even when the sample was heated for 24 hours, the film
broke at about 50% strain. Figure 6.18b shows the nominal resistivity of the composites
after swelling and during strain. The nominal resistivity ranges from 6 {-cm to about 12
Q-cm during stretching. Since no sample can be stretched up to 100% strain, no data will

be presented for the cyclic deformation of the bisphenol-crosslinked composites.

e (%)

Figure 6.18 (a) Stress-strain and (b) Nominal resistivity-strain curves of bisphenol-
crosslinked PVDF-TFE-P/SS immersed in EC/DEC (1:2, v/v). Samples with 25 pph 8§

were heated at 110°C in an argon flow for the times indicated in the legend.
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6.3.5 Mechanical and electrical properties of TET A-crosslinked PVDF-TFE-P/SS

swelled in EC/DEC

Figure 6.19a shows the stress-strain curves of TETA-crosslinked PVDF-TFE-P/SS
composites after swelling in EC/DEC (1:2, v/v). When the TETA content was less than 4
pph, the breaking strain of the swelled composites increased with the amount of TETA
added. When 4 pph TETA was added, the composite film could be stretched to 170%
strain before breaking. However, further addition of TETA to the composite decreased
the breaking strain. When 5 pph TETA was added, the breaking strain decreased to about
125% strain. Figure 6.19b shows the nominal resistivity-strain curves of the swelled
composites. All the curves approximately overlap each other. Apparently, the
crosslinking introduced by TETA has little impact on the resistivity of the swelled
composites.

Figure 6.20 shows the cyclic deformation of TETA-crosslinked PVDF-TFE-P/SS
composites after swelling in EC/DEC (1:2, v/v). The samples with 3, 4 and 5 pph TETA
have almost the same stress-strain profiles, except for the scales of the stress axes in
Figure 6.20. The sample with 3 pph TETA could be cyclically deformed to 100% strain
and broke during the third cycle. Samples with 4 and 5 pph TETA could be cyclically
stretched to 100% strain and released without breaking. By comparison, the maximum
elongation of the swelled PVDF/SS film containing 25 pph SS was less than 10%. The
nominal resistivity of TETA-crosslinked composites has very good reversibility after the

first stretching and varies within the range of 20-30 Q-cm.
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Figure 6.19 (a) Stress-strain and (b) Nominal resistivity-strain curves of TETA-
crosslinked PVDF-TFE-P/SS immersed in EC/DEC (1.2, v/v). 25 pph SS was added to

the samples. The amount of TETA added to each sample is indicated in the legend

Figure 6.20 Stress versus strain and nominal resistivity versus strain during cyclic
deformation of TETA-crosslinked PVDF-TFE-P/SS composites immersed in EC/DEC
(1:2, v/v). The samples had (a) 3 pph, (b) 4 pph and (c) 5 pph TETA added. 25 pph SS§

was added to the samples.
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6.4 Effect of the coupling agent

6.4.1 Coupling between PVDF-TFE-P and SS

A series of PVDF-TFE-P/SS composites containing 25 pph SS and different amount
of APTES were prepared to study the effect of the coupling agent. Figure 6.21 shows
stress-strain and nominal resistivity-strain curves of the PVDF-TFE-P/SS composites
after drying in air overnight. All the samples broke at about 30% strain. No clear trend
about the impact of APTES was observed. However, when the samples were investigated
again after storing for more than 24 hours, a clear trend was observed. The addition of
APTES greatly improved the mechanical properties of PVDF-TFE-P/SS composites
(Figure 6.22a). Comparing Figure 6.21 and Figure 6.22, one observes that the reaction
time is important for APTES to be functionalized. It suggests that the reaction of the
coupling agent is a slow reaction, and that it needs more time to complete the coupling
reaction between the polymer matrix and SS particles.

The maximum elongation before break of the composite without APTES is about
10%. The breaking strain of the composites increases with the content of APTES. When
5.1 pph APTES was added and stored for more than 24 hours, the composite film could
be extended to 130% before breaking. Figure 6.23a shows the stress at 10% strain as a
function of the APTES content. The stress at 10% strain increases with the APTES
content. The improvement of the mechanical properties can be associated with the
chemical bonds between the SS and polymer chains introduced by APTES. Since an SS
particle can have many functional groups, -OH, on the surface, more than one APTES
molecule can bond to a single SS particle. Therefore, SS particles with multiple APTES

(-NH,) can act as bulk crosslinking agents. Figure 6.22b shows the nominal resistivity of
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PVDF-TFE-P/SS composites as a function of both the strain and the APTES content.
The nominal resistivity of the composites at 10% strain is summarized in Figure 6.23b.
Apparently, the resistivity increases exponentially with the strain and the addition of

APTES has no or little impact on the resistivity.
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Figure 6.21 (a) Stress vs. strain, and (b) nominal resistivity vs. strain of PVDF-TFE-P/SS
composites showing the effect of APTES. Notice that 25 pph SS was added to each

sample, and that the samples were evaluated after drying in air overnight.



138

0 30 60 90 120 150
& (%)

Figure 6.22 (a) Stress vs. strain, and (b) nominal resistivity vs. strain of PVDF-T. FE-P/SS
composites showing the effect of APTES. Notice that 25 pph SS was added to each

sample, and that the samples were stored for more than 24 hours before measurement.
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Figure 6.23 (a) The stress and (b) the nominal resistivity at 10% strain of PVDF: -TFE-
P/SS composites showing the impact of added APTES. Notice that 25 pph SS was added

to each sample, and that the samples were stored for more than 24 hours.
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Figure 6.24a shows the cyclic stress-strain curve of a PVDF-TFE-P/SS sample
containing 25 pph SS and 5.1 pph APTES. The film rebounded at 25% strain when the
stress was removed, and the stress at 50% strain decreases quickly with cycle number.
The poor cycling behavior results from the viscoelastic flow of polymer chains because
of the limited crosslinking provided by added APTES. In fact, TETA will be added to
provide sufficient crosslinking and to suppress the viscoelastic flow of polymer chains.
Figure 6.24b shows the nominal resistivity of the PVDF-TFE-P/SS film during the cyclic
deformation. The nominal resistivity rises from 1.5 Q-cm initially to about 16 Q-cm at
50% strain. By comparison of Figure 6.20, the high resistivity in Figure 6.24b apparently
result from the viscoelastic flow of the polymer chains. After the first stretching, the

nominal resistivity was stable at about 16 Q-cm.
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Figure 6.24 (a) Cyclic stress-strain and (b) nominal resistivity-strain curves of a PVDF-

TFE-P/SS composite containing 25 pph SS and 5.1 pph APTES
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In order to suppress the viscoelastic flow of polymer chains, a sample containing 5.0
pph TETA and 3.6 pph APTES was prepared and evaluated. Figure 6.25 shows the
stress-strain and nominal resistivity-strain curves of the binder film. With the addition of
TETA, the film can be extended to 200% before breaking. The nominal resistivity rises
from 1.8 Q-cm to about 400 Q-cm at the breaking strain (200%). Figure 6.26a shows the
stress-strain curve of the binder film under cyclic deformation. Compared to the sample
with APTES only (Figure 6.24a), the mechanical properties of the film containing both
TETA and APTES were greatly improved. The sample film rebounded at about 12%
strain when the stress was removed, and the stress at 50% strain was stable at about 3.5
MPa upon cycling. The nominal resistivity rises from 1.7 Q-cm to 4.5 Q-cm at 50%
strain (Figure 6.26b), which is much smaller than that of sample containing 5.1 pph
APTES only (Figure 6.24b). Moreover, the nominal resistivity changed reversibly after

the initial stretching.
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Figure 6.25 (a) Stress-strain and (b) nominal resistivity-strain curves of a PVDF-TFE-

P/SS composite containing 25 pph SS, 5.0 pph TETA, and 3.6 pph APTES
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Figure 6.26 (a) Cyclic stress-strain and (b) nominal resistivity-strain curves of a PVDF-

TFE-P/SS composite containing 25 pph SS, 5.0 pph TETA, and 3.6 pph APTES

6.4.2 Coupling between PVDF-TFE-P and the silicon surface

It is also very important to study the coupling capability of APTES between PVDF-
TFE-P and the active material particle, a-Si or a-SiSn. A silicon wafer was used to mimic
the surface of a-Si and a-Sig¢sSng3s. Then, the peel test was carried out to measure the
adhesion strength of the binder film to the surface of the silicon wafer.

Figure 6.27 shows the results of peel tests on the binder films with and without the
coupling agent, APTES. No TETA was added, and 25 pph SS was added as the filler to
enhance the binder strength. When no coupling agent was added, the adhesion energy is
about 12 J/m®. However, when 0.9 pph APTES was added, the binder film broke instead
of peeling from the silicon wafer. The result implies that the adhesion energy is higher

than 120 J/m?, more than an order of magnitude larger than when no adhesion promoter is
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added. Hence, we can expect to suppress the failure between the polymer-solid interface

by adding APTES.
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Figure 6.27 Peel tests of binder films without TETA on silicon wafers showing the

significant impact of APTES

In the real application, TETA is added as the crosslinking agent to suppress the
viscoelastic flow of polymer chains as suggested in Figure 6.26. Figure 6.28 shows the
results of peel tests on the binder films with 5.0 pph TETA and 25 pph SS. With the
addition of 5.0 pph TETA, the binder film can be easily peeled up from the silicon wafer
even when 1.8 pph APTES was added. Compared to Figure 6.27,