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Abstract

A polyampholyte is a polyelectrolyte which is composed of macromolecules that contains
both cationic and anionic ionisable groups. Understanding the structure of polymer chains in
polyampholyte hydrogels and its effect on the phase behavior of the contained water is a
challenging problem that has a broad impact on diverse applications, such as gel electrolytes,
lubrication layers, and anti-biofouling coatings. In this dissertation, we have investigated the
structure of a charge-balanced polyampholyte, poly(4-vinylbenzenesulfonate-co-[3-
(methacryloylamino) propyl] trimethylammonium chloride). The polymer structure was probed by
variable-temperature small-angle X-ray scattering (SAXS); highly hydrated globules with a radius
of gyration of 2 ~ 2.5 nm formed a network structure in the charge-balanced polyampholyte
hydrogels, whereas the size and the clustering are dependent on synthesis parameters. These highly
hydrated network globules formed percolated polymer-rich domains while sub-micron, slush-like
ice crystals formed from water-rich domains, resulting in ion-conducting channels that are rich in
amorphous water molecules at low temperatures. Solid-state nuclear magnetic resonance (NMR)
spectroscopy confirmed the mobility of these amorphous water molecules at temperatures as low
as —54 °C. We also visualized the globular structure of polyampholyte hydrogel with scanning
electron microscopy (SEM) and scanning transmission electron microscopy (STEM) for the first
time. Differential scanning calorimetry (DSC) was used to estimate water states in the

polyampholyte hydrogel.

Based on the wunderstanding of temperature-dependent structure evolution of
polyampholyte hydrogel, we fabricated two devices using polyampholyte hydrogel. First, we

found that the upper critical solution temperature (UCST) for the phase separation between water-

il



rich and polymer-rich phases in the polyampholyte hydrogel can be finely raised (~ +40 °C) by
substituting a small number of cationic monomers (~ 0.5 wt%) to slightly more hydrophobic ones
during the random copolymerization process. By harnessing this scientific observation, we
developed a smart coating that becomes opaque to both visible and mid-infrared radiation at room
temperature to achieve privacy and heat retention in cold night weather. Second, a flexible and
self-healing supercapacitor with high energy density in low-temperature operation was fabricated
using the polyampholyte hydrogel as a gel electrolyte. The resulting supercapacitor device showed
a high energy density of 30 Wh/kg, and a capacitance retention of ~90% after 5000 charge—
discharge cycles. At low temperature (—30 °C), the supercapacitor had an energy density of 10.5

Wh/kg at a power density of 500 W/kg.

Inspired by the new graphene chemistry we developed for the aforementioned
supercapacitor electrodes, we also devised a self-reinforcing conductive coating strategy where
graphene nanoflakes (GNF) were wrapped by self-assembling reduced graphene oxide (RGO) for
electrical conductivity and mechanical integrity. The conductivity of the GNF-RGO coating
reached 4.47 x 10* S/m. The coating was then applied on 3D printed porous elastomers, resulting
in flexible radio frequency (RF) antennas and strain sensors with arbitrary shapes for internet-of-
things (IoTs) applications. The same conductive coating strategy also converted a commercial
polyurethane (PU) sponge into electricity generators, where zinc oxide (ZnO) nanowires were
hydrothermally grown on top of the three-dimensional graphene networks coated on the inner wall
of the PU sponge. The nanogenerator yielded an open circuit voltage of ~0.5 V and short circuit

current density of ~2 uA/cm?, while the output was found to be consistent after ~3000 cycles.

Finally, we studied the synthesis of poly (glycerol sebacate) (PGS), a synthetic

biocompatible elastomer developed as a template for cardiac cells, to establish criteria for quick
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and consistent synthesis for tailored mechanical properties. Here, we suggested that the degree of
esterification (DE) could be used to predict precisely the physical status, the mechanical properties,
and the degradation of PGS. Young’s modulus was shown to linearly increase with DE, which was
in agreement with an entropic spring theory of rubbers. To provide a processing guideline for
researchers, we also provided a physical status map as a function of curing temperature and time.
The amount of glycerol loss, obtainable by monitoring the evolution of the total mass loss and the
DE during synthesis, was shown to make the predictions even more precise. Quick synthesis could
be achieved by employing a microwave oven instead of convection heating for prepolymerization,
but microwave heating led to severe mismatch between monomeric units by uncontrolled

evaporation of glycerol, leading to an inconsistency in mechanical properties.

v



Preface

A part of Chapter 4 and subsection 1.2.1 of this thesis has been published as “Xinda Li, Hemant
Charaya, Guy M. Bernard, Janet A.W. Elliott, Vladimir K. Michaelis, Byeongdu Lee*, Hyun-
Joong Chung*. Low-Temperature Ionic Conductivity Enhanced by Disrupted Ice Formation in
Polyampholyte Hydrogels. Macromolecules, 51 (7), 2723-2731 (2018)”. Xinda Li and Dr. Hyun-
Joong Chung conceived ideas. Xinda Li and Hemant Charaya prepared and characterized
hydrogels. Dr. Janet A.W. Elliott provided critical insights in solution thermodynamics and ice
formation. Dr. Guy M. Bernard and Dr. Vladimir K. Michaelis performed, analyzed, and
interpreted solid-state NMR experiments. Dr. Byeongdu Lee performed, analyzed, and interpreted
the SAXS and WAXS experiments. Xinda Li and Dr. Hyun-Joong Chung developed the model to
explain the structure-property relations in polyampholyte hydrogels. Xinda Li, Dr. Janet A.W.
Elliott, Dr. Guy M. Bernard, Dr. Vladimir K. Michaelis, Dr. Byeongdu Lee, and Dr. Hyun-Joong
Chung wrote the manuscript. Dr. Jae-Young Cho performed, analyzed, and interpreted the

additional FE-SEM and STEM experiments to visualize globular structure.

Chapter 5 of this thesis will be submitted as “Xinda Li, Sambit Banik, Guy M. Bernard, Janet A.W.
Elliott, Vladimir K. Michaelis, Hyun-Joong Chung*. (The author order is not finalized) Water
States in Salt-Containing Polyampholyte Hydrogels”. Xinda Li and Dr. Hyun-Joong Chung
conceived ideas. Xinda Li and prepared and characterized hydrogels. Xinda Li, Dr. Janet A.W.
Elliott and Dr. Hyun-Joong Chung designed and interpreted DSC experiments. Dr. Guy M.
Bernard and Dr. Vladimir K. Michaelis performed, analyzed, and interpreted solid-state NMR
experiments. Xinda Li, Dr. Janet A.W. Elliott, Dr. Guy M. Bernard, Dr. Vladimir K. Michaelis,

and Dr. Hyun-Joong Chung wrote the manuscript.

A part of Chapter 6 and subsection 1.2.2.1 of this thesis has been published as “Thanh-Giang La,
Xinda Lif, Amit Kumar, Yiyang Fu, Shu Yang, Hyun-Joong Chung*. Highly Flexible,
Multipixelated Thermosensitive Smart Windows Made of Tough Hydrogels. ACS Applied
Materials & Interfaces, 9(38), 33100-33106 (2017)”. Xinda Li, Dr. Thanh-Giang La and Dr.
Hyun-Joong Chung conceived ideas. Xinda Li and Yiyang Fu prepared and characterized

* Corresponding Author
¥ Equal Contribution



hydrogels. Amit Kumar fabricated the ink and heater. Dr. Thanh-Giang La assembled the device.
Xinda Li, Dr. Thanh-Giang La, Dr. Shu Yang, and Dr. Hyun-Joong Chung wrote the manuscript.

A part of Chapter 7, subsection 1.2.2.2, and subsection 1.2.3.1 of this thesis has been published as
“Xinda Li, Li Liu, Xianzong Wang, Yong-Sik Ok, Janet A.W. Elliott, Scott X. Chang, Hyun-Joong
Chung*. Flexible and Self-Healing Aqueous Supercapacitors for Low Temperature Applications:
Polyampholyte Gel Electrolytes with Biochar Electrodes. Scientific Reports, 7, 1685 (2017)”.
Xinda Li and Dr. Hyun-Joong Chung conceived ideas. Dr. Yong-Sik Ok and Dr. Scott X. Chang
provided the pristine biochar. Dr. Janet A.W. Elliott contributed in developing the hydrogel
electrolyte. Xinda Li fabricated the electrode, the hydrogel electrolyte, and the supercapacitor
device. Xinda Li, Liu Li and Xianzong Wang characterized the materials and the device. Xinda Li
and Dr. Hyun-Joong Chung drafted the manuscript. Dr. Janet A.W. Elliott, Dr. Yong-Sik Ok and

Dr. Scott X. Chang provided critical revisions of the manuscript.

A part of Chapter 8 and subsection 1.2.3.2 of this thesis has been published as “Xinda Li,
Mohammad Mahdi Honari, Yiyang Fu, Amit Kumar, Hossein Saghlatoon, Pedram Mousavi*,
Hyun-Joong Chung*. Self-Reinforcing Graphene Coatings on 3D Printed Elastomers for Flexible
Radio Frequency Antennas and Strain Sensors. Flexible and Printed Electronics, 2, 035001
(2017)”. Xinda Li conceived of the idea presented in this paper with guidance from Dr. Hyun-
Joong Chung; Xinda Li and Yiyang Fu designed and performed the material preparation and
characterization; Mohammad Mahdi Honari and Hossein Saghlatoon designed the antenna
structure and characterized its performance; Amit Kumar designed and fabricated the 3D printed
substrate; Xinda Li, Yiyang Fu, and Amit Kumar designed and performed the strain sensor; Xinda
Li, Mohammad Mahdi Honari, Amit Kumar and Yiyang Fu wrote the paper with feedback
provided by Dr. Pedram Mousavi and Dr. Hyun-Joong Chung.

A part of Chapter 9 and subsection 1.2.3.3 of this thesis has been published as “Xinda Li, Yi Chen,
Amit Kumar, Ahmed Mahmoud, John A. Nychka, Hyun-Joong Chung*. Sponge-Templated
Macroporous Graphene Network for Piezoelectric ZnO Nanogenerator. ACS Applied Materials &
Interfaces, 7,20753-20760 (2015)”. Xinda Li and Dr. Hyun-Joong Chung conceived ideas. Xinda
Li, Dr. Yi Chen, and Amit Kumar performed experiments. Dr. Yi Chen, Dr. John A. Nychka and
Dr. Hyun-Joong Chung established ZnO nanowire array deposition protocols. Ahmed Mahmoud

Vi



provided important contributions in material characterization. Xinda Li and Dr. Hyun-Joong

Chung wrote the manuscript.

A part of Chapter 10 and subsection 1.2.4 of this thesis has been published as “Xinda Li, Albert T.
Hong, Nilanjon Naskar, Hyun-Joong Chung*. Criteria for Quick and Consistent Synthesis of
Poly(Glycerol Sebacate) for Tailored Mechanical Properties. Biomacromolecules, 16 (5), 1525—
1533 (2015)”. Xinda Li, Albert T.-L. Hong, and Dr. Hyun-Joong Chung conceived ideas. Xinda
Li, Albert T.-L. Hong, and Nilanjon Naskar performed experiments. Xinda Li and Dr. Hyun-Joong

Chung wrote the manuscript.

vii



Acknowledgments

I would like to take this opportunity to express my sincerest gratitude to the people around me

during my Ph.D. study.

My deepest thanks goes to Professor Hyun-Joong Chung, my Ph.D. thesis advisor and my
mentor. Thank you for providing me with the opportunity to study and research in his group. Under
his guidance, I not only consolidated my background in polymer science but also learned how to
become a rigorous, passionate and inspiring researcher, and educator. When I met difficulties with
my projects, Professor Chung always tried to find all the possible recourse for me to solve those
problems. His encouragements and advice made my completion of graduate study possible and
they will follow me wherever I go in my life. I would like to thank my thesis committee members
Professor Janet A.W. Elliott, Professor Hongbo Zeng, Professor Weixing Chen and Professor Jan

Genzer (North Carolina State Univ.) for their invaluable advice and discussions on my dissertation.

I also want to express my special gratefulness to Dr. Byeongdu Lee (Argonne National
Laboratory). Only with his help on SAXS and WAXS experiments, were we able to make such
progress. I was truly impressed by his instant and thorough replies whenever I requested help. It
is my fortune to know and work with such an amazing scientist like him. I also would like to thank
Professor Janet A.W. Elliott again for her extremely valuable inputs during these years. The
meetings with her were excellent. Her sharp insights and wonderful explanations accelerated my
research at every stage. I would like to thank Professor Hongbo Zeng. I took his course in my first
year here and I learned a lot. He always generously provided his help during my study. I also want
to thank Professor Jan Genzer for his kind help as well as traveling to Edmonton to attend my
defence. I would like to thank Professor Vladimir K. Michaelis and Dr. Guy M. Bernard from the
Department of Chemistry for the rare opportunity of solid-state NMR measurements, and I was
motivated by their dedication to science. I also thank Dr. Jae-Young Cho (Nanotechnology
Research Centre) for his help with hydrogel imaging. I would like to thank Professor Anastasia
Elias for discussions and advice, as well as kindly providing the access to instruments in her lab. I
have also benefited from invaluable help from many people, namely (alphabetically), Dr. Matthew
Benesch, Professor Michael J. A. Hore (Case Western Reserve Univ.), Dr. Cui Kai

(Nanotechnology Research Centre), Professor Karen I. Winey (Univ. of Pennsylvania), Dr. Mike

viii



Xia (Nanotechnology Research Centre), and Dr. Zhimin Yan (Nanotechnology Research Centre).
I would like to acknowledge the sponsors of the Natural Sciences and Engineering Research
Council of Canada (NSERC) and Alberta Innovates-Technology Futures (now Alberta Innovates)
Graduate Scholarship.

I also want to thank my friends in the Soft Material and Device Lab: Dr. Yi Chen, Dr. Thanh
Giang La, Dr. Tanushree Ghosh, Hemant Charaya, Amit Kumar, Chungyeon Cho, Li Liu, Shide
Qiu, Fanghui Liu, Dinara Zhalmuratova, Wendy Tran, and Lelin Zheng. We walked together all
the way along, with both smiles and cries. I am also very thankful to undergraduate researchers:
Albert Hong, Rafael R. Sencio, Nilanjon Naskar, Aniket Shah, Sambit Banik, Kun Jiang, Yiyang

Fu, Jin Hui Tan, and Nathan Jen. I am also looking forward to seeing you sometime in the future.

Many thanks to the staff of the CME department: Lily Laser, Pritchard Marion, and Kevin
Heidebrecht. I always felt delighted after talking with you. I also thank the staff in the nanoFAB:
Peng Li, Dr. Anqiang He, Shiau-Yin Wu, Dr. Shihong Xu, and Dr. Nancy Zhang. Your helpfulness

and kindness made my experiments smooth and productive.

Four years and eight months ago, I said goodbye to Shanghai and arrived at Edmonton, I can
still recollect every detail of that day just like yesterday. Countless things occurred, the love from
my mother, father, grandparents and Dr. Guanmin Meng warmed me up in the cold winter. Thank

you so much for believing in me and understanding all the decisions I made in these years.

X



Table of Contents

ADSTIACT. ...ttt ettt et b e st ettt e st e b i
Preface. ... .ottt ettt ettt st \%
ACKNOWIEAGIMENLS ..ottt ettt et et e et e e teeeabeesseeenseesaeesnseennes viil
Table 0f COMEENLS .........ccoooiiiiiiiiii ettt st ettt et ebe e X
LAST Of TaDIES ..ot ettt ettt et e Xiv
List of Figures and IHUSErations ................ccociiiiiiiiiiiiiieeeee e XV
Chapter 1 INTroduUCHION. ..........cooiiiiiiiiiiiee ettt et e st e et e s e s e e s 1
LT TNEEOAUCTION ...ttt ettt ettt ettt e b e beeatesbeebeentens 1
1.2 Impacts Of Current WOrK........c..oooiiiiiiieeeeee e 5
1.2.1 Fundamental Studies on Polyampholyte Hydrogel ............ccccoovviiiiiiieniiiiiieeee e 5
1.2.2 Applications of Polyampholyte Hydrogel .............cccoieiiiiiiiiiinieeeeeeeee, 6
1.2.3 Investigations and Applications on Graphene Oxide Wrapping and Reduction.......... 10
1.2.4 Synthesis of Poly(glycerol sebacate) for Tailored Mechanical Properties................... 14

1.3 Outline of the DISSEITaAtioN ........ceecuiiieiiiieeiieeeciiee ettt e e e e e e eaeeeaeeeenaeeenns 14
Chapter 2 Theoretical BaCKrounds .............c.cccooiiiiiiiiiiiiiiiiicceceeee e 18
2.1 TIEOAUCTION ..ottt ettt ettt et e b et e st e seee bt e s e eaeenbeennesneenee 18
2.2 POLYMET SOIULION ......eiiiiiiiiieeciie ettt e e et e e st e e e s b e e e sabeeenseeennseesnsneeennes 18
2.2.1 TRELA SOIVENL....cctiiieiieeeiie ettt ettt etee e et e e e be e e s tbeeeeaaeeessaeeessseeesaeeensseesnneeas 19
2.2.2 POOT SOIVENL ..ttt sttt st 21
2.2.3 GOOA SOIVENL ...ttt st ettt e e 22

B o) 20001 o) 1 T0) 4 1< TSRS 22
2.3.1 Charge-Balanced Polyampholyte Chains in Dilute Solution ............ccccceeeeiveiiiieennneen. 23
2.3.2 Charge Asymmetry on Chain Conformations .............ccceeeueeriienieeiiienieeieesie e 25
2.3.3 Salt Concentration on Chain Conformation .............cecceveeverieneerienieneeieneeneeee e 28
2.3.4 Phase Behavior of Polyampholyte SoIutions ..........cccceeeveeeciieinciieeniie e 29
2.3.5 Gelation of Polyampholyte.........cccoouiieiiiiiiiiieceece et 29

2.4 Solvation Behavior of Ions and POLymMETrs..........cccoeciiiiiiiiiiiiiiieicceee e 31
2.4.1 Solvation Behavior of Small TONS.......cccooeiiiriiiiiiiieeeeee e 32
2.4.2 Solvation Behavior of POLYMETS.........cccoviiiiiiiiiieciicceceee et 34

2.5 SUMIMATY «..oeeiiieiiieiieeteee ettt ettt ettt et e st et e sate e b e e sab e ebeesaneeneeseneeseenaneens 35



Chapter 3 Experimental Techniques ................ccoooiiiiiiiiniiiinieeeee e 36

3.1 INEEOAUCTION ...ttt ettt ettt et et e bt et et e s bt ebeeseeeneenees 36
3.2 Synthesis of Polyampholyte Hydrogel...........ccooouiiiiiiiiiiiieeee e 36
3.3 The Protocol of Reduced Graphene Oxide Composite Fabrication...........ccccevceeveriennenne. 38
3.4 Synthesis of Zinc OXide NANOWITES.......ccceeriieiiieriieiierieeieente et e stteereeseeeereeseeesnseensee e 39
3.5 Synthesis of Poly(glycerol sebacate) and Its Derivatives ........ccccceeeeveeeeieeenieeeiieeeieeene 39
3.6 Characterization TeChNIQUES ........c.ceeiiiiiiiiiieciie e e 40
3.6.1 Small Angle X-Ray Scattering (SAXS) ..ccouioiiiieiet e 41
3.6.2 Differential Scanning Calorimetry (DSC)......ccooviieiiiiiiiiiieeieeie e 46

3.7 SUINIMATY ...vieiiieeeiiee ettt e ettt e ettt e et e e siteeesaeeessseeessseeessseeensseeensseeensseesnsseeennseesnsseesnsneennses 48
Chapter 4 Low-Temperature Ionic Conductivity Enhanced by Disrupted Ice Formation in
Polyampholyte Hydrogels ..............ooooiiiiiiiiiiiie et 49
4.1 INEFOAUCTION ..ttt ettt et b et e at e bt et saee st e et e saeenbeentesseenee 49
4.2 Experimental MEthods .........c.cooiiiiiiiiiiiie ettt 52
4.3 Results and DISCUSSION.......ccuiiiuiiiiieiie ettt ettt ettt ettt e b e sttt e st e b e e aeeeeeas 57
4.3.1 Charge-Balanced Point Determination.............ceeveerieerieniieniesiieie e 57
4.3.2 Total Monomer Conversion Rate ...........coceevueriiriiiiiiiinieieeecceseeee e 58
4.3.3 Development of SAXS Theory for CIUSterS........ccueevviieriieeriieeiee e 59
4.3.4 Structure of Polyampholyte Probed by SAXS ......coooiiiiiiieeeeeeeeeee e 62
4.3.5 Temperature-Dependent Structure EVOIUtion............cceeeviiiriiiieiieeiee e 65
4.3.6 Variable-Temperature Solid-State NMR ..........ccoooiiiiiiiiiiiiiiieteeeeee e 70
4.3.7 Visualizing the Globular StruCtUIE .........cceeviiiiiieriieiieie et 72

4.4 CONCIUSION. ...ttt ettt et e e at e et e sat e e bt e sbbeebeesabeebeeeaeeeneeas 74
Chapter 5 Water States in Salt-Containing Polyampholyte Hydrogels......................c....c.... 75
5.1 INEEOAUCTION ...ttt ettt ettt sb et et sbe et b e b entes 75
5.2 Experimental MEthOS .......c.coouiiiiiiiiiiiiieiieeie ettt st enbeeaee e 76
5.3 Results and DISCUSSION. ....cc.uiiiuiiiiiiiiieiie ettt ettt et ettt e et sbee st eenaee e 79
5.3.1 The Effect of Salt Concentration ............cceeueeiuieriieiieniieiee et 81
5.3.2 The Effect of POIYMETIZAtION .....cccueeriiieiieiiieiieeie ettt s 82
5.3.3 The Effect of Polymer-to-Water Ratio..........cccoecvieiiiiniiiiniieiieiecieeeeee e 83
5.3.4 The Effect of Dialysis in DIW ......cccoiiiiiiiiiieceeceeceeee et e 84

xi



5.4 CONCIUSION. ....cuiiiiiiiiiiiirieee ettt st ettt a et s ae s &5
Chapter 6 Highly Flexible, Multipixelated Thermosensitive Smart Windows Made of Tough

HYAEOGEIS ...ttt e e ettt e e e ettt e e ettt e e e enaabeeeeenssaeeeeansseeesennseeeens 86
0.1 INETOAUCTION ..c.eiiiiiieee ettt sttt ettt st be e e b enees 86
6.2 Experimental MEthOAS ........c.coouiiiiiiiiiiiiieiicce ettt et ebe e 88
6.3 Results and DISCUSSION. ....cc.uiiiuiiiiiiiieiie ettt ettt sttt st e b 93

6.3.1 Controlling Cloud Points of the PAH............ccooiiiiiiiiieee e 93
6.3.2 Phase Separation and Structure of PAH-03...........cccciiiiiiiiiieeeeeee e 97
6.3.3 Dynamic Optical Response of PAH-03............cooiieiiiiiiiiiececece e 98
6.3.4 Operation of an Active Smart WINdOW .........cccceeeiiieiiiiieniieeeie e 99
0.4 CONCIUSION. ....utiiieiiieeiiie ettt e ettt e et e e eteeesaeeesstaeessbeeessseeessseeessseeassseeansseeesseesasseessseessseens 101

Applications: Polyampholyte Gel Electrolytes with Biochar Electrodes............................. 102
7.1 INEEOAUCTION <.ttt ettt et s bbbt e st e e bt e eabeeeees 102
7.2 Experimental MEthOdS .........ccoviiiiiiiiiieeieece et e saae e e aee e 104
7.3 Results and DISCUSSION........ceuteruiriiriiiiieieritete ettt ettt ettt et s ae e 108

7.3.1 Device Fabrication: an OVETVIEW .........ccceevuiriierierieniieniieieniiesieeie st 108
7.3.2Characterization of BC-RGO Composite Electrolyte ...........ccocveevviiieniieeniieeieeeee. 109
7.3.3 Performance of Polyampholyte Supercapacitor at Room Temperature...................... 118
7.3.4 Performance of Polyampholyte Supercapacitor at Low Temperature........................ 121
7.3.5 Mechanical Flexibility and Self-Healing Properties ..........ccccoevvevieriienincieenieeiens 125
T4 CONCIUSION. .....ieiiiiiiiiiee ettt ettt ettt e s bt et e et e s bt e teeneeseeeneennens 127

Frequency Antennas and Strain SeNSOTrS..............cccoiviiiiiiiiiiiiie e 128
8.1 INETOAUCTION ...ttt et sttt et st be et s 128
8.2 Experimental MEthOds .........ccuieiiiiiiiiieiiecieece ettt enseens 130
8.3 Results and DISCUSSION.........eeiuiiiiiiiieiiieieee ettt sttt e e s ens 133

8.3.1 Morphology Before and After COmMPression. .........ceevcveeriieriienieeiiienie e 133
8.3.2 Conductivity OPtIMIZATION .......eevuiieiieriieeiieriie et ste et ettt e seeeteeseeeebeeseeesnseenaeeenne 134
8.3.3 Chemical CharacteriZation .............cceeieruerierientieie ettt s 136
8.3.4 DUTADIIILY TESt ...eieeiiieeiiieeiee ettt ettt e s e e staeeeeaeeessaeeeaaeesnnaeeenneeas 138

xii



8.3.5 Flexible Radio Frequency ANteNnnas...........ceccveeueerieeiiieniieeiienieeieesieeeiee e evee e 140

8.3.0 STIAIN SEISOT ....ueiiutiiiiiietteitte ettt ettt ettt ettt et e bttt e bt e st e sbeeeabeenbeesabeenbeeeaee 141

8.4 COMNCIUSION. ...ttt ettt ettt e b e et e bt e st e bt e eab e e bt e sabe e bt e snbeenbeesaeeans 143
Chapter 9 Sponge-Templated Macroporous Graphene Network for Piezoelectric ZnO
INANOGEMETALOY ........oooiiiieiiieiiiie ettt ettt e et e ettt e e eteessbteesabeeessseeensbeeenaseeensseesnsaeesnsnens 144
0.1 INETOAUCTION ...ttt ettt ettt e b e e bbbt e st e e bt e sabeeeees 144
9.2 Experimental MEthOdS .........cccviiiiiiiieiiiecie ettt e e e e e enaee e 145
9.2.1 Nanogenerator FabriCation ...........ccociiiiieiiiiiiieiie ettt 145
9.2.2 Nanogenerator CharaCteriZations .............eccueeeueereerreereeeiieeneeereesseesseesseeeseessnesseens 147
9.2.3 PiezoelectriCity MEaSUIrCMENLS .........ccevvieeriieeiieeeiieeeieeeeieeesreeeseneeesereeeseaeesneeesnneeas 147

0.3 Results and DISCUSSIONS ......cccviieiiiiieeiieeeieeeeiteesieeesteeesereeesereeessaeeessseeessseesssseessseesssaens 148
9.3.1 Surface CharaCteriZatiON. ........coeevueriirienieiierie ettt ettt 148
9.3.2 Piezoelectricity MEaSUICIMENLS ........ccueeeveerireeieeiieereeneeeeteenteeeseensaesseesseessseessaesseens 151
0.3.3 DUIAbIIItY TESt....eiieuiieeiiieeiie ettt te et e e e eee e st e e be e e eeeeseeennaeesnneees 155
9.3.4 Finite Element Analysis of Macroporous StrucCture ...........cccceeeeeeveeerveeerveeeeeee e 156

0.4 CONCIUSION. ...ttt ettt sttt et sbe et e e saeebeeatens 159
Chapter 10 Criteria for Quick and Consistent Synthesis of Poly(glycerol sebacate) for
Tailored Mechanical Properties ...............cccooeoiiiiiiiiiiciiiecieceee et 160
10,1 INErOAUCTION ...ttt ettt e ettt e be e eeeas 160
10.2 Experimental Methods .........ccueieiiiiiiiiieiiece ettt et 162
10.3 Results and DISCUSSIONS .......ccueeruerieriiirieiieniieie ettt ettt ettt sae et saeenaeeaeens 165
10.3.1 PGS Prepolymerization in Nitrogen at Different Temperatures ............cccceecvevuenee. 165
10.3.2 PGS Prepolymerization USINg MICTOWAVE..........cccuveervieerieeeiiieenieeeereesiveeeveee e 168
10.3.3 Mechanical Properties of PGS and Its Derivatives ..........cccceeeveeeeieeeeiee e 171
10.3.4 Degradation Study of PGS and Its Derivatives ..........cccecceerieeiiienieeiiienie e 176

10.4 CONCIUSION. ...ttt ettt ettt et eat e s b et e eate st e e bt entesseenbeeneesaeenseennens 177
Chapter 11 Summary and Future Work ..............cccoooiiiiiine e 178
L S 1 1 T 0 U SPRRRPPPSS 178
T1.2 FULUIE WOTK .ttt sttt ettt 179
REFEIICES ...ttt st ettt et e 182
APPEIICES ..ottt et e e ettt e e e et e e e s aaaeeesntteee e e nbbeee e e nbaaeeeenteeeeennaaeaeeenrees 203



List of Tables

Table 1.1 SUMMary of Chapters 4 10 10 ......uueeeeiieiiiiiiiirieiiee e eeeeeerrereee e e e s eesasbrraeeeeeeens 15
Table 4.1 The list Of SAMPIES PrePared........vueeeeiiei i e e aee e e e e 53
Table 4.2 Fitting parameters for EIS Measur@mMents.......ceeeeeecccireeeeeeeeeeiecirreeeee e e eesrrreeeeeeeens 56
Table 4.3 Fitting parameters for SAXS reSUILS. .....oui i 63
Table 5.1 List Of Samples Prepared. ... it e e e s 77
Table 7.1 Summary of physical and chemical properties of various biochar (BC) samples....... 113
Table 9.1 Material parameters used in the FEM simulation. ........cccccceeeeieiiiiiieeee e, 158

X1V



List of Figures and Illustrations

Figure 1.1 Topics covered in this dissertation. The arrows indicate the sequence and relationships
oY=y AT Y=Y oI o] o1l PPPPN 4

Figure 2.1 The classifications of polymer solution depend on the polymer fraction. Based on the
CONCEPLS OF FEFEIENCE 120, ..o.eieiieieee ettt ettt ettt et e saeeteeaeeaeeneas 18

Figure 2.2 Phase diagram for polymer solutions with an upper critical solution temperature
(UCST). The solid blue curve donates the binodal and phase separation occurs for polymer
solutions with temperature and polymer fraction below the binodal. The dash-dotted blue curve

is the low temperature boundary of the semidilute good solvent regime. ¢ is the polymer

volume fraction of dilute supernatant. ¢ “is the polymer volume fraction of a concentrated

sediment. ¢.* is the polymer volume fraction at which the polymer chains begin to
interpenetrate and become a semidilute solution. ¢.x* is the polymer volume fraction of the
high concentration branch of the semidilute regime. Redrawn from Figure 5.1 in reference!?°.19

Figure 2.3 Schematic illustration of a necklace globule. The blue blobs are negatively charged,
and the brown blobs are positively charged. Redrawn from Figure 5 in reference %.................. 26

Figure 2.4 Diagram of states of a polyampholyte chain in dilute solution in the parameter space
of the total fraction of charged monomers and the charge asymmetry. Redrawn from Figure 7 in
FEFEIENCE 30, ..ottt et ettt et e et e et e et eete et e et e ebe e te e e e ereeateenteeaeenaeentea 28

Figure 2.5 Classification of gelation transitions. Redrawn from Figure 6.2 in reference 1%........ 30

Figure 2.6 Above: an illustration of polyampholyte networks with ionic associations formed by
different ionic interaction strengths. Brown circles: strong ionic associations. Yellow circles: weak
ionic associations. Below: an illustration of strong and weak interactions with two sequences of
charged groups on polyampholyte backbones. Based on the concepts of reference '7.............. 31

Figure 2.7 Schematic model of the ion solvation with solvation shells. Layer A is the first solvation
shell. Layer B is the second solvation shell. The rest of water in regime C is bulk water. Based on
the concepts of reference '*°. For monatomic cations and anions, such as Na* and CI, six water
molecules are normally found in their first solvation shell, and 14 water molecules in a fully

hydrogen-bonded second solvation shell.165166 e 33
Figure 3.1 The protocol of polyampholyte hydrogel synthesis. ..........ccccooveiiiiiiieeicciiee e, 36
Figure 3.2 The chemical structures of MONOMEIS........ccvvveeieiiiiiiiireeeee e 37

XV



Figure 3.3 The Scheme of IRGACURE 2959 a-cleavage upon UV excitation. ......cc..cccceevvvvvennnenn. 37
Figure 3.4 Schematic illustrations that describe the processing of the GNF-RGO coating. ......... 38

Figure 3.5 Schematic diagram of SAXS experimental setup. Based on the concepts of reference?®.

Figure 3.6 Schematic diagram of incident X-ray scattered by an electron. Based on the concepts
oY = L= L= 1 1oL 42

Figure 3.7 Schematic diagram of incident X-ray scattered by two electrons. Based on the concepts
205

(o] B = 1T =Y ol TR PRR RS 43
Figure 3.8 Schematic diagram of the transition from inter-chain to intra-chain and finally
monomeric scattering. The red circles indicate the range of observation. Based on the concepts
OF FEIEIENCESIZO205 . ettt ettt et ettt ettt e et e teeteeteebeeteeneens et esenseetesteeaeenens 45

Figure 3.9 Schematic diagram of a typical DSC profile for polymer samples. Based on the concepts
oY =Y =T = A Lol K TSR 46

Figure 3.10 Schematic diagram of cross-section of DSC heat flux cell. Redrawn from Figure 2.1 in

FE I ENCEZIA e et e et e e e e e e e e e e e e e e —ee e e e —aeeeaa——aeeaaa——aeeaaa——aeaaaaas 47

Figure 4.1 lonic conductivities of an aqueous 10 wt% NaCl solution, the NaCl solution mixed with
monomeric precursor molecules (SOL-10-2.1), and the NaCl solution in polymerized hydrogel (PA-
10-2.1), plotted against tEMPEIATUIE. ....ccuvvieieeeee et e e e e e e s esabrraeeeeeeens 50

Figure 4.2 EIS results for (a) 10 wt% NaCl solution, (b) SOL-10-2.1 and (c) PA-10-2.1 at various
temperatures. The inset in (a) is the magnified part of the region identified by the red box in the
left-bottom corner of (a). Red solid lines were the fitting using the Randles circuit model. ....... 54

Figure 4.3 Equivalent Randles circuit for modelling of impedance data of the electrolyte system.

Figure 4.4 Swelling ratio as a function of MPTC fraction. .........cceeeciiiiiiciieie e, 58

Figure 4.5 'H solution NMR spectra for PA-10-2.1 and the precursor solution SOL-10-2.1
(including the monomers NaSS, and MPTC) at room temMpPEerature. .......ccceeevvveeereeeeerccinnveeeeeeenn. 58

Figure 4.6 A model 1D array of spheres. Length L of the model is the center-to-center distance
between first and last spheres. The model is composed of 10 spheres with mean radius 5 nm and
12% size variation. The gap between the particles is set to 0.5 NM. ..cceevviviiiiiiiniiiie e, 59

XVvi



Figure 4.7 a) Simulated intensity Iq and form factor Pq from the model in Figure 4.6. b) Iq/Pq is
approximated with structure factor model shown in the equation above........cccccccceeeereennnnnnen. 60

Figure 4.8 (a) SAXS data for PA-6-2.1, PA-8-2.1, PA-10-2.1, and PA-10-1.05. Here, the subtracted
background is the capillary filled with 10 wt% NaCl solution. The red lines are the fits of the
experimental data. (b) Schematic illustration of the polyampholyte hydrogel. The hydrogel
consists of globules (i.e., nanoscale hydrated particle-like structures with high polymer
concentration) separated by water-rich domains (i.e., inter-globular regions with low polymer
concentration). The polymer globules aggregate to form clusters. See text for details.............. 63

Figure 4.9 (a) and (b) Variable-temperature SAXS and WAXS results of PA-10-2.1, respectively.
Here, the subtracted backgrounds for SAXS/WAXS were obtained from a blank capillary. These
spectra were collected at various temperatures from —40 to 5 °C with an interval of 1 °C at a
ramping rate of 1 °C/min. (c) The size of globules, and (d) normalized amounts of amorphous
water in the polyampholyte hydrogel versus temperature. Solid lines are provided as guides to
10 0[S NV URPRR 67

Figure 4.10 Temperature-dependent structural evolution of salt-containing polyampholyte
hydrogel at (a) 20 °C and (b) —30 °C. Yellow circles in hatched outlines denote polymer-rich, but
hydrated, globules. Cross-sectional FE-SEM images of PA-10-2.1 (c) at 20 °C, and (d) pre-frozen at
—30 °C, followed by quenching in liquid nitrogen, and freeze-drying. (a) and (b) represent the
hydrogel structures of regions identified by the with white boxes in (c) and (d), respectively... 69

Figure 4.11 Raw DSC profiles (thawing) for PA-10-2.1 under multiple freeze—thaw cycles. ....... 69

Figure 4.12 (a) H solid-state NMR spectra of PA-10-2.1 (upper traces) and of the corresponding
precursor solution (lower traces) acquired at 21 °C. (b) ?H solid-state NMR spectra of the same
samples acquired at —49 °C. The inset in the latter shows the complete spectra. All spectra were
obtained from non-spinning operation of NIMR..........cccoiiiiiiiiiii e 70

Figure 4.13 Variable temperature non-spinning 2H NMR spectra of PA-10-2.1.Spectra on the left
side were acquired with a single pulse with the inset displaying an overlay of the 2H peaks for
spectra acquired in the 20 to -38 °C range. To observe the broad non-mobile water resonance, a
solid-echo pulse sequence was used. All spectra in the right side have been multiplied by a factor
of 16 to illustrate the underlying Pake pattern. The inset shown on the right was multiplied by a
factor of 1024 to illustrate the onset of the Pake pattern at this temperature; there was no
detectable ?H Pake pattern for spectra acquired at higher temperatures. .......c.ccccevvevveeveerenne. 72

Figure 4.14 (A) The SEM image of freeze-dried polyampholyte hydrogel (PA-10-2.1). (B) Magnified
images of the small regions identified in Figure 4.14A in the middle of the “trough”. (C) Captured
at the middle of the “plateau”, and (D) at the boundary of the “trough” and “plateau”............ 73

Xvil



Figure 4.15 (A) Secondary electron image and (B) BF-STEM image of freeze-dried polyampholyte
hydrogel powders. (C) A magnified image of the small region identified by the rectangular box in
FIGUIE A.L5B. ..ottt sttt ts st sttt s b s st st et s nnnnnnnnnen 73

Figure 5.1 lllustration of temperature-dependent structural evolution of salt-containing
polyampholyte hydrogel at 20 °C and —30 °C. Yellow circles denote polymer-rich, but hydrated,
globules. The scale bars are 10 MM ... e e e e e e e s e e e e e e e e e eanes 76

Figure 5.2 The deconvolution of raw DSC CUIVES. .........uuiiiiiei i evrree e e e 78

Figure 5.3 (a) lllustration of water-polymer interaction in salt-containing polyampholyte hydrogel
system. See the main text for the definition of FW, FBW-P, FBW-S, and NFBW. (b) A typical DSC
curve (top) of salt-containing polyampholyte hydrogel. The first (middle) and the second partial
derivative (bottom) with respect to temperature of heat flow (HF) identify the location of the
three peaks that corresponds to FW, FBW-P, and FBW-S from high to low temperatures. The grey
bands show the approximate locations of the peaks. The exact location of the ‘peak center’ is
defined as the statistical gravity center of each peak.......ccveeeeiiiiiiic e, 80

Figure 5.4 (a) DSC curves and their deconvolution fittings for polyampholyte hydrogel with the
three different salt concentrations (PA-6-2.1(8), PA-8-2.1(8), and PA-10-2.1(8) in Table 5.1,
respectively). (b) Top: peak centers of peaks for FW, FBW-P and FBW-S. Bottom: relative amounts
of water in the different States. ... e 81

Figure 5.5 (a) DSC curves of samples with various UV curing time (PA-10-2.1(0), PA-10-2.1(2), PA-
10-2.1(4), and PA-10-2.1(8) respectively). Here, 0 h curing time means that there was no
polymerization (i.e., only monomers and NaCl exist), whereas increasing curing time implies an
increased degree of polymerization. (b) Top: peak centers for FW, FBW-P and FBW-S. Bottom:
contents of water states obtained from deconvolution fittings. .........cccccoeeeeiiiie i, 83

Figure 5.6 (a) DSC profile evolution with different monomer concentrations (i.e. different water-
to-polymer ratio) at a fixed UV radiation time and salt concentration (10 wt% NaCl solution, PA-
10-0.526(8), PA-10-1.05(8), and PA-10-2.1(8), respectively) and (b) Top: peak centers for FW, FBW-
P and FBW-S. Bottom: relative contents of different water states. .......cccccevevveeiiviiieeecicieee e, 84

Figure 5.7 (a) DSC curves of polyampholyte hydrogels and their deconvolution fittings for PA-10-
2.1(8), D-PA-10-2.1(8), and R-PA-10-2.1(8). (b) Top: peak centers for FW, FBW-P and FBW-S. Some
peaks are not available due to lack of corresponding component. Bottom: relative contents of
2T [ol IRV L (=] g - | DU 85

Figure 6.1 The setup of laser light scattering intensity measurement. The temperature of PAH
with thickness of 0.5 mm was controlled from 10 to 70 °Cin an interval of 5 °C.......ccccceeeunneen. 89

xviii



Figure 6.2 Design and fabrication of the stretchable heater array. (a) Schematic of jet-printing of
the heater array on PET and transferring it to VHB substrate; and optical photographs and
microscopy images. (b) and (c) Two different designs of the stretchable heater array. ............. 90

Figure 6.3 (a) lllustration of the individual layers in the active smart window using 0.5 mm thick
PAH-03 as an optically functional medium. Top views of the smart window at (b) uniaxially
stretched and (c) twisted modes of deformation. (d) Schematic of transparency control of the
window by supplying direct current to the printed elastic heater. Simultaneously taken (e-g)
optical and (h-j) thermogram images of the device under operation (25 and 45 s for heating and
(oo Yo [T =3 g = o Y=ot 4 \VZ=] 1Y SRRSO 92

Figure 6.4 'H NMR spectra of the PAH-03 and the precursor solution (including the monomers
NaSS, MPTC, DMAEA-Q, and MBAA) at room temperature........ccoveeeveeeeeieciiineeeeeeeeeececirreeeeee e, 94

Figure 6.5 (a) Monomers used in the synthesis of polyampholyte hydrogels (PAHs). (b) Optical
transmittance (635 nm incidence beam through 0.5 mm PAH films) as a function of temperature
for PAH-01 (blue circle), PAH-03 (black square), and PAH-05 (red triangle). Open and closed
symbols represent cooling and heating cycles, respectively. Transmittance of the PAH-03 film
with respect to electromagnetic wavelength at different temperatures (c) in the optical range
(left, visible to near-IR) and in the thermal radiation range (right, mid-IR). Cross-section SEM
images of freeze-dried PAH-03 (d) at 20 °C and (f) at 55 °C quenched in liquid nitrogen. The insets
are photographs of the U of A Engineering logo coated with the PAH-03 film at respective
temperatures (opalescent at 20 °C and transparent at 55 °C). (e) Normalized scattering energies
(635 nm laser beam through the PAH-03 film) and respective size of microstructure object
(modelled as the diameters of spheres) as functions of temperature. (g) Dynamic optical response
of PAH-03 to three temperature ramp rates of 5 °C/min, 10 °C/min, and 20 °C/min. ................ 96

Figure 6.6 (a) Differential scanning calorimetry (DSC) for the PAH-03 in heating and cooling
between 15 °C and 65 °C at the ramping rate of 5 °C/min. Transmittance vs. temperature curves
and their 1st derivatives of the PAH-03 in (b) heating, and (c) cooling. ......cccoeevvvveveeiieiieninnnnen, 98

Figure 6.7 Time history of the applied current over (a) ~1000 cycles, (c) 4 cycles after 10 h.
Measured resistance of (b) ~1000 cycles, (d) 4 cycles after 10 h of the heater in response to the
cyclic current application. Thermograms recorded by a thermal infrared camera: on the heater’s
side activated by (e) 0.5 A (on) and (f) 0 A (off); on the hydrogel’s side activated by (g) 0.5 A (on)
and (h) 0 A (off). (i) Calculated temperature of the heater with a temperature coefficient of 4.8 x
1073 /K (SEE FIGUIE B.8)..uveeureceeeereeteeteeete e et e et eete et e eteeeteeaaesteeteesveebeebeeasesbseseenseessensesnsesasenseensens 99

Figure 6.8 Temperature dependent resistance of stretchable heaters. Temperature coefficient of
resistance aT was determined by fitting the temperature-resistance curves linearly, with RR0 =
1+ aT(T —TO) where RO is the initial resistance at room temperature TO, and R is the
resistance at elevated tEMPErature T.......c..coviiiiiiei i e e e s srae e e 100

XiX



Figure 6.9 (a—d) Optical photographs of the device under pixelated control. (e—h) Thermograms
of the heaters under pixelated activation. ...........eeeiiiiieiiciiiei e 101

Figure 7.1 (a) Exterior and (b) interior pictures of our experimental setup for ionic conductivity
measurement in the range of =30 10 +20 C.coovuiiiiiiiiiie e e 107

Figure 7.2 Schematic of supercapacitor (SC-PA) fabrication. (a) As-received biochar (BC-pristine)
was oxidized (BC-treated) and dispersed in a graphene oxide solution. Subsequent solvent
evaporation and graphene oxide reduction result in a consolidated electrode (BC-RGO) with high
electrical conductivity. (b) The BC-RGO electrodes are supported on a Kapton substrate. (c) A
polyampholyte hydrogel is synthesized on the BC-RGO electrodes by photo-initiated random
copolymerization of NaSS and MPTC. (d) The electrolyte is dialyzed in 3 M KOH solution. (e)
Compressing the dialyzed electrolyte/electrode pair with the top BC-RGO electrode will make a
symmetric supercapacitor. (f) Three symmetric supercapacitors are encapsulated in silicone to
light @ rE@N LED iN (). covveeeereeeiiieeiiie ettt see e stee st e e stte e et e e e tae e s tae e s aaeesaseeesnbeeeesseeenseesnneeesnnns 109

Figure 7.3 (a) The SEM image of as-received biochar (BC-pristine) and (b) a magnified image of
the small region identified by the white rectangular box in Figure 7.3a. (c) The SEM image of
oxidized biochar (BC-treated) and (d) a magnified image of the small region identified in Figure
7.3c. (e) The SEM image of the top of a BC-RGO electrode and (f) a magnified image of the small
region identified in Figure 7.3e. (g) The SEM image of the BC-RGO cross section and (h) a
magnified image of the small region identified in Figure 7.38.....ccccccovviiiiiniiieee e 110

Figure 7.4 High resolution TEM images of BC-pristine ((a) and (b)), BC-treated ((c) and (d)), and
low-resolution TEM image of BC-RGO (e). The white rectangles in the low magnification images,
(a) and (c), indicate the regions of imaging in (b) and (d), respectively. ......ccoceeeeeiiiieeeiieeennns 110

Figure 7.5 (a) Nitrogen adsorption isotherm according to the BET model and (b) Pore size
distribution (represented as differential pore volume plotted against pore width) derived from
(a), calculated with the NLDFT MOdEL.......cccccuiriiiiiieiieiiirieeeee et eenraeee e e e e 112

Figure 7.6 Chemical analysis of various biochar (BC) samples. X-ray photoelectron spectroscopy
(XPS) profiles near (a) N1s and (b) C1s peaks. (c) Raman spectroscopy profiles. (d) X-ray diffraction
(XRD) PrOfilS. wueiieieeiiiieiitiee ettt e ettt s e st e st e e st e et e e e stee e e taeeesaeeebeeeesseeeasseesanseeensseessaeessneenns 114

Figure 7.7 (a) Cyclic voltammetry (CV) profiles (b) Galvanostatic charging—discharging (GCD)
profiles (inset: specific capacitance verses current density) and (c) the Nyquist plot of EIS
measured in 3 M KOH aqueous electrolyte system. (d) CV of BC-RGO in different aqueous
electrolytes at a scan rate of 20 mV/s. (e) CV of BC-RGO with different RGO weight percentin 3 M
KOH SOIULION @t @ SCAN 1At OF 20 MNV/ St e e e e e e e e e e e e e e e s e eseeeeeeeeens 117

Figure 7.8 Device configuration of SC-KOH.........ccuiiiiiiiiiieiiie e 118

XX



Figure 7.9 (a) Cyclic voltammetry (CV) and (b) galvanostatic charging—discharging (GCD) profiles
of symmetric SC-PA KOH (inset: specific capacitance verses current density). The arrow in (a)
indicates the direction of increasing scanning rate. (c) Cycle test of the fabricated supercapacitor
(SC-PA). The inset presents first and last three galvanostatic charging—discharging (GCD) profiles.

Figure 7.10 (a) Cyclic voltammetry (CV) profiles and (b) Galvanostatic charging—discharging (GCD)
profile of SC-KOH (inset: specific capacitance verses current density). (c) Nyquist plot of EIS for
YO oA T o Vo B G (0 ] = TR SR 120

Figure 7.11 Performances of the SC-PA and SC-KOH devices were compared against previously
published symmetric supercapacitors in references as AC-SPN-3,%2 GHPC,%%° LP-700,%8! TC-1,%%2
and N-AC/Grl1.283 Here, the references used biomass-derived carbonaceous materials as
electrodes whereas the electrolytes were in aqueous solution form. ........ccccecvveveiriciieeeiicieeenn. 121

Figure 7.12 (a) Fabricated supercapacitor (SC-PA) temperature dependence of cyclic voltammetry
(CV) profiles at a scan rate of 20 mV/s. The arrow indicates the direction of increasing
temperatures. (b) Galvanostatic charging—discharging (GCD) profiles at a current density of 1 A/g.
The inset indicates calculated specific capacitance with respect to temperature change. (c) A
differential scanning calorimetry (DSC) result of 3 M KOH-containing polyampholyte hydrogel
with increasing temperature compared with the change in conductivity as a function of
L] 0 oL=T =Y AU | <P P PP PPPPTPTPRt 122

Figure 7.13 Cyclic voltammetry (CV) profiles of SC-KOH measured at 20 and —30 °C. The scanning
FATE WAS 20 IMV/S ittt ettt et e e e e e e ettt teeeseses e atteeeesssesasasesateteessssesassrataeeeesssesessasaaeseeesns 123

Figure 7.14 Photographs of (a) pristine, (b) bent, (c) broken, and (d) self-healed supercapacitor
(SC-PA). (c) and (d) show the procedure for the perpendicular cut. The procedure for the planar
cut is described in supporting information. (e) Cyclic voltammetry (CV) profile of pristine, bent
and self-healed (perpendicular and planar cuts) SC-PAs at a scan rate of 20 mV/s. (f) Schematic
illustration of polyampholyte hydrogel self-healing for the perpendicular cut............cc.uuu...... 126

Figure 7.15 The setup for the self-healing of SC-PA. (a) SC-PA was cut into two pieces in the vertical
direction (this describes the case for Figure 7.14c & d; perpendicular cut). (b) SC-PA was split into
two pieces by slicing the polyampholyte hydrogel layer in the lateral direction (parallel cut).. 126

Figure 8.1 (a) Schematic illustration of antenna fabrication. (b) The layout of GNF-RGO-5-2
antenna. The photograph of (c) the as-prepared, (b) bent, and (c) twisted GNF-RGO antenna.132

Figure 8.2 (a) Schematic illustrations that describe the processing of the GNF-RGO coating. (b)
The SEM image of GNF-GO-5 and (c) a magnified image of the small region identified by the white

XXi



arrow in Figure 8.2b. (d) The SEM image of compressed GNF-RGO-5-2 and (e) a magnified image
of the white arrow region in FIgUIe 8.2d. ......cccuvieiiiiie et e e e e e e e e e e aanaaes 134

Figure 8.3 Electrical conductivity values of the composite coatings as a function of GNF:GO ratio
and the composite’s reduction steps. Here, GNF-RGO-#-1 denotes a reduction using L-ascorbic
acid (step 1), whereas GNF-RGO-#-2 indicates a further reduction step using NaBH4 (step 2). 135

Figure 8.4 (a) Raman spectra of GNF, GNF-GO-5, GNF-RGO-5-1, and GNF-RGO-5-2. (b) Atomic
ratio of carbon and oxygen obtained from XPS profiles. (c) XRD spectra of GNF, GNF-GO-5, GNF-
RGO-5-1, and GNF-RGO-5-2. The inset is a magnified view at low 26 region (between 10 and 15
degrees). X-ray photoelectron spectroscopy (XPS) profiles near (d) Ols and (e) C1s peaks...... 137

Figure 8.5 (a) Evolution of normalized resistance under bending stress cycles for GNF-RGO-5-2
and the control (GNF without RGO) coatings. The minimum radius of curvature for each cycle was
1 cm. Optical images of GNF-RGO-5-2 coating (b) before and (c) after 1000 cycles and of the
control coating (d) before and (e) after 1000 CYCIES.........veeeeecieeeeeeiiiee e e 139

Figure 8.6 The resistance changes of GNF-RGO-5-2, and GNF coating versus the radius of
CUPVATUI. ettt ettt e et e e e e e e e e e e e e e e e e e e e e e e e e e eaeeeaeaeaeaeaeaeaaeaaaaaeas 140

Figure 8.7 (a) The simulated and measured reflection coefficient of the dipole antenna, (b) the
measurement results for different values of bend radii (BR), (c) the measured 3D radiation pattern,
(d) the measured E-plane at 2.45 GHz for different BR, (e) the measured H-plane at 2.45 GHz for
0 (=Re TN (=TT ] = 2 U PPRRN 141

Figure 8.8 (a) The relative changes in resistance for the loading—unloading cycles versus strain.
Inset: the optical image of the strain sensor. (b) The calculated gauge factor versus strain for the
loading and releasing steps in the second and third cycles........cccovveeiiiiicciiiieeee e, 143

Figure 9.1 (a) Process of nanogenerator fabrication. (i) Pristine PU sponge. (ii) GO coated on the
internal and external surfaces of the PU sponge. (iii) GO reduced by L-AA (RGO); bottom electrode
attached. (iv) ZnO nanowires grown on the RGO. (v) A thin layer of sputtered Au on the top of the
sample; top electrode attached. (vi) PDMS infused into the pores of the nanogenerator. The insets
in (a) illustrate the microstructure of each step. (b) The photo of a fully assembled nanogenerator.

Figure 9.2 Physical appearance after each process step: (From left to right) (i) pristine
polyurethane sponge (PU), (ii) PU coated by graphene oxide (GO@PU), (iii) GO@PU after chemical
reduction of the graphene oxide (RGO@PU), (iv) RGO@PU after zinc oxide (ZnO) growth
(ZnO@RGO@PU), and (v) after coating 20nm think gold layer with a sputter (Au/ZnO@RGO@PU).

xxil



Figure 9.3 (a), (b) and (c) SEM images of RGO@PU with different magnification. (d), (e) and (f)
SEM images of ZnO@RGO@PU with different magnification. The white arrows indicate the
(foYor- 1 dToT g E3 (o] g d o V=T e o a L o TR PSPPSR 148

Figure 9.4 A SEM image of a pristine PU sponge. Initially, the surface appears smooth before
(oo = 1ul o TV 1 o T 2 { G PR 149

Figure 9.5 (a) A representative SEM image of the surface microstructure of ZnO@RGO@PU. The
number density (b), diameter distribution (c), and length distribution (d) of the grown ZnO were
obtained by analyzing the iMage iN (3). ....ccccciiee it e s 149

Figure 9.6 (a) XRD patterns (inset: close look at the low 26 signals), (b) Raman spectra, (c) FTIR
spectra of pristine PU (1), GO@PU (2), RGO@PU (3) and ZnO@RGO®@PU (4). (d) XPS spectra of
G0 2= 0 To 1 0 C @ JR SR 151

Figure 9.7 (a) I-V characteristics of nanogenerator. (b) UPS of GO, RGO and ZnO nanowires. The
onset points of the UPS spectra were extracted using the linear extrapolation method shown in
the figure, which are 15.3 16.7 and 16.4 eV for GO, RGO and ZnO nanowires, respectively. Spectra
were referenced to the Fermi level of a sputter-cleaned Au sample in contact with the samples,
and set as 0 eV. The data indicated that the work functions of GO, RGO and ZnO nanowires are
5.9, 4.5 and 4.8 eV respectively. The valence band edge energy of ZnO nanowires is 2.3 eV and
the valence band maximum can be calculated to be 7.1 eV.328 (c) UV-vis spectra of ZnO nanowires.
The optical band gap is determined by the inset of the Tauc plot, which is 3.2 eV. Band diagrams
of Au/ZnO/RGO junction (d) before and (e) after contact formation. The direction of forward bias
is defined as from Au to ZnO nanowires. (f) The band diagram of Au/ZnO/RGO junction with stress.
The ionic charges in ZnO are due to piezoelectric polarization and the charges in RGO and Au are
(o [USI do l @oT0] FoT 0 0] o] [ol 10} =T =Tt f o] o VAR 153

Figure 9.8 Open circuit voltage measured from the nanogenerator by (a) forward and (b) reverse
connections. Short circuit current density measured from the nanogenerator by (c) forward and
(d) FEVEISE CONNECTIONS. ..ueiiiiieiieicirteeeee e e e e eeserr e e e e e e e e s esbbrraeeeeeeeesesassraaeeeeeessenanssreeees 154

Figure 9.9 The output voltages recorded when the rear wheel was revolving at 30 rpm. ........ 155

Figure 9.10 (a) Cross section of the nanogenerator before the durability test. (b) Cross section of
the nanogenerator after ~3000 cycles. White arrows indicate the locations for the zoom-in. (c)
Zoomed-in image at the PDMS/ZnO nanowires/PU interfaces. White dotted lines show the
boundaries of PDMS/ZN0O aNd PU/ZNO. ....uuveiiiiiiiiieceiiiiieeee e eeeeeiett e e e e e e s esiiiaste e e e s s s esesiassseseeees 155

Figure 9.11 (a) Illustration of the structure of the nanogenerator. The RGO layer is not included
in the FEM model due to its small thickness. (b) FEM simulation for the stress distribution in the
nanogenerator with PDMS and (c) WithoUt PDIMIS. ........oeviiiiiiiciieeeee et 157

xxiii



Figure 9.12 The geometry of nanogenerator under bending for FEM simulation..................... 157
Figure 9.13 The open circuit voltage of the nanogenerator without PDMS. .........ccccceeeviveeenns 158

Figure 10.1 Time-dependent evolution of (a) DE, (b) mass loss (Am), and (c) glycerol loss of PGS
specimens during thermal treatment. The solid line at 24 h denotes the sample transfer from
prepolymerization in the nitrogen atmosphere to curing in vacuum. For each sample, the same
temperature was used for the prepolymerization and the curing steps. .....ccccceveccivieeeeeerienns 166

Figure 10.2 (a) Map that describes the relationship between DE and specimen statuses. Filled
squares in the figure denote the time and temperature values for thermal treatment
(prepolymerization and curing; see Figure 10.1 for explanations) where the measurement of DE
and the observation of physical status were made for each specimen. (b) Representative pictures
of the five physical statuses at room temperature: A, brittle opaque wax; B, soft translucent wax;
C, viscous translucent liquid, D, soft sticky elastomers; E, nonsticky elastomers. The five large
squares with letters on top in (a) represent the thermal treatment conditions for the samples
] oL Y s I (o) PO RO 168

Figure 10.3 Evolution of DE, mass loss (Am), and glycerol loss values as prepolymerization time
increases during MIicrowave heating. ......oov i e 169

Figure 10.4 FTIR spectra of specimens prepared by different methods: (1) pristine mixture of SA
and glycerol, DE = 0; (2) prepolymerized by 3 min of microwave heating, DE = 27%; (3)
prepolymerized by 6 min of microwave heating, DE = 34%; (4) prepolymerized by 15 min of
microwave heating, DE = 43%; (5) prepolymerized in nitrogen atmosphere for 6 h at 130 °C, DE =
42%; (6) prepolymerized in nitrogen atmosphere for 24 h at 130 °C, DE = 73%; (7) prepolymerized
by 3 min of microwave heating, followed by curing under vacuum for 48 h at 130 °C, DE = 74%.

Figure 10.5 Evolution of DE, mass loss (Am), and glycerol loss values as curing time increases at
130 °C under vacuum. All specimens were prepolymerized by microwave heating for 3 min. The
values for the as-prepolymerized specimen are plotted at O h. The sudden changes in DE, Am and
glycerol loss are due to microwave heating. ........coccvviviiiiiiiii i 171

Figure 10.6 (a) Stress—strain curves of PGS specimens prepared with 42, 48, 66, and 78 h total
thermal treatment at 130 °C (prepolymerized for 24 h and then cured for 18, 24, 42, and 54 h,
respectively). (b) Stress—strain curves of PGS, PGS-MDI 7.8 wt %, and PGS-FS 10 wt %. Specimens
were prepolymerized for 24 h and then cured for 24 h at 130 °C ......vvvveeeciieeecciieee e 172

Figure 10.7 (a) Young’s modulus, (b) UTS, and (c) elongation at break values as plotted against
the total thermal treatment tiMe. ......oooiiie e 172

XX1V



Figure 10.8 (a) Young’s moduli and (b) glycerol loss values plotted against the DE values. Data are
obtained from the current study and Li et al.3*® The dash red fitting lines are the linear regression,
excluding specimens prepolymerized by microwave heating.........cccovveveeeieiiiiiciieeeee e, 173

Figure 10.9 (a) Young’s moduli, (b) UTS, and (c) elongation at break plotted against weight
percents of MDI and FS loaded in the PGS MatriX.....ccccceeieeiieiciiiiiieeee et 175

Figure 10.10 Degradation of PGS and its derivatives as quantified by mass loss vs storing time in
1x PBS. (a) Neat PGS samples prepared with 48, 66, 78, and 90 h of total thermal treatment times
at 130 °C (prepolymerized for 24 h and then cured for 24, 42, 54, and 66 h, respectively; compare
with Figure 10.1 to facilitate understanding). (b) The derivatives of PGS, namely PGS-FS 5 wt %,
PGS-FS 10 wt %, PGS-MDI 4.1 wt %, and PGS-MDI 7.8 wt %. Specimens were prepolymerized for
24 h and then cured for 24 h at 130 °Cu..ueiiiiieciee ettt 176

Figure 11.1 lllustration of a conceptual device using the materials and devices developed in this
(o [T Y=Y =1 4 Lo AU PUUU 180

XXV



Chapter 1 Introduction

1.1 Introduction

Hydrogel, a water-containing swollen three-dimensional polymeric network, was first
reported from the seminal work of Wichterle and Lim in 1960.! In their study, poly(2-hydroxyethyl
methacrylate) was developed with particular interests in tissue engineering, leading to
commercialization of contact lenses in our daily life. As reviewed by Buwalda et al.,? the history
of hydrogel research can be divided into the following three periods: (i) From 1960 to 1970,
hydrogels of chemically crosslinked networks were synthesized with relatively simple stratagem
and fundamentals of various hydrogel properties were studied. (ii) Starting in the 1970s, the
emerging of hydrogels capable of responding to external stimuli accelerated their applications such
as drug releasing matrices instead of passive orthopaedic implants.? (iii) Then in the mid-1990s,
the focus of hydrogel research shifted to other crosslinking mechanisms (such as ionic interactions,
stereocomplexations, efc.), which provided an abundant inventory of hydrogel systems with

various properties that can be fine-tuned.*

After more than a half century of development, the recent trend of hydrogel research is more
intensive and diverse, revealing the possibilities for applications, for instance, from the
conventional uses, such as scaffolds for tissue engineering,® to the contemporary uses, such as
smart materials for soft robotics.>®” On the other hand, the demands for hydrogels with better
performances for applications act as the impetus to promote fundamental hydrogel research. As an
example, since the mechanical properties of hydrogels are decisive in the recently occurring fields
of artificial muscle or soft robotics, a new class of hydrogels with extremely high mechanical
strength and tear-resistance, tough hydrogels,® were developed by employing double network

12,13,14 and

architectures,”'®!! forming nanocomposite hydrogels with inorganic nanoparticles,
introducing freely movable crosslinks.!>!® Polyampholyte hydrogel is a class in the family of tough
hydrogels,!” where the polymer networks are associated by ionic bonding between oppositely
charged units in their backbone chains. The hydrogel is intrinsically tough, stretchable, and self-
healable,'” and is versatile since the mechanical or physicochemical properties can be finely tuned

by changing the monomers with different hydrophobicity or ionic strength.'”!® However,



fundamental studies on polymer structures in the polyampholyte hydrogel and their relation to the

unique properties are seldom reported.

As hydrogels are inherently rich in water content, understanding the structure of the polymer

network has important implications for applications where the interaction between polymer and

19,20 21,24

water is determinant, such as ionic conductivity,!*?° anti-biofouling effects,?!*>?3 lubrication,

adhesion,”> and water-retention ability.??

Using a model system of poly[sodium 4-
vinylbenzenesulfonate-co-[3-(methacryloylamino)propyl] trimethylammonium chloride], this
dissertation sheds light on understanding of the temperature-dependent structure evolution of
polyampholyte hydrogel upon cooling—heating cycles, as well as the impacts of the morphological
evolution on ice formation and ionic conductivity of the polyampholyte hydrogels. These
investigations are supported by experimental results with small-/wide-angle X-ray scattering,

solid-state nuclear magnetic resonance, and electron microscopy (Chapter 4) differential scanning

calorimetry (Chapter 5) techniques.

The fundamental knowledge on the temperature-dependent evolution of polymer network
structures and their relation to the properties of polyampholyte hydrogel lead to device applications.
In this dissertation, we showcase two types of devices based on polyampholyte hydrogels. The
first device is a thermosensitive smart window since polyampholyte hydrogel exhibits a reversible
optical transition from opaqueness to transparency upon heating above the upper critical solution
temperature (UCST). At a high temperature (i.e., during daytime), our polyampholyte hydrogel is
transparent so that visible light can transmit. At a lower temperature (i.e., at night), our
polyampholyte hydrogel blocks the visible light, and the transmittance of mid-infrared radiation.
The transition temperature of the hydrogel was finely tuned by introducing a ‘molecular doping’
strategy, where substituting a trace amount of anionic monomers to the ones with different
hydrophobicity changes the UCST in a highly controllable manner (Chapter 6). The second device
is a robust and flexible aqueous supercapacitor suitable for cold climates. The enhanced ionic
conductivity of electrolytes due to suppression of ice formation resulted in an improvement of

electrochemical performance of the supercapacitor at low temperatures (Chapter 7).

In the course of developing supercapacitors (Chapter 7), we developed a protocol to fabricate

self-standing electrodes by wrapping powdery conducting materials, such as chemically treated



biochar, with self-wrapping reduced graphene oxide. This protocol enables flexible electrodes with
hierarchical porosity distribution ranging from nano- to macro-pores, which are ideal for
electrochemical energy storage devices. While reduced graphene oxide wrapping provides a binder
to maintain mechanical integrity and a conducting conduit for electrical conductivity, the abundant
nanopores in chemically treated biochar play a role as electrochemically active sites. This protocol
was further applied to two other application-driven projects. We developed a processing method
based on graphene oxide-wrapping and reduction to fabricate a carbonaceous conductive layer
coating with an arbitrary shape factor via 3D printing, which can be used as a flexible antenna and
strain sensor (Chapter 8). Using the same protocol, we also devised a simple and inexpensive
processing pathway to produce a nanogenerator with a 3D structure for enhanced performance and
mechanical integrity based on a reduced graphene coated commercially available polyurethane

sponge, combined with a one-step hydrothermal method that grows ZnO nanowires (Chapter 9).

Finally, we focused on a problem of achieving a quick and consistent synthesis of a
biodegradable elastomer poly(glycerol sebacate) for tailored mechanical properties (Chapter 10).
From a literature survey, we found big discrepancies between reported mechanical properties
among different research groups while their processing conditions seemed mostly identical. We
propose that the degree of esterification is a chemical indicator of the synthesized poly(glycerol
sebacate) to determine the physical status, mechanical properties and degradation behaviors in a
precise and reproducible way. The effects of adding cross-linking agent, 4,4’-methylene diphenyl

diisocyanate, and a commodity class of nanoparticles, fumed silica was also studied.
In summary, this dissertation addresses the following topics, as shown in Figure 1.1:

(1) The temperature-dependent structure evolution of polyampholyte hydrogel (Chapter 4)
(i1) The water-polymer interactions in polyampholyte hydrogel (Chapter 5)

(i11) Thermosensitive smart windows based on polyampholyte hydrogel (Chapter 6)

(iv) Flexible polyampholyte supercapacitors for low temperature (Chapter 7)

(v) Self-reinforcing graphene coatings for flexible antennas and strain sensors (Chapter 8)
(vi) Sponge-templated graphene network for piezoelectric nanogenerator (Chapter 9)

(vii) Criteria for synthesis of poly(glycerol sebacate) for tailored mechanical properties

(Chapter 10)
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The remainder of Chapter 1 contains the following subjects. Section 1.2 provides the
content for a brief review of each topic and how the current work in this dissertation can advance

the relevant research fields. Finally, in section 1.3, the structure of the dissertation is outlined.
1.2 Impacts of Current Work

1.2.1 Fundamental Studies on Polyampholyte Hydrogel (Chapters 4, 5 and 6)

Polyampholyte hydrogels have been used as absorbents in wastewater metal removal,?® tissue

adhesives,?’

electrolyte for supercapacitors,”® and thermosensitive smart windows.?’ However,
experimental studies on the polymer network structure of polyampholytes have been relatively
rare. Nisato et al. proposed a qualitative description of the globular structure of chains in
polyampholyte hydrogels based on light scattering and swelling experiments.’® However, the
details of the globular structures, including size and chain density of each globule and the
secondary structures that the globules may produce, have not been explored. Within the
polyampholyte family, the hierarchical structure of polyzwitterions, has been studied in detail.
Polyzwitterions show a unique property called anti-polyelectrolyte behavior because they are in

an isoelectric state — so do any other isoelectric polyampholytes.!

Whereas ordinary
polyelectrolytes undergo a collapse in their chain conformation when the salt concentration
increases in the aqueous solution, isoelectric polyampholytes exhibit swelling behavior that leads
to an increase of the solution viscosity and the solubility of the macromolecular
component.®>*33435 Moreover, the high polymer concentration in the hydrogel leads to
electrostatically induced hierarchical self-assembly that defines a multi-scale structural network in
the hydrogel.’! Safinya and coworkers recently investigated the effect of salt on the hierarchical
structural formation of neurofilament hydrogel, whose structural assembly is dictated by ionic
interactions between polyampholyte sidearm chains. The neurofilament hydrogel (~ 5 wt%
neurofilament in salt water) undergoes transitions from liquid-crystalline hydrogel to isotropic gel,
and to nematic hydrogel when the background salt concentration increases.”? However, the study
of polyampholyte with randomly distributed charges has not been investigated. Furthermore, the
chain conformation of polyampholyte in dilute solution has been theoretically predicted—a
charge-balanced polyampholyte chain forms a globular conformation because Debye—Huckel

fluctuation induces attraction between charges,*® and the size of the globule depends on the ionic

strength and on the number of repeating units of the polymer.!%3” But in the practical application
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of polyampholyte hydrogel, the concentrations of polymers are much higher than concentrations
of dilute solutions. Thus, the investigation on polyampholyte hydrogels with comparable polymer

concentration to those for practical application is imperative.
1.2.1.1 Temperature-Dependent Structure Evolution (Chapter 4)

In Chapter 4, we explored a model charge-balanced polyampholyte hydrogel, poly(4-
vinylbenzenesulfonate-co-[3-(methacryloylamino) propyl] trimethylammonium chloride), whose
polymer and water structures were probed by variable-temperature small-/wide-angle X-ray
scattering (SAXS/WAXS) and solid-state nuclear magnetic resonance (NMR) spectroscopy.
SAXS results indicate a networked globule structure in the charge-balanced polyampholyte
hydrogels, at the length scale of ~5 nm, whereas the structure is dependent on synthesis parameters.
Variable-temperature SAXS data reveal a temperature-dependent structure evolution of the
polyampholyte hydrogel. An interconnected globular network structure of polymer-rich phase at
low temperature, observed by electron microscopy, suggests to preserve ion-conducting channels
of non-frozen water molecules at low temperatures. This hypothesis is further supported by solid-
state '"H NMR spectroscopy that elucidates the mobility of water molecules at low temperatures.
Together these findings provide macromolecular- and molecular-level insight to design gel

electrolytes for enhanced low-temperature performance.
1.2.1.2 Water States and Ice Formation (Chapter 5)

Since the fixation of water molecules due to their interaction with polymer chains is a
deterministic factor that governs the hydrogel’s material properties, in Chapter 5, we studied the
water—polymer interactions of hydrogels made of a model charge-balanced polyampholyte at
various water content and salt concentration, as well as the effect of dialysis and salt reinfusion,

using differential scanning calorimetry (DSC). The amount of ice in the hydrogel was quantified.
1.2.2 Applications of Polyampholyte Hydrogel (Chapters 6 and 7)

In this section, we introduced two devices based-on the polyampholyte hydrogel. First, we
developed a smart coating that becomes opaque to both visible and mid-infrared radiation at room
temperature to achieve privacy and heat retention in cold night weather. Second, a flexible and

self-healing supercapacitor with high energy density in low-temperature operation was fabricated
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using the polyampholyte hydrogel as a gel electrolyte. Recent research activities on each device

were reviewed, and the major progress that advances the related fields are addressed.
1.2.2.1 Thermosensitive Smart Windows (Chapter 6)

Optically switchable materials have the ability to control their light absorption, scattering,
and transmission properties as a response to external stimuli.’®**4 The switching behavior is
typically controlled by the electric field or light intensity.*! For conventional electrochromic
materials, the optical properties of the active layer are modulated by an externally applied electric
field, which requires continuous energy input.*>* The energy consumption and maintenance
issues for long-term operation are not preferred for the energy-saving aspect of building
operation.** It would be desirable if the material could passively modulate its transparency as a
function of the environmental temperature. Metal oxide nanoparticles, such as vanadium oxide
(VO2) that have been utilized in electrochromic smart windows,** have been extensively
investigated as a potential candidate material for this purpose. Moreover, the thermochromic VO:-
based thin layer can block near-infrared light at temperatures > 40 °C to save energy for air
conditioning in hot weather.***®¢ However, since the degree of transparency change and the
transition temperature depend on the composition of the VO: layer, it is challenging to tune these
two at the same time to desired values.***” Another drawback of the VO2-based smart window is
that the active layer is sensitive to the oxygen in the surroundings. A tightly sealing encapsulation
layer is necessary to integrate on the window to prevent oxidation from the environment.*34%-5%-31
The sophisticated manufacturing protocol limits the fitting and sizing of such smart windows for

different built structures.

Recently, poly(N-isopropylacrylamide) (PNIPAAm) hydrogel has drawn much attention
due to its unique combination of stretchability and tunable optical transmittance 3334356
PNIPAAm hydrogel undergoes a transition from transparency to an opaque state upon heating
above the lower critical solution temperature, which is suitable for the smart window application.

57.58 and copolymer solution,> the quasi-

Compared with the use of light-reflecting liquid crystals,
solid-state of PNIPAAm hydrogel prevents leakage under mechanically induced deformation of
the smart window. The rubber-like stretchability of hydrogel can be an added value to the optically

switchable material; such materials can be applied to randomly shaped objects with motional and



dimensional changes. Kodak Research Laboratories mixed a small fraction of PNIPAAm as a
nanoscopic aggregation in a self-healing hydrogel matrix to achieve rapid switching from
transparency to opalescent states within ~30 s.°° It is noted that most synthetic hydrogels,
including PNIPAAm, are intrinsically brittle and the mechanical integrity of such a layer over time
is of concern. Therefore, development of a tough hydrogel that can overcome such limitations will
allow us to achieve superb tear-resistance, stretchability, and self-healing ability.!>8:60:61.17
According to the previous study,’? polyampholyte hydrogel exhibits a reversible optical transition
from opaqueness to transparency upon heating above the upper critical solution temperature. This

phenomenon provides us with a feasible scenario to fabricate tough hydrogel-based

thermosensitive smart coatings.

In Chapter 6, a smart window is designed to control transparency to sunlight (predominantly
visible and near-infrared) and/or black-body radiation (mid-infrared) with respect to external
stimuli. Using polyampholyte hydrogel, we developed a smart coating that becomes opaque to
both visible and mid-infrared radiation at low temperatures to achieve privacy and heat retention
in cold night weather. Here, the phase structure of polyampholyte hydrogel governs the
transparency for the electromagnetic wave, where the separation between water-rich and polymer-
rich phases at low temperature induces scattering of the wave. We fine-tuned the upper critical
solution temperature of the hydrogel from 25 to 55 °C by introducing relatively hydrophobic
dopant monomers from 0.1 to 0.5 wt%, respectively, during a random copolymerization process.
By including an electric heater made of printed elastomeric composite, we developed an active
array of stretchable, high-contrast, optically tunable smart windows. The pixelated window

demonstrated rapid switching time and stable cyclic operation.
1.2.2.2 Supercapacitors for Low Temperature Applications (Chapter 7)

Improving the low-temperature performance of electrochemical storage devices is crucial in
cold climates. For electrochemical capacitors, i.e., supercapacitors, low-temperature operation is
established down to —40 °C, by using organic solvents or ionic liquids with low freezing
points,®$+%>but they are typically toxic and expensive.®¢-67:686%70 [n order to address the electrolyte
leakage induced hazards, aqueous gel electrolytes (sometimes denoted as solid-state electrolytes)

are under extensive investigation for energy storage devices, such as lithium ion’! or sodium ion



2

batteries,’” as well as supercapacitors’” in order to develop safe energy storage devices; however,

low-temperature operation has still not been established.

Gel polymer electrolytes are swollen polymers with an electrolyte solution containing proper
solvents or plasticizers. They combine good free-standing properties of solid systems with liquid-
like transport properties. Compared to liquid electrolytes, gel polymer electrolytes are intrinsically
free of leakage problems or the need for separators, reducing the requirement for costly special
packaging.” Poly(vinyl alcohol) is one of the widely used polymeric frameworks for aqueous gel

7376 or alkaline doping.””-”® Potassium hydroxide (KOH) doped

polymer electrolytes with proton
poly(vinyl alcohol) hydrogels exhibit high ionic conductivities. However, the low-temperature
application of aqueous gel electrolytes is limited due to monolithic ice formation. Hydrogels from
polyampholytes possess desirable structural properties found in gel polymer electrolytes such as
rubber-like elasticity, extreme tear resistance against crack propagation, self-healing ability and
self-adjusting adhesion.!”!®? In addition, our parallel research showed that polyampholyte
hydrogel electrolyte maintains mechanical flexibility at very low temperature by slush-like ice

formation; thus we envision making robust, flexible, and eco-friendly aqueous energy storage

devices suitable for cold climates.

In Chapter 7, a flexible and self-healing supercapacitor with high energy density in low-
temperature operation was fabricated using a combination of biochar-based composite electrodes
and a polyampholyte hydrogel electrolyte. The fabricated supercapacitor showed high energy
density of 30 Wh/kg with ~90% capacitance retention after 5000 charge—discharge cycles at room
temperature at a power density of 50 W/kg. At =30 °C, the supercapacitor exhibited an energy
density of 10.5 Wh/kg at a power density of 500 W/kg. The mechanism of the low-temperature
performance excellence is likely to be associated with the concept of non-freezable water near the
hydrophilic polymer chains, which can motivate future research on the phase behaviour of water

near polyampholyte chains.



1.2.3 Investigations and Applications on Graphene Oxide Wrapping and Reduction
(Chapters 7, 8 and 9)

During the fabrication of the electrode materials for the supercapacitor with polyampholyte
hydrogel, we developed a protocol, called “graphene oxide wrapping and reduction”. By applying

this protocol, several applications were achieved, as summarized in the following sections.

1.2.3.1 Biochar-Reduced Graphene Oxide Electrodes for Supercapacitors (Chapter 7)

Carbon-based materials have been of intensive interest as electrodes for energy storage
devices. Currently, activated carbon from renewable resources is a gold standard for the
supercapacitor industry.” Purified coconut shell based activated carbon currently costs $15 per
kilogram, which consists of half of the total material price for commercial supercapacitors.®® More
alternative carbon sources with superior surface area per weight, such as carbon nanotube and
graphene, have been extensively researched to achieve superior nanostructure for the
application.!#283 For industrial applications, however, the key issue for a suitable electrode
material has been to find the optimal balance between material production cost and performance,
in addition to overcoming technical challenges such as the volumetric energy density issue caused
by ‘fluffiness’ of the alternative carbon sources.’® Compared to the current gold standard of
coconut shell based activated carbon and the heavily researched contenders of carbon nanotube
and graphene electrodes, biochar has a potential to establish an economic choice for a renewable
energy storage material owing to its mild processing temperature, abundance in nature, and its
built-in hierarchical nanostructures. Biochar produced from agriculture waste by slow pyrolysis at
low temperature (400~700 °C) has attracted attention for soil fertility improvement, carbon
sequestration and water purification.®*%5 Recent studies show possibilities of using biochar in
energy storage devices.®**"-% Pure biochar is not suitable as an electrode material for three reasons:
low specific capacitance, the powdery nature of the material, and low electrical conductivity. Nitric
acid treatment and thermal flashing can increase the specific capacitance of exfoliated biochar
electrodes from 2.1 to 221.3 F/g.%7 Structural integrity and electrical conductivity are remedied by
adding polymeric binders and conductive additives, respectively. These additional components
make up a considerable fraction of the weight of electrodes, resulting in lower energy density and

higher device cost.3%20%!
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To provide mechanical integrity and electrical conductivity of binder-free biochar-based
electrodes, we developed biochar-reduced graphene oxide composites in Chapter 7. The
production started from biochar in a coarse powder form (> 100 um in size). After milling and acid
treatment, the treated biochar exhibited significantly increased specific surface area (increase from
~180 m?%/g to ~410 m?/g), as experimentally determined by a nitrogen absorption study. The
modified biochar, however, was still in powder form and did not exhibit sufficient electrical
conductivity to be useful as an electrochemical electrode. Thus, we further modified the material
by adding a small amount (~7.5 wt%) of reduced graphene oxide. The reduced graphene oxide
played a role as a binder to maintain mechanical integrity and a percolating path for electrical
conductivity. The resulting biochar composite material exhibited an enhanced specific surface area
that was nearly comparable to commercial activated carbons (~490 m?/g). Moreover, the
composite can be bent and stretched repeatedly without leaving disintegrated powders, enabling
the possibility of using the electrode for flexible electronics application. After the fabrication,
characterizations of the electrochemical properties, morphology, and surface chemical analysis
were performed. At a current density of 0.5 A/g, the specific capacitance of the biochar-reduced
graphene oxide electrodes reached 216 F/g. The capacitance value normalized by specific surface

area was 44.62 uF/cm?at 0.5 A/g, which is desired for electrochemical energy storage devices.
1.2.3.2 Self-Reinforcing Graphene Coatings for Flexible & Printed Electronics (Chapter 8)

Ink-jet printing of conductive inks has been proven as a feasible method to fabricate flexible
and printed electronics at an affordable price.”” A wide range of materials have been employed as
conductive inks. However, most of them require rather harsh post-printing treatments. For example,
conductive inks based on metal nanoparticles can achieve high conductivity, but require a sintering
process at high temperature or other severe chemical or energetic post treatments to remove
stabilizing agents or oxide layers.”? Such processes have caused compatibility problems to many
substrates used for flexible electronics, such as paper, plastic sheet, or elastomer, which may
denature upon heat and acid treatments.”> Noble metals allow rather mild post-treatment conditions,
but they are generally expensive.”* The conductive polymer is another popular choice, but
chemical stability, such as oxidation, has been a critical issue that prevents widespread use.”’
Carbon-based conductive inks, especially graphene-based inks, have been suggested as a balanced

combination between high conductivity, mild processing, and chemical stability.”
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Graphene can be dispersed to form ink by two methods: First, graphene powder is directly
dispersed in the organic solvent with relatively high viscosity, such as N-Methyl-2-pyrrolidone or
dimethylformamide without additives.”’”® The second scenario is that of employing binder
materials, such as ethyl cellulose, as additives to form a suspension.”®!°’ Using the former method,
Hu et al. inkjet printed a binder-free graphene/N-Methyl-2-pyrrolidone suspension on the paper,
followed by rolling compression to achieve a conductivity of 4.3 x 10* S/m.'"! However, usually
organic solvent is not compatible with the polymer substrates, which may cause swelling or
dissolving of polymer substrates for the printing, leading to distortion or fracture of the printed
graphene traces that limits the resolution of the printed pattern. In addition, the absence of active
chemical binding between the graphene nanoflakes causes poor mechanical integrity that may
induce the fracture of the printed graphene traces. The latter method that employs binder material
can provide enhanced mechanical integrity by covalent bonding between the graphene flakes, but
the binder compromises the conductivity, thus a thermal post-treatment to decompose the material
is needed, which is not ideal for flexible substrates. If the binder material itself is electrically
conductive, on the other hand, both electrical conductivity and mechanical integrity can be

achieved at the same time.

In Chapter 8, we propose a self-reinforcing conductive coating strategy, in which reduced
graphene oxide self-assembles to wrap graphene nanoflakes as a conductive binder that can also
achieve mechanical integrity. The conductivity of the graphene nanoflakes—reduced graphene
oxide coating reaches 4.47 x 10* S/m. To demonstrate the potential applications of the coating,
applying the coating on 3D printed porous elastomers enabled flexible radio frequency antennas
and strain sensors. The radio frequency antenna shows high radiation efficiency and maintains
excellent performance under bending conditions. The coating also produces a strain sensor with a
gauge factor of ~13 up to 40% of strain. We foresee that the electrically conductive composite
coating can provide versatile functionalization strategy in the flexible electronics and in wearable

biomedical devices.
1.2.3.3 Sponge-Templated Graphene Network for Piezoelectric Nanogenerator (Chapter 9)

As the concept of ‘Internet of Things (IoT)’—that many living and non-living objects have

network connectivity to send and receive data—evolves, power sources are required to be included
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in all existing objects to transfer the information between nodes.'*? Energy harvesting by utilizing
piezoelectric materials that can convert mechanical motion to electrical energy is suitable for

wearable products, where devices can be charged during daily activities.'9*!1%4

Arrays of zinc oxide (ZnO) nanowires have been utilized as promising electricity generators
by the piezoelectric effect in the recent studies by Wang and co-workers.!%%196107 The
piezoelectricity stems from the crystalline structures of the nanowires and their self-rectifying
nature at the electrical contact to substrate materials.!%!%%!1% Moreover, ZnO arrays on graphene
provide an attractive option for nanogenerators due to desirable Schottky barrier
properties.!!L1213.114 However, synthesis of both ZnO and graphene substrate is costly by
conventional methods, and consumers do not wish to see an increase in price for inexpensive
commodity items due to the power sources. For [oT applications, remaining challenges include a
simple and inexpensive synthesis of the nanomaterials and the maximization of the ZnO/graphene
area per unit volume for high-density power generation. Recent studies suggested that the former
can be achieved by hydrothermal synthesis of ZnO nanowires, which allows a high-density array

of ZnO at the maximum processing temperature of ~90°C.!1>11® The latter requires a 3D porous

network of graphene with a low-cost fabrication method.!!”-118:119

In Chapter 9, we report a simple approach to fabricate ZnO nanowire-based electricity
generators on 3D graphene networks by utilizing a commercial polyurethane sponge as a structural
template. Here, a 3D network of graphene oxide is deposited from solution on the template, then
is chemically reduced. Following steps of ZnO nanowire growth, polydimethylsiloxane backfilling,
and electrode lamination completes the fabrication processes. When compared to conventional
generators with 2D planar geometry, the sponge template provides a 3D structure that increases
volumetric power density by increasing ZnO nanowire density per unit volume. The modified one-
pot ZnO synthesis method allows the whole process to be inexpensive and environmentally benign.
The nanogenerator yields an open circuit voltage of ~0.5 V and short circuit current density of ~2
nA/cm?, while the output was found to be consistent after ~3000 cycles. Finite element analysis of
stress distribution showed that external stress is concentrated to deform ZnO nanowires by four
orders of magnitude compared to surrounding polyurethane and polydimethylsiloxane. It is shown
that the backfilled polydimethylsiloxane plays a crucial role in the stress concentration, which

leads to an efficient electricity generation.
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1.2.4 Synthesis of Poly(glycerol sebacate) for Tailored Mechanical Properties (Chapter 10)

Poly (glycerol sebacate) (PGS) and its derivatives make an attractive class of biomaterial
owing to their tunable mechanical properties with programmable biodegradability. In practice,
however, the application of PGS is often hampered by frequent inconsistency in reproducing
process conditions. The inconsistency stems from the volatile nature of glycerol during the
esterification process. In this study, we suggest that the degree of esterification (DE) can be used
to precisely predict the physical status and the mechanical properties of the PGS materials. The
Young’s modulus is shown to linearly increase with DE, which is in agreement with an entropic
spring theory of rubbers. In order to provide a processing guideline for researchers, we also provide
a physical status map as a function of curing temperature and time. The amount of glycerol loss,
obtainable by monitoring the evolution of the total mass loss and the DE during synthesis, is shown
to make the predictions even more precise. We expect that these strategies can be applicable to
different categories of polymers that involve condensation polymerization with the volatility of
the reactants. In addition, we demonstrate that microwave-assisted pre-polymerization is a time
and energy efficient pathway to obtain PGS. For example, 15 minutes of microwave time is shown
to be as efficient as the pre-polymerization in nitrogen atmosphere for 6 hours at 130°C. The quick
synthesis method, however, causes a severe evaporation of glycerol, resulting in a large distortion
in the monomer ratio between glycerol and sebacic acid. Consequently, more rigid PGS is
produced at a similar curing condition compared to the conventional pre-polymerization method.
Finally, we demonstrate that the addition of molecularly rigid crosslinking agents and network-
structured inorganic nanoparticles are also effective in enhancing the mechanical properties of the

PGS derived materials.
1.3 Outline of the Dissertation

The layout of the dissertation is as follows. In Chapter 2, theories that are required to
understand this dissertation, including polymer solution, ion solvation, polyampholyte
conformation, graphene oxide and its reduction, are briefly reviewed. Chapter 3 describes chosen
material systems and their synthesis and characterization techniques. Chapters 4 to 10 cover the
main results and discussions in the dissertation. Titles, objectives and major results from each
chapter are summarized in Table 1.1. Finally, Chapter 11 provides insights for possible future

studies.
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Table 1.1 Summary of Chapters 4 to 10

Chapter 4
Title | Low-Temperature lonic Conductivity Enhanced by Disrupted Ice Formation in
Polyampholyte Hydrogels
Major | - The SAXS results suggest a network of globule structures in the charge-balanced
Results | polyampholyte hydrogels.
- The globular network structure results in the increase in amorphous water at —30
°C, as supported by WAXS results.
- The interconnected polymer-rich domains result in a slush-like ice formation that
allows enhanced ionic conductivity of the hydrogel in ice forming conditions at
low temperatures.
- The globular structures were directly visualized with SEM for the first time, as
supported by scanning transmission electron microscopy.
Chapter 5
Title Water States in Salt-Containing Polyampholyte Hydrogels
Major |- A differentiation of the water—polymer interactions in polyampholyte hydrogel
Results | into free water, freezable bound water—polymer, freezable bound water—salt, and
nonfreezable bound water through quantitative DSC analysis.
- Different synthesis condition may change the ice amount in the polyampholyte
hydrogel.
Chapter 6
Title | Highly Flexible, Multipixelated Thermosensitive Smart Windows Made of
Tough Hydrogels
Major | - A flexible smart window with a polyampholyte hydrogel was fabricated, showing
Results

80% in transmittance contrast from opalescence to transparency.

- The phase transition temperature of the polyampholyte hydrogels could be fine-
tuned by doping of a small number of hydrophobic monomers into cationic
monomers.

- By printing a stretchable elastic heater layer onto the hydrogel film, we
demonstrated a pixelated array of actively tunable smart windows.

- The window is highly robust against large deformation, which could undergo a
large deformation (up to 80% strain).
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Chapter 7

Title Flexible and Self-Healing Aqueous Supercapacitors for Low Temperature
Applications: Polyampholyte Gel Electrolytes with Biochar Electrodes
Major | - A supercapacitor with a high energy density that works at low temperature was
Results | fabricated.
- Reduced graphene oxide was incorporated with biochar to transform the
pyrolyzed waste biomass into high-performance binder-free electrodes for
electrochemical energy storage devices.
- A symmetric supercapacitor made with biochar composite as the electrode and
polyampholyte hydrogel as the electrolyte showed a high energy density of 30
Wh/kg, and a capacitance retention of ~90% after 5000 charge—discharge cycles.
- At low temperature (—30 °C), the supercapacitor had an energy density of 10.5
Wh/kg at a power density of 500 W/kg.
Chapter 8
Title Self-Reinforcing Graphene Coatings on 3D Printed Elastomers for Flexible
Radio Frequency Antennas and Strain Sensors
Major | - A self-reinforcing nanocomposite of graphene nanoflakes that are enclosed by
Results | self-assembled GO particles was developed.

- A two-step acid treatment protocol reduced graphene oxide, enhancing the
electrical conductivity of the composite coating.

- The substrate material was 3D printed porous elastomers prepared from a
commercial filament material. The whole process was conducted at a temperature
lower than 120 °C without using any organic solvent.

- The composite coatings were applied on 3D-printed objects to transform the non-
functional elastomers into flexible radio frequency antennas and the strain sensors.
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Chapter 9

Title

Sponge-Templated Macroporous Graphene Network for Piezoelectric ZnO
Nanogenerator

Major
Results

- A low-temperature processing method to fabricate a ZnO nanowire-based
electricity generator with a 3D structure templated on a commodity sponge
material was demonstrated.

- Graphene oxide was dip-coated from aqueous solution on the commodity sponge
and reduced, resulting in the transformation of a sponge into a conductive 3D
network.

- ZnO nanowires were grown by a one-step hydrothermal method in an aqueous
solution below 95 °C.

- A band diagram shows a Schottky contact at the ZnO/Au interface and ohmic
contact at the ZnO/reduced graphene oxide interface.

- The nanogenerator yielded an open circuit voltage range up to ~0.5 V and a short
circuit current density range up to ~2 pA/cm?. In a durability test, degradation in
output voltage was not found after ~3000 bending and releasing cycles.

- Finite element analysis of stress distribution showed that the stress is localized to
the ZnO arrays under operational condition within the presence of
polydimethylsiloxane, thus allowing effective electricity generation.

Chapter 10

Title

Criteria for Quick and Consistent Synthesis of Poly(glycerol sebacate) for
Tailored Mechanical Properties

Major
Results

- The degree of esterification (DE) is shown to be effective in quantitatively
predicting physical state and Young’s moduli and degradation of PGS.

- Loss of glycerol in PGS is shown to cause a deviation from the prediction based
on DE.

- The effect of microwave time was also studied in terms of DE. The microwave
method is shown to be effective to achieve a high-degree of DE in a short time (for
less than 30 min), suggesting that it can provide a time- and energy-conserving
synthesis pathway compared to a conventional prepolymerization method in a
nitrogen oven (for hours to days).

- The addition of cross-linking agents with rigid molecular structure can result in
a significant increase in Young’s modulus without compromising the
stretchability.

- Nanoparticles, fumed silica in this study, were also shown to be effective in
enhancing Young’s modulus.

- Both cross-linking agents and nanoparticles can significantly decrease the
degradation rate by increasing strand density in PGS networks.
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Chapter 2 Theoretical Background

2.1 Introduction

Chapter 2 is a brief review of fundamental concepts of polymer physics, covering chain
conformation in general polymer solutions, the conformation of polyampholyte chains, and their
gelation. Since the concept of the water state is used in the majority of the chapters, a short
introduction of ion/polymer solvation effect is included after the polymer physics sections. The
results reported in the literature are also discussed in the corresponding parts to provide a better

understanding of the following chapters.

2.2 Polymer Solution

Dilute Semidilute Concentrated Polymer

Solution Solution Solution Melt

1

v
<

oo

Figure 2.1 The classifications of polymer solution depend on the polymer fraction. Based on the
concepts of reference %0

Before we investigate the chain conformation of polyampholytes, a brief introduction of the
general polymer solution is given. In this subsection, ionic interactions between the polymer chains
are not considered. Since hydrogel is a polymer network containing large quantities of water,!?!
the knowledge of the chain conformations in polymer solution may give us some hints for
understanding the chain conformation in the polyampholyte hydrogel. For example, the strongly
hydrophobic polyampholytes with a charge-balanced stoichiometry are fully soluble in the
concentrated salt solutions and precipitated in solutions with lower salt concentrations.'?>123:124

The presence of salt in the polyampholyte solution can change the solvent quality from poor to

good by increasing salt concentration. As shown in Figure 2.1, the polymer volume fractions in
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this study are from 0.1 to 0.5, which is in the range from a semidilute solution to concentrated

solution.

2.2.1 Theta Solvent
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Figure 2.2 Phase diagram for polymer solutions with an upper critical solution temperature
(UCST). The solid blue curve donates the binodal and phase separation occurs for polymer
solutions with temperature and polymer fraction below the binodal. The dash-dotted blue curve

is the low temperature boundary of the semidilute good solvent regime. ¢’ is the polymer
volume fraction of dilute supernatant. ¢" is the polymer volume fraction of a concentrated
sediment. ¢" is the polymer volume fraction at which the polymer chains begin to interpenetrate

and become a semidilute solution. ¢** is the polymer volume fraction of the high concentration
branch of the semidilute regime. Redrawn from Figure 5.1 in reference!?’.

Figure 2.2 shows a not-to-scale schematic phase diagram of a polymer solution with an
upper critical solution temperature (UCST). The reason for using this phase diagram is that typical
polyampholyte hydrogel has the same behavior. The temperature dependence of the Flory

interaction parameter is empirically written as:'?°

XM =A+2 2.1)
where A is the parameter of the “entropic part”, and ? is the “enthalpic part”. The relative

magnitude of the enthalpic part is dependent on the relative strength of interactions between the
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polymer chains and the solvent, and the relative magnitude of the entropic part depends on the
hydrophobic effect of the polymer backbones, and the ordered hydration shell around ionic groups
in the polymer backbones.'?>!2¢127 For polyampholyte hydrogels, as temperature increases, the
water molecules breaks the ion—ion interactions between polymer chains and forms ion—dipole
interactions between water and polymer chains.'?® Since ion—dipole interactions are weaker than
ion—ion interactions,'?> the enthalpic part in the Flory interaction parameter is inversely
proportional to the temperature. According to Equation 2.1, the phase behavior of the polymer
solution can be tuned by changing either the entropic part or the enthalpic part of the Flory
interaction parameter. In Chapter 6, the entropic part is reduced by doping hydrophobic monomers
in the polymer backbones. In the regime below the binodal curve, the polymer solution separates
into two phases. Because of the difference in the refractive index of the polymer-rich and solvent-
rich phases, light is scattered by the polymer solution influences the turbidity.'*® When the phase
transition happens in the polymer solution, the turbidity changes sharply, and the transition

temperature of turbidity is called the cloud point.'?

The diagram of the polymer solution is separated by the temperature 7 = 6, at which the

interaction parameter y = 1/2 and the excluded volume, v = 0, according to:'?°

T-6

v=(1-20b%= =2b° (22)

where b is the Kuhn length. At the O-temperature, the polymer chains have nearly ideal

conformation. The mean-square end-to-end distance of a linear chain with N Kuhn monomers is:'?°
< R? >= Nb? (2.3)

It is notable that this relationship is valid at all concentrations for polymers in the theta solvent, in
which the constant steric repulsion and the solvent-mediated attraction between monomers are
exactly cancelled. The polymer chains are far apart and exist as isolated coils in the dilute solution
until the polymer fraction reaches the overlap concentration, which equals the polymer fraction
inside the pervaded volume (i.e., the volume of solution spanned by the polymer chain in the

solution'??) of the coils. The overlapping concentration of theta solvent is:!?

R )

20



The linear chains interpenetrate each other above ¢ 5. Many solution properties are dependent on

the overlapping polymer chains in the solution, even though there are much more solvent

molecules.

2.2.2 Poor Solvent

As temperature decreases, the solvent quality decreases for the polymer with an UCST. For
charge-balanced polyampholyte chain, the solvent quality also decreases with lower ionic strength
in the salt solution. The transition of polyampholyte chain conformation will be mentioned in

Section 2.3. Here, a general polymer solution is discussed. In Figure 2.2, the highest point on the

binodal curve is the critical point with critical composition ¢, = critical interaction parameter

\/_7

N |-

Xc +—=+ —N and critical temperature:'2

\/_

1

1 1,1 1
T_C_5+ E(ﬁ-l-ﬁ) (2.5)

The homogeneous polymer solutions phase separate into two phases below the binodal line: a
dilute supernatant of isolated globules (with polymer volume fraction ¢') and a concentrated

sediment (with polymer volume fraction ¢ ). The volume fraction of polymer in the supernatant

and the coexisting sediment is:'?
Iz YRglobule 4/3 112/3
#' = ¢ exp(~ Ly < Mexp (ML) (26)

¢”~2)(—1=—b—vg (2.7)

where Rgjopue 18 the size of the globules in the supernatant, and y is the surface tension of the

globules. The globules have the tendency to stick together to form large clusters to reduce their
surface energy in the poor solvent. The size of the globule in the supernatant is given by:!2°

p2N1/3

Rglobule ~ V|3

(2.8)
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which is the close packing of the thermal blobs. Once the globules stick to the condensed sediment,
the chains are in their ideal conformation, and this condition can be described as the melt of thermal

blobs.
2.2.3 Good Solvent

The solvent quality increases as temperature increases, as shown in the upper part of the
phase diagram in Figure 2.2. The polyampholyte studied in this dissertation is mostly in the poor
or theta solvent (i.e., at the temperature below UCST or in the presence of excessive salt in the

solution). In dilute solution, the chain behaves like an isolated real chain with size:!'?°
v —
R = b(b—3)2” NV (2.9)
where v = 0.588 is the swelling exponent. At ¢* , the polymer chains begin to interpenetrate
and become a semidilute solution:'?°

6v—3
NB3 3

* b -
¢ ~ra () N (2.10)

The size of a polymer chain is given by:'?

1
Rx ()2~ bp@ /OO @)

where ¢ is the correlation length, and g is the number of monomers in a correlation blob. With

increasing concentration, the correlation length decreases, until it equals to the size of a thermal

blob, ¢ ~ &, . The high concentration branch of the semidilute regime is:!'*°

¢~ (2.12)

At and above this concentration, the chains are ideal on all length scales, which follows R = bN 1/2,
2.3 Polyampholyte

Polyampholyte chains carry ionizable functional groups. Under certain conditions, for

example, in the aqueous solution, these groups dissociate and leave positively and negatively
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charged groups on the polymer chain.*® In this section, the chain conformation of the charge-
balanced polyampholyte in the dilute solution is introduced first. Then, the impacts of charge
asymmetry and salt concentration on the chain conformation are mentioned. Finally, the phase

behavior of polyampholyte solution and gelation of polyampholyte hydrogel are discussed.

2.3.1 Charge-Balanced Polyampholyte Chains in Dilute Solution

Charge-balanced polyampholyte chains have attracted lots of attention because of their
unique property compared with general polyelectrolytes, which is known as “anti-polyelectrolyte”
behavior.!?*13%131 For example, the viscosity and coil size increase as salt is added to the charge-

balanced polyampholyte solution. 3133

A change-balanced polyampholyte hydrogel with the degree of polymerization N has the
same numbers of positively and negatively charged groups. The charge asymmetry of a

polyampholyte chain is:*®
6fN = |fiN — f_N| (2.13)

where f, and f_ are the fractions of positively and negatively charged groups, respectively. The
first quantitative theory of the collapse transition of a single polyampholyte chain showed that the
charge-balanced polyampholyte chains collapse into a globule due to the Debye—Huckel
fluctuation-induced attraction between charges.*’” The fluctuation-induced attraction is dictated by
the electrostatic interaction between oppositely charged sections of a chain, so the strength of the
fluctuation-induced attraction depends on the ratio of the Debye length of the solution and the
polymer chain size, which was observed experimentally.'** An analogue to the globule consisted
of closely packed thermal blobs for a polymer in the supernatant in a poor solvent; the globule of
collapsed polyampholyte chain can be considered as a densely packed arrangement of
concentration blobs with size ¢ and monomer number g. At length scales smaller than &, the
electrostatic interaction energy and thermal energy are comparable, so electrostatic interactions
are not strong enough to perturb the chain conformation. The chain sections within ¢ are nearly

ideal and obey Gaussian statistics:>®

2~ b%g  (2.14)
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At length scales larger than &, each concentration blob is surrounded with a higher
probability by oppositely charged blobs by electrostatic attractions that force the chain to collapse
into a globule. The cohesive energy of a blob equals to kgT and is proportional to the energy of
electrostatic interactions between two neighboring concentration blobs, which carry opposite

excess charges, eq and —eq:>°
Fa(g) = — kgT lgq* /¢ (2.15)

2
where g = ;{—T is the Bjerrum length, indicating the distance at which the electrostatic
B

interaction energy between two elementary charges e equals to the thermal energy kgT in the

medium. The average excess charge of blobs can be estimated by eq = e/(f,g + f-g), and

Equation 2.15 can be rewritten as:

Fa(g) ~ — ksT lggf /€ (2.16)
f=fit+f @17

where f is the total fraction of the charged monomer in a polyampholyte chain. There is a three-
body repulsion to balance the electrostatic attraction at the equilibrium state, and it is proportional

to the thermal energy kgT times the probability of three-body contacts,*¢
Fep(9) = kgTg(ph®)? = Fa(g)  (2.18)

where p ~ g/&3 is the average monomer density inside the globule. According to Equation 2.18,
the equilibrium size of the concentration blobs &, the number of monomers g in the blobs, and the

polymer density inside a globule can be determined by,*
§=b/(uf) (2.19)
g~ @f)? (220
p=~ufb3 (2.21)

where u = lg/b is the interaction parameter. The size of the globule calculated by monomer

density is, !
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N
Rg ~ (N/p)'* ~ b)Y (2.22)

2.3.2 Charge Asymmetry on Chain Conformations

The distribution of charge on the polyampholyte chain affects the chain conformation.!'3>!3!

For the ideal case of a charge-balanced polyampholyte chain, the positive and negative charges are
alternating. The polyampholyte chain behaves like a polymer chain only with short-range
interaction, and the collapse transition of the chain resembles the coil-globule transition of a
neutral polymer, since the Debye—Huckel theory is inapplicable to strictly alternating
polyampholytes because large fluctuations of charge density are impossible.!*>13¢ In practice, the
polyampholyte chains are usually prepared by random copolymerizing of anionic and cationic
monomers.!”!3137 During the polymerization, the sequence of the charged monomers is fixed. Due
to the fact that the reactivity of anionic and cationic monomers are always different, it is difficult
to get the alternating charged groups for synthetic polyampholytes prepared by copolymerization,
even starting from a symmetric mixture with equal concentrations of positive and negative
monomers in the reaction bath.!”'?° The polyampholyte chains prepared by copolymerization have
an excess of charges, resulting in a charge asymmetry distribution, and the width of the charge

asymmetry distribution depends on the difference in reaction rate constants between the monomers.

In this dissertation, sodium 4-vinylbenzenesulfonate = (NaSS) and [3-
(methacryloylamino)propyl]trimethylammonium chloride (MPTC) are the mostly used monomers.
Sun et al. investigated the reactivity ratios of NaSS and MPTC which were determined by using
the integrated form of the copolymerization equation (terminal model) for the three reactions based
on in situ quantitative '"H NMR monitoring of monomer consumption.!”!3 At the beginning of
copolymerization, NaSS molecules are incorporated with a few MPTC molecules added due to the
difference in reactivity ratios. Approximately, a sequence of three NaSS molecules is followed by
one MPTC molecules. At total monomer conversion rate of 0.8, a sequence of one NaSS molecule
would be followed by five MPTC molecules. When the copolymerization reaches total monomer
conversion rate higher than 0.9, most of the remaining monomers are MPTC, so the polyampholyte
chains grow with a block sequence of MPTC molecules.!” Charge asymmetry is introduced in the

polyampholyte chains by the copolymerization process.
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The charge asymmetry of the polyampholyte chain changes the shape of the globule when
the energy of electrostatic interactions between the excess charges, 6Q = eN|f, — f_|, becomes

comparable with the surface energy of the globules.!*” The critical net charge of a randomly

charged polyampholyte globule is §Q. = e\/m . If the charge asymmetry is smaller than §Q, the
energy of electrostatic interactions between the excess charges is weaker than Debye—Huckel
fluctuation-induced attraction, so the collapsed chain maintains a globule shape. If the charge
asymmetry is larger than §Q., the collapsed chain has to reduce its total energy by lowering the
electrostatic interaction energy between excess charges at the expense of increasing polymer—
solvent interface, leading to increased surface energy. At low temperature, the polyampholyte
chains form a necklace globule to minimize total energy of both electrostatic interaction and

surface tension.?°

Lnec

Figure 2.3 Schematic illustration of a necklace globule. The blue blobs are negatively charged,
and the brown blobs are positively charged. Redrawn from Figure 5 in reference 3.

A necklace globule conformation of a polyampholyte chain with a large charge asymmetry
is shown in Figure 2.3. Beads with diameter Dy, are connected by strings with length L, and the
total length of the necklace is Ly o.. The number of monomers my, in each bead is determined by
Rayleigh’s stability condition that the electrostatic energy of a bead is of the order of its surface

energy, which is given by:*°

2 2
yDE ~ kgT(uf)? 2 ~ ELm0 (223)
b

The size of a beads and monomer number in a bead are given by:*
Dy ~ (my/p)"®  (2.24)
my, ~ f/(5f)? (2.25)

26



According to Equation 2.25, the number of monomers in the bead decreases as the charge
asymmetry of the chain increases. The decreasing bead size increases the number of beads on the
necklace, which was observed in Monte Carlo simulations.'** The equilibrium length of strings
between beads is determined by balancing the surface energy of a string with the electrostatic

repulsion between two neighboring beads,

2
Vel ~ kT =2 ~ kpT(uf) =2 ~ CL - (226)

3 ELstr

Substituting Equation 2.25 into Equation 2.26, Lg, can be written as,®

L = by/f/8f = byfm,  (2.27)

Comparing Equation 2.25 and Equation 2.27, we can infer that increasing the bead size
decreases the length of strings which connect the beads. Since most of the mass of the polymer
chain is attributed to the bead, the total length of the globular necklace can be estimated as the total

length of the strings,>

Lyec = bSFN/Jf  (2.28)

Based on the previous discussion, the chain conformations of polyampholytes in dilute
salt-free solutions in the parameter space of the total fraction of charged monomers and the charge
asymmetry can be summarized in Figure 2.4, as a diagram of states.'*’ The overall size and shape
of the chain are determined by the competition between the following factors.>”!*! Chain entropy
tends to keep the polymer configuration to Gaussian statistics, but fluctuation-induced attractions
between charges tend to collapse the coil into a globule. The size of the globule is stabilized by
short-range three-body monomer—monomer interactions and the size of the chain tends to be

elongated by the overall Coulomb repulsion between excess charges.
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Figure 2.4 Diagram of states of a polyampholyte chain in dilute solution in the parameter space
of the total fraction of charged monomers and the charge asymmetry. Redrawn from Figure 7 in
reference 3°.

2.3.3 Effect of Salt Concentration on Chain Conformation

Polyampholyte solution usually contains salt after polymerization, due to the dissociation
of electrolytic monomers. For example, after copolymerization of NaSS and MPTC, counter ions
of the monomers were left in the final hydrogel. The existence of NaCl may affect the
conformation of polyampholyte chains. Since the origin of interactions between the polyampholyte
chains is from the electrostatic force, the salt concentration in the solution can change the
interaction strength.'*? For charge-balanced polyampholyte, the size of the chain increases as the
salt concentration increases. Salt ions can screen the fluctuation-induced attraction between
opposite charges. Without salt ions in dilute polyampholyte solution, the Debye length due to

charged groups on the polymer backbone can be rewritten as:*®
A2 =4nlgfp ~ &2 (2.29)

The size of a concentration blob is of the order of the Debye length. Note that Equation
2.29 is only valid for the dilute polyampholyte solution without salt, since the calculation of the
Debye length is based on the charges in the polymer backbones. With the presence of foreign ions
within the concentration blobs, the Debye length further decreases compared with a salt-free
condition, leading to a lower monomer density as well as a larger blob size. Once the salt

concentration reaches a critical value, the distance between charged groups on the backbone is
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larger than the Debye length, the electrostatic interactions are too weak to perturb the chain

conformation.

2.3.4 Phase Behavior of Polyampholyte Solutions

As we discussed in the section 2.3.2, the polyampholytes prepared by random
copolymerization usually have a large charge asymmetry.!” The excess of charges not only affects
the single chain conformation, but also affects the phase behavior of polyampholyte solution. The
polyampholyte chains with opposite excessive charges form neutral complexes to reduce
electrostatic energy, and neutral complexes further aggregate together to reduce their surface
energy.!*1% The aggregates precipitate in the solution, leaving the supernatant to contain charged
globules. Molecular dynamics simulations showed that a system of polyampholyte chains with
zero net charge phase separated from solution to form a cluster of several chains. For a system of
chains with nonzero net charge, a cluster consisting of several chains was also found, but the cluster
swelled to minimize the electrostatic repulsion between similarly charged chain segments.!*> The
theoretical study also showed the possibility of microphase separation in concentrated
polyampholyte solutions, which was caused by the competition between short-range monomer—
monomer attractive interactions and the electrostatic interactions between charged groups.'*® Ionic
associations formed due to the fluctuations of excessive charges in concentrated polyampholyte
solutions serve as the cross-linking between the chains, which facilitate the gelation of

polyampholyte. 47148199 The gelation of polyampholytes is discussed in the next subsection.

2.3.5 Gelation of Polyampholyte

Cross-linking between polymer chains results in a larger branched polymer. At a certain
extent of the cross-linking process, all polymer chains in the solution transform into a network
spanning the whole system. This network cannot dissolve in a solvent, but may only swell in it.
The transition from a system with only finite branched chains to a system with an infinite molecule
is called gelation.'?® There are different types of gelation transitions, which are categorized in
Figure 2.5. The gelation transitions can be generally classified into two groups. The first type is
chemical gelation that involves the formation of covalent bonds between the polymer chains. For
example, polyacrylamide hydrogel is prepared by copolymerizing acrylamide and crosslinker (N,

N’-methylenebisacrylamide), which is an ideal matrix for the gel electrophoresis, because the
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mesh size of the acrylamide networks is tunable by changing the cross-linking density.!>® The
second class of gelation transitions is physical gelation. The gels are formed by physical linking
between the polymer chains, such as hydrogen bonding,'*' block copolymer micelles,'>? or ionic
associations.!” Depending on the strength of physical bonds, physical gels can be further divided
into weak physical gels and strong (tough) physical gels. The polyampholyte hydrogel investigated
in this dissertation is a type of physical gel cross-linked by both ionic interactions between the

charged groups and hydrophobic interactions between the polymer backbones.®!7-148

/Gelation
Physical \Ghe‘mical
lLe.,
Hydrogen bonds
 Block copolymer micelles  Rgacting Vulcanization
1 lonic assogiations | monomers
Polyampholyte hydrogel

Figure 2.5 Classification of gelation transitions. Redrawn from Figure 6.2 in reference %°.

As we discussed in the section 2.3.2, due to the different reactivity ratios between the
monomers, a block sequence of MPTC molecules forms in the copolymerization reactions of
poly(NaSS-co-MPTC). The block sequences of MPTC increase the charge asymmetry in the
polyampholyte chains,'” and the local nonzero net charge leads to the formation of the ionic
associations in concentrated polyampholyte solution.*® As shown in Figure 2.6, the hydrogel of
polyampholyte is formed by the ionic cross-linking between the chains. Since the charge
asymmetry is not the same along a polyampholyte chain (i.e., charge asymmetry is low in the
middle, and is higher near the ends of the chain), the ionic associations will be formed with
different ionic interaction strength. The bottom part of Figure 2.6 illustrates the strong and weak
ionic interactions. Strong ionic interactions are formed by NaSS rich segments and MPTC rich
segments, while other parts lead to weak ionic associations. Because of the difference in interaction
strength, strong and weak ionic associations also have distinguishable properties. Under tensile
strain, the strong ionic associations serve as permanent crosslinking points, which keep the shape
of the hydrogel. Meanwhile, weak ionic associations act as sacrificial bonds. They break during

deformation and dissipate energy. After removing external force, the weak interactions are formed
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again.'*® This energy dissipation mechanism makes polyampholyte a class of tough hydrogel.**!
The ionic associations are also affected by the salt concentration in the hydrogel. As salt
concentration increases, the weaker bonds are dissociated by the screening effect, and all ionic
interactions between the polyampholyte chains will be destroyed at high salt concentration.'** The
reversible behavior of ionic interactions in the polyampholyte dedicates to the self-healing ability
of the hydrogel. For example, the hydrogel sample broken into two pieces can be stored in a
concentrated salt solution and bind together after leaching out the salt.'®!>* Moreover, the UCST
of polyampholyte hydrogel can be manipulated by tuning the strength of ionic associations.'?>1%

In Chapter 6, the interactions between the polyampholyte chains are enhanced by hydrophobic

interactions, by doping the hydrophobic monomers during the copolymerization reaction.?
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Figure 2.6 Above: an illustration of polyampholyte networks with ionic associations formed by
different ionic interaction strengths. Brown circles: strong ionic associations. Yellow circles: weak
ionic associations. Below: an illustration of strong and weak interactions with two sequences of
charged groups on polyampholyte backbones. Based on the concepts of reference 7.

2.4 Solvation Behavior of Ions and Polymers

A hydrogel is a water-rich system. The properties of water inside the system govern the
hydrogel’s material properties, such as ionic conductivity and diffusivity.!?° The hydration
behaviors or solvation effects of solute in the solution are a deterministic factor to consider when
researchers design the material to meet various applications, for example, a gel electrolyte.' %1%
In Chapter 5, the water state in the salt-containing polyampholyte hydrogel is investigated. Salt-

containing polyampholyte hydrogel is a complicated system, which has both dissociated salt ions
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and polyampholyte chains. To simplify the study, the water state of mobile salt ions and that of
polyampholyte chains can be considered separately in accordance with the deconvolution criteria
in Chapter 5. Basic concepts of solvation behaviors of both simple ions and polymer chains are

discussed in the following subsections.

2.4.1 Solvation Behavior of Small Ions

When electrolytes are dissolved in a solvent, they change from the pure state to the dissociated
and solvated state in the solution. For strong electrolytes, most ions are dissociated into cations
and anions. The presence of these ions gives the change in the solvent structure.!>® In the as-
prepared polyampholyte hydrogels, NaCl is dissolved in the water-rich phase. The electrostatic
interactions occur between the ions and the water molecules because of the dipolar nature of water.
Na' ions attract the partial negative charge on the oxygen atom, and CI ions attract the partial
positive charge on the hydrogen atom in the water molecules.!>® Apparently, water molecules must
reorganize their structure to accommodate these extra interactions. As shown in Figure 2.7, the
region of water around the ions can be described by the term solvation shell.!> The region nearest
to the ion is the first solvation shell. Since the water molecules have strong interactions with the
ions, water molecules in the first solvation shell are called primary solvation. In most cases, water
molecules are coordinated to and move with the ions, so the water in this state is also referred to
as bound water, indicating those water molecules have been immobilized and have lost their own
translational degrees of freedom.'*® The next nearest layer of water molecules around the ions is
called the second solvation shell. Water molecules in this shell are affected by the charge on the
ion, which is called secondary solvation. They are not forming a coordination complex, and have
certain translational degrees of freedom. However, the water state of secondary solvation is
distinguishable from bulk water. The rest of the water molecules are far away from the ions, so the
electrostatic interactions between them and the ions are screened by the water molecules in the
first and second solvation shells, and cannot feel the existence of the ions. The state of these water
molecules is almost the same as that of the bulk water, which can be referred to as non-bound
water, or free water. The solvation of ions in the water changes the properties of the ions. For ions,
the solvation of ions increases the size of the ions, which changes their ionic activity coefficient
or diffusion coefficient.!*® For water, the presence of ions changes the structure of water. For

example, the permanent dipoles of water molecules in the vicinity of ions are completely

32



reorientated in accordance with the dielectric saturation, leading to a decreased permittivity of
water.'®! The characterizations of the solvation of small ions focus on measuring their solvation
numbers. The solvation number is the number of water molecules in the first solvation shell. The
conventional methods include vibrational spectra (IR and Raman), electronic spectra (UV),
transport methods (conductance and diffusion), activity measurements, permittivity measurements,
NMR measurements, X-ray or neutron diffraction, etc.!’®162163.164 Qince the scale of water

structures probed by different measurements, the solvation number measured with different

methods for the same ion has a large deviation.

Figure 2.7 Schematic model of the ion solvation with solvation shells. Layer A is the first solvation
shell. Layer B is the second solvation shell. The rest of water in regime C is bulk water. Based on
the concepts of reference '*°. For monatomic cations and anions, such as Na* and CI, six water
molecules are normally found in their first solvation shell, and 14 water molecules in a fully
hydrogen-bonded second solvation shell.16>16¢

The structure of solvation shells depends on properties of the ion, such as charge and radius.
The terms “kosmotrope” and “chaotrope” are used to describe ions’ ability to change the structure
of surrounding water molecules.'®” A “kosmotrope” means an order-maker, and a “chaotrope”
means disorder-maker. Large singly charged ions are chaotropes, because of low charge density,
the interactions between ions and water molecules are weaker than water molecules with
themselves. Thus, only a few hydrogen bonds of the surrounding water are disturbed. Small
multiply-charged ions are kosmotropes, because of high charge density, the interactions between
ions and water molecules are stronger than water molecules with themselves. Thus, they are able
to break hydrogen bonds among the water molecules. In other words, the water—water hydrogen
bonds near ionic kosmotropes are more broken than ionic chaotropes.'® It has to be pointed out
that ionic kosmotropes and chaotropes usually affect the water structure within the solvation

shell,'*!7% but in some cases (e.g., certain combinations of ions and counterions, and
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concentrations), the effect of ions and counterions on water is interdependent and nonadditive, and

extends beyond the water molecules that directly surrounds the ion.!”!

2.4.2 Solvation Behavior of Polymers

The solvation happens when polymer chains absorb water. Water molecules are attached to
the polymer chains by hydrogen bonding or dipole—dipole interactions, and act as a part of the
polymer chain, and change its properties. For example, water molecules diffuse into the crystalline
regions of semicrystalline poly(vinyl alcohol) films, and decrease the mechanical strength of the
films.!7* According to the strength of the interactions between polymer chains and water molecules,
the states of water can be classified into the following categories.!”>!7#17 Firstly, non-freezable
bound water corresponds to the water molecules that are strongly bonded to the polymer chains by
hydrogen bonding or dipole—dipole interactions. Dipole—dipole interactions are the attraction of
two molecular dipoles. Typically, the dissociation energy of dipole—dipole interactions is lower
than hydrogen bonding.!’® These water molecules are found to be unfrozen even at —190 °C.!7’
Secondly, freezable bound water corresponds to the water molecules that have secondary
interactions with the polymer chains. These water molecules are intensively interacting with the
non-freezable bound water by the second-order hydrogen bonding. Since these water molecules
are bonded to the polymer chain via other water molecules, the second-order hydrogen bonding is
weaker than the first-order hydrogen bonding. However, the activation energy required to rotate
the freezable bound water molecules is larger than that required to rotate water molecules without
constraint in the event of ice crystal formation. The effects of polymer networks on the ice
formation depressions were observed to lower the freezing temperature to between —40 and —65
°C.173178 Thirdly, there are water molecules that are not constrained by the polymer network, and
simply occupy the empty space in the polymer network. Because they are unaffected by the
presence of polymer chains, these water molecules will freeze at or near 0 °C.'7° As we discussed
in section 2.4.1, the investigations of the solvation behavior of small ions focus on the water
structure in the solvation shell. However, it is difficult to get the exact structure of water around
the polymer chains, due to the complexity and polydispersity of polymers. Thus, it is reasonable
to classify and group the water molecules with the same properties. Moreover, considering the

behavior of water molecules as a group (i.e., water state) instead of interaction nanoscale (i.e.,
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alignment of water molecules near the polymer chains) is convenient to describe the macroscopic

properties, such as ionic conductivity, freezing point depression, etc.

The water states can be characterized on the basis of group behavior of water molecules in
the similar environment. Since the thermodynamics of water molecules are changed in the different
states, the behavior of water upon heating and cooling changes. Differential scanning calorimetry
(DSC) is one of the most common characterization techniques used to probe the water states.
Quantitative analysis on the endothermal peak from a heating scan of DSC can classify the water
into distinctive categories.!’®17%180.181 Fyrther details about DSC measurements are discussed in
Chapter 3. Nuclear magnetic resonance (NMR) spectroscopy is also the most powerful
spectroscopic technique to investigate the water, because shifts in the proton resonance frequency
and relaxation time directly indicate the water molecules in different chemical environments.'®?
The resolution of NMR spectra are usually limited by the line broadening effect due to the
anisotropy of bound water, so solid-state NMR with magic angle spinning is required to resolve
water states. For example, different water states were resolved in the poly(N-isopropylacrylamide)
gel networks.!831% Those investigations found that the water peak was split into two peaks which
are attributed to free and bound water. The dielectric permittivity of water was also employed as a

fingerprint of water states.'®>!86 The results showed the coexistence of liquid-like water with ice

structures confined in nanoporous alumina.
2.5 Summary

In this chapter, the basic concepts of the polymer solution, polyampholyte, and solvation
behaviors of small ions and polymers are concisely reviewed. In section 2.2, the conformation of
general polymer chains in the solvents with different qualities is introduced. In section 2.3, the
single chain conformation, phase behavior, gelation of polyampholyte are discussed. In section
2.4, a brief introduction is given of solvation behavior of both small ions and polymer chains.
These enumerated theories are the key concepts to understand the structure and water states in the

polyampholyte hydrogel in the rest of the dissertation.
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Chapter 3 Experimental Techniques

3.1 Introduction

This chapter describes the material system and major techniques used in this dissertation.
The synthesis of four materials is discussed, which are polyampholyte hydrogel, reduced graphene
oxide composite, zinc oxide nanorods, and poly(glycerol sebacate) and its derivatives. After that,

the chapter concludes with two mostly used characterization techniques in the dissertation.
3.2 Synthesis of Polyampholyte Hydrogel

Chapters 4 to 7 are based on polyampholyte hydrogel. The synthesis of polyampholyte
hydrogel followed the one-step random copolymerization protocol developed by Gong et al.!”
Figure 3.1 shows the typical synthesis procedure. The monomers, NaCl, and photoinitiator were
mixed in deionized water with desired concentrations to prepare a precursor solution. Then, the
precursor solution was degassed and injected into the gap between two glass plates, where the gap
was separated by a spacer (thickness 0.5 mm). A 4 to 8 h irradiation with a UV lamp (22 mW/cm?
broadband light with a maximum peak at 365 nm; Jelight, US) transforms the precursor solution
into the polyampholyte hydrogel. After the polymerization, the hydrogel was peeled off from the
glass plate. For some applications, such as gel electrolyte,'>* the hydrogel was further dialyzed in
the DIW or KOH solution for one week to exchange ions inside the polyampholyte hydrogel and
extract the unreacted monomers. In each chapter, polyampholyte hydrogels with different
synthesis conditions were prepared to meet the various demands. Lists of polyampholyte hydrogel
prepared with details can be found in the “Experimental Methods” section in the following

chapters.
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Figure 3.1 The protocol of polyampholyte hydrogel synthesis.
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To form polyampholyte hydrogel, electrolytic monomers are needed. Figure 3.2 shows the
mostly used monomers. Sodium 4-vinylbenzenesulfonate (NaSS, CAS Number: 2695-37-6) is the
anionic monomer, which dissociates and leaves the negatively charged group in the polymer
backbone in the aqueous solution. [3-(methacryloylamino)propyl]trimethylammonium chloride
(MPTC, CAS Number: 51410-72-1) is the cationic monomer, which dissociates and leaves the
positively charged group. In some cases such as the smart window application in Chapter 6, [2-
(acryloyloxy)ethyl]trimethylammonium chloride (DMAEA-Q, CAS Number: 44992-01-0) is also
used as the cationic monomer, which is a more hydrophilic than MPTC.? All chemicals were

purchased from Sigma-Aldrich and used as received.

Q o) CHy Cf
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Figure 3.2 The chemical structures of monomers

2-Hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (Figure 3.3, CAS Number:
106797-53-9) was used as the photoinitiator to initiate the free radical polymerization of monomers.
This photoinitiator also has the product name of IRGACURE 2959 (Ciba Specialty Chemicals). It
is a highly efficient no-yellowing radical photoinitiator for the UV curing of aqueous systems with
unsaturated monomers and prepolymers.'$”-18818% Upon 350 nm excitation, it yields radicals via
Norrish-type-I a-cleavage,'” as shown in Figure 3.3. Once free radicals are generated, a radical
polymerization is started. The polymer chain increases its chain length by addition polymerization,

until termination happens. !

IRGACURE 2959
o} o}

CH3 hv * KCHS
+
HO_~ HO CHs > HO_~4 HO CHj

Figure 3.3 The Scheme of IRGACURE 2959 a-cleavage upon UV excitation.
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3.3 The Protocol of Reduced Graphene Oxide Composite Fabrication

Figure 3.4 Schematic illustrations that describe the processing of the GNF-RGO coating.

In Chapters 7 to 9, we developed a protocol called “graphene oxide wrapping and
reduction” to form a reduced graphene oxide (RGO) composite, as shown in Figure 3.4. Small
particles (e.g., biochar, or graphene nanoflakes) are mixed with graphene oxide (GO) solution (4
mg GO/mL, Graphenea, Spain) to form a suspension. The GO in the suspension served as a
dispersant to stabilize the small particles owing to its planar 2D structure and hydrophilicity.'*?
Then, a thin film of GO composite is formed by evaporation of the water in the suspension. GO
sheets are self-assembled into GO papers,'®* and small particles are intercalated between the GO
sheets. GO sheets are insulating material because of the disrupted sp? bonding networks.'*> The
electrical conductivity of GO can be recovered after the reduction, since the m-networks are
restored. In this dissertation, self-assembled GO composite film is reduced by chemical reduction
to remove labile oxygen-containing functional groups in the GO.'** Briefly, GO composite film is
reduced by an aqueous solution of L-ascorbic acid (Vitamin-C, 8mg/mL, CAS Number: 50-81-7,
Sigma-Aldrich, US) with a distillation apparatus in an oil bath at 95 °C. After 4 hours of reaction,
the reduced GO (RGO) composite film is dialyzed in deionized water to remove the remaining L-
ascorbic acid. Then, the RGO composite film is dried for an hour in a convection oven at 120 °C.
In Chapter 8, to achieve higher conductivity for the antenna application, the GO composite film is
reduced by a two-step reduction process. The first reduction step is done with a mild reducing
agent, L-ascorbic acid, and the second reduction step is carried out with a stronger reducing agent,
50 mM sodium borohydride in water (NaBH4, CAS Number: 16940-66-2, Sigma-Aldrich, US) for

4 h to improve the electrical conductivity.'*?
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3.4 Synthesis of Zinc Oxide Nanowires

Zinc oxide (ZnO) nanowires are synthesized for the work reported in Chapter 9 as the
piezoelectric material in the nanogenerator. A precursor solution is first prepared by dissolving
zinc nitrate hexahydrate (80 mM, CAS Number: 10196-18-6, Sigma-Aldrich, US),
hexamethylenetetramine (HMTA, 25 mM, CAS Number: 100-97-0, Sigma-Aldrich, US),
polyethylenimine (PEI, 5 mM, CAS Number: 9002-98-6, Sigma-Aldrich, US) and ammonia
solution (30%, ACS reagent grade, 5 mL, Sigma-Aldrich, US) in 100 mL DI water. The solution
is stirred at room temperature for one hour until it becomes a clear solution.!”® The one-pot
synthesis of ZnO nanowire is conducted in a 95 °C solution. The substrate is placed on the liquid
surface and the container is closed for 10 minutes. Then, the cover is opened to facilitate
precipitation of ZnO seeds due to a sudden vapor pressure drop. A slow agitation of the substrate
allows a uniform coating of the ZnO seeds on the surface of the substrate. Subsequently, the sample
is submerged in the solution and the cover is closed again for ZnO nanowire growth.!®” The as-

grown sample is rinsed with DI water and ethanol and dried for further use.

3.5 Synthesis of Poly(glycerol sebacate) and Its Derivatives

Neat poly(glycerol sebacate) (PGS) is synthesized in two steps. First, a 1:1 molar ratio of
glycerol (99%, CAS Number: 56-81-5, Sigma-Aldrich, US) and sebacic acid (SA, 99%, CAS
Number: 111-20-6, Sigma-Aldrich, US) are mixed together at room temperature, and placed in a
convection oven under nitrogen atmosphere at 120, 130, or 140 °C for 24 h. Then, the prepolymers
are dissolved in tetrahydrofuran (THF, 99.9%, CAS Number: 109-99-9, Sigma-Aldrich, US) to
form prepolymer/THF solution (0.5 g/mL in THF), and then it is cast into the molds made of
aluminum foil (length x width = 10 x 10 cm?). The prepolymers are placed in a vacuum oven,
which is then slowly evacuated to ~1 mTorr. The specimens were cured for 666 h at the same
temperature as the prepolymerization process. The prepolymerization of PGS may also be carried
out in a microwave-assisted process as a time- and energy-efficient alternative by using a
microwave oven (Panasonic NN-ST642W) in a chemical hood. The microwave oven is set to
provide an output of 600 W to the mixture of glycerol and SA. Although the prepolymerization
process sums up to 30 min, the microwave oven is vented by opening the door, and the temperature

of the mixture was measured by thermometer every 1 min to prevent overheating of samples and
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buildup of produced gas. After completing the microwave step, the prepolymers are allowed to
cool and are dissolved in THF at room temperature. The solutions are cast into molds. The
specimens are then cured at 130 °C in a vacuum oven for periods of 666 h. Two PGS derivatives
are prepared. Bis(4-isocyanatophenyl)methane (MDI, 98%, CAS Number: 101-68-8, Sigma-
Aldrich, US) and AEROSIL 380 hydrophilic fumed silica (FS, EVONIK, Parsippany, NJ, US) are
used as additives to modify the mechanical properties of neat PGS, denoted as PGS-MDI and PGS-
FS, respectively. After prepolymerizing in a nitrogen atmosphere at 130 °C for 24 h, the
prepolymers were allowed to cool and dissolved with the additives in a cosolvent, THF. For PGS-
FS, FS is added into the THF solution, which is bath sonicated for 2 h to achieve a good dispersion.
Then, specimens are cured at 130 °C in vacuum for 24 h. The maximum loading of the additives,
MDI (7.8 wt %) and FS (10 wt %), is limited by experimental difficulties during the preparation.
Namely, both MDI and FS significantly increase the viscosity of the PGS prepolymer solutions.
The increased viscosity causes the generation of trapped bubbles in the prepolymer that could not
be effectively removed in subsequent processes. After curing, the resulting samples have rough

surfaces and trapped bubbles, thus are not suitable for tensile testing.

3.6 Characterization Techniques

Structural characterization of hydrogel requires experimental techniques that can probe
nano- to meso-scale information by spectroscopic, microscopic, and chemical methodologies. In
this dissertation, we focus on the structure—property relations of polyampholyte hydrogel, so the
structure of hydrogel has to be investigated first to elucidate the mechanism of enhanced ionic
conductivity at low temperature. In Chapter 4, small angle X-ray scattering (SAXS) is employed
to study the as-prepared and dialyzed hydrogel. A model of SAXS theory for clusters was
developed for the current projects, and variable-temperature SAXS was used to sense the structure
evolution of the polyampholyte hydrogel from room temperature to —40 °C. Moreover, since the
changes in water states in the polyampholyte hydrogel have impacts on the phase behavior, and
further affect the ice formation, differential scanning calorimetry (DSC) was widely used in the
dissertation. The fundamental concepts of the enumerated characterization techniques are briefly
discussed in the following subsections. Here, only the most frequently used characterizations are
mentioned. There are also other techniques, which can be found in each chapter. The specification

of the instruments employed and the general parameters are also provided for data reproduction.
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3.6.1 Small Angle X-Ray Scattering (SAXS)

Small angle X-ray scattering (SAXS) is a powerful technique to investigate the structural
properties of materials. In contrast to wide-angle X-ray diffraction, SAXS deals with both the
diffraction of large lattice spacing and the scattering by structures of amorphous materials.'*® It is
capable of observing spatial inhomogeneity of hydrogels to understand their phase behavior and
deformation mechanisms.!>-2%%-20! For example, Mansur et al. found nano-ordered disperse phases
in the poly(vinyl alcohol) (PVA)/poly(ethylene glycol) hydrogel.?*? Hunt et al. observed the ionic
domains formed by self-organization of well-defined triblock copolyelectrolytes by SAXS, which
enhanced mechanical properties.?®* Chiu et al. employed in situ SAXS experiments to investigate

the pH-responsive nanostructure transformation of hydrophobically-modified chitosan
204
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Figure 3.5 Schematic diagram of SAXS experimental setup. Based on the concepts of reference®.

A schematic diagram of a typical SAXS experimental setup is shown in Figure 3.5.
Basically, an experimental setup consists of a light source, optical elements of a collimation system,
a sample holder, and detectors.??> In our experiment, synchrotron X-rays were used as the light
source. Compared with conventional X-ray sources (e.g., a copper or molybdenum target),
synchrotron X-ray sources have advantages such as small beam divergence, high brilliance, well-
defined energy, etc.!”® These features allows time-resolved and anomalous SAXS measurements
with small samples.?®® A collimation system usually includes pinhole collimators and double
crystal monochromators. It offers symmetric beam cross-section, tunability of wavelength and
alleviates the smearing effect.??” The sample holder is the place to put sample capillaries. The

sample environment, such as temperature and pressure, can be controlled by the chamber. In
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Chapter 4, we carried out variable-temperature SAXS with programmed heating—cooling cycles.
To achieve in-situ experiments, a unique apparatus is attached to the setups. For example, a

209 and a fiber drawing apparatus,'® were integrated into

stretching system,?%® a shear apparatus,
SAXS measurements. The final part is the detector. The detection system converts the X-ray
intensity to signal read by the processor. Charge coupled devices (CCDs) are the most popular
detectors that can detect X-rays directly in a two-dimension area.!”® A typical SAXS measurement
can be described as the following procedures. A monochromatic beam of incident X-rays is
collimated and exposed to the sample. The X-rays scattered by electrons are collected as a function
of the scattering angle by the detector, revealing fluctuations of electronic densities in the matter.

In the following paragraphs, the basics of SAXS are reviewed.

v

Electron

Figure 3.6 Schematic diagram of incident X-ray scattered by an electron. Based on the concepts
of reference?®®.

Figure 3.6 shows the simplest case in which a beam of incident X-rays is scattered by an
electron. The X-ray is described as an electromagnetic wave. The intensity is proportional to the
square of its amplitude. Once it is incident on an electron, the electromagnetic wave is spherically
scattered and propagated. Scattered X-rays have two major components that are coherent and
incoherent, if the incident x-ray beam is monochromatic. Coherent (Thomson) scattering has the
same energy as the incident x-rays, and will interact via diffraction, and is the major component
considered in SAXS. The incoherent (Compton) component is inelastic scattering in which
incident x-rays transfer part of the energy to the electrons. The coherent scattered intensity from a

single electron is given by the Thomson formula,?*

1+cos 26, 1

o = g (222 L, (3.1)
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where I, is the intensity of incoming X-rays, I, is the intensity of scattered X-rays, 26 is the angle
of observation,  is the distance of observation, and 1y, is the classical electron radius. This equation
is critical for all calculations involving absolute scattering intensities. It is notable that the
component in the brackets is referred to as the polarization factor. At the small angle of

observation, this term can be neglected.
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Figure 3.7 Schematic diagram of incident X-ray scattered by two electrons. Based on the concepts
of reference 2%,

If the incident X-rays are scattered by two electrons, the interference between the coherent
scattered X-rays yields a fringe pattern, which contains the information of the position of the

scattering centers. Figure 3.7 shows the case in which an incident X-ray beam is scattered by two

. .. . . 27
electrons. Here, r is the position vector, || = r. The incident wave vector is k, = ~ So- the

scattered wave vector is k = 27”5, the scattering vector ¢ = k — k,, and the module of q is g =

ino . .
lq] ==& s;n . The total amplitude from two electrons is thus: 2%

F(q) = Xi-1 fo exp(qr) (3.2)

where F(q) is the Fourier transform of the spatial distribution of the electrons. Scattering from

two electrons can be generalized to N electrons: 2%

F(q) = X1 f. exp(qr) (3.3)

where the bold j in this equation and equations hereafter indicates the imaginary component. For
an atom with a continuous radial electron density p(r) obtained from quantum chemical

calculations, Equation 3.3 can be rewritten as the atomic scattering factor: 2%
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f@) = [ drpr) r? 2202 (3.4)

Since lir% (%) =1, f(0) = Z, where Z is the nuclear charge of the atom, indicating that atoms
X—

with higher Z scatter stronger. Analogously, the form factor (i.e., the scattering amplitude) of an

isolated particle with N atoms can be determined as: 2%

F(q) =X, fi(q) exp(jq-Ty) (3.5)

and here F(q) is the Fourier transform of the atomic distribution. The scattered X-ray intensity

from this isolated molecule is: 2%

1(@) = IF(@* = 2L, XY fi(@fi (@) exp(jq-(r; — 1)) (3.6)
The particles in solution are randomly oriented, thus: 2%°

sin(qrij)

e 3.7)

(exp(iq-(r; — 1)) =

Then, Equation 3.6 can be written as: 2%°

1@ = IF@F = S L @@ T ()

and this is the Debye formula.?!! According to the Debye formula, one can conclude that because
of solution averaging, only the distance between atoms is measured, instead of the coordinates of

each atom in space.

If particles are concentrated in the solution, the distance between the neighboring particles
becomes the same order of magnitude as the particle size. The periodic arrangement of particles
will also contribute to the interference pattern on the detector, which is called the structure factor.
The scattering intensity is proportional to the product of the form factor and the structure factor,

which is presented as:?!'
Al(q) < N I VZ(Bp)*F(q)S(q)  (3.9)

Here, AI(q) is the difference between the measured intensity and the intensity of the matrix, N is
the number of particles, Ap is the difference in electron density between the particles and the

matrix, and S(q) is the structure factor. Moreover, as implied by Equation 3.9, SAXS
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measurements require an appropriate background be subtracted. Only with the contrast of electron
density between the particles and the matrix (e.g., solvent), the excess scattering from the particles
can be obtained. The background level of the scattering pattern will be increased by incoherent
scattering from the sample, and coherent and incoherent scattering from the wall of the capillary

and the solvent and will have to be considered in the background subtraction process.

Figure 3.8 Schematic diagram of the transition from inter-chain to intra-chain and finally
monomeric scattering. The red circles indicate the range of observation. Based on the concepts
of references'?920>,

We conclude the brief review of the basic concepts in SAXS with an example of scattering
from the polymer solution. Figure 3.8 is a typical scattering pattern from a dilute polymer
solution.'?® The lower limit g, is because of the presence of the primary beam. It depends on the
quality of the alignment of the beam stop and the collimation system. The higher limit gy, 1S
governed by signal-to-noise ratio. At very low g, the observation window is very large. X-ray
scattering probes correlations between polymer chains, and the structural order in the solution can
be obtained. The trend of I(q) at small g gives information about the interactions between the
polymer chains. The decrease in intensity indicates repulsive interaction potentials and an increase

implies attractive interaction, such as aggregation.?!? Here, since the solution is dilute, there is no
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interaction between the polymer chains, so the scattered intensity is constant in the intermolecular
regime. In the Guinier regime, the observation range is about the chain size, and the scattering
from correlations of monomers in the same chain is probed, and the downturn occurs near the
radius of gyration of the polymer chains. At q that is slightly higher than the reciprocal of the
radius of gyration, the scattering intensity scales as I(q)~q~%, where d is the fractal dimension of
the object.?!® At highest g, the Porod scaling dominates the scattering intensity, which is called the
Porod regime. Because of the very small observation range, it gives a contrast at the interface
between the monomers and the surrounding solvent molecules. This interface can be considered

as sharp and smooth, which yields the Porod scaling that I(q)~q ™.

In this dissertation, the SAXS experiments were performed with the beamline 12-ID-B of
the Advanced Photon Source at the Argonne National Laboratory in the US. The 14 keV X-ray
beam was exposed to the 1.5 mm diameter capillary sample with an exposure time of typically 0.1
s. Scattered X-ray photons were measured with a Pilatus 2M (Dectris Ltd.) detector located about
2 m downstream of the sample. Ten images per sample were collected and averaged to confirm
that no beam damage had occurred and to increase counting statistics. Background scattering from
a capillary containing water was subtracted from sample data. In the variable temperature SAXS
measurements, the following thermal history was programmed unless otherwise specified: (i) held
at 5 °C for 10 min, (ii) cooled from +5 to —40 °C at a rate of 5 °C/min, (iii) held at —40 °C for 10

min, (iv) heated up to 5 °C at a rate of 1 °C/min.

3.6.2 Differential Scanning Calorimetry (DSC)

Oxidization
Crystallization

Glass
transition

Exothermal =——s

Heat flow

Melting Decomposition

T

Figure 3.9 Schematic diagram of a typical DSC profile for polymer samples. Based on the concepts
of reference?!4,
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Among the thermal analysis techniques, differential scanning calorimetry (DSC) is the
most popular one, especially for the field of polymer research.’!* As ASTM standard E473
states,?!> DSC is a characterization technique in which the sample is controlled by a specified
temperature program, while the difference of the heat flow between the sample and the reference
is recorded as a function of temperature. DSC has advantages such as easy operation, small sample
amount required, and high sensitivity, and is widely employed in the measurement of, for example,

216,217

latent heat, heat capacity, purity,2!821% and glass transition.’?° As shown in Figure 3.9,

temperature and extent of each transition can be extracted and quantitatively analyzed from the

DSC profiles to fingerprint the processing history of polymers.
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Figure 3.10 Schematic diagram of cross-section of DSC heat flux cell. Redrawn from Figure 2.1 in
reference?!4,

On the basis of measurement mechanisms, differential scanning calorimeters can be
divided into two classes: power compensation DSC and heat flux DSC.2'* In this dissertation, the
DSC measurements were done on a DSC-Q1000 from TA Instruments, which is a heat flux DSC,
so we put emphasis on the basics and configuration of heat flux DSC in this section. The cross-
section of a basic heat flux differential scanning calorimeter is shown in Figure 3.10. The wall of
the sample chamber is made of silver for good thermal conductivity and acts as a heating block. It
is attached to the furnace and cooling system designed to supply or remove heat at the desired rate.
The sample pan and reference pan sit on raised platforms made by constantan. The constantan disk
(i.e., heat leak) bridges the two pans and allows a fast transfer of heat between pans and the heating

block. Chromel disks attached to constantan disks on the underside of the sample and reference
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pans form chromel/constantan thermocouples to monitor the temperature of both pans. Before the
experiment starts, sample and reference pan are at the same temperature T, = Ts = T,, where the
subscripts b, s, and r denote the heating block, sample pan, and reference pan, respectively. Once
the measurement starts, the temperature of the heating block ramps following the experiment
profile, and the heat is supplied or removed from the pan via the constantan disk. Because of the
delay in heat transfer, the temperature of both pans always lags behind the block temperature.
However, the sample pan contains the sample that has the thermal effect to be probed at the certain
temperature. The instrument yields the differential temperature between the sample and reference
pans, which gives the sample thermal properties. The heat flow rate between the sample and

reference pans can be determined according to a thermal equivalent of Ohm’s law:2!*

Ts—Tr

Q=== (3.10)

R

where Q is the heat flow rate, and R is thermal resistance of the constantan disk.

In this work, the water states in the polyampholyte hydrogel were deduced from the spectra
produced by the DSC-Q1000 (TA Instruments, US). The samples were tested right after
preparation to prevent any possible loss of water through evaporation. For each measurement, ~10
mg of samples were sealed in a copper sample pan. In each DSC measurement, the following
thermal history was programmed unless otherwise specified: (i) held at 10 °C for 10 min, (ii)
cooled from +10 to —60 °C at a rate of 1 °C/min, (iii) held at —60 °C for 10 min, (iv) heated up to
10 °C at a rate of 1 °C/min. The program, (i) to (iv), was repeated twice or more to ensure the

consistency of the results for each sample.

3.7 Summary

This chapter described the synthesis of polyampholyte hydrogel, reduced graphene oxide
composite coating, zinc oxide nanowires, poly(glycerol sebacate) and its derivatives. Two key
characterization techniques, SAXS and DSC, were also briefly reviewed from fundamental and
instrumental aspects. Though further experimental details are given in each chapter, some
underlying mechanisms of synthesis and characterization mentioned in the chapter may provide

readers with some hints and inspiration for future experiment designs.
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Chapter 4 Low-Temperature Ionic Conductivity Enhanced by
Disrupted Ice Formation in Polyampholyte Hydrogels

4.1 Introduction

Tough hydrogels, mechanically soft but robust and tear-resistant materials in which
hydrophilic polymer networks hold more water than the original polymer weight, are a promising
class of material for bioimplantable electronics, sensors/actuators in soft machines, surgical glues,
and gel electrolytes for energy storage devices.??!*!Y As these materials are inherently rich in water
content, understanding the phase behavior of water in the polymer network has important

implications for low temperature applications where freezing of water can be detrimental. It is

t222’185’223 224

known that nanoscale confinemen and controlled hydrophilicity/phobicity“~ are effective
strategies to control freezing behavior. Recently, Vogt and collaborators studied the dynamics of
supercooled water molecules under nanoscale confinement within the cluster of hydrophobic

domains and its impact on the anti-freezing behavior within hydrogels.?*’

Polyampholytes, a subclass of polyelectrolytes, are macromolecules that contain both acidic
and basic groups that may produce positive and negative electrostatic charges, respectively, as a
response to the surrounding environment.>®!3! The high density of the distributed opposite charges
in polyampholyte chains introduces ionic cross-linking that can lead to well-defined three-
dimensional structures in foldamers,?® DNA condensation, and protein folding.??” Recently,
synthetic polyampholytes have shown promise in various potential applications such as

17,18,137

mechanically tough and self-healing hydrogels, anti-biofouling coating,?® thermosensitive

smart optical coating,*’ and self-adjustable adhesives.*

We have previously shown that polyampholyte hydrogels also have the potential to be used
as an aqueous gel electrolyte in electrochemical storage devices.!>* In that work, a supercapacitor
that employed a polyampholyte hydrogel electrolyte filled with 16.8 wt% potassium hydroxide
rendered an enhanced specific capacitance of 75 F/g at =30 °C, whereas a control sample with the
aqueous electrolyte without the polymer showed 24 F/g under identical conditions. As another
example in this work, temperature-dependent ionic conductivities of a 10 wt% NaCl solution, a

hydrogel precursor solution with 10 wt% NaCl (SOL-10-2.1; sample nomenclature in Table 4.1),
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and polyampholyte hydrogel with 10 wt% NaCl (PA-10-2.1) are shown in Figure 4.1. With
decreasing temperature, the ionic conductivity of the NaCl solution decreased gradually from
124.58 to 18.85 mS/cm (15 % of the +20 °C value) between +20 and —20 °C, respectively, then
dropped dramatically to 0.055 mS/cm (0.045 %) at —30 °C. The eutectic temperature (—21 °C) in
the water—NaCl phase equilibrium, where all remaining liquid transforms to solid, may explain the
drastic ionic conductivity drop between —20 and —30 °C. On the other hand, PA-10-2.1 exhibited
a gradual decrease in ionic conductivity from 28.78 to 7.07 (24.57 %), then to 2.62 mS/cm (9.10 %),
at +20, —20 and —30 °C, respectively. The low-temperature conductivity enhancement is much
more prominent than that of another control sample, SOL-10-2.1, where the non-polymerized
precursor solution exhibited a limited effect with conductivity values of 89.62, 3.97 (4.43 %), and
0.87 (0.97 %) for +20, —20 and —30 °C, respectively.

10%¢
- —=— 10 wt% NaCl solution
[ —e— SOL-10-2.1
102k —a— PA-10-2.1
5 :
_‘9 L
w 1L
E 10
3 C
= [
§ 10°F
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Figure 4.1 lonic conductivities of an aqueous 10 wt% NaCl solution, the NaCl solution mixed with
monomeric precursor molecules (SOL-10-2.1), and the NaCl solution in polymerized hydrogel (PA-
10-2.1), plotted against temperature.

The results shown in Figure 4.1 suggest two possible reasons for the enhanced ionic
conductivity in polyampholyte hydrogels. First, monomeric units in the polyampholyte play a role
as additional salts, causing a depression of the eutectic temperature. If osmotic virial coefficients

or Margules parameters are available for the monomers, such effects can be quantified by
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thermodynamic models. ?2***® However, the solution thermodynamics argument cannot explain
the further enhancement of the low-temperature ionic conductivity in the hydrogels. This effect
can only be understood when the nanoscopic structure of polymer chains and the status of water

molecules are elucidated as a function of temperature.

Experimental studies on the details of hierarchical structures of polyampholytes, have, in
general, been relatively rare. Nisato ef al. proposed a qualitative description of the globular
structure of chains in polyampholyte hydrogels based on light scattering and swelling
experiments.> However, the details of the globular structures, including size and chain density of
each globule and the superstructure that the globules may produce, have not been explored. Within
the polyampholyte family, the hierarchical structure of polyzwitterions, where both acidic and
basic components reside in each repeating monomer unit, has been studied in detail.
Polyzwitterions show a unique property called anti-polyelectrolyte behavior when the
polyampholyte is in an isoelectric state (i.e., the positive and negative charge densities are nearly
equal).’! Whereas ordinary polyelectrolytes undergo a collapse in their chain conformation when
the salt concentration increases in the aqueous solution, polyzwitterions exhibit swelling behavior
that leads to an increase of the solution viscosity and the solubility of the macromolecular
component.®**¥3435 Moreover, the high polymer concentration in the polyzwitterion hydrogel
leads to electrostatically induced hierarchical self-assembly that defines a multi-scale structural
network in the hydrogel.3! Safinya and coworkers recently investigated the effect of salt on the
hierarchical structural formation of neurofilament hydrogel, whose structural assembly is dictated
by ionic interactions between polyampholyte sidearm chains. The neurofilament hydrogel (~ 5 wt%
neurofilament in salt water) undergoes transitions from liquid-crystalline hydrogel to isotropic gel,

and to nematic hydrogel when the background salt concentration increases.?

In this work, we studied the structure of a polyampholyte random copolymer that consists of
two oppositely-charged ionic monomers, sodium 4-vinylbenzenesulfonate (NaSS) and [3-
(methacryloylamino) propyl] trimethylammonium chloride (MPTC), which is denoted as
poly(NaSS-co-MPTC). Furthermore, we discuss the interactions with water molecules when the
charge-balanced polyampholyte formed a hydrogel. Using small- and wide-angle X-ray scattering
(SAXS and WAXS) as tools to study polymer network structures and their effects on the phase

behavior of water in the hydrogels, we found that a networked globular structure effectively
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prevented the freezing of water in the hydrogel. There is clear evidence of amorphous water
molecules and slush-like, sub-micron-sized ice formation at low temperatures. Solid-state NMR
assisted in identifying dynamic and frozen water within the hydrogels. All these findings are
consistent with our observation of the increased ionic conductivity of the hydrogel at low
temperatures. It is notable that multiple freeze—thaw cycles did not impact the phase behavior of

water in the hydrogel soft materials.
4.2 Experimental Methods.

Polyampholyte Hydrogel Synthesis. The protocol as described by Gong et al.!” was followed to
copolymerize sodium 4-vinylbenzenesulfonate (cationic monomer; NaSS) and [3-
(methacryloylamino)propyl] trimethylammonium chloride (anionic monomer; MPTC) with
IRGACURE 2959 (photoinitiator) and NaCl. The chemicals were purchased from Sigma-Aldrich
and used as received. The aqueous precursor solution with designed chemical concentrations
(shown in Table 4.1) was injected into the gap between two glass plates separated by a 1 mm thick
Teflon spacer. Hereafter, we denote the samples using the code PA-#-c, where the # is the NaCl
concentration (wt%) in the polyampholyte hydrogel, and c is the total monomer concentration (M).
The monomer polymerization was initiated by irradiating the sample with UV light with a lamp-
to-sample distance of 5 mm (UV broadband lamp with a maximum peak at 365 nm with an
intensity of 22 mW/cm?; Jelight UVO-Cleaner Model-342, US). The weight% of NaCl in the as-
prepared hydrogel is defined by Equation 4.1:
Cnacl = —N2C___ % 100% (4.1)

MNacltMwater

where my,c 1s the total mass of NaCl, and m,y ¢, 1S the mass of water added in the precursor
solution. It is noted that NaSS and MPTC contain sodium and chloride ions, respectively which

were accounted for in the calculation for the my,c value.
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Table 4.1 The list of samples prepared.

Sample NaSS conc. MPTC conc. NaCl conc. UV time
PA-6-2.1 1.07M 1.03M 6 wt% 8h
PA-8-2.1 1.07M 1.03M 8 wt% 8h
PA-10-2.1 1.07M 1.03M 10 wt% 8h
PA-10-1.05 0.536 M 0.515M 10 wt% 8h
SOL-10-2.1 1.07M 1.03M 10 wt% 0h

a. In all cases, 0.25 mol% photoinitiator (compared to the total concentration of NaSS and
MPTC) was added in the precursor solution.

Variable-Temperature Small/Wide Angle X-Ray Scattering Characterization. SAXS/WAXS
samples were made by irradiating bees wax sealed glass capillaries (Charles Supper, US)
containing a precursor solution with UV. The SAXS experiments were performed with the
beamline 12-ID-B of the Advanced Photon Source at the Argonne National Laboratory in the US.
The 14 keV X-ray beam was exposed to the 1.5 mm diameter capillary sample with an exposure
time of typically 0.1 s. Scattered X-ray photons were measured with a Pilatus 2M (Dectris Ltd.)
detector located about 2 m downstream of the sample. Ten images per sample were collected and
averaged to confirm that no beam damage had occurred and to increase counting statistics.
Background scattering from a capillary containing water was subtracted from sample data. In the
temperature-dependent SAXS/WAXS measurements, the following thermal history was
programmed: (i) held at 5 °C for 10 min, (ii) cooled from +5 to —40 °C at a rate of 5 °C/min, (iii)
held at —40 °C for 10 min, (iv) heated up to 5 °C at a rate of 1 °C/min.

Ionic Conductivity Measurement. lonic conductivity measurements of the NaCl and precursor
solutions, as well as the polyampholyte hydrogel, were undertaken using screen-printed electrodes
(DRP-150, DROPSENS, Spain) in a three-electrode configuration by electrochemical impedance
spectroscopy (EIS, PGSTAT302N, Metrohm Autolab, Netherlands). The frequency range for EIS
measurements was from 100 kilo-Hz to 10 milli-Hz, where an open circuit potential mode with an
AC perturbation of 5 mV was used. The temperature was regulated using a temperature-controlled
chamber (TS102G, Instec Inc., US). The sample temperature was decreased from 20 to —30 °C at
a rate of 5 °C/min, and held at —30 °C for 10 min, followed by the EIS measurement. After each
measurement, the sample was heated at a rate of 1 °C/min to the next desired temperature. The

hydrogel samples were placed on top of the screen-printed electrode and compressed to ensure an
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intimate contact between the electrode and the hydrogel. For solution measurements, a reservoir
(depth 1 mm, area 10 x 10 mm?) made by a spacer was used to contain the electrolyte solution.
EIS results were fit with the Randles circuit model using software (Autolab NOVA) to determine
the electrolyte resistance, which was converted into ionic conductivity based on the cell constant
of the measurement setup. The EIS results for 10 wt% NaCl solution, SOL-10-2.1 and PA-10-2.1

are shown in Figure 4.2.
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Figure 4.2 EIS results for (a) 10 wt% NaCl solution, (b) SOL-10-2.1 and (c) PA-10-2.1 at various
temperatures. The inset in (a) is the magnified part of the region identified by the red box in the
left-bottom corner of (a). Red solid lines were the fitting using the Randles circuit model.
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We followed the general approach of determining the various parameters of an
electrochemical system by fitting the impedance data to an equivalent electrical circuit. We used
the Randles circuit model for data fitting as it physically interprets our electrochemical cell in the
best possible manner.?**!3%23% Figure 4.3 represents a circuit model of a Randles cell which
typically consists of four components: solution resistance (Ry), a constant phase element (CPE),
charge transfer or polarization resistance (R.r) and a Warburg diffusion element (Zy; ). In physical
terms: R corresponds to resistance against the migration of ions inside the electrolyte (solution or
hydrogel); CPE corresponds to an imperfect double layer capacitor that forms at the interface
between the electrode and surrounding electrolyte; R. is the charge transfer resistance for a
kinetically controlled electrochemical reaction taking place at the interface between the electrode
and electrolyte; Zw accounts for the diffusional impedance of the electrochemical system. The
focus of our study is to extract the values of R, at different temperatures, as shown in Table 4.2. In

order to calculate the conductivity of the electrolyte, we used the following relation:

K=< (4.2)

where c is the cell constant, which is a characteristic parameter of the experiment setups, and R,

1s the solution resistance.

[cpr |
CPE
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W
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Figure 4.3 Equivalent Randles circuit for modelling of impedance data of the electrolyte system.
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Table 4.2 Fitting parameters for EIS measurements

Temperature 10 wt% NaCl solution SOL-10-2.1 PA-10-2.1

(°O) R(Qcm?) | %error | R(Qcm?) | % error | R(Q cm?) | % error
20 2.05 0.55 5.18 0.48 8.87 0.57
10 2.70 0.56 7.57 0.39 9.77 0.76
0 3.56 0.49 11.24 0.53 11.31 0.70

-10 6.17 0.33 19.79 0.51 15.68 1.08

-20 13.64 0.37 116.89 0.58 36.13 0.46

=30 4656.79 9.47 536.11 0.83 97.39 0.78

Field Emission Scanning Electron Microscope (FE-SEM) Characterization. For the FE-SEM
sample preparation, two PA-10-2.1 samples were cooled from room temperature to 20 and —30 °C,
at a rate of 1 °C/min using a temperature-controlled chamber, and held at the desired temperature
for 30 min. After that, the samples were taken from the chamber, and immediately quenched in
liquid nitrogen, followed by freeze-drying in a freeze-dryer (Super Modulyo, Savant). A ~5 nm
thick Au layer was coated on the freeze-dried samples using a gold sputter unit (Denton; US). An

FE-SEM (Zeiss, Sigma) was utilized for the morphological study.

Liquid NMR. The NMR spectra were acquired on a Varian 600 MHz NMR spectrometer ('H,
599.7 MHz) at room temperature. The water peaks were suppressed using pre-saturation pulses.
First, as-prepared PA-10-2.1 was weighed and dissolved in 4 M NaCl deuterium oxide solution
overnight. The same mass of precursor solution for PA-10-2.1 was also diluted in the 4 M NaCl
deuterium oxide solution. Weighed DSS (4,4-dimethyl-4-silapentane- 1-sulfonic acid sodium salt)
was added into both solutions as the internal standard substitute. The monomer conversion rate
was determined by comparing the integrated peak area in the range of 7 to 5.5 ppm, which are
proton signals from the alkene groups in the monomers (NaSS, and MPTC). The peak intensities

were normalized to the most intense signal from the DSS, labeled 0 in both spectra.

Solid-State NMR. 'H and ’H NMR measurements were conducted at 11.75 T on a Bruker Avance
spectrometer, operating at 500.3 and 76.8 MHz, respectively, for 'H and H. Samples were packed
in 4 mm zirconia rotors and spectra were obtained with a Bruker 4 mm MAS probe operating in
double resonance mode. 'H NMR spectra were obtained with a Bloch pulse, using a 4.0 ps 90°
degree pulse, a 2.0 s acquisition time, and a 1.0 s recycle delay. Room temperature ’H NMR spectra

were also obtained using a Bloch pulse, using a 2.5 ps pulse corresponding to a 45° flip angle, with
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an acquisition time of 2.0 s and 1.0 s recycle delay. Non-ambient temperature 2H NMR spectra
were obtained with a solid-echo pulse sequence: 90° — 11 — 90° — 12 — AQ, where 11 is the interpulse
delay and 12, the refocusing delay, was set to a low value and data were left-shifted to ensure the
FID began at its maximum. The 90° pulses were 5.0 ps, t1 was 20.0 ps, the acquisition time was
16 ms and the recycle delay was 1.0 s. Variable-temperature NMR data were obtained on the
Avance 500 NMR spectrometer using the BVT 3000 VT unit provided by Bruker Biopsin. An
ethanol/dry ice bath was used as the heat exchanger source, with dry air as the VT gas, whose flow
rate was 1600 L/h. The temperature was calibrated based on the temperature dependence of the
207pb chemical shifts of methylammoniumlead chloride, following a protocol recently developed

in this lab.23!
4.3 Results and Discussion

4.3.1 Charge-Balanced Point Determination

All synthesized polyampholyte hydrogels in this dissertation were charge-balanced
polyampholytes (i.e., the amount of positively and negatively charged groups are the same in the
hydrogel). It is important to experimentally determine the real feed monomer fraction to determine
the exact charge-balance point. In a study on dilute aqueous solutions of polyampholytes, the coil
size of the polyampholyte was shown to display a strong minimum at the charge-balance point.*¢
Thus, the swelling ratio of the hydrogel will also show a minimum at the charge-balance point.
We synthesized a series of polyampholyte hydrogels with various monomer fractions. The total
monomer concentration was fixed at 1.2 M, the NaCl concentration in the precursor solution was
fixed at 10 wt% and the UV curing time was fixed at 8 h. The as-prepared hydrogels were dialyzed
in deionized water for one week to achieve equilibrated swelling. The swelling ratio, Q,y, is defined
by Equation 4.3:

0y = Mequilibrium (4.3)

Mas—prepared

where Mequilibrium 8Nd Mas_prepared are the masses of the equilibrated and the as-prepared

hydrogels. The results of the swelling experiments are shown in Figure 4.4. Q,, decreased before

the MPTC fraction (fyprc) reached 0.49 and sharply increased after this point, indicating that
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Coulombic attraction prevails over the repulsion and the polymer chains collapse near the charge-

balance point (fyprc= 0.49).

3 1 1 1 1 1 1
044 046 048 050 052 0.54
MPTC fraction

Figure 4.4 Swelling ratio as a function of MPTC fraction.

4.3.2 Total Monomer Conversion Rate

No obvious peak was observed in the PA-10-2.1 '"H-NMR spectrum, indicating complete
conversion after polymerization, as shown in Figure 4.5. A leaching test was also performed to
measure the total monomer conversion rate by comparing the mass before and after dialysis. We
assumed that the remaining unreacted monomers will leach out after one week dialysis in adequate
deionized water. Based on the mass loss after considering the NaCl loss, the total monomer

conversion rate was 98.1%.
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Figure 4.5 'H solution NMR spectra for PA-10-2.1 and the precursor solution SOL-10-2.1
(including the monomers NaSS, and MPTC) at room temperature.
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4.3.3 Development of SAXS Theory for Clusters?
4.3.3.1 Model

Intensity from a model cluster containing N spheres (Figure 4.6) that are primary particles

can be numerically calculated with the general theory below:
1(@) = [XR-1F(q, R e 97 dQ  (4.4)

where R, and r are the radius and position of kth sphere. The 1D scattering vector q is the
magnitude of the 3D scattering vector q. The integration over d() stands for orientational average.

The form factor can be calculated as below:

P(q) = XR-1IF(q, ROI? (45)

where F(q, R) is the spherical Bessel function for a sphere with radius R.

0 200 400 600 800

Figure 4.6 A model 1D array of spheres. Length L of the model is the center-to-center distance
between first and last spheres. The model is composed of 10 spheres with mean radius 5 nm and
12% size variation. The gap between the particles is set to 0.5 nm.

Finally, simulated I(q) and P(q) are shown in Figure 4.7a. The calculated I(q) shows
clearly three regions separated by the positions denoted by closed and open arrows. The smallest
g region is the Gunier region for the cluster, which is in this case the 1D array. The highest ¢ region
is the region where the primary particle scattering dominates. Between the two regions locates the

Porod region of the cluster, exhibiting power-law slope of —1.

2 Subsection 4.3.3 was written by Dr. Byeongdu Lee.
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Figure 4.7 a) Simulated intensity /1(q) and form factor P(q) from the model in Figure 4.6. b)
1(q)/P(q) is approximated with structure factor model shown in the equation above.

4.3.3.2 Structure Factor Derivation

The structure factor of the primary spheres forming the 1D array can be obtained by
1(q)/P(q), which is shown in Figure 4.7b. Analytically, the structure factor S(q) can be calculated

by orientational averaging:232233-234

S(@) =1+ [f@)ne(me dr (4.6)

where f(r) is the shape function of the cluster and n., (1) is the pair correlation function of the
primary particles assuming that they fill infinite space keeping the same positional statistics or
nature. The second terms can be written as below using the convolution theorem of Fourier

transforms,>'?
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[ frIne(@e dr = [ f(r)edr ® [ n,(r)e9dr (4.7)

where the operator ® stands for convolution. The first term on the right, the Fourier transform of

f(r), is the form factor of the cluster which we define as

[ f@)e7dr = P.(q) (4.8)

The second term on the right, the Fourier transform of n., (1), can be further broken down
into two components, an interference function and null scattering terms, by employing the mean

particle number density n.,
[N (@e dr = [(n,(r) —n.e79dr + N5(q) (4.9)
We define the interference function as

J(e,() —ne dr =i(q@)  (4.10)

Since

P.()®(NS(q)) = NP.(q) (4.11)

the structure factor is finally written as below:2*%23

S(q@) =1+ P.(q@)®i;(q) + NP.(q) (4.12)

The interference function is expressed as i;(q) = S;(q) — 1 and S;(q) is the structure
factor of an infinite number of primary particles. So we consider S;(q) as the structure factor for

internal arrangement of the primary particles in the cluster.

The role of the convolution in the second term is to broaden the peaks and valleys of the
interference function. Considering that the structure factor of primary particles forming a non-
regular cluster is already broad, we might simply neglect it. For the high ¢ region, where i;(q) >
NP.(q), 1+ P.(q)®i;(q) can be approximated as S;(q). For the small ¢ region, where i;(q) <
NP.(q), 1+ NP.(q) can be approximated as fP.(q), where f = N — 1. Since the orientational

average can be performed independently for each term, we can approximate S(q) as
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where g, is a cross-over ¢ that separates the high and small ¢ regions. In this work, we smoothed

the transition at g, by adding a smoothing function, for example

5
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When fP.(q) is not significant compared to S;(q) in the high ¢ region, we may simplify S(q) as

S(q) = fP.(q) + Si(q) (4.15)

In order to simulate S(q) for our 1D array cluster, we employed the Guinier—Porod
equation for P,(q) (blue dashed curve in the bottom of Figure 4.7). The Guinier—Porod equation

for a finite sized object requires 2 parameters: the radius of gyration R, . and the Porod exponent

P. In this work, the radius of gyration of the 1D array is calculated as L/+/12. The Porod exponent
is 1 since it is a 1D structure. f is about 9 because there are 10 particles (a bit larger than 9 due to
polydispersity). The second term, S;(q), is to describe the structure factor of particles within the
array. We employed the structure factor equation of the Percus—Yevick hard sphere potential

(magenta dashed curve in the bottom of Figure 4.7). We define q. for ¢ where fP.(q) = S;(q).
4.3.4 Structure of Polyampholyte Probed by SAXS

SAXS analyses were used to determine the structure of the as-prepared polyampholyte with
different NaCl concentrations. The SAXS results shown in Figure 4.8a, measured on the as-
prepared samples, reveal that the samples all contain molecular aggregates forming spherical
objects consisting of Gaussian chains, as evidenced by the high ¢ power-law slope of -2 (see fractal
power-law exponent Dy ~ 2 in Table 4.3). In other words, the primary particles are in a well-
solvated state (i.e., polymer-rich water-containing domains). The shape of the primary particles is
believed to be spherical since no power-law scattering was found in the very small g region;
therefore we denote the primary particle as a globule. For some samples, the spherical form factor
scattering alone did not fit the intensity profile in the small ¢ regions, ¢ < 0.2 A™!, indicating that

the globular primary particles form a nanoscale cluster.
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Table 4.3 Fitting parameters for SAXS results.

Sample Cluster Primary Particle (globule)

f Rg,c(/—\) P RyA) v(%) fp(a.u.) ﬁp(A) Jp(A) Dy Rg,p(A)

PA-6-2.1 | <<l >>10 1.3 226 1.9 0.034 18.1 5.8 1.9 234
PA-8-2.1 | <<1 >>10 1.3 15.0 1.8 0.035 18.2 6.0 1.5 24.0

PA-10-2.1 1.2 13.1 1.2 - 0 0.024 18.1 4.7 1.8 20.2
PA-10-1.05 | 9.0 31.1 1.0 - 0 0.012 17.8 52 1.8 214
A ' B
Interglobular
10"k 4 region =
E 102k ] Cluster
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10° L PA-6-2.1 x 16 E B
v PA-8-2.1x4 / N
+ PA-10-2.1 I
= PA-10-1.05 )
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Figure 4.8 (a) SAXS data for PA-6-2.1, PA-8-2.1, PA-10-2.1, and PA-10-1.05. Here, the subtracted
background is the capillary filled with 10 wt% NaCl solution. The red lines are the fits of the
experimental data. (b) Schematic illustration of the polyampholyte hydrogel. The hydrogel
consists of globules (i.e., nanoscale hydrated particle-like structures with high polymer
concentration) separated by water-rich domains (i.e., inter-globular regions with low polymer
concentration). The polymer globules aggregate to form clusters. See text for details.

To analyze the hierarchical structure, we developed the following SAXS model,

I(Q) = (Ap)zfpp(q;ﬁp' O-p)Df)S(q) (416)

where (Ap)? and fp are the X-ray scattering contrast and the number concentration (e.g., molar
concentration) of primary particles, respectively. When I(q) for a sample is measured on an
absolute scale, one can determine f, if (Ap)? is known for the sample. In our experiment, I(q) is
measured in arbitrary units. Since we normalized I(q) by the sample thickness, the relative values

of f, are meaningful assuming that (Ap)? does not vary from sample to sample. The form factor
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of a primary particle P(q) is modeled as that for polydisperse spheres with fractal internal
structure.*® The fractal power-law exponent Dy ~2 (vide supra) indicates that the internal structure
of the primary particle is Gaussian chain-like.?*” The size distribution of the primary particles is
modeled by the two parameters of the Schultz—Zimm size distribution; ﬁp and g, are the mean
radius and variance of the external size of the primary particles, respectively. R ,, is the radius of
gyration of the primary particle calculated from ﬁp and a,,. Since the primary particles are

aggregated to form clusters, the structure factor S(q) is defined to include the hierarchical structure

as,

S(@=f- Pc(q;Rg,c'P) + Si(q; R, v) (4.17)

where P. is the form factor of a cluster, which is calculated using the Guinier—Porod model.?*”- 3
238 1t has two variables Ry . and P, which are radius of gyration and the Porod constant of the
cluster, respectively. At g =0, P, = 1, and f is a scaling factor of the cluster form factor. In this
definition, f + 1 denotes the mean number of primary particles forming a cluster. The Percus—
Yevick (PY) hard sphere structure factor S;(q; Ry, v) is added to describe the internal arrangement
of the primary particles in a cluster.”*” R, and v are the hydrodynamic radius and volume fraction

of the primary particles in a cluster, respectively.

Although the very low ¢ scattering (¢ < 0.02 A™") is not modeled due to the experimental
resolution limit, it may provide a clue on structures larger than hundreds of nanometers. For
instance, the low ¢ upturn of the SAXS data for the PA-6-2.1 samples indicates macroscopic
separation between water-rich and globule-rich domains. This can be understood considering that,
in polyampholytes synthesized by random polymerization of positively and negatively charged
groups, the net charge of each globule varies and is typically not zero.!® At low salt concentration,
the reduction of salt screening effects leads to a tendency for globules to form an aggregated

superstructure, as observed in dilute polyampholyte solution.'#*

The effect of polymer concentration on the polyampholyte hydrogel structure was also studied
by varying the monomer concentration in the precursor solutions. The fitting of SAXS profiles for
PA-10-1.05 and PA-10-2.1 samples in Figure 4.8a indicates that both hydrogels form globules
with a ~5 nm diameter primary unit. A slightly larger Dy for PA-10-1.05 than for PA-10-2.1
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indicates that the monomer density in the globules is much lower for the former. Interestingly,
those globules in PA-10-1.05 are aggregated into a 1D array as noticed from the Porod constant P
~ 1 for the cluster (Table 4.3), and the array consists of about 10 globules as seen from parameter
fin Table 4.3. Assuming the shape of the cluster is a cylinder with its cross section identical to the

cross section of the globules, its length can be calculated to be ~10 nm based on its radius of

2 2
gyration using the relation, R é,cylinder = R; + %, where R is the cylinder radius, and L is the length

of a cylindrical rod. Since 10 nm is rather short for 10 globules in a row, the 1D array of globules

is not likely rigid-rod-like but a more flexible necklace.

Based on these findings we can draw a schematic cartoon model of the polyampholyte chain
networks, as seen in Figure 4.8b. Here, the charge-balanced polyampholyte chains form a
networked structure of globules; the globules are spherical in shape, hydrated, on the nanoscale,
contain polymer-rich domains and are interconnected to each other by polymer chains. The inter-
globular regions are denoted as water-rich domains. The globule is similar to the case of a charge-
balanced polyampholyte chain structure in the dilute solution.® It has been theoretically predicted
that a charge-balanced polyampholyte chain forms a globular conformation because Debye—
Huckel fluctuation induces attraction between charges. The size of the globule depends on ionic
strength and on the number of repeating units of the polymer.'®?” In our hydrogels, the
concentrations of polyampholytes are much higher than concentrations of dilute solutions. Thus,
a globule consists of several chains, while each chain may belong to a few neighboring globules
simultaneously, resulting in a networked superstructure of globules. This feature is similar to the

qualitative description suggested by Nisato et al.,*°

as well as to the ionic clusters in ionomers (e.g.,
Nafion) due to the self-assembly of charged polymer chains.?**?*" Both size and the number of
globules decrease with increasing NaCl concentration, as shown in Table 4.3. This implies that
electrostatic interactions between oppositely charged chains become weaker because higher ionic
strength would screen charges on the chains more efficiently. In other words, with increased salt

ions, more polyampholyte chains tend to exist in the water-rich domain rather than to form globules.
4.3.5 Temperature-Dependent Structure Evolution

The structures of polymer and water molecules at low temperatures were surveyed

simultaneously using SAXS and WAXS, respectively; these spectra were collected at various
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temperatures from —40 to 5 °C with an interval of 1 °C at a ramping rate of +1 °C/min. In our work,
we focused on melting behavior upon slow heating, as we attempted to extract the information
under (nearly) equilibrium conditions; our study does not focus on ice crystallization or nucleation
kinetics of confined water that occur in cooling processes. Figures 4.9a and 4.9b show examples
of SAXS and WAXS spectra of PA-10-2.1, respectively. Figure 4.9c shows the size of globules in
the polyampholyte hydrogel. The radius of gyration increased with increasing temperature, with
the resolution limit of the smallest discernable globule size being ~10 A. From the WAXS results,
the relative amount of amorphous water was extracted by integrating the areas of the diffraction
peaks for amorphous water (the hump located between 1.5 to 2.5 A1), as shown in Figure 4.9d.
These values were normalized by sample thickness, polymer concentration and minor beam
intensity fluctuation. WAXS results indicate that a higher fraction of water molecules appear to be

amorphous at a given low temperature when the hydrogel contains a higher NaCl concentration.

66



SAXS PA-10-2.1 B WAXS PA-10-2.1
4 1012 = i

—— PA-10-2.1 100} ——PA-10-2.1
—=— PA-8-2.1 —=— PA-8-2.1
—o— PA-6-2.1 —e— PA-6-2.1
- 80fF
20+ s
3
= g 60
T g
o <]
15} £ 40r
2
< 20}
10 L L L L 0 1 I 1 | 1
-30 -20 -10 0 10 40 30 20 10 0 10

Temperature (°C) Temperature (°C)

Figure 4.9 (a) and (b) Variable-temperature SAXS and WAXS results of PA-10-2.1, respectively.
Here, the subtracted backgrounds for SAXS/WAXS were obtained from a blank capillary. These
spectra were collected at various temperatures from —40 to 5 °C with an interval of 1 °C at a
ramping rate of 1 °C/min. (c) The size of globules, and (d) normalized amounts of amorphous

water in the polyampholyte hydrogel versus temperature. Solid lines are provided as guides to
the eye.
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Based on the variable temperature SAXS/WAXS results, we propose a qualitative description
of the structural evolution of polymers and the behavior of water molecules in ice-forming
polyampholyte hydrogels in Figures 4.10a and 4.10b. Upon cooling, the water molecules in
interglobular regions (i.e., water-rich domains) start to form ice. Water molecules trapped within
the globules do not form ice because they cannot align themselves to form a periodic crystalline
environment, due either to a strong confinement between the polymer chains or to a strong
interaction with these chains. As ice crystals grow, the hydrated globules (i.e., polymer-rich
domains), which do not participate in the ice formation, come closer to each other. At the same
time, the concentration of NaCl in the non-ice region becomes elevated, which increases
electrostatic screening effects between the globules, leading to a better dispersion of the globules,
and to a further reduction in globular size. Finally, ice crystals are inhibited from growing freely
in size because of steric hindrance from the non-freezable globules and the polyampholyte

networks between them that distribute across the entire hydrogel.

Direct visualization by microscopic techniques can be an effective method for confirming the
morphological hypothesis based on spectroscopic methods. The SEM images in Figures 4.10c and
4.10d were obtained by liquid nitrogen quenching, followed by freeze-drying to visualize
mesoscopic polymer structures after sublimating water molecules. Here, the sample in Figure
4.10c was quenched from room temperature; a homogenous distribution of fine nanostructures is
found in the freeze-dried hydrogel. On the other hand, in Figure 4.10d, a SEM image of a sample
that was pre-frozen at —30 °C before quenching with liquid nitrogen, stark differences in
morphology are observed. Here, the darker trenches are attributed to evaporated, sub-micron-sized,
slush-like ice domains between polymer-rich domains. The brighter regions correspond to the
polymer-rich ice-free domain regions that are interconnected. Finally, it is notable that this
temperature-dependent structure evolution of a salt-containing polyampholyte hydrogel is
reversible (as evidence, see the DSC scanning of multiple freezing—thawing cycles shown in

Figure 4.11).
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Figure 4.10 Temperature-dependent structural evolution of salt-containing polyampholyte
hydrogel at (a) 20 °C and (b) —30 °C. Yellow circles in hatched outlines denote polymer-rich, but
hydrated, globules. Cross-sectional FE-SEM images of PA-10-2.1 (c) at 20 °C, and (d) pre-frozen at
—30 °C, followed by quenching in liquid nitrogen, and freeze-drying. (a) and (b) represent the
hydrogel structures of regions identified by the with white boxes in (c) and (d), respectively.
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Figure 4.11 Raw DSC profiles (thawing) for PA-10-2.1 under multiple freeze—thaw cycles.
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4.3.6 Variable-Temperature Solid-State NMR

To investigate the hypothesis that the interconnected polymer-rich domains play a role as
channels for ionic conduction at low temperatures, non-spinning 'H and *H solid-state NMR
spectra of PA-10-2.1 and of its precursor solution were acquired at various temperatures (Figure
4.12). The 'H solid-state NMR spectra obtained at 21 °C indicate relatively well resolved peaks,
although in the case of PA-10-2.1, some broadening of all peaks is observed. The peak at 4.6 ppm
is attributed to H20. In their investigation of poly(N-isopropylacrylamide) gel networks, Wang et
al.'®® found that peaks attributed to free and bound water were separated by 0.09 ppm, as resolved
by high-resolution measurements at 600 MHz. Unfortunately our 'H resolution was insufficient to
determine whether both types of water exist at room temperature. To investigate the status of water
in these samples at lower temperatures, “H solid-state NMR spectra were obtained at —49 °C
(Figure 4.12b). Spectra of both PA-10-2.1 and of its precursor consist of two distinct features:
relatively sharp central peaks with underlying broad Pake patterns. The Pake pattern with a breadth
between the extremities of > 150 kHz suggest a °H nuclear quadrupolar coupling, as the shape and
the breadth of the pattern is comparable to those reported for hexagonal D20 between —10 °C?*!
and —196 °C.?*? Importantly, the relatively sharp central peaks with line widths at half maximum

of 4.5 kHz suggest the existence of mobile water at —49 °C.

Figure 4.12 (a) H solid-state NMR spectra of PA-10-2.1 (upper traces) and of the corresponding
precursor solution (lower traces) acquired at 21 °C. (b) ?H solid-state NMR spectra of the same
samples acquired at —49 °C. The inset in the latter shows the complete spectra. All spectra were
obtained from non-spinning operation of NMR.
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The solid-state NMR observations are consistent with the SAXS/WAXS data discussed above.
The 'H solid-state NMR spectra obtained at room temperature suggest mobile water, with
broadened peaks for the PA-10-2.1 sample a possible indication of a slight restriction in the motion
(as shown in Figure 4.13). At lower temperature, the ?H spectra indicate frozen water, consistent
with the water-rich domains suggested from the SAXS/WAXS data. The hypothesis that a certain
fraction of water molecules do not freeze due to confinement with the polymer chains or
interactions with these chains is also verified by this data. The presence of two distinct feature
types in the H spectra rather than a continuum from a broad pattern to sharp peaks suggests two

distinctive statuses for the water molecules.

The enhanced ionic conductivity in polyampholyte hydrogels at —30 °C in Figure 4.1 can be
explained by our comprehensive experimental results from SAXS, WAXS, FE-SEM, and solid-
state NMR. The SAXS results suggest that polyampholyte hydrogels at high salt concentration
exhibit unique internal structure where even polymer-rich regions consist of a highly hydrated
globular structure. At low temperatures, the polymer-rich regions keep a submicron-sized domain
structure, which hinders the growth of ice crystals that are fragmented as slush-like structures, as
shown by FE-SEM. Moreover, the existence of amorphous water molecules and the mobility of
these molecules at temperatures as low as —49 °C are confirmed by WAXS and solid-state NMR.
An ion’s mobility (#) and its molar conductivity (1) have the relationship A = zuF, where z is the
charge number, and F is Faraday’s constant.?*® Due to the existence of mobile water in
interconnected polymer-rich domains at low temperatures, the mobility of Na" and CI ions in PA-
10-2.1 is elevated compared to the frozen control sample of 10 wt% NaCl solution in Figure 4.1,

leading to a 48% increase in the ionic conductivity value.

71



20°C

T -
T )=s

Figure 4.13 Variable temperature non-spinning 2?H NMR spectra of PA-10-2.1.Spectra on the left
side were acquired with a single pulse with the inset displaying an overlay of the 2H peaks for
spectra acquired in the 20 to -38 °C range. To observe the broad non-mobile water resonance, a
solid-echo pulse sequence was used. All spectra in the right side have been multiplied by a factor
of 16 to illustrate the underlying Pake pattern. The inset shown on the right was multiplied by a
factor of 1024 to illustrate the onset of the Pake pattern at this temperature; there was no
detectable ?H Pake pattern for spectra acquired at higher temperatures.

4.3.7 Visualizing the Globular Structure

Figure 4.14 shows the low-dose FE-SEM images of the freeze-dried as-prepared hydrogel
(PA-10-2.1). There are two featured regions in Figure 4.14A. The darker trenches (labeled as
“Trough”) are attributed to sublimated ice domains between polymer-rich domains. The brighter
regions (labeled as “Plateau”) correspond to the polymer-rich ice-free domains. Figure 4.14B
shows the spherical structures in the cracks of the Au-Pd coating in the “trough” regions. The
diameters of the spherical particles range from 5 to 20 nm, which is consistent with the previous
variable-temperature SAXS study, and is attributed to the self-assembly of charged polymer
chains.?3%2%0 The spherical structures were also observed in the cracks of the Au-Pd coating in the

“plateau” and the boundary of the “trough” and “plateau”, as shown in Figure 4.14C and 4.14D,
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which indicates that the globule structure is ubiquitous and is indeed the universal primary

structure in the polyampholyte hydrogel.
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}

Figure 4.14 (A) The SEM image of freeze-dried polyampholyte hydrogel (PA-10-2.1). (B) Magnified
images of the small regions identified in Figure 4.14A in the middle of the “trough”. (C) Captured
at the middle of the “plateau”, and (D) at the boundary of the “trough” and “plateau”.

To verify the FE-SEM result, we did STEM on the ground PA-10-2.1 sample, as shown in
Figure 4.15. The image of black-field STEM is zoomed-in at the edge of hydrogel powder. The
size of the spherical particles ranges from 5 to 10 nm. The result supported the existence of
spherical structures observed in the FE-SEM images, which correspond to globule structures that

we modelled from SAXS spectra in Figure 4.3.

Figure 4.15 (A) Secondary electron image and (B) BF-STEM image of freeze-dried polyampholyte
hydrogel powders. (C) A magnified image of the small region identified by the rectangular box in
Figure 4.15B.
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4.4 Conclusion

The SAXS results suggest a network of globule structures in the charge-balanced
polyampholyte hydrogels with the hydrogel structure being dependent on the synthesis procedure.
The globular network structure results in an increase in amorphous water at —30 °C, as supported
by the WAXS results. Based on variable-temperature SAXS, WAXS, SEM and solid-state NMR
data, the temperature evolution of polyampholyte hydrogel upon cooling—heating cycles was
proposed. It is proposed that the interconnected polymer-rich domains result in a slush-like ice
formation that allows enhanced ionic conductivity of the hydrogel in ice-forming conditions at low
temperatures. Through FE-SEM and STEM, we observed globular structures in polyampholyte
hydrogel. This observation sheds light on the development of high conductivity gel electrolytes

for operation at low temperatures, as well as the development of anti-freezing surface coatings.
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Chapter 5 Water States in Salt-Containing Polyampholyte
Hydrogels

5.1 Introduction

The water state, which describes the fixation of water molecules due to their interaction

with polymer chains, is a deterministic factor that governs the hydrogel’s material properties, such

19,20 21,24

as electrical conductivity,!”?° anti-biofouling effects,!”* lubrication,?!** adhesion,” and water-
retention ability.?? Quantitative analysis on the endothermal peak from the heating scan of
differential scanning calorimetry (DSC) can classify the water in the hydrogel into three distinctive
categories.! 7179180181 Firstly, non-freezable bound water corresponds to the water molecules that
are strongly bonded to polymer by hydrogen bonding or dipole—dipole interactions. These water
molecules are found to be unfrozen even at —190 °C. Secondly, free water represents the water
molecules that are unaffected by the presence of polymer chains; in an absence of salt ions, these
water molecules will freeze at or near 0 °C. Thirdly, freezable bound water corresponds to the
water molecules that have secondary interactions with the polymer chains. In other words, these
water molecules are intensively interacting with the non-freezable bound water. Consequently, the
activation energy required to rotate the freezable bound water molecules is larger than that required
to rotate the free water molecules in the event of ice crystal formation, thus the freezing
temperature is considerably lower than that of the free water. Likewise, the water—polymer
interactions near molecular or atomic ions are described as bulk water, outer, and inner hydration
shells, which have the same implications as free water, freezable, and non-freezable bound waters,

respectively.?*

In this chapter, we studied the water states of a polyampholyte random copolymer that
consists of two oppositely charged ionic monomers, sodium 4-vinylbenzenesulfonate (NaSS) and
[3-(methacryloylamino) propyl] trimethylammonium chloride (MPTC), which is denoted as
poly(NaSS-co-MPTC). The phase behavior of water could be explained by water molecules in the
hierarchical structure of the networked globules, which was consistent with our previous work as

shown in Figure 5.1.2%
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Figure 5.1 Illustration of temperature-dependent structural evolution of salt-containing
polyampholyte hydrogel at 20 °C and —30 °C. Yellow circles denote polymer-rich, but hydrated,
globules. The scale bars are 10 nm.

5.2 Experimental Methods

Polyampholyte hydrogel synthesis. We copolymerized sodium 4-vinylbenzenesulfonate (cationic
monomer; NaSS) and [3-(methacryloylamino)propyl] trimethylammonium chloride (anionic
monomer; MPTC) with IRGACURE 2959 (photoinitiator) and NaCl. The chemicals were
purchased from Sigma-Aldrich and used as received. The aqueous precursor solution with
designed chemical concentrations (shown in Table 5.1) was injected into the gap between two
glass plates, where the gap was separated by a spacer (thickness 1 mm). The monomer
polymerization was carried out by irradiation with a UV lamp (broadband light with a maximum
peak at 365 nm with the intensity of 22 mW/cm?; Jelight UVO-Cleaner Model-342) with a lamp-
to-sample distance of 5 mm. In all cases, the total monomer conversion of NaSS and MPTC was
measured to be ~98%, and the ratios of monomers between NaSS and MPTC were at the charge-
balanced point, according to our previous work.?*> The samples prepared are listed in Table 5.1.
Hereafter, we denote the samples using the code PA-#-c(¢), where the # is the NaCl concentration
(Wt%) in the polyampholyte hydrogel, c is the total monomer concentration (M), ¢is the UV curing
time. The NaCl concentration in the hydrogel is defined by Equation 5.6:
Cnacl = —2C___ % 100%  (5.6)

MNacltMwater

where my,c is the total mass of NaCl, and m,y 4t 1S the mass of water added in the precursor
solution. It is noted that NaSS and MPTC contain sodium and chloride ions, respectively which

were accounted for in the calculation of the my,¢; value.
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Table 5.1 List of samples prepared.

Sample NaSS conc. MPTC conc. NaClconc. UV time Further
treatment

PA-6-2.1(8) 1.07M 1.03M 6 wt% 8h -
PA-8-2.1(8) 1.07M 1.03M 8 wt% 8h -
PA-10-2.1(8) 1.07M 1.03M 10 wt% 8h -
PA-10-2.1(0) 1.07M 1.03M 10 wt% Oh -
PA-10-2.1(2) 1.07M 1.03 M 10 wt% 2h -
PA-10-2.1(4) 1.07M 1.03M 10 wt% 4h -
PA-10-0.526(8) 0.268 M 0.258 M 10 wt% 8h -
PA-10-1.05(8) 0.536 M 0.515M 10 wt% 8h -
D-PA-10-2.1(8) 1.07M 1.03M 10 wt% 8 h Dialyzed in DIW

a. In all cases, 0.25 mol% photoinitiator (compared to the combined concentration of NaSS and
MPTC) was added in the precursor solution.

DSC Characterizations. The water-polymer interactions in the polyampholyte hydrogel were
quantified by differential scanning calorimetry (DSC, Q1000, TA Instruments, US). The samples
were tested right after preparation to prevent any possible loss of water through evaporation. For
each measurement, 10 mg of sample was sealed in a copper sample pan. For each DSC
measurement, the following thermal history was programmed: (i) held at 10 °C for 10 min, (ii)
cooled from +10 to —60 °C at a rate of 1 °C/min, (iii1) held at —60 °C for 10 min, (iv) heated up to
10 °C at a rate of 1 °C/min. The program, (i) to (iv), was repeated twice or more to ensure the
consistency of the results for each sample. We utilized the data from the heating cycle for further
analysis. The DSC characterization was also carried out at rates of 0.5, 2, and 5 °C/min in the
corresponding steps. The results show that consistent results could be obtained at rates of 1 °C/min
or less. The details about the deconvolution of DSC profiles are shown in Figure 5.2. Raw DSC
data were deconvoluted and interpreted using the Peak Analyzer function in the software (Origin).
Initially, we defined the baseline of the DSC profiles as shown in Figure 5.2a. Points were placed
at the linear parts of both ends, and then the baseline was defined using interpolation by the
software (Figure 5.2b). Once the baseline was subtracted from the DSC data, the peaks were found
by the analyzer automatically. Finally, the DSC profiles were deconvoluted into several bi-
Guassian peaks (Figure 5.2¢), and the peak centers (i.e., the statistically defined gravity centers of
the peaks), and peak areas were given by the software. The skewed peak can be fitted by bi-

Gaussian fitting. The fitting equations are shown as,>*®
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Y =, + He—O.S

Y =7y, + He—O.S

the left and right side of the fitting peak.
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where y, is the baseline, H is the peak height, x, is the peak position, w; and w, are the widths of
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Figure 5.2 The deconvolution of raw DSC curves.
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The fractions of different categories of water were calculated with,'”’

AHp i

=0
AHm,iFwater

F, (5.9)

where F; is the mass fraction of water in category 1, AH&J is the melting enthalpy of water in
category i, AHQ pw = AHQ ppw_p = 333.5 J/g, AHD ppw_s = 303 J/g.!"27:28 AH i is the
melting enthalpy of water in state 1, which is obtained from DSC deconvolution, and Fyy 4¢er 1S the

total water mass fraction in the polyampholyte hydrogel.
5.3 Results and Discussion

The water states in the polyampholyte hydrogel were quantified by the deconvolution of the
second heating cycle. As illustrated in Figure 5.3a, water molecules interact with five distinct
species: sodium and chloride ions, non-polymerized (i.e., monomeric) NaSS and MPTC, and
poly(NaSS-co-MPTC). However, according to the total monomer conversion rate, the amount of
monomeric NaSS and MPTC can be neglected for most of the samples (i.e., samples after 8 h UV
irradiation).?*> Based on the DSC results, we empirically classified the water states into the
following four categories: (i) free water (FW), whose interactions with solutes or polymers are
negligible; (ii) freezable bound water associated with polymer (FBW-P), which has secondary
interactions with the polymers or the unreacted monomers; (ii1) freezable bound water associated
with salt (FBW-S), which has secondary interactions with the sodium chloride ions; and (iv) non-
freezable bound water (NFBW), which forms a hydration layer on the polymeric, or the

monomeric, or the ionic species.

Here, we identified the location of the three peaks from the first and the second order partial
derivatives with respect to temperature of DSC scans, as described in Figure 5.3b. The peak at the
highest temperature corresponds to FW, and its location is near the freezing temperature of salt
water expected from the phase diagram of a H2O and NaCl mixture at the corresponding salt
concentration.’* The peak that corresponds to FBW-P occurred at around —10 °C; here, both
polymeric and monomeric samples exhibited a peak at the temperature. The peak for FBW-S

occurred at around 21 °C, as expected from the eutectic freezing temperature of water and
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hydrated NaCl 2*°. The amounts of water in each water states (FW, FBW—P, and FBW-S) were
quantified by the deconvolution of each DSC profile with bi-Gaussian fitting for each skewed
peak.!7%17%:246 The amount of NFBW can be calculated by subtracting the total area of the peaks
from the projected peak area by assuming the complete phase transition of water molecules
(obtained by multiplying the water content by the latent heat of fusion). For each sample synthesis
condition, we performed DSC for at least three different batches to confirm the reproducibility and

to generate reliable error bars.

Finally, we note that the proposed classification between FW, FBW-P, and FBW-S is
somewhat hypothetical because it is based solely on the deconvolution of DSC data. For example,
a water molecular may have interaction with one or both polymer chains or salt, but from DSC we
cannot say to which extent it belong to polymer chains or salt, the deconvolution process will
assign it to a water category. The amount of NFBW, however, is undisputedly true, and it is more

important for the low temperature conductivity since it may tell us the ice volume at a certain

temp erature.
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Figure 5.3 (a) lllustration of water-polymer interaction in salt-containing polyampholyte hydrogel
system. See the main text for the definition of FW, FBW-P, FBW-S, and NFBW. (b) A typical DSC
curve (top) of salt-containing polyampholyte hydrogel. The first (middle) and the second partial
derivative (bottom) with respect to temperature of heat flow (HF) identify the location of the
three peaks that corresponds to FW, FBW-P, and FBW-S from high to low temperatures. The grey
bands show the approximate locations of the peaks. The exact location of the ‘peak center’ is
defined as the statistical gravity center of each peak.
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5.3.1 The Effect of Salt Concentration

Figure 5.4 summarizes the effect of salt concentration studied for as-prepared hydrogels. The
selected three concentrations of NaCl in the water—NaCl mixture (i.e., no monomeric or polymeric
component in the wt% calculation) were 6 wt%, 8 wt% and 10 wt% (labeled as PA-6-2.1(8), PA-
8-2.1(8), and PA-10-2.1(8) in Table 5.1, respectively). Figure 5.4a shows the DSC spectra with
deconvolution fittings for the three hydrogels. Figure 5.4b shows that the peak temperatures of
FW, FBW-P and FBW-S in hydrogel decrease as the salt concentration increases. A dramatic
contrast could be seen between PA-6-2.1(8) and PA-10-2.1(8); the relative amount of FW and
NFBW in PA-6-2.1(8) were 22.6 + 1.7 % and 51.4 + 2.6 %, whereas the PA-10-2.1(8) showed 4.6
+ 0.4 % and 78.6 £ 1.3 % for FW and NFBW, respectively. This result supports our earlier
discussion that the polyampholyte chains swell with increasing concentration of salt in the solution,
which is called anti-polyelectrolyte behavior.* Referring to the networked structure of globules
illustrated in the Figure 5.1, the water molecules in the water-rich domains start to form ice upon
cooling. However, water molecules which are trapped within the globules are not able to form ice
because they cannot re-orient to form a periodic crystalline environment confined within relatively
higher polymer chain density in the globules. When more salt exists in the polyampholyte hydrogel,
the increased ionic strength causes the swelling of polymer chains. Therefore, more water
molecules interact with polyampholyte chains; consequently, this leads to the increased amount of

NFBW.
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Figure 5.4 (a) DSC curves and their deconvolution fittings for polyampholyte hydrogel with the
three different salt concentrations (PA-6-2.1(8), PA-8-2.1(8), and PA-10-2.1(8) in Table 5.1,
respectively). (b) Top: peak centers of peaks for FW, FBW-P and FBW-S. Bottom: relative amounts
of water in the different states.
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One may wonder that the amorphous water amount probed by wide-angle X-ray scattering
(WAXS) is ~40% at —40 °C for PA-10-2.1(8) in Chapter 4,>* whereas the NFBW fraction of the
same sample is 78.6%. The difference between the amorphous water amount from WAXS and the
NFBW from DSC measurements can be attributed to the water molecules in the hydration shells
of both polymer chains and mobile ions. Once temperature decreases, the free water molecules
form ice whilst NaCl and polymer are concentrated in the non-frozen regions. Though the water
molecules in these regions are non-frozen (i.e., does not participate in the phase transition that is
detected by DSC), the structure of the water molecules is ordered by cooperativity in ion

162,166,167,171

hydration, which implies that the ordered fraction may not contribute to the intensity of
the amorphous water halo in the WAXS measurements (i.e., local density fluctuation of water
molecules). Moreover, NaCl-2H20O forms at high NaCl concentration, but the melting of the
dihydrate releases an untraceable amount of heat over a wide temperature range, which may not

be identified by DSC because of an intrinsic limitation of the measurement.?*%2>

5.3.2 The Effect of Polymerization

The effect of polymerization on the water states was studied by irradiating the precursor
solution at fixed monomer and salt concentrations with varying UV exposure times of 0, 2, 4, and
8 h (PA-10-2.1(0), PA-10-2.1(2), PA-10-2.1(4), and PA-10-2.1(8) respectively). Here, the average
degree of polymerization increased with increasing UV exposure time, whereas zero UV exposure
left the precursor solution in a completely non-polymerized state. The results in Figure 5.5 show
that the peak centers are nearly independent of the UV exposure time. But the FW content
decreased from 20.0 = 2.1 % to 4.6 £ 0.4 % and the NFBW content increased from 58.3 + 3.4 %
to 78.6 £ 1.3 % when the monomers were polymerized with 8 h of UV exposure time. The results
indicate that the higher degree of polymerization makes the polyampholyte more efficient in
preventing ice formation. Prolonged UV exposure increases the degree of polymerization, this may
impact the average globule size in the hydrogel, which is likely to be larger. It will then increase
the amount of NFBW since a significant amount of water molecules confined in the globules are
considered to be NFBW. In addition, polymer chains in the water-rich domains also contribute to
the increase of NFBW. The decreased distance between globules may further reduce the content

of FW.
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Figure 5.5 (a) DSC curves of samples with various UV curing time (PA-10-2.1(0), PA-10-2.1(2), PA-
10-2.1(4), and PA-10-2.1(8) respectively). Here, 0 h curing time means that there was no
polymerization (i.e., only monomers and NaCl exist), whereas increasing curing time implies an
increased degree of polymerization. (b) Top: peak centers for FW, FBW-P and FBW-S. Bottom:
contents of water states obtained from deconvolution fittings.

5.3.3 The Effect of Polymer-to-Water Ratio

We also investigated the effect of polymer-to-water ratio on the water states in the
polyampholyte hydrogel by varying monomer concentration in the precursor solutions (PA-10-
0.526(8), PA-10-1.05(8), and PA-10-2.1(8), respectively). The DSC results, and the corresponding
peak centers and the relative amounts of water in the different water states, are shown in Figure
5.6. Neat 10 wt% NaCl solution (i.e., no NaSS, MPTC or Poly (NaSS-co-MPTC)) was used as a
control sample. As the polymer-to-water ratio increased, the location of the peak centers of FW,
FBW-P, and FBW-S decreased to lower temperatures. The FW content in the hydrogel decreased
from 30.2 + 2.5 % to 4.6 = 0.4 % and the NFBW content increased from 45.8 + 4.6 % to 78.6 =
1.3 % for the 10 wt% NaCl solution and PA-10-2.1(8), respectively. The trend of increasing NFBW

content can be attributed to the increased volume fraction of polymer in the system.
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Figure 5.6 (a) DSC profile evolution with different monomer concentrations (i.e. different water-
to-polymer ratio) at a fixed UV radiation time and salt concentration (10 wt% NaCl solution, PA-
10-0.526(8), PA-10-1.05(8), and PA-10-2.1(8), respectively) and (b) Top: peak centers for FW, FBW-
P and FBW-S. Bottom: relative contents of different water states.

5.3.4 The Effect of Dialysis in DIW

Finally, we studied the effect of dialysis in DIW that may be performed to remove excessive
salt or unreacted monomers after the synthesis of polyampholyte hydrogels.??> Here, we
investigated the water state in as-prepared, and dialyzed hydrogels. PA-10-2.1(8) was labeled as
as-prepared samples. Another batch of PA-10-2.1(8) was dialyzed for one week in DI water (D-
PA-10-2.1(8)).

The DSC thermograms of these samples are shown in Figure 5.7a. Figure 5.7b presents the
peak centers and amounts of water in the different states of PA-10-2.1(8) and D-PA-10-2.1(8).
Comparison between the as-prepared and dialyzed samples shows a dramatic change in the peak
centers of FW, which increases from —10.9 + 1.4 to 1.2 + 0.3 °C. The change of the peak centers
and the absence of FBW-S can readily be understood by the presence and the absence of NaCl
salt in the free water. Interestingly, FBW-P is also absent in the dialyzed polyampholyte. These
results mean that the water in the water-rich domains of the dialyzed sample behaves like pure
water. Notably, the content of NFBW also drops from 78.6 £ 1.3 % to 18.5 + 4.9 % after the dialysis.
The DSC results suggest that salt ions are essential to screen charges of the polymer chains and
thereby prevent electrostatic attraction between the polymer chains. Dialysis leaches out the salt

ions and as a result highly charged polymer chains with opposite charges collapse together in an
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irreversible way.?*! In other words, the polyampholyte chains are ‘zipped’ and the water and the
polyampholyte phase separate in the hydrogel.?* Further discussion of the D-PA-10-2.1(8) and its
SEM images is given in Appendix (Figure Al).
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Figure 5.7 (a) DSC curves of polyampholyte hydrogels and their deconvolution fittings for PA-10-
2.1(8), D-PA-10-2.1(8), and R-PA-10-2.1(8). (b) Top: peak centers for FW, FBW-P and FBW-S.
Some peaks are not available due to lack of corresponding component. Bottom: relative
contents of each water state.

5.4 Conclusion

In summary, through quantitative DSC analysis, we propose a differentiation of the water
states in charge-balanced poly(NaSS-co-MPTC) polyampholyte hydrogel into the following four
categories: FW, FBW-P, FBW-S, and NFBW. Different synthesis conditions may change the ice
amount in the polyampholyte hydrogel, which is critical for the application as energy storage
devices working at low temperature. Future studies on the relationship between the structure and
the phase behavior of enclosed water can expand the horizon for low temperature applications of
tough hydrogels. As one example of the applications, we harnessed the low temperature properties
of polyampholyte hydrogel to develop an aqueous gel electrolyte material for a supercapacitor that

performs excellently at low temperatures, such as —30 °C."’
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Chapter 6 Highly Flexible, Multipixelated Thermosensitive Smart
Windows Made of Tough Hydrogels

6.1 Introduction

Materials that can switch light absorption, scattering, and transmission properties in response
to external stimuli offer new mechanisms to create smart windows for privacy, comfort, and energy
efficiency.’®3%4" The switching is typically triggered by electric field (e.g., electrochromic
control, > crystalline phase control,** efc.) or light intensity (photochromic).?>?> For example,
electrochromic materials, which often exist as a thin coating layer in smart windows, change their
oxidation states as a function of externally applied electric field, whereas the oxidation state
modulates the optical properties of the layer.*>** However, it requires continuous operation of such
windows under the field, which is not energy efficient; in addition there are the issues of cost and
long-term stability of the electrochromic materials. Therefore, a smart window that can passively
modulate its transparency as a function of the environmental temperature (i.e., thermochromic) is
highly desired for energy-saving operation.** For example, one can design a smart window that
can take advantage of the solar radiation (typically 0.3—2 um in wavelength) into the building
when the outside is cold, but block it when it is scorching hot. Metal oxide nanoparticles, such as
vanadium oxide (VO2) that have been utilized in electrochromic smart windows,* have been
extensively explored as a potential candidate material for this purpose. In addition, the
thermochromic VO:2-based thin films can block near-infrared light at temperatures > 40 °C, and
thus can save energy for air conditioning in hot weather.*>*¢ However, it remains challenging to
balance the useful transition temperature and the degree of transparency change.***’ Another
drawback of oxides is that they require a tightly sealing encapsulation layer to prevent oxidation

48,49,50,51
t,

from the environmen which will change the optical properties, thus limiting the fitting

and sizing of such smart windows for different built structures.

Recently, it has been shown that simply stretching and releasing a composite elastomer film
offers a dramatic change in optical transmittance in the visible wavelength range.?>*? It is also
possible to achieve a fast response (~15 s/half of cycle) by stretching porous elastomers consisting

d 256

of a surface-infused liqui Here, we exploit temperature induced phase separation in tough
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hydrogels to create thermosensitive smart windows, whereas the elastomeric nature of the hydrogel

films offers morphological flexibility in fitting variably sized windows.

Hydrogels or ionogels can contain a large amount of liquid in the polymer network while
allowing for mechanical deformation without leakage. Recently, poly(N-isopropylacrylamide)
(PNIPAAm) hydrogel has drawn much attention due to its unique combination of stretchability
and thermochromism (e.g., by forming VO2 composite).323-3433:36 Qpecifically, it undergoes a
transition from transparency to an opaque state upon heating above the lower critical solution

temperature (LCST, ~32 °C), which is suitable for the smart window application.

Recently, researchers blended a small fraction of PNIPAAm as a nanoscopic aggregation in
a self-healing gel matrix to achieve rapid switching from transparency to opalescent states within
~30 s.°6 Most synthetic hydrogels, including PNIPAAm, are intrinsically brittle and the
mechanical integrity of such a layer over time is of concern. Therefore, development of a tough
hydrogel that can overcome such limitations will allow us to achieve superb tear-resistance,

stretchability, and self-healing ability.!>860-61.17

Polyampholyte hydrogels (PAHs), where the polymer networks are associated by ionic
bonding between oppositely charged units in their backbone chains, are intrinsically tough,
stretchable, and self-healing.!” They have been used as absorbents in wastewater metal removal,¢
tissue adhesives,?” and electrolyte for supercapacitors.”® PAH exhibits a reversible optical
transition from opaqueness to transparency upon heating above the upper critical solution
temperature (UCST). This is because water and the polymer chains phase-separate at temperatures
below the UCST to form macroscopic water-rich and polymer-rich domains. As Mie’s theory
states, the larger macroscopic water-rich domains scatter electromagnetic light to provide optical
opaqueness; meanwhile, the smaller domains, or even a homogeneous medium, transmit most of

the light transparently.

In this work, we introduce a new design of a thermosensitive smart window based on PAH.
At a high temperature (i.e., during the day), our PAH is transparent so that visible light can transmit.
At a lower temperature (i.e., at night), our PAH blocks the visible light, and the transmittance of
mid-infrared (mid-IR) radiation (3—40 pm in wavelength, corresponding to the black body
radiation at an ambient temperature) also decreases. Black body radiation through a window is a

significant source of heat loss from a building.*®” Accordingly, our PAH-based smart windows
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operate like regular windows during day time with high transparency, but become opaque at
nighttime, allowing for privacy, and, more importantly, heat retention within the residence. By
adjusting the monomer compositions in the PAHs (i.e., molecular doping), we fine-tune the UCST
to between ~25 and ~55 °C to reflect the typical daily temperature fluctuation within a building.
Further, we fabricate a proof-of-concept, multipixel active smart window by integrating an array
of stretchable heaters and with the PAH layer encapsulated by acrylic elastomers. The PAH
conforms and adheres to the contour of various elastomer sheets when subjected to a large degree

of stretching and twisting.

The fabrication of thermosensitive smart windows based on PAH can be described in two
stages. In the first stage, PAHs with finely tuned cloud points were synthesized and characterized.
They can be used alone as passive windows that change their transparency according to the
surrounding temperature. In the second stage, a stretchable heater was integrated to the PAH to
form an active device that is capable to adjust the transparency by tuning the temperature of the

PAH layer.

6.2 Experimental Methods

PAH Synthesis. For polyampholyte hydrogel synthesis (PAH), we followed a protocol one-step
random copolymerization developed by Gong et al.!” sodium 4-vinylbenzenesulfonate (NaSS), (3-
(methacryloylamino)propyl)trimethylammonium chloride (MPTC), [2-(acryloyloxy)ethyl]-
Trimethylammonium chloride (DMAEA-Q), N,N’-methylenebis-(acrylamide) (cross-linker,
MBAA) and 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (photoinitiator) were
purchased from Sigma-Aldrich and used as received. The aqueous solution of 1 M NaSS, (1-x) M
DMAEA-Q,x M MPTC, 2 mM MBAA and 1 mM photoinitiator was injected into the gap between
two glass plates, where the gap was separated by a Teflon spacer (thickness 0.5 mm). For the
characterizations of hydrogel optical properties, no polydimethylsiloxane (PDMS) film was
attached to the glass plate as the substrate. However, for the smart window fabrication, a PDMS
film was attached to one glass plate as the substrate for the PAH. A 4-hour irradiation with a UV
lamp (22 mW/cm? broadband light with a maximum peak at 365 nm; Jelight, US) transforms the
precursor solution into PAH. After the polymerization, PAH was peeled off from the glass plate,

and then dialyzed in abundant deionized water (DI water) 12 h.
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PAH Sample Characterization. A lab-made laser measurement system (as illustrated in Figure
6.1) was used to characterize PAH. A focus adjustable laser diode module (635nm, 4.5 mW,
CPS635F, Thorlabs) was employed as the light sources in the system. Two photodiodes (PDB-
C160SM, Luna Optoelectronics) connected to the data acquisition device (USB-6009, National
Instruments) were installed at 0 and 75° to the laser beam axis to acquire the transmitted light, and
scattered light, respectively. PAH samples (0.5 mm thickness) were kept in the temperature-control
unit with 0.2 mm CaF2 windows (TS102G, Instec Inc.) during the measurement. For the static
temperature tests, samples were held at the desired temperature for 10 min before the measurement.
For the dynamic temperature test, the signals were continuously acquired under programmed
heating and cooling cycles between 15 °C and 65 °C at the ramping rates of £5 °C/min, +
10 °C/min, and + 20 °C/min. The UV-vis transmittance spectra of PAH samples (0.5 mm thickness)
were obtained on a NIR-UV spectrophotometer (Perkin-Elmer). The IR transmittance spectra were
obtained on a Fourier transform infrared spectrophotometer (FTIR, Nicolet 8700, Thermo) with a
temperature-control unit. In both UV-vis and FTIR measurements, samples were held at the
desired temperature for 10 min before the measurement and the spectra upon heating were acquired.
For the SEM sample preparation, two pieces of PAH-03 samples were kept at 20 °C and 55 °C on
the hotplate for 5 min, and quenched in liquid nitrogen immediately, followed by freeze-drying in
a freeze dryer (Super Modulyo, Savant). The water content of PAH was calculated based on the
mass difference of pristine samples and freeze-dried samples. The morphologies of freeze-dried
samples were investigated by field emission SEM (Sigma, Zeiss), after coating with a 10 nm gold

layer by a gold sputter unit (Denton, US).
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Figure 6.1 The setup of laser light scattering intensity measurement. The temperature of PAH
with thickness of 0.5 mm was controlled from 10 to 70 °C in an interval of 5 °C.
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Fabrication of a Temperature Responsive Smart Window. An array of heaters was directly
printed by using our developed elastic conductive ink®*® and 3D-nScrypt printer. The printed heater
trace had a thickness of 27-30 um with a width of 250 um. The diameter of the printer nozzle was
200 um. After printing, the conductive traces were annealed at 110 °C for 2 hours, to vaporize all
solvent left in the ink. To make the ink, we used methyl isobutyl ketone (MIBK) as the solvent.
We designed several patterns of the array (as shown in Figure 6.2). The printed heaters were

integrated beneath the PAH layer for active switching.

Figure 6.2 Design and fabrication of the stretchable heater array. (a) Schematic of jet-printing of
the heater array on PET and transferring it to VHB substrate; and optical photographs and
microscopy images. (b) and (c) Two different designs of the stretchable heater array.

In order to keep the merit of PAH as a flexible optical coating material, which will allow
easy sizing and fitting into any existing windows, all components in the active device, including
the heater and encapsulation layers, are made of elastomeric materials. Figure 6.3a illustrates

different layers in the active smart window device. Fluoroelastomeric conducting ink developed
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in our lab®*® was 3D printed (nozzle diameter of 200 pm) on an elastomeric polydimethylsiloxane
(PDMYS) film (0.1 mm thick), which served as the flexible and stretchable heater layer. In our study,
the conductive ink showed a resistivity of 1.17 x 107 Q cm at room temperature. The printed
region with a cross-sectional area of 9 x 10° pm? functioned as a Joule heater when passing a large

current. The PAH-03 layer was responsible for the optical switching.

An issue of hydrogel-based materials is the drying-out of water over prolonged operation
time, leading to delamination and stability issues. This concern needs to be addressed especially
for thermally activated devices. A previous study by Zhao’s group addressed the issue by
encapsulating hydrogels in elastomers.?*® In our work, the trilayer device (PAH-03/PDMS/ heater)
was sandwiched between two layers of commercially available acrylic elastomer, VHB 4905 (3M).
VHB is known for high deformability and can form strong adhesion with various electrode
materials, including graphene®? and hydrogel-based ionic conductors.”**° In our work, the VHB
film offered a moderate adhesion to the hydrated PAH-03 and prevented the drying of water from
the hydrogel. Overall, our device was inherently stretchable with each layer adhered to the other.
Consequently, the fabricated device could operate under highly deformed conditions, as evidenced
by Figure 6.3b (uniaxial strain up to 80%) and Figure 6.3c (twisting deformation). Figure 6.3d
illustrates the operation of the active smart window, where the current input through the printed
heater modulated the smart window’s optical transparency. The adhesion between both elastomer
layers (PDMS and VHB) and PAH-03, however, weakened after 3 days under the ambient
condition, causing delamination at the interface. Long-term adhesion between the hydrogel and
the elastomers will be essential to repeated device operations. It has been shown that tough

hydrogels can be chemically anchored on the surface of PDMS,239:253,260.261,262
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Figure 6.3 (a) lllustration of the individual layers in the active smart window using 0.5 mm thick
PAH-03 as an optically functional medium. Top views of the smart window at (b) uniaxially
stretched and (c) twisted modes of deformation. (d) Schematic of transparency control of the
window by supplying direct current to the printed elastic heater. Simultaneously taken (e-g)
optical and (h-j) thermogram images of the device under operation (25 and 45 s for heating and
cooling, respectively).
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Operation and Characterization of the Smart Window. The active window was activated by
controlled direct current, which was supplied by a source meter Keithley-2400. Applied current
and true resistance was synchronously measured during the activation. An infrared camera, SEEK
Thermal Compact, was connected to a smart phone for thermal imaging of the device. A digital

camera was used to capture optical media as the same time of thermal imaging.

Spherical Radius Determination of the Water-rich Domain. The spherical diameter of the water-
rich domain was determined by the normalized scattering intensity, which was measured by our
lab-made laser scattering measurement system for a wavelength 4 = 635 nm at scattering angle 6

= 75°. From Equation 6.1,2%

lsca = 225 [12(0) + ,(0)] (6.1)

where I, is the incident intensity, 7 is the spherical radius of the domains, A is the light wavelength,
0 is the scattering angle, and (i1, i2) are the intensity functions of Mie scattering. The formula for
the normalized scattering intensity is obtained as I, = i; + i;. The scattering intensity was
known as Iy, = Io(1/1?)0lca Where ol is the scattering cross section. Following Mie’s

theory,?% the differential scattering cross section can be determined as o2, = A2(i; + i,)/(8m?),

where:
2n+1 2
b= |Zn L n(n+1) [anmn(cos 0) + by, (sin6)]| (6.2)
2n+1 2
2= |Zn 1 n(n+1) [anTn(cos ) + by (sin B)]| (6.3)

with a, and b,, as Ricatti—Bessel functions; and t,, and m,, as the angular dependent functions.

The infinite series i; and i, can be solved by Matlab programming numerically.

6.3 Results and Discussion

6.3.1 Controlling Cloud Points of the PAH

The PAH was synthesized from a precursor solution containing an anionic monomer, NaSS,
two cationic monomers, DMAEA-Q and MPTC, with the cross-linker, MBAA, and the
photoinitiator. After polymerization in a UV chamber, the resulting PAHs, Poly(DMAEA-Q-co-
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NaSS-co-MPTC), were stretchable and tough in thick film form (0.5 mm). All PAH mentioned in
this chapter are charge-balanced (i.e., the same amount of anionic and cationic monomers). In
addition, the monomer conversion rate of the resulting PAH was examined by 'H NMR
spectroscopy, as shown in Figure 6.4. The sample preparation is the following. As-prepared PAH
was weighed and dissolved in 4 M NaCl deuterium oxide solution overnight. The same amount of
precursor solution for PAH was also diluted in the NaCl deuterium oxide solution. Weighed DSS
(4,4-dimethyl-4-silapentane-1-sulfonic acid sodium salt) was added into both solutions as the
internal standard substitute. The monomer conversion rate was determined by comparing the
integrated peak area in the range of 7 to 5.5 ppm, which are proton signals from the alkene groups
in the monomers (NaSS, MPTC, DMAEA-Q, and MBAA). The intensity of peaks were
normalized by the most intensive signal from DSS labelled as 1 in both spectra. No obvious peak

was observed in PAH spectrum, indicating complete conversion after the polymerization.

1H NMR

__________

Precusor splution
PAH-003 |

1[1] i 1

Ly A |

8 6 4 2 0
Chemical Shift (ppm)

Figure 6.4 'H NMR spectra of the PAH-03 and the precursor solution (including the monomers
NaSS, MPTC, DMAEA-Q, and MBAA) at room temperature.
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The PAH with NASS and DMAEA-Q (i.e., no MPTC) was previously shown to exhibit a
cloud point of ~15 °C.%? Here, we adjusted the cloud point of PAHs by tuning the hydrophobicity
of the cationic monomers. A small quantity (< 0.5 wt%) of the cationic monomer DMAEA-Q was
substituted with more hydrophobic MPTC. We refer to this procedure as molecular doping. Our
nomenclature of PAH-0x indicates that 0.x % of DMAEA-Q is replaced with MPTC with respect
to the molar concentration of total cationic species. Figure 6.5b shows a drastic transition of visible
light transmittance for PAH-01, PAH-03, and PAH-05 with respect to temperature. The transition
temperature increased with increasing MPTC content. Here, the driving force for phase separation
is attributed to the hydrophobic effect, and thermal energy is needed for water molecules to break
the hydrophobic interactions between the polymer chains to form a homogeneous, one-phase
structure.?6+125265 Hysteresis between heating and cooling curves was visible (~6 °C). The two
panels in Figure 6.5¢ represent the transmittance of light (visible to near-IR; left panel) and thermal
radiation (mid-IR; right panel) through PAH-03 (0.5 mm thick). Below the UCST, the
transmittance values of the light range were < 1% at 20 °C and < 10% at 30 °C, respectively.
Above the cloud point, homogenized PAH-03 transmitted a significant amount of the
electromagnetic wave: from 60% (400 nm) to 82% (800 nm) at 50 °C and from 74% (400 nm) to
95% (800 nm) at 60 °C. Consequently, the PAH-03 switched from optically opalescent to
transparent from 20 to 60 °C (see insets in Figure 6.5d and 6.5f). PAH-03 contained 72.1 £4.7 wt%
water, which is known for a high level of absorption for mid-IR radiation. Hence, less than 2%

mid-IR radiation (3—16 pum) was transmitted at 20 °C and less than 7% at 60 °C.
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Figure 6.5 (a) Monomers used in the synthesis of polyampholyte hydrogels (PAHs). (b) Optical
transmittance (635 nm incidence beam through 0.5 mm PAH films) as a function of temperature
for PAH-01 (blue circle), PAH-03 (black square), and PAH-05 (red triangle). Open and closed
symbols represent cooling and heating cycles, respectively. Transmittance of the PAH-03 film
with respect to electromagnetic wavelength at different temperatures (c) in the optical range
(left, visible to near-IR) and in the thermal radiation range (right, mid-IR). Cross-section SEM
images of freeze-dried PAH-03 (d) at 20 °C and (f) at 55 °C quenched in liquid nitrogen. The insets
are photographs of the U of A Engineering logo coated with the PAH-03 film at respective
temperatures (opalescent at 20 °C and transparent at 55 °C). (e) Normalized scattering energies
(635 nm laser beam through the PAH-03 film) and respective size of microstructure object
(modelled as the diameters of spheres) as functions of temperature. (g) Dynamic optical response
of PAH-03 to three temperature ramp rates of 5 °C/min, 10 °C/min, and 20 °C/min.
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6.3.2 Phase Separation and Structure of PAH-03

We then investigated the light scattering of the phase-separated domains (wavelength, 635
nm; incidence angle, 75°). Figure 6.5¢ shows the normalized scattering intensity, which is the light
intensity measured at the detector divided by the incident laser intensity measured at temperatures
between 10 and 70 °C. As the temperature increased, the scattering intensity (black squares and
solid lines) underwent a 2-orders-of-magnitude decrease from 2 x 107 (at 20 °C) to 1.2 x 1073 (at
55 °C). The decrease in scattering intensity at the higher temperature is attributed to the reduced
size of water-rich domains. Scanning electron microscope (SEM) images of freeze-dried PAH-03
captured the morphology of polymeric networks at 20 °C (Figure 6.5d) and at 55 °C (Figure 6.5f),
respectively. A piece of PAH-03 sample was kept at 20 °C, and another was heated to be at 55 °C
for 5 min; both were quenched in liquid nitrogen immediately to preserve the polymer structures
in the hydrogel. At 20 °C, bubble-like porous structures (~40 um in diameter) were observed,
representing the macroscopic phase-separated water-rich domains. In contrast, the 55 °C sample
appeared to have much smaller (~1 pm) and more homogeneously porous structures. In addition,
a differential scanning calorimetry (DSC) measurement was acquired for the PAH-03 at
temperatures between 15 and 65 °C (Figure 6.6a). A phase transition of PAH-03 indicated by DSC
measurement was observed at 43.4 °C (heating) and 38.9 °C (cooling), values that were close to
the apparent cloud point in Figure 6.5b, as determined by the first-order derivative of the
transmittance of PAH-03 (Figure 6.6b and 6.6c). The size of the water-rich domains was further
deduced from the scattering intensity values in Figure 6.5e. Following the Mie scattering theorem
by approximating the water-rich domains as spherical objects, the calculated » values are shown
in Figure 6.5¢ (red circles; dotted lines are a guide to the eye). The calculated domain size agrees
well with the results from SEM (Figure 6.5d and 6.5f) and optical images (Figure 6.5b—6.5d (inset)
and 6.5f (inset)), confirming the UCST between 30 and 40 °C for PAH-03.
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Figure 6.6 (a) Differential scanning calorimetry (DSC) for the PAH-03 in heating and cooling
between 15 °C and 65 °C at the ramping rate of 5 °C/min. Transmittance vs. temperature curves
and their 1st derivatives of the PAH-03 in (b) heating, and (c) cooling.

6.3.3 Dynamic Optical Response of PAH-03

The transmittance of PAH-03 at 635 nm was measured continuously under programmed
heating and cooling cycles between 15 and 65 °C at ramping rates of £5, £10, and £20 °C/min
(Figure 6.5g). The triangular functions for temperature control have periods of 20, 10, and 5 min,
respectively. The PAH-03 film demonstrated optical contrast values of 85%, 78%, and 67%,
respectively. The transitions from opalescence to transparency and vice versa were reversible
without any noticeable degradation throughout our measurement for more than 100 cycles, which

is expected from the phase separation mechanism.
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6.3.4 Operation of an Active Smart Window

Figure 6.3h—6.3j shows snap shots of measured hydrogel temperature evolution over a
wide area. Figure 6.3e—6.3g shows optical images of a selected spot. At rest, the window as
opalescent (Figure 6.3¢), and the measured temperature was 23 °C (Figure 6.3h). Upon heating
with 0.5A for 25 s, the whole pixel area became optically transparent (Figure 6.3f) while the
temperature was equilibrated at 61 °C (Figure 6.31). After removal of the current input for 45 s,
the window went back to complete opalescence (Figure 6.3g), while most of the area was cooled
down to 23 °C within the short period of time (Figure 6.3j). The complete switching cycle took 70

s, which is comparable with the fastest switching speed reported in the literature.>¢
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Figure 6.7 Time history of the applied current over (a) ~1000 cycles, (c) 4 cycles after 10 h.
Measured resistance of (b) ~1000 cycles, (d) 4 cycles after 10 h of the heater in response to the
cyclic current application. Thermograms recorded by a thermal infrared camera: on the heater’s
side activated by (e) 0.5 A (on) and (f) O A (off); on the hydrogel’s side activated by (g) 0.5 A (on)

and (h) 0 A (off). (i) Calculated temperature of the heater with a temperature coefficient of 4.8 x
1073 /K (see Figure 6.8).

Figure 6.7 shows the electrothermal behavior of the elastic heater, operating under a

uniaxial tensile strain of 50%. Here, the smart window was stretched to demonstrate its flexibility
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of operation under deformation. We note that the switching mechanism is not related to the
deformation. Figure 6.7a and 6.7b shows the thermal response of the heater under a pulse wave of
alternating 0 to 0.5 A for > 1000 cycles over more than 10h. The period of the rectangular function
was 36 s (18 s each for heating and cooling). Here, the resistance value can be directly converted
to the temperature of the heater by using the measured temperature coefficient of our heater
material, 4.8 x 107 /°C (Figure 6.7d was converted to Figure 6.7i). The resulting temperature
distribution in the on and off states was measured by an IR camera from the heater’s side and
hydrogel’s side, respectively (Figure 6.7e—h). The hydrogel side achieved a uniform temperature
of ~60 °C by input of a current of 0.5 A for only18 s. After removal of the current for 18 s, the
hydrogel film was cooled down to nearly ambient temperature. It should be noted that this time
duration does not refer to the speed of optical switching to the level of ~100% transmittance

contrast as indicated in Figure 6.5b.
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Figure 6.8 Temperature dependent resistance of stretchable heaters. Temperature coefficient of

R

resistance a’ was determined by fitting the temperature-resistance curves linearly, with ==
0

1+ aT(T — T,) where R, is the initial resistance at room temperature Ty, and R is the resistance
at elevated temperature T.

We further designed a 2 x 2 array pixelated active smart window. As seen in Figure 6.9a—d,

optical and thermal transparency can be individually controlled by the geometry of the embedded
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heaters. In future works, such a device can be further optimized by employing transparent heater

materials.
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Figure 6.9 (a—d) Optical photographs of the device under pixelated control. (e-h) Thermograms
of the heaters under pixelated activation.

6.4 Conclusion

In summary, we developed a flexible smart window from a polyampholyte hydrogel
showing 80% in transmittance contrast from opalescence (at a low temperature) to transparency
(at a high temperature), which could undergo a large deformation (up to 80% strain). The phase
transition temperature of the polyampholyte hydrogels could be fine-tuned by molecular doping
of a small amount of hydrophobic monomers into cationic monomers. By printing a stretchable
elastic heater layer onto the hydrogel film, we demonstrated a pixelated array of actively tunable
smart windows. The thermosensitive smart window we develop can be both passive and active,
allowing for applications in different operation conditions. Our window is highly robust against
large deformation, a characteristic not possible with a glass window and yet offering a fast
switching speed. We believe the study presented here will offer new insights to design smart
windows that cannot only change optical transparency but also retain indoor heat at night. Future
work is needed to study the IR reflection of PAH, as well as tunability of mid-IR in response to

temperature for the energy-saving aspect.
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Chapter 7 Flexible and Self-Healing Aqueous Supercapacitors for
Low Temperature Applications: Polyampholyte Gel Electrolytes

with Biochar Electrodes

7.1 Introduction

Enhancing the low temperature performance of electrochemical storage devices is crucial in
applications in automobiles, wearable devices, and energy grids in cold climates. At low
temperatures (< —10 °C) such devices suffer various issues, including reduced ion transport due to
increased viscosity and embrittlement of polymeric binder components.?*® For electrochemical
capacitors, i.e., supercapacitors, low temperature operation is established down to —40 °C, typically
by using organic solvents or ionic liquids with low freezing points.®***% However, these liquids
have other limitations, such as humidity dependent conductivity change, toxicity and
environmental contamination when leaked, as well as high flammability and high vapor pressure,
which may lead to hazardous explosions if local overheating occurs.®¢-67:68%%70 To mitigate
potential hazards, active research is ongoing on aqueous electrolytes for energy storage devices,
such as lithium ion’! or sodium ion batteries,”> as well as supercapacitors’® in order to develop
safe energy storage devices, but low temperature operation for aqueous electrolytes has not been
established. There is a critical need to develop electrochemical energy storage devices that have
desirable performance characteristics at low temperatures, with both suitable electrolyte and

electrode.

Gel polymer electrolytes, swollen polymers containing electrolyte solutions with proper
solvents or plasticizers, possess superior properties such as self-supporting shape and fast ionic
transport, properties possessed by solid and liquid electrolytes, respectively. Compared to liquid
electrolytes, gel polymer electrolytes are intrinsically free of leakage problems or the need for
separators, reducing the requirement for costly special packaging.”* Poly(vinyl alcohol) (PVA) is
one of the widely used polymeric frameworks for aqueous gel polymer electrolytes with proton’>7¢
or alkaline doping.””’® Potassium hydroxide (KOH) doped PVA hydrogels exhibit high ionic

conductivities. However, the low temperature application of aqueous gel electrolytes is limited

due to monolithic ice formation. Hydrogels from polyampholytes—polyelectrolytes containing
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both anion and cation groups in a single chain—possess desirable structural properties found in
gel polymer electrolytes such as rubber-like elasticity, extreme tear resistance against crack
propagation, self-healing ability and self-adjusting adhesion.!”!®?> In addition, our parallel
research showed that polyampholyte hydrogel electrolyte maintains mechanical flexibility at very
low temperature by slush-like ice formation; thus we envision making robust, flexible, and eco-

friendly aqueous energy storage devices suitable for cold climates.

Carbon-based materials have been of intensive interest as electrodes for making energy storage
devices. While activated carbon from coconut shell is the current gold standard in the
supercapacitor industry,?®’ carbon nanotubes and graphene have been extensively studied.?6%2%°
While most research focuses on nanostructure optimization for maximizing capacitance density
by efficient ion transport and sieving, the key issue for industrial application lies in the optimal
balance between material production cost and performance. In addition, low volumetric energy

density caused by ‘fluffiness’ impedes the use of alternative carbon sources for making energy

storage devices.?®’

Biochar (BC) produced from agriculture waste by slow pyrolysis at low temperature
(400~700 °C) has attracted attention for soil fertility improvement, carbon sequestration and water
purification.3*%° Recent studies show possibilities of using biochar in energy storage devices.
86.87.88 Pyre BC is not suitable as an electrode material for three reasons: low specific capacitance,
the powdery nature of the material, and low electrical conductivity. Nitric acid treatment and
thermal flashing can increase the specific capacitance of exfoliated biochar electrodes from 2.1 to
221.3 F/g.%” Structural integrity and electrical conductivity are remedied by adding polymeric
binders and conductive additives, respectively. These additional components make up a
considerable fraction of the weight of electrodes, resulting in lower energy density and higher

device cost.3%90-91

In this paper, we report the fabrication of a flexible and self-healing aqueous supercapacitor
for low temperature applications using polyampholyte and biochar as base materials for gel
electrolyte and electrode, respectively. Specifically, we employed a polyampholyte hydrogel as an
electrolyte for electrochemical energy storage for the first time due to its preferable mechanical
properties such as stretchability, tear-resistance, adjustable adhesion, and self-healing ability. More

importantly, we found that polyampholyte hydrogels (PA) prohibited monolithic ice formation;
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this leads to device flexibility in ice-forming temperatures, which will enable low temperature
application of aqueous electrolytes as a cost-effective and eco-friendly solution for use in cold
climates. For electrodes, we employed a soybean stover-based biochar with 7.5% (wt) reduced
graphene oxide (BC-RGO) as a novel high-performance and cost-effective material. Using KOH
to provide electrolytic ions, the polyampholyte-based supercapacitor (SC-PA) achieved specific
capacitance of 193 F/g at 0.5 A/g with an energy density of 30 Wh/kg at room temperature. At
=30 °C, its energy density was 10.5 Wh/kg, which is remarkably higher than that of a control
sample (3.4 Wh/kg) consisting of BC-RGO electrodes with an unconfined KOH solution in a

cellulose separator as the electrolyte.

7.2 Experimental Methods

Biochar Preparation. Soybean stover was collected from agricultural fields in Korea as a model
agricultural waste. The soybean stover was dried (at 60 °C), sieved (2 mm), and then pyrolyzed at

700 °C with a heating rate of 7 °C/min under anoxic conditions.

Fabrication of BC-Treated: BC-pristine was ground and sieved to obtain fine powder (325 mesh).
The powder was treated with nitric acid (35% in water) at 75 °C for 4 h, filtered, and rinsed with
deionized water and ethanol.®*®’ Drying in a convection oven at 120 °C overnight concluded the

fabrication of BC-treated.

Fabrication of BC-RGO Electrodes. BC-treated was added into a graphene oxide (GO) solution
(4 mg GO/mL, Graphenea, Spain). Here, 50 mg BC-treated was added to each milliliter of the GO
solution. The mixture was cast on a glass plate at 80 °C for quick evaporation of the solvent. The
dried BC-GO film was cut into platelet shapes 15 mm in diameter. As described in our previous
paper,?’’ the BC-GO platelet was reduced by an aqueous solution of L-ascorbic acid (Vitamin-C,
8mg/mL, Sigma-Aldrich, US). The reaction was done with a distillation apparatus in an oil bath at
95 °C. After 4 hours of reaction, the platelet was dialyzed in deionized water to remove remaining
ascorbic acid. Then, the platelet was dried for an hour in a convection oven at 120 °C. The mass
of each platelet was approximately 10 mg. The reduced platelet is denoted as BC-RGO. After that,
the platelet was attached to a Kapton sheet (15 mm diameter, DuPont, US) to conclude the BC-
RGO electrode fabrication.
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Synthesis of Polyampholyte Hydrogel on a BC-RGO Electrode. For polyampholyte synthesis, we
followed a protocol by Gong et al.,'” who developed a one-step random copolymerization of
sodium 4-vinylbenzenesulfonate (cationic monomer; NaSS) and [3-(methacryloylamino)propyl]
trimethylammonium chloride (anionic monomer; MPTC) with 2-hydroxy-4’-(2-hydroxyethoxy) -
2-methylpropiophenone (photoinitiator). The chemicals were purchased from Sigma-Aldrich and
used as received. The aqueous solution of 1 M NaSS, 1 M MPTC and 0.001 M photoinitiator was
injected into the gap between two glass plates, where the gap was separated by a Teflon spacer
(thickness 250 um). Here, one of the glass plates had an attached BC-RGO electrode. A 2 hour
irradiation with a UV lamp (broadband light with a maximum peak at 365 nm; Jelight, US)
transforms the precursor solution into polyampholyte hydrogel. The hydrogel is denoted as PA.
After the gelation, the BC-RGO/PA pair was peeled off of the glass plate, and then dialyzed in a 3
M potassium hydroxide (KOH) solution for 12 h.

Assembly of Symmetric Supercapacitor. The symmetric supercapacitor was assembled by
bonding the two BC-RGO/PA constructs by compression. The self-healing property of the PA
facilitated the bonding process. The symmetric supercapacitor was dipped into a commercial
room-temperature vulcanizing silicone (Shin-Etsu, Japan) for packaging. The silicone was cured
for an hour to conclude the fabrication of the symmetric supercapacitor (SC-PA). A control sample
of symmetric supercapacitor (SC-KOH), where the electrolyte is a 3 M aqueous solution of KOH,
was also fabricated. In the control sample, the two BC-RGO electrodes are separated by a cellulose

paper with macroscopic (~25 um) open pores.

Characterization of BC-RGO Electrodes. A field emission scanning electron microscope (FE-
SEM; Zeiss Sigma) was utilized for the morphological study along with a high-resolution
transmission electron microscope (HR-TEM; JEOL 2200FS). X-ray diffraction (XRD) patterns
were recorded on a Rigaku RU-200B X-ray diffractometer with a rotating anode X-ray generator
using Cu Ka radiation (40 kV, 110 mA). X-ray photoelectron spectroscopy (XPS) was carried out
on a Kratos Axis spectrometer with monochromatized Al Ka. The Cls peak at 284.6 eV was used
to calibrate all XPS spectra. A Renishaw In Via microscope system was used to collect Raman
spectra from samples. A 785 nm diode laser was used as an excitation source. Surface area and
porosity were investigated using nitrogen adsorption at 77 K (Autosorb-iQ, Quantachrome

Instruments, US). Specific surface area was calculated from the BET adsorption isotherm and pore
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size distribution was calculated by Non-Linear Density Function Theory (NLDFT) based on a slit-
pore model; the calculations were done with a built-in software (ASiQwin). The electrical
conductivity was evaluated with a four-point probe station (Pro4-4400, Lucas Signatone

Corporation, CA, US) connected to a Keithley 2400 source measure unit.

Electrochemical Measurements. The BC-RGO electrodes were tested in a three-electrode
configuration in 3 M KOH electrolyte, where a platinum counter electrode and an Ag/AgCl
reference electrode were used. Cyclic voltammetry (CV), galvanostatic charge—discharge (GCD)
cycling and electrochemical impedance spectroscopy (EIS) were performed with an
electrochemical station (1285A/1260A, Solartron, UK). The frequency range for EIS measurement
was from 0.1 MHz to 10 mHz, where an open circuit potential mode with an AC perturbation of 5
mV was used. The durability of the BC-RGO electrodes was evaluated by applying 5000
successive GCD cycles at a current density of 2 A/g. The specific capacitance (Cs) of the BC-RGO

electrode was calculated from the GCD curve using Equation 7.1:

C, =25 (7.1)

mAvV

where [/ is the GCD current, At is the discharge time, m is the mass of the BC-RGO electrode
(excluding mass of the Kapton substrate), and AV is the potential window after the correction for

IR—drop.

The symmetric supercapacitors were tested in a two-electrode configuration. The BC-RGO

electrode capacitance was evaluated from the GCD curve using Equation 7.2:

_ 2IAt
ST maAv

(7.2)

Here, the equivalent series resistance (ESR) of the supercapacitor was calculated by IR-drop in the

galvanostatic charge—discharge curves as in Equation 7.3:
_ VIR—drop
ESR = —— (7.3)

Two key factors of a supercapacitor, the gravimetric energy density (E) and the power

density (P), are evaluated from the discharge curves of the GCD at different current densities using
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Equation 7.4 and 7.5:*"!
Avdt
E=1[%% (74)

P== (7.5)

Conductivity values of the electrolyte at temperatures ranging from +20 °C to —30 °C
were measured in the cell placed in a Peltier stage (TS102G, Instec Inc.). Figure 7.1 shows
photographs of the experimental setup. To ensure that equilibrium was reached at a specific
temperature, data were collected after the output became stable. Likewise, supercapacitor
performances (CV, GCD, and EIS) at a specific temperature were measured after 10 minutes of

stabilization time.

©

Interior

Reservoir
for the sample

‘311 @

Lid closed ® . ©

Figure 7.1 (a) Exterior and (b) interior pictures of our experimental setup for ionic conductivity
measurement in the range of —30 to +20 °C.

Differential Scanning Calorimetry (DSC) Measurements. The relative amount of freezable and
non-freezable water in neat 3 M KOH solution in water and in the solution in the polyampholyte
hydrogel (i.e., PA) were quantified by differential scanning calorimetry (DSC, Q1000, TA
Instruments, US). The samples were tested immediately after preparation to prevent any possible
loss of water through evaporation. For each measurement, 10 mg of sample was sealed in a copper

sample pan. For each DSC measurement, the following thermal history was programmed: (i)
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temperature held at 10 °C for 10 min, (ii) cooled from +10 to —60 °C at a rate of 1 °C/min, (iii)
held at —60 °C for 10 min, (iv) heated to 10 °C at a rate of 1 °C/min. Here, we utilized the data

from the heating cycle. The frozen water content can be calculated using Equation 7.6:'7°

_ AMHpr
Ffrozen,T - AHS (1-C) ( -6)

where Fiyozent i8 the fraction of frozen water at temperature T, AHy, is the melting enthalpy of
pure water, AH2=333.5 J/g, and C is the polymer concentration in polyampholyte hydrogel, which
is calculated by Equation 7.7:

C = Mdried (77)

mpristine

where Mypieq 1s the mass of freeze-dried hydrogel, and my sine 15 the mass of as-prepared

hydrogel that contained 3 M KOH solution.

7.3 Results and Discussion

7.3.1 Device Fabrication: an Overview

Figure 7.2 summarizes the procedure for SC-PA fabrication. Pristine biochar processed
from soybean stover (BC-pristine) is ground, sieved and acid treated (Figure 7.2a). The treated
biochar (BC-treated), however, is still in a powder form and is not electrically conductive. The
addition of reduced graphene oxide (RGO) (7.5 wt%) provided a binder to maintain mechanical
integrity and a conducting conduit. The composite is bendable and stretchable without powder
disintegration, which is a suitable trait for making flexible devices. After bonding the composite
electrode to a Kapton substrate (Figure 7.2b), copolymerization of sodium 4-
vinylbenzenesulfonate (NaSS) and [3-(methacryloylamino)propyl]trimethyl-ammoniumchloride
(MPTC) on the BC-RGO film in a UV chamber synthesizes the hydrogel of poly(NaSS-co-MPTC),
denoted as PA (Figure 7.2c). Subsequently, the BC-RGO/PA pair is dialyzed in a 3 M KOH solution
for 1 day (Figure 7.2d). A symmetric supercapacitor is assembled by pressing together two BC-
RGO electrodes without the use of a separator (Figure 7.2e). Figure 7.2f describes the
encapsulation process, which concludes the fabrication of the supercapacitor (SC-PA). A

photograph of a SC-PA in operation is shown in Figure 7.2g.
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Figure 7.2 Schematic of supercapacitor (SC-PA) fabrication. (a) As-received biochar (BC-pristine)
was oxidized (BC-treated) and dispersed in a graphene oxide solution. Subsequent solvent
evaporation and graphene oxide reduction result in a consolidated electrode (BC-RGO) with
high electrical conductivity. (b) The BC-RGO electrodes are supported on a Kapton substrate. (c)
A polyampholyte hydrogel is synthesized on the BC-RGO electrodes by photo-initiated random
copolymerization of NaSS and MPTC. (d) The electrolyte is dialyzed in 3 M KOH solution. (e)
Compressing the dialyzed electrolyte/electrode pair with the top BC-RGO electrode will make a
symmetric supercapacitor. (f) Three symmetric supercapacitors are encapsulated in silicone to
light a green LED in (g).

7.3.2 Characterization of BC-RGO Composite Electrolyte

7.3.2.1 Electrode: Morphological Characterization

The morphological evolution of BC was examined by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). The SEM images in Figure 7.3a—d show that the

milling and the acid treatment reduced the average powder size of BC from ~100 um to ~10 pm.
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Figure 7.3 (a) The SEM image of as-received biochar (BC-pristine) and (b) a magnified image of
the small region identified by the white rectangular box in Figure 7.3a. (c) The SEM image of
oxidized biochar (BC-treated) and (d) a magnified image of the small region identified in Figure
7.3c. (e) The SEM image of the top of a BC-RGO electrode and (f) a magnified image of the small
region identified in Figure 7.3e. (g) The SEM image of the BC-RGO cross section and (h) a
magnified image of the small region identified in Figure 7.3g.

(@) _ ey

Figure 7.4 High resolution TEM images of BC-pristine ((a) and (b)), BC-treated ((c) and (d)), and
low-resolution TEM image of BC-RGO (e). The white rectangles in the low magnification images,
(a) and (c), indicate the regions of imaging in (b) and (d), respectively.
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For TEM sample preparation, 10 mg of BC-pristine or BC-treated (biochar after the
treatment described in the Experimental Section) was added to 20 mL ethanol and sonicated for
10 min. For the BC-RGO electrode (7.5 wt% RGO), the whole electrode was ground into powder
before being dispersed in the ethanol. A droplet of the mixture was applied on TEM copper mesh,
while any excess amount was removed with Kimwipes. The copper mesh was dried overnight in
a convection oven at 120 °C. The TEM images show that the treatment generated an abundance of
~10 nm sized mesopores in BC-treated (Figure 7.4c), which is not found in BC-pristine (Figure
7.4a), with micropores and nanopores that are present all over the BC-treated (Figures 7.4d). The
hierarchical porous structure is a clear indication of increased specific surface area. The top-view
of the BC-RGO film (Figures 7.3e and 7.3f) highlights that the BC particles were well wrapped
by RGO, resulting in structural integrity. The continuous RGO networks also provide electrical
conductivity for the electrode. The cross-sectional views of BC-RGO (Figures 7.3g and 7.3h)
indicate that the thickness of the electrode is ~40 pm. The BC-RGO contains macropores that can

serve as ionic pathways for effective diffusion of electrolytes.”!3?

The Braunauer—Emmett—Teller (BET) nitrogen adsorption method was used to determine the
surface area of BC materials. The adsorption isotherms (volume of nitrogen per gram of BC
material at standard temperature and pressure (STP); Figure 7.5a) reveal that the specific surface
areas of BC-pristine and BC-treated were 187 and 414 m?/g, respectively, which is consistent with
TEM results (Figure 7.4) and earlier studies on acid treated BC.2”>%” The RGO wrapping further
increased the specific surface area to 483 m?/g. The pore size distribution of the micropores and
mesopores were evaluated by Non-Local Density Functional Theory (NLDFT) (an indicator of
pore size distribution; Figure 7.5b). For all three samples, there exists a sharp peak at 1.5 nm and
a broad peak ranging from 2 to 4 nm, and the peak heights increase from BC-pristine to BC-treated,
then to BC-RGO. It is notable that nanometer-scale mesopores (TEM image; Figure 7.4c) and
macropores (Figure 7.3h) are also abundant in BC-RGO, indicating a hierarchical porous structure

suitable for SC electrodes.?”?
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Figure 7.5 (a) Nitrogen adsorption isotherm according to the BET model and (b) Pore size
distribution (represented as differential pore volume plotted against pore width) derived from
(a), calculated with the NLDFT model.

7.3.2.2 Electrode: Chemical Analysis and Electrical Conductivity

The chemical compositions at the surfaces of samples were investigated by X-Ray
Photoelectron Spectroscopy (XPS). As summarized in Table 7.1, the carbon content of BC-pristine
was 75.9%, with 2.4% nitrogen and 21.7% oxygen atoms. After nitric acid treatment, the oxygen
and nitrogen contents were both increased to 24.0% and 4.6%, respectively. High resolution
spectra of N1s (Figure 7.6a) indicate the existence of three main surface nitrogen species, pyridinic
nitrogen (~398.5 eV), pyridonic nitrogen (~ 400.2 eV) and nitrate (~407.3 eV).?’4?”> The BC-
treated samples exhibited dramatically increased nitrate signal compared to the BC-pristine,
possibly indicating adsorbed nitric acid after the treatment. After the reduction process by L-

ascorbic acid, the peak at ~406 eV disappeared, but a strong peak of surface nitrogen oxide group
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was detected in the BC-RGO (the material for the supercapacitor electrode; a composite of BC-
treated and reduced graphene oxide). The effect of the acid treatment was further studied by
analyzing Cls spectra (Figure 7.6b). The spectral analysis suggests that the BC-treated samples
have significant existence of C=0 (~288.5 eV) and the amount of C—O bonding was noticeably
increased as evidenced by the peak at 285.6 eV.!®? The existence of C—O bonding after the
reduction by L-ascorbic acid (~285.8 eV) suggests that there are remaining hydroxyl groups on
the surface of BC-RGO; we observed such a trend in our previous work.?’° It is notable that the
hydroxyl groups on the surface can increase the apparent capacitance of the electrode by

introducing the pseudo-capacitive effect of the quinone/hydroquinone redox pair.58!

Table 7.1 Summary of physical and chemical properties of various biochar (BC) samples.

Samples Sper? [m%/g]  Vaworr? [em’/g]  C%®  N%? 0%" Ib/lc¢ o%[S/m]
BC-pristine 187 0.076 75.9 2.4 21.7 1.7 1.5+0.2
BC-treated 414 0.26 71.4 4.6 24.0 1.6 0.20+0.03
BC-RGO 483 0.35 81.5 0.8 17.7 2.0 531+27

 Specific surface area and pore size as deduced from the adsorption isotherms.

b Atomic percentage of C, O, and N as obtained from the sizes of XPS peaks.

¢ Intensity ratio between D and G bands as calculated from the Raman spectra.

4 Electrical conductivity values as obtained from four-point probe measurements.
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Figure 7.6 Chemical analysis of various biochar (BC) samples. X-ray photoelectron spectroscopy
(XPS) profiles near (a) N1s and (b) C1s peaks. (c) Raman spectroscopy profiles. (d) X-ray diffraction
(XRD) profiles.

Raman spectroscopy was used to probe the bonding structure of the carbonaceous materials.
There are four distinguishable bands presented in Figure 7.6c¢. First, the D-mode (disordered band)
is located between 1330 and 1360 cm™!. Second, the G-mode (tangential mode), which corresponds
to the stretching mode in the graphite plane, is located at 1580 cm™'. As the third and fourth bands,
the second-order modes, 2D and D+G, are located at 2680-2690 and 2910-3220 cm',
respectively.?’¢?’" The relative intensity of the D-mode and G-mode (/n/G) depends strongly on
the density of defects in the graphitic material. A larger Ip/IG suggests a higher density of sp* carbon
due to structural defects.?”’ The values of I/l decreased from 1.66 to 1.57 after the acid treatment,
indicating that the structure of carbon in BC-treated is more ordered compared to that of BC-
pristine, probably due to the reduction of impurities that cause the formation of amorphous
carbon.?” The intensities of 2D and D+G are also increasing from BC-pristine, to BC-treated, then
to BC-RGO, indicating that the structure became more ordered as the fabrication process

proceeded.
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XRD patterns of BC-pristine, BC-treated, and BC-RGO are displayed in Figure 7.6d. All
three samples showed two broad peaks at around 26 = 24° and 43°, which are attributed to the
(002) and (110) planes of graphitic carbon.!?? It is notable that BC-pristine exhibits a strong peak
at 20 =31°, which belongs to a carbon allotrope with a six-fold helical chain structure whereas the
bonding is entirely sp” hybridization.?”® Such a 6-fold peak was not observed in BC-treated and in

BC-RGO, indicating a purification effect of the acid treatment.

A four-point probe measurement was used to evaluate the electrical conductivities of BC-
pristine, BC-treated and BC-RGO. Here, 0.1 g of the powder of each BC was compressed into
platelets at a pressure of 10 MPa. The thickness values of the platelets were obtained by cross-
sectional SEM. The measured electrical conductivity values are shown in the last column of Table
7.1. The electrical conductivities of BC-pristine and BC-treated were 1.5 + 0.2 S/m and 0.20 +
0.03 S/m, respectively. After the introduction of the RGO, the conductivity value is dramatically
increased to 531 £ 27 S/m. The moderately high conductivity of the powder material is very similar
to the previously reported value for a KOH activated RGO electrode, which resulted in similar
electrochemical performance as an electrode material for supercapacitors. The scanning rate could
be further increased by decreasing the electrode mass during cyclic voltammetry.?” This indicates
that the RGO network provides an excellent conduit for electrons, and thus can serve as a charge

collector in the electrochemical electrode.
7.3.2.3 Electrode: Electrochemical Properties

In order to evaluate the efficacy of BC-RGO as an electrode material for supercapacitors,
the three-electrode configuration measurement was performed in a 3 M KOH aqueous solution as
a model electrolyte. Here, the BC-RGO was the working electrode, whereas Ag/AgCl and Pt
electrodes were serving as the reference and the counter electrodes, respectively. The cyclic
voltammetry (CV) results are shown in Figure 7.7a. The potential window for each voltage cycle
was from —0.9 V to +0.1 V (with respect to Ag/AgCl). Various scanning rates between 5 and 100
mV/s were evaluated. No obvious redox peaks were observed in the selected potential window.
Figure 7.7b gives the GCD profile of the BC-RGO electrodes at varying current. The linearity in
the output and charging and discharging cycle (the symmetric triangle shape of the output) implies

the reversibility and stability of electrode materials during operation. The specific capacitance
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versus current density values are shown as the inset in Figure 7.7b; specific capacitance values
were calculated from the discharging time. At current density of 0.5 A/g, the specific capacitance
of the BC-RGO reached 216 F/g. The specific capacitance decreased as the current increased. One
explanation is that the drop in specific capacitance of BC-RGO electrode at high current density
was due to the transport behavior of ions in electrolyte when confined in the hierarchical
nanostructure of electrodes. At low current density, the ions can efficiently diffuse through the
hierarchical porous structure of the BC-RGO electrodes. At high current density, the ionic transport
into the nanostructures of the electrode may cause delay in redox interactions (i.e., the charge
transport to the electrolyte—electrode interface becomes the rate-determining process). The rather
sudden drop of specific capacitance at high current density is an issue for future study; the
performance can be further enhanced by finding the right feedstock for the biochar and/or by
optimizing the processing conditions for electrode fabrication. The capacitance value normalized
by specific surface area was 44.62 uF/cm?at 0.5 A/g. The high surface capacitance was contributed
to the abundant surface functional groups, which can cause pseudo-capacitance effects. The
hierarchical porous structure of BC-RGO, where macroscopic pores provide a high diffusion path
for electrolytes and meso- and nanoscopic pores provide high specific surface area, is also
beneficial to make the majority of pores accessible for electrochemical reactions. Moreover, the
absence of binder and conductive additives enables the complete use of surface area on the surface
of BC-RGO to store electrochemical energy. The Nyquist plot from an electrochemical impedance
spectroscopy (EIS) measurement of BC-RGO (Figure 7.7c) comprised a semicircle in the high-
frequency region and a linear plot in the low-frequency region. The equivalent series resistance
(ESR) obtained by extrapolating the curve from the high-frequency region of the Nyquist plot to
intersect the real-axis was only ~ 0.6 Q. The approximately vertical line in the low-frequency
region indicates fast ion transfer in aqueous electrolytes. The CV measurements of BC-RGO in
various aqueous electrolyte systems were also performed (Figure 7.7d). The CV profiles show that

the BC-RGO electrodes have the highest specific capacitance in 3 M KOH solution.

The results for BC-RGO electrodes with different loading amounts of RGO in the electrode
were added as Figure 7.7e. Here, we observed that the BC-RGO provided larger specific
capacitance when the electrode contained more BC-treated. The pure RGO electrodes show lower
capacitance than those of BC-containing electrodes, and this can be attributed to self-aggregation

or re-stacking of RGO sheets. Another point to consider is the mechanical integrity of the resulting
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BC-RGO electrode. The electrodes with RGO equal to or less than this critical value were fragile

and they were occasionally broken into pieces during the reduction in the ascorbic acid solution.

Thus, even though BC-RGO electrodes with 5 wt% of RGO showed better electrochemical

performance than those with 7.5 wt% RGO, the devices were fabricated with BC-RGO electrodes

with 7.5 wt% RGO in the following parts of this paper.
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Figure 7.7 (a) Cyclic voltammetry (CV) profiles (b) Galvanostatic charging—discharging (GCD)
profiles (inset: specific capacitance verses current density) and (c) the Nyquist plot of EIS
measured in 3 M KOH aqueous electrolyte system. (d) CV of BC-RGO in different aqueous
electrolytes at a scan rate of 20 mV/s. (e) CV of BC-RGO with different RGO weight percentin 3 M
KOH solution at a scan rate of 20 mV/s.
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7.3.3 Performance of Polyampholyte Supercapacitor at Room Temperature

In order to evaluate the efficacy of the polyampholyte hydrogel as a gel electrolyte material,
we devised a control sample that employs a liquid aqueous KOH solution with a cellulose separator

as an electrolyte (SC-KOH; configuration shown in Figure 7.8).

s ™

Lead

BC-RGO electrode

Separator with 3 M KOH

Lead BC-RGO electrode

\_ Silicone package J

Figure 7.8 Device configuration of SC-KOH.

The polymer, water, and KOH concentrations of control samples were tuned to be same as
the polyampholyte-KOH electrolyte, by precisely controlling the amount of KOH solution in the
cellulose separator. Figure 7.9a shows the CV profiles of SC-PA with scan rates ranging from 5 to
100 mV/s. The curves display a quasi-rectangular and symmetric shape. Figure 7.9b presents the
GCD curves of SC-PA at current densities ranging from 0.5 to 6 A/g. At 0.5 and 6 A/g, the specific
capacitances of BC-RGO were 193 and 141 F/g, respectively. At a current density of 2 A/g, a

capacitance retention of ~90% was obtained after 5000 successive GCD cycles (Figure 7.9¢).
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Figure 7.9 (a) Cyclic voltammetry (CV) and (b) galvanostatic charging—discharging (GCD) profiles
of symmetric SC-PA KOH (inset: specific capacitance verses current density). The arrow in (a)
indicates the direction of increasing scanning rate. (c) Cycle test of the fabricated supercapacitor
(SC-PA). The inset presents first and last three galvanostatic charging—discharging (GCD) profiles.

Figures 7.10a and 7.10b show CV and GCD curves of SC-KOH, respectively. Figure 7.10c
also compares the Nyquist plots of SC-PA and SC-KOH. ESR of SC-KOH was 0.86 Q.
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Figure 7.10 (a) Cyclic voltammetry (CV) profiles and (b) Galvanostatic charging—discharging (GCD)
profile of SC-KOH (inset: specific capacitance verses current density). (c) Nyquist plot of EIS for
SC-PA and SC-KOH.

120



—=— SC-KOH —*— GHPC N-AC/Gr1
—e— SC-PA —o—LP-700

——AC-SPN-3  ——TC-1

Energy density (Wh kg™)

1 N | NPT | sl
10 100 1000 10000

Power density (W kg™)

Figure 7.11 Performances of the SC-PA and SC-KOH devices were compared against previously
published symmetric supercapacitors in references as AC-SPN-3,02 GHPC,%%° LP-700,%! TC-1,%%2
and N-AC/Grl1.?®3 Here, the references used biomass-derived carbonaceous materials as
electrodes whereas the electrolytes were in aqueous solution form.

Energy density and power density are important properties of a supercapacitor. The Ragone
plots of SC-PA and SC-KOH are compared with previous studies on biomass-based symmetric
supercapacitors with aqueous electrolytes (Figure 7.11). The SC-PA has energy densities of 30.3,
23.4, and 11.9 Wh/kg at power densities of 50 W/kg, 1 kW/kg, and 12 kW/kg, respectively. The
energy density of SC-PA is comparable to other published supercapacitors that employ coconut
shell-based electrodes (state-of-the-art),” as well as other biomass-based electrodes.!???% It
should be noted that the activated carbon materials mentioned were produced at 800 °C followed
by chemical activation, and the values calculated were on the basis of active components in

electrodes; typically, 5-20% of the total electrode mass is binders or conductive additives, which

do not exist in our device.
7.3.4 Performance of Polyampholyte Supercapacitor at Low Temperature

The performance of the SC-PA was evaluated at temperatures ranging from 20 to —30 °C.
Figure 7.12a shows the CV profiles of the SC-PA at different temperatures. The sweep rate was

fixed at 20 mV/s. With a decreasing temperature, the area enveloped by the CV curve decreased,
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while the increased resistance to ionic transport caused the shape of the cycle to deviate from a
quasi-rectangle. Figure 7.12b shows the GCD curves of the SC-PA at a charging—discharging
current of 1 A/g. Calculated specific capacitance verses temperature is given as an inset in the same
figure. The values were 175, 163, 149, 132, 102, and 75 F/g at temperatures of 20, 10, 0, —10, —20,
and —30 °C, respectively. The energy density of the SC-PA was 10.5 Wh/kg at a power density of
500 W/kg.
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Figure 7.12 (a) Fabricated supercapacitor (SC-PA) temperature dependence of cyclic voltammetry
(CV) profiles at a scan rate of 20 mV/s. The arrow indicates the direction of increasing
temperatures. (b) Galvanostatic charging—discharging (GCD) profiles at a current density of 1 A/g.
The inset indicates calculated specific capacitance with respect to temperature change. (c) A
differential scanning calorimetry (DSC) result of 3 M KOH-containing polyampholyte hydrogel
with increasing temperature compared with the change in conductivity as a function of
temperature.
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As indicated by the CV curves shown in Figure 7.13, the specific capacitance of the control
SC-KOH was only 24 F/g at =30 °C, where the energy density was 3.4 Wh/kg at a power density
of 500 W/kg, which is only 32% of the performance of the SC-PA at the same temperature.
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Figure 7.13 Cyclic voltammetry (CV) profiles of SC-KOH measured at 20 and —30 °C. The scanning
rate was 20 mV/s.

It is notable that the only difference between the SC-PA and the SC-KOH is the medium
that contains the aqueous solution of KOH; the polyampholyte network contains KOH in the SC-
PA in a hydrogel form, whereas the separator that is used for the SC-KOH leaves the aqueous
solution as a liquid. As mentioned in the previous discussion, the room temperature performance
is shown to be comparable to the state-of-the-art values. And the electrochemical performance of
the polyampholyte supercapacitor at low temperature was close to the values of other non-aqueous
electrolyte supercapacitors reported at temperatures around —30°C, without worries about
electrolyte leakage.®*%*% The specific capacitance of the activated graphene based supercapacitors
in ionic liquid electrolyte was ~100 F/g at a scanning rate of 1 mV/s.%® And specific capacitances
of an ionogel-based solid-state supercapacitor were 68 and 34 F/g operating at —20 and —40°C,
respectively, at a scanning rate of 5 mV/s.2% To our knowledge, a specific capacitance comparable
to that of our polyampholyte supercapacitor at subzero temperature has never been reported before
in the literature for other aqueous-based electrolyte supercapacitor, or conventional solid-state
supercapacitor using PVA-KOH gel or other gels.?® Plus, due to the unique structure of
polyampholyte networks in the hydrogel, the device is still flexible at subzero temperature, which

will be discussed later in this chapter.
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In order to understand the underlying mechanism of the improvement in supercapacitor
performance at —30 °C, we performed a differential scanning calorimetry (DSC) measurement for
a polyampholyte that contained the same concentration of KOH as in the SC-PA (Figure 7.12¢). It
is well known that water molecules strongly adsorbed on hydrophilic polymer chains cannot
participate in ice formation, and thus are classified as ‘non-freezable water’ that can be found
unfrozen down to —190 °C.!762%¢ Likewise, strongly bound water on ionic species will form
hydrated ions and will not freeze as ice, but the hydrated KOH will freeze at its eutectic
temperature of —60.9 °C.?®” Based on these assumptions, we froze all ‘freezable water’ at —60.0 °C
for 10 minutes, followed by bringing up the temperature to +10 °C at a slow rate of +1 °C per
minute. An endothermal peak started to appear at —39.5 °C, reached a peak at —12.6 °C, and ended
at —6.2 °C. The fraction of water molecules that participated in the freezing—thawing cycle was
quantified by the area under the peak; here, 23.6% of water molecules were frozen at —60.0 °C. A
control experiment with an aqueous solution of KOH held in place with a separator reveals that
30.4% of water molecules were frozen at the same temperature. It is unclear at the moment whether
the 6.8% of the water molecules that could not be frozen due to polyampholyte chains accounted
for the supercapacitor performance enhancement. The measured ionic conductivity in Figure 7.12¢
reveals that the conductivity is a strong function of temperature, but the formation of ice is not the
only dominant factor determining the change in ionic conduction. One hypothesis for the improved
supercapacitor performance, however, is that the morphology of ice is connected to the
performance and that the crosslinked network structure of the polyampholyte chains disrupts the
crystalline growth of ice. The ‘slush ice model’ is consistent with the fact that KOH containing
polyampholyte hydrogel is still flexible whereas an aqueous KOH solution is a rigid monolithic
ice at =30 °C. In our parallel study, we showed that the hierarchical nanostructure of
polyampholyte hydrogel allows both polymer-rich (yet highly hydrated) and polymer-poor (yet
populated with polymer strands) domains. Vogt et al. measured fast dynamics of local diffusivity
of water molecules in hydrogel networks at extremely low temperatures (220 K), which shed light
to the mechanism of our enhanced supercapacitor performance at low temperatures.’”> Future
investigations that identify structure—property relations of polyampholyte hydrogels at low

temperatures may shed light on the mechanism.
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7.3.5 Mechanical Flexibility and Self-Healing Properties

The pristine SC-PA (Figure 7.14a) was bent to a radius of curvature of 5 mm (Figure 7.14b),
showing nearly no degradation in supercapacitor performance (Figure 7.14a). The self-healing
ability was tested by cutting the SC-PA into two pieces (perpendicular cut; Figure 7.14c), followed
by a self-healing process (Figure 7.14d). Broken SC-PA was stored in KOH solution at 30 °C. The
glass slides and PTFE spacer were utilized to align the two broken pieces of the SC-PA. The self-
healed SC-PA (Figure 7.14d) showed ~80% of capacitance compared to the control (non-cut)
device (Figure 7.14¢). The 20% loss of capacitance of the self-healed SC-PA may be attributed to
slight mismatch in overlapping of the broken BC-electrodes, resulting in an increase of ESR. As
another example of self-healing, the SC-PA was sliced into two pieces by splitting the
polyampholyte hydrogel electrolyte in the planar direction (planar cut; Figure 7.15b). After self-
healing, the CV result almost exactly reproduced the control sample result, indicating a perfect
self-healing (Figure 7.14e). The self-healing ability can be attributed to the reversible nature of
ionic crosslinking in polyampholyte hydrogels,'”!® as illustrated in Figure 7.14f. The bendable and
self-healing nature of the SC-PA is promising for wearable and flexible electronics applications of

the supercapacitor.
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Figure 7.14 Photographs of (a) pristine, (b) bent, (c) broken, and (d) self-healed supercapacitor
(SC-PA). (c) and (d) show the procedure for the perpendicular cut. The procedure for the planar
cut is described in supporting information. (e) Cyclic voltammetry (CV) profile of pristine, bent
and self-healed (perpendicular and planar cuts) SC-PAs at a scan rate of 20 mV/s. (f) Schematic
illustration of polyampholyte hydrogel self-healing for the perpendicular cut.
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Figure 7.15 The setup for the self-healing of SC-PA. (a) SC-PA was cut into two pieces in the vertical
direction (this describes the case for Figure 7.14c & d; perpendicular cut). (b) SC-PA was split into
two pieces by slicing the polyampholyte hydrogel layer in the lateral direction (parallel cut).
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7.4 Conclusion

A supercapacitor with a high energy density that operates at low temperature was fabricated
with a combination of BC-RGO electrodes and a polyampholyte hydrogel. Reduced graphene
oxide was incorporated with biochar to transform the pyrolyzed waste biomass into high
performance binder-free electrodes for electrochemical energy storage devices. The specific
capacitance of BC-RGO was 216 F/g at a current density of 0.5 A/g in the three-electrode
configuration. The electrochemical performance can be further improved using biochar with
higher specific surface area or by doping transition metal oxide.?8%?%2%0 A symmetric
supercapacitor made with BC-RGO as the electrode and polyampholyte hydrogel as the electrolyte
showed a high energy density of 30 Wh/kg, and a capacitance retention of ~90% after 5000 charge—
discharge cycles. At low temperature (—30 °C), the SC-PA had an energy density of 10.5 Wh/kg at
a power density of 500 W/kg, which is a clear improvement over the performance of SC-KOH at
the same temperature owing to the use of polyampholyte as a hydrogel hosting material of the
aqueous KOH electrolyte, showing a potential for energy storage, even for grid-scale solutions at
low temperature.?®! The flexibility and self-healing properties indicate the possible application of

SC-PA in flexible and wearable devices.
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Chapter 8 Self-Reinforcing Graphene Coatings on 3D Printed
Elastomers for Flexible Radio Frequency Antennas and Strain

Sensors

8.1 Introduction

The emergence of the Internet of Things (IoT), in which many living and nonliving objects
can access a network to share data, necessitates the development of antenna with various form
factors enabled by novel materials.'®> While the antenna component for the IoT must be included
without causing a significant increase to the price of the object, a printed radio frequency antenna
provides the antenna functionality at an affordable price.?’> Whereas the objects for IoT typically
have irregular topography, conventional antennas fabricated on rigid materials do not offer the
required form factors and topological conformity to the object. In the wearable healthcare
application, which is one of the promising fields for IoT, the objects include human skin, garments,
and accessories, to name a few. They often are topographically corrugated and dimensionally
stretchable/compressive. It is critical for the IoT, including the antenna component, to offer
seamless integration to the objects to collect reliable physiological and kinematic data from human
subjects.?*>** Therefore, it is critical to develop an affordable processing route for the stretchable
antenna component with various form factors; 3D printing of stretchable material can be a

promising option.

3D printing is a versatile technique that can realize various form factors tailored to meet
specific needs for applications.”>> Among various 3D printing techniques, Fused Deposition
Modelling (FDM), through which an object with an arbitrary form factor is created within a layer-
by-layer deposition by extruding thermoplastic materials, is the most popular option because the
required 3D printer is highly affordable. A limitation of FDM is that it can print only thermoplastic
polymers that can be extruded upon moderate heating. There are a few flexible or stretchable
materials that have been commercialized specifically for FDM.*® A recently commercialized FDM
printable material, GEL-LAY™ filament, provides porous internal structure, which allows
mechanical flexibility and significantly enhanced surface area. With a designed post-treatment

chemistry, the foamy material can allow 3D printed structures with various functionalities by
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coating the interior and exterior surfaces.

A wide range of materials have been employed as conductive inks for printed electronics.””
Most of these materials require rather harsh post-printing treatment. Such processing caused
compatibility problems for many substrates used for flexible electronics, such as paper, plastic
sheet, or elastomer, which may denature upon heat and acid treatments. For example, conductive
inks based on metal nanoparticles can achieve high conductivity, but require a sintering process at
high temperature or other severe chemical or energetic post treatments to remove stabilizing agents
or oxide layers. Noble metals allow rather mild post treatment conditions, but they are generally
expensive.”* Conductive polymer is another popular choice, but chemical stability has been a
critical issue that prevents widespread use.”> Carbon-based conductive inks, especially graphene-
based inks, have been suggested as a balanced combination between high conductivity, mild

processing, and chemical stability.”

The dispersion strategies of graphene inks are generally classified into two categories: (1)
direct dispersion of graphene in a good solvent such as N-Methyl-2-pyrrolidone (NMP) or
dimethylformamide (DMF) without additives®’*® and (2) employment of binder materials, such as
ethyl cellulose, as additives.”"!% Using the former method, Hu et al. inkjet printed a binder-free
graphene/NMP suspension on paper, followed by rolling compression to achieve a conductivity
value of 4.3 x 10* S/m.!°! A drawback of the method is that NMP, a popular solvent that disperses
graphene nanoflakes, typically causes swelling or dissolving of polymer substrates for the printing,
leading to distortion or fracture of the printed graphene traces. In addition, the absence of active
chemical binding between the graphene nanoflakes causes poor mechanical integrity that may
induce the fracture of the printed graphene traces. The latter method that employs binder material
can provide enhanced mechanical integrity by covalent bonding. However, the binder
compromises the conductivity, thus a thermal post-treatment to decompose the material is needed,
which is not ideal for flexible substrates. If the binder material itself is electrically conductive, on
the other hand, both electrical conductivity and mechanical integrity can be achieved at the same

time.

In this paper, we present a new processing method to fabricate conductive structures with an
arbitrary shape factor via 3D printing followed by a carbonaceous conductive layer coating. FDM

3D printing of a commercial rubber/poly(vinyl alcohol) (rubber/PVA) blend filament provides a
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facile pathway to generate arbitrary flexible and porous substrate. Then, we utilized reduced
graphene oxide (RGO) as a binder material to wrap graphene nanoflakes (GNFs); we named the
composite material as GNF-RGO. By the processing method, we fabricated flexible antennas and

strain sensors.
8.2 Experimental Methods

Flexible Substrate Fabrication: A PORO-LAY GEL-LAY filament (MatterHackers Inc., USA)
was purchased and used as such to print porous 3D structures as a substrate. The filament is
composed of polymer blends of PVA and unspecified elastomeric component. After printing,
selective dissolution of PVA component in water leaves the elastomeric component with
microscopic porous structure. Ultrasonication for 3 days is required for complete dissolution of
PVA. An overnight drying in a vacuum oven at 80 °C allows a thorough removal of water. The

resulting structure is bendable, foldable, and slightly stretchable with a good shape resilience.

GNF-RGO Coating Fabrication: Graphene nanoflakes (NOO8-N, Angstron Materials Inc., USA)
were used as received. Various amounts of GNFs were added into a graphene oxide (GO) solution
(4 mg GO/mL in the water, Graphenea Inc., Spain) to form the GNF-GO suspension. The mixture
was cast on a flexible 3D-printed substrate at 80 °C for quick evaporation of the solvent. The
substrates with the GNF-GO coating were collected followed by a two-step reduction process. The
first reduction step was done with a mild reducing agent, L-ascorbic acid (Vitamin-C, 8mg/mL in
the water, Sigma-Aldrich, USA). The reaction was done with a distillation apparatus in an oil bath
at 95 °C overnight.?’® The substrates with the GNF-RGO coating were dialyzed in deionized water.
For selected samples, the second reduction step was done with a stronger reducing agent, 50 mM
NaBHa in water (Sigma-Aldrich, USA) for 4 h to improve the electrical conductivity,'*® followed
by dialysis in the deionized water. Then, the samples were dried for an hour in a convection oven

at 120 °C.

Hereafter, we denote the samples using the code ratio-# after the names of GNF-GO or GNF-
RGO, where the ratio is the mass ratio of GNF:GO in the suspension and # is the number of
iterations of chemical reduction procedure. For example, GNF-GO-5 represents the GNF:GO
mixture of 5:1 mass ratio that did not undergo any reduction procedure as a control sample. GNF-

RGO-5-1 indicates that the composite underwent a reduction process using L-ascorbic acid. GNF-
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RGO-5-2 implies that the reduced composite underwent an additional reduction step using a

NaBHz4 solution.

Chemical Characterization: A field emission scanning electron microscope (FE-SEM; Sigma,
Zeiss) was utilized for the morphological study. X-ray diffraction (XRD) patterns were recorded
on a Rigaku RU-200B X-ray diffractometer with a rotating anode X-ray generator using Cu Ka
radiation (40 kV, 110 mA). X-ray photoelectron spectroscopy (XPS) was carried out on a Kratos
Axis spectrometer with monochromatized Al Ka. The Cls peak at 284.6 eV was used to calibrate
all XPS spectra. A Renishaw In Via microscope system was used to collect Raman spectra from

samples. A 785 nm diode laser was used as an excitation source.

Conductivity Measurement: The electrical conductivity was evaluated with a four-point probe
station (Pro4-4400, Lucas Signatone, US) connected to a Keithley 2400 source measure unit. The
thickness of the GNF-RGO coating on the substrate was obtained by cross-sectional SEM image.
The cross-section of the sample was prepared by immersing a fabricated antenna in liquid nitrogen
for several seconds and manually breaking it into two pieces. For each synthesis condition, we
obtained statistical results from five samples of different batches. The durability of the sample was
tested by repeated bending (radius of curvature of 1 cm) and releasing (unbending) cycles at 1 Hz
frequency on a customized mechanical tester (UniVert, CellScale, Canada) equipped with a

Keithley 2400.

Antenna Fabrication: Once the GNF-RGO coating was synthesized on a 3D printed flexible
substrate, the samples were compressed at 10 MPa to get compact coating on the substrate (Figure
8.1a). A SubMiniature version A (SMA) connector was attached to the GNF-RGO coating by silver
paste, and cured in a convection oven at 120 °C for 4 h. Then, the GNF-RGO antenna was dipped
into a commercial room-temperature vulcanizing silicone (Shin-Etsu, Japan) for packaging. The
silicone was cured for an hour to conclude the fabrication of the flexible GN-RGO antenna. A
photograph of an as-prepared GNF-RGO antenna is shown in Figure 8.1c, which can be bent
(Figure 8.1d) and twisted (Figure 8.1e).
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Figure 8.1 (a) Schematic illustration of antenna fabrication. (b) The layout of GNF-RGO-5-2
antenna. The photograph of (c) the as-prepared, (b) bent, and (c) twisted GNF-RGO antenna.

Antenna Performance Characterization: A simple vertical half-wave dipole antenna provides an
omnidirectional donut-shaped radiation pattern which is adequate for applications that need a high
coverage of radiation and data transfer.?’?%® This type of antenna radiates the power almost
uniformly in all directions in a given plane. It consists of two identical conductors each with a size
of a quarter of the resonating wavelength. Each conductor is connected to one side of the feed line

to power up the antenna.

We measured the E-plane and the H-plane of the dipole antenna by the RFxpert measurement
tool from EMSCAN, 2% which is capable of measuring the radiating-near-field region and then
projects the results to the far-field region. The antenna efficiency was quantified by the reflection
coefficient, which shows how much power fed to the antenna reflects as a function of frequency.

For measuring the reflection coefficient, a vector network analyzer (VNA, E8362B) was used.

Strain Sensor Fabrication: The strain sensor was fabricated by coating GNF-RGO-5-2 on a 3D
printed serpentine-shape substrate. Two copper sheets were attached to both ends of the serpentine-

shape substrate as electrodes by silver paste, followed by curing in a convection oven at 120 °C
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for 4 h. Then, the strain sensor was encapsulated by silicone, according to the protocol described

in the antenna fabrication section.

Strain Sensor Performance Characterization: Tensile tests were conducted with a Keithley 2400.

The samples underwent three loading-unloading cycles with 5 mm/min strain speed.

8.3 Results and Discussion

8.3.1 Morphology Before and After Compression

Figure 8.2a illustrates the morphological evolution during the processing. After the addition
of GNF in the GO solution, a suspension of GNF-GO is formed. The GO in the suspension served
as a dispersant to stabilize the GNF owing to its planar 2D structure and hydrophilicity.!*> During
the evaporation of the water in the suspension, GO sheets were self-assembled into GO papers,'*?
and GNFs intercalated between the GO sheets. After the reduction, the average distance between
GO sheets was reduced because the chemical reduction caused the removal of labile oxygen-
containing functional groups in the GO.'”* In the final GNF-RGO coating, the RGO plays a role
as a binder to keep mechanical integrity while maintaining high electrical conductivity. As a result,
we obtain a composite that is flexible without powder disintegration owing to the self-reinforcing

nature of RGO that wraps GNF. This trait is suitable for application in flexible electronics.

The morphological evolution of GNF-RGO coating was examined by SEM. The SEM images
in Figures 8.2b and 8.2c show the morphology of GNF-GO-5, which did not undergo reduction or
compression steps. Here, it can be confirmed that GO forms a blanket-like network structure that
wraps GNF particles everywhere. Each GNF particle, a stack of aggregated graphene platelets
wrapped in the GO envelope, had an average thickness of ~50 nm (characterized by a separate
SEM imaging; not shown) with a lateral dimension of ~1 pm. After repeating reduction and
compression steps twice, Figure 2d and 2e show the top-view SEM images of the GNF-RGO-5-2.

Here, the structure of the GNF-RGO became more compact.
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Figure 8.2 (a) Schematic illustrations that describe the processing of the GNF-RGO coating. (b)
The SEM image of GNF-GO-5 and (c) a magnified image of the small region identified by the white
arrow in Figure 8.2b. (d) The SEM image of compressed GNF-RGO-5-2 and (e) a magnified image
of the white arrow region in Figure 8.2d.

8.3.2 Conductivity Optimization

A four-point probe measurement was used to evaluate the electrical conductivities of GNF-
RGO coatings. As shown in Figure 8.3, GNF-GO coatings were not conductive before reduction
because GO is an insulator. After the first reduction by L-ascorbic acid, the GNF-RGO composites
were electrically conductive. The conductivity values increased with increasing GNF
concentration in the precursor suspension. At low ratios of GNF:RGO (i.e., low GNF content), the
electrical conductivity was limited because of the abundance of the oxygen-containing functional
groups in the RGO sheets that were left unreduced after the L-ascorbic acid treatment. The higher
content of the GNF in the composite film increased the conductivity, as shown by the contrast
between GNF-RGO-2-1 and GNF-RGO-5-1, which exhibited conductivity values of 0.72 + 0.22
x 10* and 2.49 + 0.28 x 10* S/m, respectively. The electrical conductivity of GNF-RGO-10-1,2.61
+0.30 x 10* S/m, was however not higher than that of GNF-RGO-5-1.

A subsequent treatment by a stronger reducing agent, NaBHa4, was shown to be efficient to
remove the oxygen-containing functional groups in the RGO sheet.!”> Here, the electrical
conductivity values were drastically improved, as presented in Figure 8.3a. The conductivity of
GNF-RGO-5-2 reached the highest conductivity value of 4.47 + 0.61 x 10* S/m. Interestingly, the
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conductivity of GNF-RGO-10-2, 4.16 + 1.07 x 10* S/m, was not higher than that of GNF-RGO-
5-2. Moreover, the GNF-RGO-10-2 coating was more brittle than that of GNF-RGO-5-2 due to
the reduced amount of the RGO binder.

A drawback of using NaBH4 was an intensive bubbling observed during the reduction. This
occasionally caused the delamination of the composite coating, which was the reason that we did
not perform NaBHa4 treatment as the first reduction step. The conductivity results of GNF-RGO-

10-2 had a certain degree of inconsistency as indicated by a large standard deviation.

Therefore, we arrived at the conclusion that there is an optimum ratio of GNF:RGO to provide
the best combination of electrical conductivity and mechanical integrity. A certain fraction of RGO
in the composite coating is critical to maintain sufficient mechanical integrity whereas increasing
the fraction of GNF increases the conductivity. Our results suggest that the mass ratio of GNF:GO
= 5 in the suspension is the balanced point between the electrical conductivity and mechanical
integrity. In addition, the two-step reduction protocol using a weaker reducing agent, followed by
a stronger reducing agent turned out to be an effective combination. The first reduction step using
the L-ascorbic acid provides mechanical integrity and moderate electrical conductivity to the
composite coating. The second reduction step using NaBH4 provides a further enhancement of the

electrical conductivity.
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Figure 8.3 Electrical conductivity values of the composite coatings as a function of GNF:GO ratio
and the composite’s reduction steps. Here, GNF-RGO-#-1 denotes a reduction using L-ascorbic
acid (step 1), whereas GNF-RGO-#-2 indicates a further reduction step using NaBH (step 2).
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8.3.3 Chemical Characterization

A field emission scanning electron microscope (FE-SEM; Sigma, Zeiss) was utilized for the
morphological study. X-ray diffraction (XRD) patterns were recorded on a Rigaku RU-200B X-
ray diffractometer with a rotating anode X-ray generator using Cu Ka radiation (40 kV, 110 mA).
X-ray photoelectron spectroscopy (XPS) was carried out on a Kratos Axis spectrometer with
monochromatized Al Ka. The Cls peak at 284.6 eV was used to calibrate all XPS spectra. A
Renishaw In Via microscope system was used to collect Raman spectra from samples. A 785 nm

diode laser was used as an excitation source.

Raman spectroscopy was used to probe the bonding structure of the carbonaceous materials.
There are three distinguishable bands presented in Figure 8.4a. First, the D-mode (disordered band)
was located between 1330 and 1360 cm!. Second, the G-mode (tangential mode), which
corresponds to the stretching mode in the graphite plane, was located at 1580 cm™!. Third, the
second-order mode, conventionally denoted as 2D, was located at 2680-2690 cm™'.27® The relative
intensity of the D-mode and G-mode (/p//G) depends strongly on the density of defects in the
graphitic material. A larger In/lc value suggests a higher density of sp® carbon due to structural
defects.?”’ The values of I/l increase from 0.43 in GNF to 1.18 in GNF-GO-5, indicating that
the structure of carbon in GNF-GO-5 is less ordered compared to that of pure GNFs because of
the GO content. After the L-ascorbic acid reduction, the Ip/IG value increases to 1.87, which
indicates a further increase of sp® carbon (i.e., decrease of the sp’ carbons; an ideal graphene has

100% sp? bonding) upon GO reduction in the GNF-GO composite film.>"!

The chemical composition at the surfaces of samples was investigated by X-Ray photoelectron
spectroscopy (XPS). As presented in Figure 8.4b, the carbon-to-oxygen atomic ratios (C:O) of the
starting materials were 51.6 for the GNF and 1.7 for GO. After mixing the GNF and GO, the
measured C:O values in GNF-GO-5 is 3.8. This value is significantly lower than the value
calculated from the weight percent of each component, which is 11.7. The discrepancy can be
explained by surface segregation of GO upon drying of the solvent. It is well known that XPS
measures the chemical composition of the very top of the surface (~5 nm at the condition of
operation).’*> The SEM image of GNF-GO-5 (Figure 8.2b) also did not show indicative features
of flaky GNFs exposed at the surface; a layer of GO seemed to be on the top of the GNFs. Both
features strongly indicate that the majority of the signals collected by XPS was generated from the

136



GO. After the L-ascorbic acid reduction, the C:O value of GNF-RGO-5-1 was increased to 7.8.
The C:O value was further increased to 10.7 in the GNF-RGO-5-2, implying further reduction of
the RGO. XRD patterns of GNF, GNF-GO-5, GNF-RGO-5-1 and GNF-RGO-5-2 are shown in
Figure 8.4c. All four samples showed two peaks at 260 = 26.5° and 54.9°, which can be attributed
to the (002) and (004) planes of graphitic carbon.’*® The inset shows a magnified view at 26 values
ranging from 10° to 15°, GNF-GO-5 exhibited a reflection with the peak at 26 = 11.6°, attributed
to GO (001),3°* which is the evidence of GO existence in the GNF-GO composite coating. This
peak was not observed in GNF-RGO-5-1 and GNF-RGO-5-2, indicating that reduction by L-
ascorbic acid destroyed periodic stacking between GO layers which existed in the as-prepared

control sample (i.e., GNF-GO).
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Figure 8.4 (a) Raman spectra of GNF, GNF-GO-5, GNF-RGO-5-1, and GNF-RGO-5-2. (b) Atomic
ratio of carbon and oxygen obtained from XPS profiles. (c) XRD spectra of GNF, GNF-GO-5, GNF-
RGO-5-1, and GNF-RGO-5-2. The inset is a magnified view at low 26 region (between 10 and 15
degrees). X-ray photoelectron spectroscopy (XPS) profiles near (d) Ol1s and (e) C1s peaks.
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8.3.4 Durability Test

The durability of the sample with GNF-RGO-5-2 coating without PDMS encapsulation
was tested by repeated bending (radius of curvature of 1 cm) and releasing (unbending) cycles at
1 Hz frequency. We performed a comparative study between GNF-RGO-5-2 (test sample) and
pressed GNF (control) on the 3D printed elastomer substrate. For GNF coating, a certain amount
of GNF powder was spread on the substrate, and then compressed at 10 MPa to get a compact
coating. The thickness of GNF coating was controlled to be the same as GNF-RGO-5-2 (~20 um).

The result of the cycle test is shown in the Figure 8.5a.

No obvious change in resistance was observed for GNF-RGO-5-2 coating up to 1000
cycles. In contrast, the normalized resistance (resistance normalized by the initial value) of the
GNF coating was rapidly increased. The resistance of the GNF coating increased to 10 times its
original resistance after ~400 cycles. The dramatic enhancement of durability in mechanical and
electrical properties of the GNF-RGO-5-2 coatings is due to the covalent bonding between RGO
‘envelopes’ that wrap the GNF, whereas the covalent bonding was introduced from the chemical
reduction process. Optical microscopy images in Figure 8.5b (pristine) and 8.5¢ (after 1000 cycles)
show the durability of the coating. Here, only indistinctive buckling can be observed after 1000
cycles. However, the GNF control sample shows a severe loss of materials after undergoing
bending stress cycles, as evidenced by comparing Figure 8.5d (pristine) and 8.5e (after 1000
cycles). Therefore, the RGO-wrapping process can be called “self-reinforcing” that can be useful

for practical use of GNF particles.

138



GNF-RGO-5-2

O =2 NWkrOOONO®OOO

400 600 800 1000

Figure 8.5 (a) Evolution of normalized resistance under bending stress cycles for GNF-RGO-5-2
and the control (GNF without RGO) coatings. The minimum radius of curvature for each cycle was
1 cm. Optical images of GNF-RGO-5-2 coating (b) before and (c) after 1000 cycles and of the
control coating (d) before and (e) after 1000 cycles.

The resistance change of the GNF-RGO-5-2 coating (without PDMS encapsulation) versus
bending radius of curvature was measured using a Keithley 2400 (Figure 8.6). No obvious
resistance change in the samples was observed upon bending with the radius of curvature ranging
from infinity to 0.5 cm. The result indicates that the GNF-RGO coating is suitable for flexible

electronic applications.
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Figure 8.6 The resistance changes of GNF-RGO-5-2, and GNF coating versus the radius of
curvature.

8.3.5 Flexible Radio Frequency Antennae

Before designing the antenna, we need to characterize the substrate (which the antenna is
printed on) to extract its dielectric constant and loss tangent. Using a Keycom dielectric
measurement open mode probe,*® the dielectric constant and loss tangent of the substrate are
obtained to be 3.6 and 0.06, respectively. Using the HFSS software, a prototype of the antenna
was designed to align the center frequency at 2.45 GHz. The antenna was connected to a SMA
connector by silver paste. Figure 8.7 shows the reflection coefficient and radiation pattern of the
fabricated antenna. Figure 8.7a depicts the simulated and measured reflection coefficient of the
fabricated dipole antenna. Here, the simulation and the measurement showed an acceptable
agreement near the resonant frequency of 2.45 GHz. The discrepancy between simulation and
measurement results at frequencies larger than 3 GHz is probably due to a non-ideal connection
between the SMA connector and the two branches of the dipole antenna. The dielectric constant
and loss tangent values of the substrate characterized and used in the simulation have a certain
tolerance that may cause the discrepancy. We also used constant values for the parameters of the
graphene in the whole frequency band in the simulations; however, they may vary as a function of
frequency in the given range. To show that the antenna is flexible, the performance of the antenna

was monitored under a range of bending radii (BR). Figure 8.7b shows the effect of BR of the
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dipole antenna on the reflection coefficient. Here, a bandwidth (BW; the normalized range of
frequencies with the reflection coefficient below —10 dB) of 35% was achieved at the frequencies

between 2.1 and 3 GHz for BR values up to 2.5 cm.

The measured 3D radiation pattern depicted in Figure 8.7c shows a perfect donut-shaped
pattern as expected. Figures 8.7d and 8.7e display the measured E-plane and H-plane of the antenna
respectively for different bend radius. For different BRs, the H-plane remained omnidirectional
and the E-plane kept the donut-shaped pattern. The measured peak gain at the center frequency is

0.3 dB which indicates the antenna has an acceptable performance.
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Figure 8.7 (a) The simulated and measured reflection coefficient of the dipole antenna, (b) the
measurement results for different values of bend radii (BR), (c) the measured 3D radiation pattern,
(d) the measured E-plane at 2.45 GHz for different BR, (e) the measured H-plane at 2.45 GHz for
the different BR.

8.3.6 Strain Sensor

The GNF-RGO-5-2 composite was tested as a potential material for a strain sensor. Figure
8.8a shows a systematic increase of resistance of a serpentine-shaped GNF-RGO-5-2 coating up
to 40% strain. When the sample was stretched more than 40%, the silicone encapsulation layer
was delaminated from the coating due to the buckling effect. The 3D-printed serpentine shape
allowed the device to measure strain values that exceed the 5% limit of conventional metal strain

gauges,’* as well as ~10% for some graphene-based strain-sensors.?’3% The increased resistance
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upon stretching can be explained by the model of overlapped graphene sheets, where the degree
of overlapping between the graphene sheets dictates the overall resistance.’” With increasing
strain, the GNFs and RGO sheets tend to lose connectivity, resulting in an increase of the contact

resistance between the GNFs and RGO sheets.

The resistance increased irreversibly after the first loading-unloading cycle. And then the
output curve of the sensor became consistent between the second and third loading—unloading
cycles. An earlier study pointed out the fact that some irreversible cracks are generated during the
first loading cycle, which account for increased resistance. But, at the same time, they allowed
structural relief for repeated loading—unloading cycles.’®® Such structural relief resembles the
stretchability of a rigid object as a result of kirigami.?°® Here, we considered the first loading—
unloading cycle as the initialization process for the strain sensor; in other words, we defined that
the sample preparation of the strain sensor was concluded after the first loading—unloading cycle.
Therefore, the performance of the strain sensor was evaluated based on the second and the third

cycles.

The slope reflects the gauge factor, which is the sensitivity of the sensor to strain, given by,

GF = (4AR/Ry)/e  (8.1)
where AR /R, is the relative change in resistance and € = AL/L, is the mechanical strain. The
gauge factors obtained from the loading and releasing steps in the second and third cycles were
shown in Figure 8.8b. Here, we obtained the GF values of ~13 up to 40% strain. The gauge factor
values were higher than those for the conventional metal strain sensor (GF = 2), and close to carbon
nanotube—polymer composite strain sensors (GF between 5 and 22),°!! and sensor utilizing
graphene—polymer composites (GF = 12).3!2 The operating range (strain ~ 40%) of the fabricated

strain sensor is also wider than that for the previously reported graphene based sensors (up to
20 %) 307313314315316
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Figure 8.8 (a) The relative changes in resistance for the loading—unloading cycles versus strain.
Inset: the optical image of the strain sensor. (b) The calculated gauge factor versus strain for the
loading and releasing steps in the second and third cycles.

8.4 Conclusion

In summary, we developed a self-reinforcing nanocomposite of graphene nanoflakes that are
enclosed by self-assembled GO particles. A two-step acid treatment protocol reduced GO into
RGO, enhancing the electrical conductivity of the composite coating. The substrate material was
3D printed porous elastomer prepared by a commercial filament material. The whole process was
conducted at a temperature lower than 120 °C without using any organic solvent. The GNF-RGO
composite coatings were applied on 3D-printed objects to transform the non-functional elastomers
into flexible radio frequency antennae and strain sensors. We foresee that the electrically
conductive GNF-RGO composite coating can be utilized in various applications in flexible

electronics and in wearable biomedical devices.
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Chapter 9 Sponge-Templated Macroporous Graphene Network for

Piezoelectric ZnO Nanogenerator

9.1 Introduction

Emerging technology of ‘Internet of Things (IoT)’, a proposed network evolution that many
living and non-living objects have network connectivity to send and receive data, demands power
sources be included in existing objects.!?? Batteries and solar cells are among possible solutions;
however, presumably, consumers do not wish to see an increase in price for inexpensive
commodity items. Printed radio-frequency identification (RFID) may provide wireless power
transmission at the cost of cents per product.?> When wireless transmission is unavailable to match
the power consumption, an additional power device is required, preferably at the lowest production
cost possible. Energy harvesting by utilizing piezoelectric materials that can convert mechanical
motion to electrical energy is suitable for wearable products, where devices can be charged during
103,104

daily activities.

Originating from seminal contributions by Wang and co-workers,!0%:106:107

arrays of zinc oxide
(ZnO) nanowires have been utilized as promising electricity generators by the piezoelectric effect.
The piezoelectricity stems from the crystalline structures of the nanowires and their self-rectifying
nature at the electrical contact to substrate materials.!?®!19110 Recent studies suggest that ZnO
arrays on graphene provide an attractive option for nanogenerators due to desirable Schottky
barrier properties.!!:112113:114 For 0T applications, remaining challenges include a simple and
inexpensive synthesis of the nanomaterials and the maximization of the ZnO/graphene area per
unit volume for high-density power generation. The former can be achieved by hydrothermal
synthesis of ZnO nanowires, which allows a high density array of ZnO at the maximum processing

temperature of ~90 °C.!'>!1 The latter requires a 3D porous network of graphene with a low-cost

fabrication method.!!7-118:119

Here we present a simple and inexpensive processing to produce a nanogenerator with 3D
structure for enhanced performance and mechanical integrity. A commercially available
polyurethane (PU) sponge was used as a substrate to provide a 3D macroporous network structure

and ideal mechanical properties (structural integrity, modulus, and resilience) for the
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nanogenerator. A graphene coating on the PU sponge was formed by reducing aqueous graphene
oxide into a conductive 3D network. We developed a one-step hydrothermal method that grows
ZnO nanowires on the graphene network. The whole process was performed in aqueous solution
under 95°C with chemicals that are environmentally benign. The pores were then backfilled with
another elastomeric soft material, poly(dimethyl siloxane) (PDMS). The backfilling provided
protection for the nanowires from shedding off during operation. More importantly, the backfilling
caused stress localization to the ZnO arrays under operational conditions, as supported by finite

element analysis of stress distribution, thus it allowed an effective electricity generation.

9.2 Experimental Methods

9.2.1 Nanogenerator Fabrication

Graphene Oxide Dip-Coating. An as-received commercial polyurethane sponge (87035K41,
McMaster-Carr, US) with dimension 3 x 3 x ~0.2 cm was immersed into graphene oxide (GO)
solution (4 mg GO/mL, Graphenea, Spain). Typically, each sample could uptake 1.5 ml GO
solution. Then the sponge was dried in a convection oven for six hours at 80 °C. The mass of
sponge after the drying process was increased from 59.0 + 3.4 mg to 64.3 £ 4.7 mg. The increased

mass can be attributed to coated GO.

Graphene Oxide Reduction. We adopted an established protocol of a vitamin-C based reduction
method.?*!7 The GO coated sponges were reduced using L-ascorbic acid aqueous solution (L-AA,
8 mg/mL, Sigma-Aldrich, US) in an oil bath with a distillation apparatus at 95 °C. After reaction
for 4 h, the sponges were dialyzed in deionized water to remove remaining L-AA. Then the
sponges were dried in a convection oven for six hours at 80 °C. After that, the sponges were
attached to a copper/Kaptone sheet (DuPont, US) using silver paste and cured in a convection oven

for six hours at 80 °C. The reduced GO on PU is denoted as RGO@PU.

Zn0 Nanorod Synthesis. A ZnO precursor solution was first prepared by dissolving zinc nitrate
hexahydrate (80 mM; Sigma-Aldrich, US), hexamethyleneteteramine (HMTA; 25 mM; Sigma-
Aldrich, US), polyethylenimine (PEI; 5 mM; Sigma-Aldrich, US) and ammonia solution (30%,
ACS reagent grade; 5 mL; Sigma-Aldrich, US) in 100 mL deionized (DI) water. The solution was
stirred at room temperature for one hour until it became a clear solution.'*® The one-pot synthesis

of ZnO nanowire was conducted in a 95 °C solution. The RGO@PU was placed on the liquid
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surface and the container was closed for 10 minutes to allow the solution to permeate the entire
sponge sample. Then, the cover was opened to facilitate precipitation of ZnO seeds due to a sudden
vapor pressure drop. A slow agitation of RGO@PU allowed a uniform coating of the ZnO seed on
the surface of the porous material. Subsequently, the sample was submerged in the solution and
the cover was closed again for ZnO nanowire growth.!”” The as-grown sample was rinsed with DI
water and ethanol and dried for further use. The mass of the sponge after the drying process
increased from 64.3 £4.7 mg to 117.2 £16.1 mg. The increased mass can be attributed to ZnO

nanowires.

Nanogenerator Integration. A 20 nm thick Au layer was coated on ZnO@RGO@PU with a gold
sputter unit (Denton, US) for 180 s, followed by attaching another copper/Kaptone sheet. Two
copper alligator clips were clamped to both electrodes to connect the circuit. Finally, a commercial
polydimethylsiloxane-based (PDMS-based) material, Sylgard 184 (Corning, US) was infused into
the sponge in a vacuum chamber at 9 torr and 60 °C for four hours. The final nanogenerator is

shown in Figure 9.1a. The physical appearances after each process step are shown in Figure 9.2.

Figure 9.1 (a) Process of nanogenerator fabrication. (i) Pristine PU sponge. (ii) GO coated on the
internal and external surfaces of the PU sponge. (iii) GO reduced by L-AA (RGO); bottom electrode
attached. (iv) ZnO nanowires grown on the RGO. (v) A thin layer of sputtered Au on the top of the
sample; top electrode attached. (vi) PDMS infused into the pores of the nanogenerator. The insets
in (a) illustrate the microstructure of each step. (b) The photo of a fully assembled nanogenerator.

| zno@ Au/Zno@
LS . . RGO@PU ' RGO@PU RGO@PU

Figure 9.2 Physical appearance after each process step: (From left to right) (i) pristine
polyurethane sponge (PU), (ii) PU coated by graphene oxide (GO@PU), (iii) GO@PU after chemical
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reduction of the graphene oxide (RGO@PU), (iv) RGO@PU after zinc oxide (ZnO) growth
(ZnO@RGO@PU), and (v) after coating 20nm think gold layer with a sputter (Au/ZnO@RGO@PU).

9.2.2 Nanogenerator Characterization

The surface morphologies of samples were investigated by field emission scanning electron
microscopy (FE-SEM, Zeiss Sigma). X-ray diffraction (XRD) patterns were recorded on a Rigaku
RU-200B X-ray diffractometer with a rotating anode X-ray generator using Cu Ko radiation (40
kV, 110 mA). The chemical bonding characteristics among samples were compared by a Fourier
transform infrared (FTIR, Thermo Nicolet 8700) main bench with an attached Continuum FTIR
microscope used in attenuated total reflection (ATR) mode with a Germanium Slide-On ATR
microscope objective. X-ray photoelectron spectroscopy (XPS) was carried out on a Kratos Axis
spectrometer with monochromatized Al Ka.The Cls peak at 284.6 eV was used to calibrate all
XPS spectra. A Renishaw In Via microscope system was used to collect Raman spectra from
samples. A 785 nm high performance diode laser (air cooled) was used as an excitation source.
All Raman spectra were measured with a 20x objective with 60 s integration time. The laser power
at the sample was 16 = 0.5 mW. Ultraviolet photoelectron spectroscopy (UPS) spectra were
obtained using a helium discharge source at 21.2 eV (He I) on the Kratos Axis Ultra spectrometer
with a total instrumental broadening of 0.1 eV. Spectra were referenced to the Fermi level of a
sputter-cleaned Au sample in contact with the sample, and set as 0 eV. The UV-vis absorption
spectra of the ZnO nanowire suspension (0.1 g ZnO in 10 ml DI water) were obtained on a Perkin-

Elmer NIR-UV spectrophotometer.
9.2.3 Piezoelectricity Measurements

Piezoelectricity (open circuit voltage and short circuit current density) was recorded under
periodic flexural stress (0.2 Hz) using a digital source meter (Keithley-2400; background noise
controlled at + 0.5 nA) under ambient conditions. The radius of curvature was about 1 cm during
bending. Sample durability was tested by a bicycle revolving at 30 rpm. Here, 20 spokes in the
rear wheel bend the nanogenerator with a frequency of 10 Hz at a constant force; the output

voltages were recorded.
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9.3 Results and Discussions

9.3.1 Surface Characterization

Figure 9.3 (a), (b) and (c) SEM images of RGO@PU with different magnification. (d), (e) and (f)
SEM images of ZnO@RGO@PU with different magnification. The white arrows indicate the
locations for the zoom-in.

The cross-sections of RGO@PU and ZnO@RGO@PU are given in Figure 9.3. The PU
sponge has an open cell structure with ~500 um pore size. The diameter of the PU fiber is ~150
um. In Figure 9.3b, RGO@PU has a rougher surface compared to pristine PU (Figure 9.4), which
indicates the presence of RGO. Upon immersion of the RGO coated sponge into a L-AA solution
at 95 °C, the color of the sponge was changed from brown to black immediately. A decrease in the
polar functionality on GO has been previously shown to increase the hydrophobicity of RGO.?”
In water-based solution, the altered wettability results in a high affinity of RGO to the hydrophobic
PU template. The magnified images (Figure 9.3c) show a wrinkled surface morphology of the
RGO coating on PU. Figure 9.3d and 9.3e show dense ZnO nanowires which were grown on the
surface of RGO. The areal density of ZnO nanowires on RGO@PU surface is estimated to be 7.1
+ 0.8 x 107/cm? with 10.2 + 1.4 pm length and 855 + 192 nm in diameter, according to image

analysis results (Figure 9.5).
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Figure 9.4 A SEM image of a pristine PU sponge. Initially, the surface appears smooth before
coating with RGO.
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Figure 9.5 (a) A representative SEM image of the surface microstructure of ZnO@RGO@PU. The
number density (b), diameter distribution (c), and length distribution (d) of the grown ZnO were
obtained by analyzing the image in (a).

XRD patterns of PU, GO@PU and RGO@PU, ZnO@RGO@PU are displayed in Figure 9.6a.
GO@PU (2) exhibits a reflection with a peak at 26 = 11.6 degrees, which was not observed in PU
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(1) and RGO@PU (3) patterns. This 13.1° peak is consistent with an interlayer spacing of 0.68 nm
of GO sheets, implying that GO was reduced. Typical results from graphite, a peak at 26 = 25
degrees (correlated to an interlayer spacing of 0.34 nm of graphite),?'® was not observed. The XRD
pattern of ZnO@RGO@PU (4) confirmed that the as-grown ZnO nanowires were crystalline and
all the diffraction peaks can be indexed to ZnO with the hexagonal wurtzite structure (JCPDS No.
75-0576). No typical XRD peaks for graphene were observed, which is due to the relatively low

volumetric content of graphene compared to ZnO nanowires.

Raman spectroscopy was used to determine the structure of GO@PU and RGO@PU. There
are two distinguishable bands in Figure 9.6b. The D-mode (disordered band) is located between
1330 and 1360 cm™'. The G-mode (tangential mode), which corresponds to the stretching mode in
the graphite plane, is located at 1580 cm™'.31%32° The relative intensity of the D-mode and G-mode
depends strongly on the amount of disorder in the graphitic material.>*!¥?232 The intensity ratio
of D and G changed from 1.67 in GO to 1.91 in RGO@PU, which indicates a decrease in the
average size of the sp? domains upon GO reduction.?’”” This phenomenon was previously reported
in GO reduction using a reducing agent.*'”-3327" It is notable that the peaks from PU did not appear

in GO or RGO contained samples because of the screening effect of graphitic materials.**

The FTIR results (Figure 9.6¢c) are also in agreement with the conclusion that the GO was
successfully reduced. The observation is supported by the following peaks: the broad IR adsorption
from 3050 to 3800 cm™! (hydroxyl groups with C-OH vibrations from carboxyl acid), about 1720
cm ! (C=0 stretching vibrations from carbonyl and carboxyl groups), 1400 cm™' (O-H bending
vibrations from hydroxyl groups), and between 1300 and 1350 cm! (C-OH stretching
vibrations).>!7#2°> The absorption of the bands associated to oxygen functional groups is strongly

decreased in the RGO@PU spectrum.

Reduction of GO was further confirmed by XPS. Figure 9.6d shows the C1s XPS spectra of
GO and RGO. Before reduction, three peaks centered at 284.4, 286.7 and 288.1 eV were detected,
where the peaks correspond to C=C/C—C (in aromatic rings), C—O and C=O0, respectively.'**> After
the reduction, the intensities of C—O and C=0 peaks decreased dramatically. The areal ratio of the
Cls peak to that of the Ols peak with a correction by atomic sensitivity factors (0.25 for Cls and
0.66 for Ols), allows an estimation of the atomic ratio in the material. In our experiment, the ratio

of carbon to oxygen was 1.7 for GO and 6.2 for RGO (4 h reduction), which can be described as

150



evidence for highly reduced graphene oxide.**
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Figure 9.6 (a) XRD patterns (inset: close look at the low 26 signals), (b) Raman spectra, (c) FTIR
spectra of pristine PU (1), GO@PU (2), RGO@PU (3) and ZnO@RGO@PU (4). (d) XPS spectra of
GO and RGO.

The resistances of GO@PU and RGO@PU were also measured. Samples with dimension 3 x
3 x ~0.2 cm were sandwiched between two copper electrodes. The resistances of GO@PU and
RGO@PU are 674 + 69 kQ and 26.7 = 3.9 Q, respectively. The notable improvement in
conductivity indicates GO was reduced to RGO and can serve as the carrier collector in the

nanogenerator.
9.3.2 Piezoelectricity Measurements

Figure 9.7a shows the current—voltage (/-V) behavior of the nanogenerator at zero strain. The
asymmetric /-V curve implies rectifying behavior, which stems from the differences in electrical
contact at the ZnO/RGO and the ZnO/Au interfaces. The UPS spectra in Figure 9.7b reveals

valence energy levels of GO, RGO and ZnO nanowires with respect to the source emission line
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(He 1a; 21.2 eV). The valence band maximum and work function of ZnO nanowires were 7.1 eV
and 4.8 eV, respectively. The optical band gap of ZnO nanowires was determined from the UV-
vis spectrum in Figure 9.7c, which the peak was located at 3.2 eV. Then, the conduction band
minimum of ZnO was calculated using the valence band maximum and the band gap, which the
peak was located 3.9 eV. The obtained values for ZnO nanowires are similar to those reported in
literature.*?”*?® The work function of RGO is 4.5 eV probed by UPS, which is larger than the
reported work function of graphene prepared by the chemical vapor deposition method.*?* Kumar
et al. reported that the oxygen-containing functionalities have a decisive influence on the RGO
work function.**® Incorporation of electron withdrawing groups such as hydroxyl, carboxyl and
epoxy in graphene increases the work function and the increment is proportional to the final
oxygen concentration in RGO. In our case, experimental results show that the oxygen
concentration of GO dropped from 37% to 14%, and the work function decreased from 5.9 eV to
4.5 eV. An energy band diagram of the nanogenerator is illustrated in Figure 9.7d. The mismatch
between the work functions of ZnO and Au causes a band bending, which results in an energy
barrier for electrons from Au to ZnO of 1.2 eV (Figure 9.7¢). On the other side of the contact, ZnO
nanowires have an ohmic contact with RGO. When the forward bias is applied, the Fermi level of
Au is lower than that of ZnO. The energy barrier is decreased for electrons to transport from ZnO
nanowires to Au, leading to a forward bias current in the nanogenerator. When the reverse bias is
applied, the Fermi level of Au is raised above that of the ZnO nanowires. The Schottky barrier

blocks the flow of electrons from Au to ZnO causing the observed rectifying behavior.
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Figure 9.7 (a) I-V characteristics of nanogenerator. (b) UPS of GO, RGO and ZnO nanowires. The
onset points of the UPS spectra were extracted using the linear extrapolation method shown in
the figure, which are 15.3 16.7 and 16.4 eV for GO, RGO and ZnO nanowires, respectively. Spectra
were referenced to the Fermi level of a sputter-cleaned Au sample in contact with the samples,
and set as 0 eV. The data indicated that the work functions of GO, RGO and ZnO nanowires are
5.9, 4.5 and 4.8 eV respectively. The valence band edge energy of ZnO nanowires is 2.3 eV and
the valence band maximum can be calculated to be 7.1 eV.3?8 (c) UV-vis spectra of ZnO nanowires.
The optical band gap is determined by the inset of the Tauc plot, which is 3.2 eV. Band diagrams
of Au/ZnO/RGO junction (d) before and (e) after contact formation. The direction of forward bias
is defined as from Au to ZnO nanowires. (f) The band diagram of Au/ZnO/RGO junction with stress.
The ionic charges in ZnO are due to piezoelectric polarization and the charges in RGO and Au are
due to Coulombic interaction.

Figure 9.8a and 9.8c show the open circuit voltage and short circuit current density
measured from the nanogenerator. Upon bending with the frequency of 0.2 Hz, the nanogenerator
yielded an open circuit voltage ranging between 0.25 and 0.41 V and a short circuit current density
ranging between 1.18 and 1.70 pA/cm?. The asymmetricities between bending and releasing in
voltage and current outputs are because releasing happens quicker than bending in our
experiment.*! A switching polarity test (Figure 9.8b and 9.8d) of the nanogenerator was conducted
for forward and reverse connections to confirm that the measured signals originated from the
piezoelectric effect, not as an artifact from the measurement system. The nanogenerator yielded
open circuit voltage ranging between —0.23 and —0.45 V and short circuit current density ranging
between —1.20 and —2.05 pA/cm?. When the nanogenerator was bent, immobile ionic charges were
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created in the ZnO nanowires (Figure 9.8f). The piezoelectric potential will attract and accumulate
countercharges in the Au and RGO adjacent to the ZnQ.!%% 332333 These charges generate the
induced potential in the Au and RGO, resulting in negative peaks in Figure 9.8a and 9.8c. When
the ZnO nanowires are released, the piezoelectric potential will disappear, and accumulated
electrons in Au will flow to RGO through an external circuit because electrons are not able to
surmount the Schottky barrier at the interface of the ZnO nanowires. It is known that the output
behavior of the nanogenerator also depends on the bending and releasing rates because the amount
of accumulated electrons can be related to the lifetime of the piezoelectric potential. However, in
our case, the dielectric relaxation time (3.5 ms for an Au nanoparticle with 50 nm in diameter*>*)
is three orders of magnitude smaller than the manual bending rate (5 s/cycle), thus accumulated

electrons will screen the piezoelectric potential before the external force is released.
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Figure 9.8 Open circuit voltage measured from the nanogenerator by (a) forward and (b) reverse
connections. Short circuit current density measured from the nanogenerator by (c) forward and
(d) reverse connections

The performance of the nanogenerator described in the current chapter can be further
improved by resolving the following challenges. First, the conductivity of RGO is not high, which

reduces the efficiency of charge transport to the current collector. It is notable that, in the case that
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the RGO’s conductivity is not high enough, a similar pattern of output voltage and current with
that of a rectifying device without relation to rectifying effect is possible. In our study, however,
the rectification effect seems to be a real result, as evidenced in Figure 9.7. Second, the protocol
for Au layer coating must be improved to achieve a complete coverage on the other side (i.e., the
opposite side from RGO). Third, the synthesis of ZnO nanowires can further be improved to
achieve ultrahigh-density nanowires with orientation exactly perpendicular to the local sponge
surface. Fourth, a poling process may further improve the performance. Fifth, the sponge we used
had a large fraction of porosities; an optimal pore size and porosity needs to be explored in future

studies.

9.3.3 Durability Test
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Figure 9.9 The output voltages recorded when the rear wheel was revolving at 30 rpm.

Figure 9.10 (a) Cross section of the nanogenerator before the durability test. (b) Cross section of
the nanogenerator after ~3000 cycles. White arrows indicate the locations for the zoom-in. (c)
Zoomed-in image at the PDMS/ZnO nanowires/PU interfaces. White dotted lines show the
boundaries of PDMS/Zn0O and PU/ZnO.
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The durability of the nanogenerator was tested. The output voltages were recorded in Figure
9.9 when the rear wheel was revolving at a speed of 30 rpm. The nanogenerator yielded a minimum
voltage of about —0.06 V and a maximum voltage of about 0.25 V due to bending and releasing,
respectively. The inset in Figure 9.9 shows a single cycle which was about 0.1 s. Because the
radius of curvature produced by bending by the spokes is larger than that of manually produced by
manual bending, the maximum output voltage of the bicycle test was smaller compared to that in
Figure 9.8. After 2800 bending and releasing cycles there was no distinguishable decay in open
circuit voltage. Figure 9.10a and 9.10b show the cross-sections of the nanogenerator before and
after ~3000 cycles of the bicycle test. The SEM images further confirm that the device was not
degraded during operation. Delamination at the interface between hard (ZnO and graphene) and
soft (PU and PDMS) materials was not found (Figure 9.10c¢), suggesting that PDMS prevents the

spallation of ZnO nanorods during repeated reversed bending in the durability test.
9.3.4 Finite Element Analysis of Macroporous Structure

Since the output voltage is closely related to how the ZnO nanowires are deformed with
external force, a finite element method (FEM) simulation was used to estimate how the stress is
distributed in the nanogenerator. We designed a 2D plate model with dimensions of 1.6 mm by 2
mm. The geometry of the nanogenerator cross-section is illustrated in Figure 9.11a. In our devices,
the volume fraction of RGO is relative low, thus we included ZnO nanowires, PU and PDMS in
consideration. The material parameters are given in Table 9.1. To simplify the model, all materials
were considered to be isotropic and uniform. The boundary condition during the bending process
is described in Figure 9.12. In our FEM simulation, we considered the geometry of the
nanogenerator under bending to be that shown in Figure 9.12. The displacement of the plate

boundary was calculated and assigned to boundary elements.
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Equivalent of stress

Figure 9.11 (a) Illustration of the structure of the nanogenerator. The RGO layer is not included
in the FEM model due to its small thickness. (b) FEM simulation for the stress distribution in the
nanogenerator with PDMS and (c) without PDMS.

Figure 9.12 The geometry of nanogenerator under bending for FEM simulation.
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Table 9.1 Material parameters used in the FEM simulation.

Materials®®  Young’s modulus Poisson’s Thickness
ratio
pPU3% 10 MPa 0.50 -
PDMS33¢ 3 MPa 0.50 -
ZnO*’ 30 GPa 0.35 10 pm®°

# All materials are considered isotropic to simplify the model.

® The RGO layer is not included because of its relatively low
content and small thickness.

¢ The layer of ZnO nanowires is considered to be a uniform layer.
The thicknesses were obtained by SEM imaging.
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Figure 9.13 The open circuit voltage of the nanogenerator without PDMS.

Briefly, the displacement of the plate boundary was calculated and assigned to boundary
elements by the bending curvature with the assumption of a pure bending mode. Figure 9.11b and
9.11c shows the simulation results of the nanogenerator with and without PDMS, respectively.
With the presence of PDMS backfilling, Figure 9.11b shows that the equivalent stress of the ZnO
nanowire layer is four orders of magnitude larger than that in PU and PDMS. However, the stress
is not concentrated on ZnO nanowires (Figure 9.11c¢), as supported by the measured open circuit
voltage from the nanogenerator without backfilled PDMS shown in Figure 9.13. Here, the open
circuit voltages (upon release) yielded values ranging from +0.012 to +0.017 V, which are about

20 times smaller than those with backfilled PDMS (cf., Figure 9.8a). The difference indicates that
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the role of PDMS is not only protection for the ZnO nanowires, but also an effective stress

concentrator for the nanogenerator.

9.4 Conclusion

We demonstrated a low temperature processing method to fabricate a ZnO nanowire based
electricity generator with a 3D structure templated on a commodity sponge material. GO was dip-
coated from aqueous solution on the commodity sponge and reduced by L-AA, resulting in the
transformation of a PU sponge into a conductive 3D network. Then, ZnO nanowires were grown
by a one-step hydrothermal method in an aqueous solution below 95 °C. The mechanism of
piezoelectricity and the band structure of our device were discussed over a band diagram that
shows a Schottky contact at the ZnO/Au interface and ohmic contact at the ZnO/RGO interface.
The diagram explained the self-rectification and the output mechanism of the piezoelectric
nanogenerator. The nanogenerator yielded open circuit voltage ranging up to ~0.5 V and short
circuit current density ranging up to ~2 pA/cm?, upon bending every 5 s. In an improvised
durability test, degradation in output voltage was not found after ~3000 bending and releasing
cycles. Finally, finite element analysis of stress distribution showed that the stress is localized to
the ZnO arrays under operating conditions with the presence of PDMS, thus allowing effective
electricity generation. The novel and environmentally benign processing route that produced this

high-performance nanogenerator opens up the possibility for industrial scale production.
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Chapter 10 Criteria for Quick and Consistent Synthesis of
Poly(glycerol sebacate) for Tailored Mechanical Properties

10.1 Introduction

Poly(glycerol sebacate) (PGS) and its derivatives make up an attractive class of biomaterials
for cell scaffolding owing to their tunable mechanical properties with programmable
biodegradability.¥33%340 Furthermore, their soft and stretchable mechanical properties can be
matched with those of the target organs. This can prevent inflammation caused by mechanical
abrasion between implants and tissues, rendering the materials promising candidates for drug
delivery patches and substrates for implantable biosensors. Although PGS is a thermoset polymer,
its prepolymer can be melted at low temperature and dissolved into organic solutions; thus, various

341,342

applications including micropatterned structure by lithography, macroporous scaffolds by

344,345

salt leaching,**® and fibrous structures by electrospinning are possible. Another emerging

area of potential application is a substrate for stretchable electronics with programmed in vivo

dissolution.3*6-347

In practice, the application of PGS is often hampered by frequent inconsistency in reproducing
process conditions. Li et al.>*® pointed out that reported properties of PGS synthesized under
similar conditions have significantly distinctive properties among different research groups. The
major issue that contributes to the inconsistency in PGS synthesis is the volatile nature of glycerol
in a low-pressure and high-temperature environment. A possible cause of the inconsistency can be
subtle variations in synthesis conditions. Glycerol loss alters the chemical constitution of the final
product; thus, it has a pronounced effect on PGS properties as well as the kinetics of PGS
synthesis.**® The subtlety of the synthesis chemistry causes a failure in expecting the property of
PGS by thermal history; therefore, defining a new process parameter that incorporates the glycerol
loss is necessary to achieve consistency. The new indicator can also be applicable to materials that
undergo esterification, which involves mass loss from water condensation and volatile

reactants.33033!

PGS synthesis has conventionally been a time- and energy-intensive procedure. A

conventional two-step procedure incorporates a prepolymerization step that usually takes 24 h in
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an inert gas atmosphere, followed by a curing procedure.**® To reduce the synthesis time, Aydin
et al. suggested that the prepolymerization step can be replaced by cooking for 3 min at 650 W in
a household microwave oven.>*> The simple and inexpensive method by microwave oven has the
potential to simplify the synthesis of PGS; thus, a rigorous comparison to the conventional

prepolymerization can be beneficial.

PGS’s stretchable mechanical properties render it a suitable candidate for cell scaffolds used
in dynamic environments such as cartilage, heart, and lungs.’*>*>*3%> For neat PGS materials,
however, the tunable range of Young’s modulus by varying thermal history is limited to between
0.25 and 1.45 MPa with elongations at break above 100%.%°¢337-*3 These Young’s moduli match
with those of vascular wall (0.3—0.6 MPa), smooth muscle (0.01-1.27 MPa), and knee articular
cartilage (2.1-11.8 MPa);*? thus, applicability is limited to the soft tissues. For example, Young’s
modulus of PGS scaffold is two orders of magnitude lower than that of polycaprolactone scaffold,
which is suitable for bone tissue engineering.****! To further strengthen the mechanical properties
of PGS, additives such as cross-linkers and nanoparticles can be blended into PGS. For example,
Pereira ef al. added hexamethylene diisocyanate into PGS to increase the Young’s modulus from
0.38 to 19.7 MPa.**’ The authors speculated that the increased stiffness stems from the rigidity of
the added cross-linker. Adding nanoparticles into the PGS matrix has also been effective in
tailoring the mechanical properties.*¢>*% Wu et al. mixed amine-terminated fumed silica into neat

poly(glycerol-sebacate-citrate) to increase the tensile strength from 0.9 to 5.3 MPa at 17 wt %.%%

Furthermore, the introduction of fumed silica also weakened the cytotoxicity.3®*

In this study, we propose that a chemical indicator, the degree of esterification (DE) of the
synthesized PGS (the extent of reaction between carboxyl groups in sebacic acid and hydroxyl
groups in glycerol), can be used to determine the physical status and mechanical properties in a
precise and reproducible way. Additionally, we show that the degree of glycerol loss must also be
quantified to calibrate the prediction on the basis of DE. From samples with a wide range of
prepolymerization methods (thermal vs microwave) and curing thermal history (temperature and
time), we demonstrated a linear relation between the Young’s modulus of cured PGS and the DE,
whereas deviations from the linearity can be predicted by the degree of glycerol loss. For further

enhancement of mechanical properties, we studied the effect of adding cross-linking agent, 4,4'-
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methylene diphenyl diisocyanate (MDI), and a commodity class of nanoparticles, fumed silica.

Finally, we studied the effect of DE and the additives on degradation behavior in PBS solution.
10.2 Experimental Methods

Neat PGS by Conventional Method. PGS was synthesized in two steps. First, a 1:1 molar ratio of
glycerol (99%, Sigma-Aldrich) and sebacic acid (SA; 99%, Sigma-Aldrich) were mixed together
at room temperature, and the mixture was placed in a convection oven under nitrogen atmosphere
at 120, 130, or 140 °C for 24 h. The prepolymerization process resulted in waxy or liquid-like
materials when cooled to room temperature. Then, the prepolymers were dissolved in
tetrahydrofuran (THF) to form prepolymer/THF solution (0.5 g/mL in THF), and then it was cast
into the molds made of aluminum foil (length x width = 10 x 10 cm?). The prepolymers were
placed in a vacuum oven, which was then slowly evacuated to ~1 mTorr. The specimens were

cured for 6-66 h at the same temperature as the prepolymerization process.

Neat PGS by Microwave-Assisted Processing. As a time- and energy-efficient alternative,
prepolymerization was performed by using a microwave oven (Panasonic NN-ST642W) in a
chemical hood. The microwave oven was set to provide an output of 600 W to the mixture of
glycerol and SA. Although the time for the prepolymerization process summed up to 30 min, the
microwave oven was vented by opening the door, and the temperature of the mixture was measured
by thermometer every 1 min to prevent overheating of samples and buildup of produced gas. After
completing the microwave step, prepolymers were allowed to cool and dissolved in THF at room
temperature. The solutions were cast into the molds. The specimens were then cured at 130 °C in

a vacuum oven for periods of 6—66 h.

Cross-Linking Agent and Nanoparticle Addition. MDI (Sigma-Aldrich) and AEROSIL 380
hydrophilic fumed silica (FS, EVONIK, Parsippany, NJ) were used as additives to modify the
mechanical property of neat PGS, denoted as PGS-MDI and PGS-FS, respectively. After
prepolymerizing in nitrogen atmosphere at 130 °C for 24 h, the prepolymers were allowed to cool
and dissolved with the additives in a cosolvent, THF. For PGS-FS, FS was added into THF solution,
which was bath sonicated for 2 h to achieve a good dispersion. Then, specimens were cured at
130 °C in vacuum for 24 h. The maximum loading of the additives, MDI (7.8 wt %) and FS (10
wt %), was limited by experimental difficulties during the preparation. Namely, both MDI and FS
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significantly increased the viscosity of the PGS prepolymer solutions. The increased viscosity
caused the generation of trapped bubbles in the prepolymer that could not be effectively removed
in subsequent processes. After curing, the resulting samples had rough surfaces and trapped

bubbles, thus were not suitable for tensile testing.

Molecularly Rigid Cross-Linking Agent. MDI was used as a cross-linking agent that reinforces
Young’s modulus by adding molecules to the PGS matrix at the molecular level due to rigid phenyl
groups. MDI links between hydroxyl groups of a PGS chain using the isocyanate groups. In the
current study, the molar mixing ratios between glycerol/SA/MDI in THF solution are 1:1:0.05 and
1:1:0.1, denoted as MDI 4.1 wt % and MDI 7.8 wt %, respectively.

Lacey Structured Inorganic Nanoparticles. FS was added to the PGS to form a nanocomposite.
FS has a lacey structure with bead-shaped silica nanoparticles, where the diameter of each particle

is about 20 nm. In the current study, 1, 3, 5, and 10 wt % PGS-FS nanocomposites were prepared.

Degree of Esterification in PGS. After the polymerization process is completed, the degree of
esterification (DE) was determined by two methods: (i) by quantifying the remaining carboxyl
groups and (ii) by measuring mass reduction because of water evaporation.>*® The remaining
carboxyl groups were quantified by titration. Here, 0.5 g of specimen was immersed in an ethanol
(25 wt %)/toluene (75 wt %) solution in a 250 mL Erlenmeyer flask. A total of 10 drops of
bromothymol blue solution were added as a pH indicator. The Erlenmeyer flasks were kept sealed
with Parafilm during the titration to prevent the interaction between the specimens and atmospheric
CO2 to form K2COs. In case of high cross-linking density (>76%), complete solvent dissolution
was not possible. In such cases, the specimens were ground to form fine powders to allow a full
swelling for accurate titration. For each sample, complete dissolution or swelling typically took 2
h. A standardized 0.1 mol/L ethanol solution of potassium hydroxide was used to quantify the
remaining carboxyl groups by titration. A color change from yellow to bluish-green indicated the
completion of the titration process. For the insoluble powders, 1 h of stabilization time was allowed
to accurately define the end point. For each sample, at least three titrations were performed. The
degree of the esterification was then calculated by Equation 10.1:3#

DE = (1-Vo)kon/(msatme) (1 1
2/(Msa+Mgng/nsa)
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where V; is the volume of KOH solution used for the specimen titration; Vj, is the volume of KOH
solution used for the blank test; Cxoy is the concentration of KOH solution; subscripts SA and G
denote SA and glycerol, respectively; and m, M, and n denote the masses, the molecular weights,

and the molarities, respectively.

The glycerol loss was quantified as follows. The mixture of glycerol and SA was weighed
before and during PGS synthesis. If all molecules in the esterification reaction are non-volatile,
then the weight difference can be used to determine the DE. However, glycerol is volatile in the
current experimental system; thus, attempts to determine DE without considering weight loss
renders nonphysical values >100% DE. Instead, mass loss can be used to calculate the glycerol

loss using the following Equation 10.2:348

_ 2My3z0 __Am/Myz0
Glycerol loss = Mo (DE (ZmSA/MSA)) (10.2)

where Am is the total weight loss of the mixture during the synthesis and Mu20 is the molecular

weight of water.

Fourier Transform Infrared Spectroscopy. Fourier transform infrared (FTIR) spectroscopy was
used to compare the chemical bonding characteristics among pre- and cured polymers. A Thermo
Nicolet (Madison, WI) 8700 main bench with an attached Continuum FTIR microscope was used

in attenuated total reflection (ATR) mode with a Germanium Slide-On ATR microscope objective.

Tensile Tests. Tensile tests were conducted on an Instron 5943 mechanical tester equipped with a
10 kN load cell. Sample preparation and measurement were performed according to ASTM
standard D 412-98a.” For each sample, three or more polymer strips (25 X 5 mm?, length x width;
0.8—1.2 mm thickness) were prepared. The Young’s modulus of each specimen was calculated by
the linear fitting of stress—strain curves at low strain (<10%). The ultimate tensile strength (UTS)
was the highest stress that each specimen could reach and elongation at break was the strain when

the specimen was completely torn apart.

Degradation Study. For each sample, five polymer strips (5 X 5 mm?, length x width; 0.8—1.2 mm
thickness) were stored in standard phosphate buffer saline (PBS; 1x) at 37 °C for 7, 14, 21, and 28
days. The PBS solutions were refreshed daily. To obtain the exact mass, the degraded polymer

strips were dried in a convection oven at 60 °C overnight, then weighed.
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10.3 Results and Discussions

10.3.1 PGS Prepolymerization in Nitrogen at Different Temperatures

The characteristics of PGS prepolymerized and cured at different times and temperatures in a
nitrogen atmosphere during prepolymerization and curing were compared. The prepolymerization
step was fixed to 24 h, whereas the curing step ranged between 6 and 66 h for each sample. The
prepolymerization and the curing were done at the same temperature for each sample. The DE and
the total mass loss of synthesized PGS are shown in Figure 10.1a and 10.1b. Initially, an intensive
esterification was observed between SA and glycerol, as reflected in the DE, followed by an
apparent slowing down. The drop in reaction rate was caused by the difference in reactivity of
hydroxyl groups in glycerol. The primary hydroxyl groups were more likely prone to react with
carboxyl groups in SA. The primary hydroxyl groups were mostly consumed during the first 24 h
(i.e., prepolymerization step); then, the reaction between carboxyl groups and secondary hydroxyl
groups to cross-link the PGS chains took place. A notable mass loss at the beginning of the curing
step can be observed in Figure 10.1b. This is due to the difference in vapor pressure between the
prepolymerization and the curing steps. The prepolymerization step took place in a nitrogen
atmosphere at 1 atm, whereas curing is done under vacuum at ~1 mTorr. Naturally, unreacted
glycerol molecules are evaporated quickly from the specimens upon the beginning of the curing
step. The calculated glycerol loss in Figure 10.1c increases from 21.86 to 23.26 and 24.32% as
prepolymerization and curing temperature increases from 120 to 130 and 140 °C, respectively, for
the total 90 h of the high temperature processes. As a consequence of glycerol evaporation, the
molar ratios of glycerol to SA were changing during the whole PGS synthesis process. The actual
molar ratios of glycerol to SA decreased from 0.80 to 0.75 when curing temperatures increased

from 120 to 140 °C, respectively.
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Figure 10.1 Time-dependent evolution of (a) DE, (b) mass loss (Am), and (c) glycerol loss of PGS
specimens during thermal treatment. The solid line at 24 h denotes the sample transfer from
prepolymerization in the nitrogen atmosphere to curing in vacuum. For each sample, the same
temperature was used for the prepolymerization and the curing steps.

Establishing relations between esterification, thermal history, and physical status of specimens
can provide a comprehensive insight about how polymerization and cross-linking impact the
physical properties of PGS. At a DE of up to 76%, the specimens can be completely dissolved in
the ethanol/toluene solution, whereas the physical appearance may vary as waxy or fluidlike states.
As shown in Figure 10.2, the specimens were opaque white wax when the DE was lower than
46%. They were hard, crisp, and not sticky at room temperature. When the DE was between 46
and 65%, the specimens were still waxy but soft because they could be deformed by finger

compression; at the same time, they are optically translucent. Between 65 and 76% DE, the
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specimens appear as a translucent liquid with high viscosity at room temperature. Between 76 and
84% DE, the specimens were sticky elastomers: stretchable and adhesive. The specimens can only
partly dissolve in the ethanol/toluene solution. The adhesiveness was caused by the remaining
hydroxyl groups in the PGS. At 84% DE, the specimens were elastomeric but not sticky. They can
easily be removed from the aluminum mold without leaving residues. During titration, the ground
powder swelled in the ethanol/toluene solution without observable dissolution. The observations

365

were in accordance with the prior study”” in which the physical status of polymer experiences a

step-by-step change by increasing the chain length and cross-link density.

The transition of PGS solubility in ethanol/toluene solution at 76% DE indicates the change
in PGS structure. At a DE of under 76%, the complete solubility of PGS suggests that the cross-
link density is so low that the level of cross-linking between polymer chains is not reaching a
continuum that spans a large volume of the sample. Above 76% DE, however, there is a rather
abrupt transition that triggers a heavy level of cross-linking between chains. This phenomenon can
be explained as follows: At the beginning of the PGS synthesis process, the primary hydroxyl
groups (i.e., at the two ends of the carbon backbone) in the glycerol molecules are predominantly
reacting with carboxyl groups. Thus, the formation of linear chains is preferred over branching or
cross-linking in the early stage of esterification. This is due to the fact that the activation energy
for reaction is lower for the primary hydroxyl groups than for the secondary hydroxyl groups in

glycerol. 3

In summary, the physical status map in Figure 10.2 suggests a comprehensive guideline for
thermal treatment for producing the desirable physical status of PGS. For example, when one aims
to produce a robust, non-sticky elastomer, > 84% DE needs to be achieved. Likewise, one can

target 76% < DE < 84% when aiming to produce an elastomeric adhesive based on PGS.
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Figure 10.2 (a) Map that describes the relationship between DE and specimen statuses. Filled
squares in the figure denote the time and temperature values for thermal treatment
(prepolymerization and curing; see Figure 10.1 for explanations) where the measurement of DE
and the observation of physical status were made for each specimen. (b) Representative pictures
of the five physical statuses at room temperature: A, brittle opaque wax; B, soft translucent wax;
C, viscous translucent liquid, D, soft sticky elastomers; E, nonsticky elastomers. The five large
squares with letters on top in (a) represent the thermal treatment conditions for the samples
shown in (b).

10.3.2 PGS Prepolymerization Using Microwave

A quantitative study on the effect of a microwave-induced prepolymerization step was
performed as a function of elapsed time up to 30 min. At every minute, specimens were taken from
the microwave to detect the mass loss and temperature. The frequent intervention also prevented
overheating and reaction gas buildup. The DE values were obtained with a 3 min interval between
data points. At earlier times, up to 6 min, DE values were also obtained every minute. As shown
in Figure 10.3, the microwave can steadily increase the DE with a significantly more rapid pace

than can prepolymerization in a nitrogen atmosphere between 120 and 140 °C. Only 30 min of
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microwave time was required to achieve 52% DE, whereas prepolymerization in nitrogen for 12 h

was required to reach 56% DE.

-=DE
60 - -@— am
—A— Glycerol loss

40

(%)

20

0 10 20 30
Microwave-heating time (min)

Figure 10.3 Evolution of DE, mass loss (Am), and glycerol loss values as prepolymerization time
increases during microwave heating.

Figure 10.3 shows the DE, the mass loss (Am), and the glycerol loss evolutions with
microwave time. In addition to the quick and efficient esterification, the graph reveals extensive
glycerol evaporation. This is due to an intensive energy transfer of the microwaving process.
Spatial inhomogeneity of the energy transfer is another well-known problem of using a microwave
oven. When overheated, boiling was predominantly observed at the center of the oven. The
transient temperature of the mixture measured immediately after the microwave heating process
was up to 170 °C. The calculated value of glycerol loss after 30 min of microwave time was 63%,
which was much higher than the 5-10% value for the samples prepolymerized for 24 h in nitrogen
atmosphere at 1 atm between 120 and 140 °C. In fact, it is even higher than ~20%, which is the
typical value from samples that are thermally prepolymerized and then cured under vacuum for 66
h. The observation of the slope change of the curves in Figure 10.3 indicates that the rate of
esterification decreases far faster than that of the glycerol loss up to 24 min. From 0 to 3 min, the
DE value rapidly increases from 0 to ~30%, whereas the increase slows down significantly from
3 to 30 min, where only 22% increase was obtained over 27 min. The glycerol loss, however, was
nearly a linear function up to ~55% loss at 18 min. Therefore, we chose 3 min as a trade-off

between efficient prepolymerization and violent glycerol loss.
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To investigate whether there is a noticeable difference in chemical bonding between thermal
and microwave-assisted prepolymerization methods, we performed FTIR for a number of samples
with comparable DE values. The results are shown in Figure 10.4. Absorption peaks at specific
wavenumbers represent the relative number of chemical bonds. For example, the stretching mode
of the O—H bond produces a characteristic peak at 3300 cm™!, and peaks at 2930 and 2850 cm™!
can be attributed to alkene groups. Absorptions at 1730 and 1707 cm™' are caused by a C=0
stretching mode. As the DE increases, the intensities of the C=0O-bond-induced peaks increases,
whereas the intensities of peaks from O—H bonds decrease, indicating an increased density of
cross-links. By comparing (4) to (5) and (6) to (7), it can be seem that the specimens prepared by
the two different prepolymerization methods do not show any noticeable difference in FTIR peak
shapes when the values of DE are identical. This observation indicates that the two distinct

prepolymerization methods do not induce a difference in molecular bonding.

Transmittance (A.U.)
=

(7)

4000 3000 2000 1000
Wavenumbers (cm™)

Figure 10.4 FTIR spectra of specimens prepared by different methods: (1) pristine mixture of SA
and glycerol, DE = 0; (2) prepolymerized by 3 min of microwave heating, DE = 27%; (3)
prepolymerized by 6 min of microwave heating, DE = 34%; (4) prepolymerized by 15 min of
microwave heating, DE = 43%; (5) prepolymerized in nitrogen atmosphere for 6 h at 130 °C, DE =
42%; (6) prepolymerized in nitrogen atmosphere for 24 h at 130 °C, DE = 73%; (7) prepolymerized
by 3 min of microwave heating, followed by curing under vacuum for 48 h at 130 °C, DE = 74%.
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Figure 10.5 shows the effect of vacuum curing on the samples prepolymerized by 3 min of
microwave heating. After prepolymerization, the DE was only about 27%, much lower than that
of specimens prepolymerized in a nitrogen atmosphere for 24 h (72% at 130 °C). After curing in
the vacuum oven for 66, the glycerol loss was about 67%, much higher than that for the nitrogen-
prepolymerization counterpart (23% at 130 °C). The glycerol loss also caused a significant
alteration in the chemical constitution of the PGS materials. In other words, the molar ratio of
glycerol to SA was 0.33 after 66 h of curing at 130 °C; this value is even more severely distorted
compared to that of the nitrogen prepolymerization counterpart (0.77, starting molar ratio was 1 in
all cases). The extremely high glycerol loss is caused by the low DE in the prepolymerization
process. The lower DE indicated that a significant amount of glycerol remained unreacted after
microwave prepolymerization, causing severe glycerol evaporation at the beginning of the curing
step under vacuum. Possibly, spatial inhomogeneity of the microwave heating process may have
worsened this problem. A future study at a similar DE value can provide a rigorous comparison

between the two prepolymerization methods.
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Figure 10.5 Evolution of DE, mass loss (Am), and glycerol loss values as curing time increases at
130 °C under vacuum. All specimens were prepolymerized by microwave heating for 3 min. The
values for the as-prepolymerized specimen are plotted at O h. The sudden changes in DE, Am and
glycerol loss are due to microwave heating.

10.3.3 Mechanical Properties of PGS and Its Derivatives

The tensile properties of PGS specimens were tested. Figure 10.6a is the typical tensile test
curve of PGS prepared at 130 °C. The Young’s modulus increased as the total thermal treatment

time increased from 42 to 78 h (from 0.13 £ 0.03 to 1.33 + 0.05 MPa), whereas the elongations at
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break decreased (from 5.53 + 0.18 to 0.76 + 0.13). The same trends were also observed for the
specimens prepared at 120 and 140 °C in Figure 10.7. The obtained values of Young’s moduli,

ultimate tensile strength (UTS), and elongation at break are in quantitative agreement with the

values from other research groups®**-%6 on the basis of thermal history.
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Figure 10.6 (a) Stress—strain curves of PGS specimens prepared with 42, 48, 66, and 78 h total
thermal treatment at 130 °C (prepolymerized for 24 h and then cured for 18, 24, 42, and 54 h,
respectively). (b) Stress—strain curves of PGS, PGS-MDI 7.8 wt %, and PGS-FS 10 wt %. Specimens
were prepolymerized for 24 h and then cured for 24 h at 130 °C
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Figure 10.7 (a) Young’s modulus, (b) UTS, and (c) elongation at break values as plotted against
the total thermal treatment time.

172



Young’s moduli for various processing conditions, including data points from the reference,>*
are plotted against the DE values in Figure 10.8a. Here, we assume that the onset of cross-linking
between chains corresponds to the transition of physical statuses from viscous liquid to sticky
elastomer. This is based on an assumption that the transition happens when the primary hydroxyl
groups of glycerol molecules are depleted and the carboxyl groups in SA start to react with
secondary hydroxyl groups in glycerol to form cross-linking. Therefore, we estimated zero
Young’s modulus at the DE of the transition point. In addition, the ester groups are the only source
of cross-linking bonds in neat PGS; thus, we assumed that the cross-link density is proportional to
the DE. From an entropic spring model for rubbers, the relationship between Young’s modulus

and cross-link density is represented by Equation 10.3:3¢7
n=E/3RT (10.3)

where 7 is the mole of active network chains per unit volume, £ is the Young’s modulus, R is the
universal gas constant, and 7 is the absolute temperature. Because two active network chains are
produced by a cross-link, which is proportional to the DE, the Young’s modulus is proportional to
the DE. The fitting line (dash red) in Figure 10.8a is the linear regression of the data points,
excluding the specimens prepared by microwave heating. The intersection of the fitting line and
the zero Young’s modulus line is 79%, which means that the Young’s modulus converges to 0
when the DE is 79%. The value is in a convincing agreement with the critical DE value of 76%
for physical state transition between viscous liquid and soft elastomer as well as the limit for the

complete solubility in the ethanol/toluene solution for titration.
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Figure 10.8 (a) Young’s moduli and (b) glycerol loss values plotted against the DE values. Data are
obtained from the current study and Li et al.3* The dash red fitting lines are the linear regression,
excluding specimens prepolymerized by microwave heating.
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In addition, the glycerol loss has a pronounced effect on the PGS properties by changing the
molar ratio between glycerol and SA in the polymer chains. In Figure 10.8b, the glycerol losses
from all specimens are in the range of 15-30% when we exclude the specimens prepared by
microwave heating. Glycerol loss increases with increasing DE; consequently, the molar ratio of
glycerol to SA decreases. Because the molecular rigidity of the two molecules are different, the
lower molar ratio of glycerol to SA results in a more rigid PGS.*%3% Therefore, the Young’s
modulus will appear higher than the model prediction if the glycerol loss is more severe. If we
consider that the higher DE usually accompanies a higher level of glycerol loss then one can
confirm that the slope in the linear regression is inevitably overestimated. In other words, the
intercept at the zero Young’s modulus of the fitting line would be less than 79% if the line was not

distorted by the additional glycerol loss.

The large deviation of the Young’s moduli values of microwave-assisted prepolymerization
specimens can also be understood on the basis of the same logic. The molar ratios of glycerol to
SA are very different between specimens prepolymerized in a nitrogen oven (Figure 10.1) and by
microwave heating (Figure 10.5), roughly around 0.8 and 0.4, respectively. This explains the large
deviation of Young’s modulus for microwaved specimens to higher values. In addition, it also can
explain the left shift of the physical state transition boundary between viscous liquid and the soft
elastomers. For example, the DE value of the PGS specimen with 3 min prepolymerization in
microwave followed by curing at 130 °C for 24h was 74%, and the Young’s modulus was 0.29 +
0.10 MPa. According to Figure 10.2, viscous liquid is expected instead of the observed soft
elastomer. Therefore, the effect of glycerol loss in determining the boundaries between the
physical states needs to be considered. To minimize the effect of the glycerol loss, polyol with a
higher molecular weight may be considered for the synthesis of poly(polyol sebacate)

polymers 3370

The effects of molecularly rigid cross-linking agents on the Young’s moduli are shown in
Figures 10.6b and Figure 10.9. The graphs clearly show that the Young’s modulus increases with
the addition of MDI (from 0.34 £ 0.04 to 1.62 + 0.09 MPa with increasing MDI content from 0 to
7.8 wt %). The elongation at break also slightly improves (from 2.44 + 0.17 to 2.70 £+ 0.25). The
improvement is in agreement with earlier studies of PGS derivatives with additional cross-linking

agents with molecular rigidity.>”"*7? It must be noted that the amount of MDI must be moderate
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because an excessive amount of MDI makes the material nonelastomeric. In addition, some of the

earlier studies report the cytotoxicity of MDI molecules.’”?

The addition of FS also significantly improves the ultimate tensile strength and the Young’s
modulus of PGS-FS nanocomposite compared to those of neat PGS with the same synthesis
conditions. (Young’s moduli and UTS values increase from 0.34 + 0.04 to 1.67 + 0.12 MPa and
from 0.25 £ 0.03 to 1.75 £ 0.13 MPa, respectively, as the FS content increases from 0 to 10 wt %.)
However, the elongation at break was slightly compromised (from 2.44 +0.17 to 1.73 £ 0.13). A
possible explanation of the reduced elongation at the break is that the hard FS particles act as crack
initiators and concentrators in the soft PGS matrix. It can also be hypothesized that improved
adhesion between FS and PGS may alleviate the problem. Further studies, including the
compatibility between FS and PGS and the network/aggregation structures of FS, can lead to

further optimization of the mechanical properties of the PGS-FS composites.
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Figure 10.9 (a) Young’s moduli, (b) UTS, and (c) elongation at break plotted against weight
percents of MDI and FS loaded in the PGS matrix.
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10.3.4 Degradation Study of PGS and Its Derivatives

The degradation of PGS and its derivatives in PBS solution was studied. Figure 10.10a
shows the mass evolution of PGS samples stored in PBS at 37 °C. The dotted line in Figure 10.10
means the samples were degraded into viscous liquid; thus, we were unable to collect and weigh
them. For neat PGS (48 h, 130 °C; DE = 86%), the mass loss after 14 days was 18.76 + 1.72%,
and the sample became viscous liquid after 17 days. As the curing time increased to 66, 78, and
90 h (i.e., DE increases to 89, 90, and 92%, respectively), the mass loss after 28 days decreased to
16.93 £ 1.48, 14.67 £ 2.90, and 13.21 + 1.93%, respectively. With the increase of the DE, the
degradation rate decreased because a greater number of ester bonds needed to be broken during
degradation via a surface erosion mechanism.*® Figure 10.10b describes the mass loss of PGS
derivatives during the degradation process. All samples in Figure 10.10b were cured for 48 h at
130 °C. The graph shows that the degradation rate decreases with the addition of MDI. For PGS-
MDI 4.1 wt %, the mass loss after 21 days was 23.34 + 4.12%, and the sample became totally
viscous liquid after 24 days. For PGS-MDI 7.8 wt %, the mass loss after 28 days was 18.96 +
2.48%. Note that the degradation rate is much slower than that of neat PGS at the same curing time
(viscous liquid after 17 days). This can be attributed to increased cross-linking density because of
the cross-linking agent, MDI. The addition of FS nanopaticles is also effective in decreasing the
degradation rate (27.68 = 2.08% for PGS-FS 5 wt % and 10.23 + 1.67% for PGS-FS 10 wt %).
This may be due to the increased strand density caused by the esterification of FS nanoparticles

within the PGS networks.>¢
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Figure 10.10 Degradation of PGS and its derivatives as quantified by mass loss vs storing time in
1x PBS. (a) Neat PGS samples prepared with 48, 66, 78, and 90 h of total thermal treatment times
at 130 °C (prepolymerized for 24 h and then cured for 24, 42, 54, and 66 h, respectively; compare
with Figure 10.1 to facilitate understanding). (b) The derivatives of PGS, namely PGS-FS 5 wt %,
PGS-FS 10 wt %, PGS-MDI 4.1 wt %, and PGS-MDI 7.8 wt %. Specimens were prepolymerized for
24 h and then cured for 24 h at 130 °C.
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10.4 Conclusion

The degree of esterification (DE) is shown to be effective in quantitatively predicting the
physical state and Young’s moduli and degradation of PGS. Loss of volatile monomers during
esterification, glycerol in PGS’s case, is shown to cause a deviation from the prediction based on
the DE. In short, one can precisely tailor the mechanical properties and degradation of PGS by an
experimentally obtainable chemical property, the DE, whereas a more precise prediction can be
achieved by a further deconvolution of quantifying the glycerol/SA ratio. This strategy can also be
applied to different categories of polymers that involve condensation polymerization with the

volatility of the reactants.

To achieve consistency in properties for the quick synthesis method of microwave-assisted
prepolymerization, the effect of microwave time was also studied in terms of the DE. The
microwave method is shown to be effective to achieve a high degree of DE in a short time (for less
than 30 min), suggesting that it can provide a time- and energy-conserving synthesis pathway
compared to a conventional prepolymerization method in a nitrogen oven (for hours to days). For
example, 15 min of microwave treatment provided the same value of DE as 6 h in a nitrogen
atmosphere at 130 °C. The FTIR study showed that there is no noticeable difference between the
methods in terms of chemical bonds. However, intensive glycerol evaporation caused a severe

distortion in the ratio of glycerol to SA, which results in a stiffer PGS when cured.

The addition of cross-linking agents with rigid molecular structure, such as MDI, can result
in a significant increase in the Young’s modulus without compromising the stretchability. This
indicates that cross-linking agents with various molecular structures can provide an efficient
pathway to tailor the properties of PGS derivatives for various applications to which neat PGS
cannot be applied. Nanoparticles, fumed silica in this study, were also shown to be effective in
enhancing the Young’s modulus and UTS. Further studies on optimizing the additives may open
up the possibility of PGS-derived materials to wide applications. Both cross-linking agents and
nanoparticles can significant decrease the degradation rate by increasing strand density in PGS

networks.
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Chapter 11 Summary and Future Work

11.1 Summary

In Chapter 4, a network of globule structures in the charge-balanced poly(NaSS-co-MPTC)
polyampholyte hydrogels is discovered by SAXS and visualized by SEM techniques. Highly
hydrated globules with a radius of gyration of 2 ~ 2.5 nm formed a networked structure in the
charge-balanced polyampholyte hydrogels, whereas the size and the clustering are dependent on
synthesis parameters. The globular network structure results in an increase in amorphous water at
—30 °C, as supported by WAXS results. Based on variable-temperature SAXS, WAXS, SEM,
STEM and solid-state NMR results, it was proposed that these highly hydrated networked globules
formed percolated polymer-rich domains while sub-micron, slush-like ice crystals formed from
water-rich domains, resulting in ion-conducting channels that are rich in amorphous water
molecules at low temperatures. In Chapter 5, through quantitative DSC analysis, we propose a
differentiation of the water states in the polyampholyte hydrogel into four categories and quantify
the ice formation in polyampholyte hydrogel at sub-zero temperature. Different synthesis
conditions may change the ice amount in the polyampholyte hydrogel. Finally, in Chapter 6, based
on the qualitative understanding of enhanced ionic conductivity of polyampholyte hydrogel, a

supercapacitor made of polyampholyte was fabricated.

In Chapters 6 to 9, we developed several devices which can be utilized in various
applications in flexible electronics and in wearable biomedical devices. In Chapter 6, a flexible
smart window is made by a polyampholyte hydrogel showing 80% in transmittance contrast from
opalescence (at a low temperature) to transparency (at a high temperature), which could undergo
a large deformation (up to 80% strain). By printing a stretchable elastic heater layer onto the
hydrogel film, we demonstrated a pixelated array of actively tunable smart windows. In Chapter
7, a supercapacitor with flexibility, self-healing properties and a high energy density that works at
low temperature was fabricated with a combination of BC-RGO electrodes and a polyampholyte
hydrogel showing a high energy density of 30 Wh/kg, and a capacitance retention of ~90% after
5000 charge—discharge cycles. At low temperature (—30 °C), the SC-PA had an energy density of
10.5 Wh/kg at a power density of 500 W/kg. In Chapter 8, we suggested a self-reinforcing

nanocomposite of graphene nanoflakes that are enclosed by self-assembled GO particles. A two-
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step acid treatment protocol reduced GO into RGO, enhancing the electrical conductivity of the
composite coating. The substrate material was 3D printed porous elastomers prepared by a
commercial filament material. The GNF-RGO composite coatings were applied on 3D-printed
objects to transform the non-functional elastomers into flexible radio frequency antennae and
strain sensors. In Chapter 9, the fabricated nanogenerator yielded open circuit voltage ranging up
to ~0.5 V and short circuit current density ranging up to ~2 pA/cm?, upon bending every 5 s. In an
improvised durability test, degradation in output voltage was not found after ~3000 bending and
releasing cycles. Moreover, in Chapter 10, a promising biocompatible elastomer for biomedical
applications, PGS, was investigated. The mechanical properties and degradation of PGS can be
precisely tailored by an experimentally obtainable chemical property, the DE, whereas a more
precise prediction can be achieved by a further deconvolution of quantifying the glycerol/SA ratio.
To achieve consistency in properties for the quick synthesis method of microwave-assisted
prepolymerization, the effect of microwave time was also studied in terms of the DE. The
microwave method is shown to be effective to achieve a high degree of DE in a short time (for less
than 30 min), suggesting that it can provide a time- and energy-conserving synthesis pathway
compared to a conventional prepolymerization method in a nitrogen oven (for hours to days).
However, intensive glycerol evaporation caused a severe distortion in the ratio of glycerol to SA,
which results in a stiffer PGS when cured. The addition of cross-linking agents with rigid
molecular structure, such as MDI, can result in a significant increase in the Young’s modulus
without compromising the stretchability. Nanoparticles, fumed silica, were also shown to be

effective in enhancing the Young’s modulus and UTS.
11.2 Future Work

The findings of Chapters 4 and 5 shed light on the development of high conductivity gel
electrolytes for application as energy storage devices operating at low temperature, because the
ionic conductivity of the hydrogel electrolyte layer dominates the series resistance of the

electrochemical storage device, and further affects the power density of the device, following the

2

. . U . ) . )
relationship:*"* Py, = e where P, 1S the maximum power density, M is the total mass of

active materials in the device, U is the cell voltage, and R is the equivalent series resistance of the

device. At low temperature, the resistance increases sharply when the electrolyte freezes, leading
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to a compromised electrolytic performance. However, in polyampholyte hydrogel based
electrolytes, the water states and ice morphology are changed due to the existence of globular
structure self-assembled by polyampholyte chains, leading to an increased ionic conductivity.!>*
When temperature decreases, the frozen hydrogel has two bi-continues domains, i.e., an ice-
domain and a polymer-rich domain, as evidenced by SEM image. Thus, the ionic conductivity of
the frozen hydrogel is contributed to by Na* and CI in the three well-defined regions, which are
the ice domain, the polymer-rich domain, and the interface between the ice and polymer-rich
domains. It is reasonable to speculate that those Na™ and CI™ have different mobilities in the three
regions. Our previous solid-state NMR results (Figure 4.12 and 4.13) showed the presence of two
distinct feature types in the 2H spectra with both the Pake pattern and the sharp peak at —49 °C
suggesting at least two distinctive statuses for the water molecules with different mobilities in the
frozen hydrogel. More variable-temperature solid-state >*Na NMR results have to be acquired to
get the relationship between the mobility of >*Na ions and temperature in the polyampholyte
hydrogel. The information will be further used to connect the concepts of the ice amount, water
states, and ionic conductivity in a quantitative manner. This future work will provide guidance for

designing the ionic conductive hydrogel as the gel electrolyte in energy storage devices.
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Figure 11.1 lllustration of a conceptual device using the materials and devices developed in this
dissertation.

The similarity among devices and materials developed in Chapters 6 to 10 is that all of
them are intrinsically flexible, which shows the possibility of integrating them into one device. For
example, as shown in Figure 11.1, we propose a conceptual device with a multilayer architecture.
Since the conceived device is for wearable application, a biocompatible adhesive layer made of
PGS elastomer can be applied. The second layer is a nanogenerator, which can harvest energy by

converting mechanical motion to electrical energy. Then the electrical energy generated will be
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stored in the third layer, which is a solid-state supercapacitor. The excessive energy can also be
output to the external device via a cable. On the top of the device, a multi-pixelated smart window
is employed as a simple controlled display. The antenna fabricated by inject-printing techniques
provides wireless data transmission, while the stain sensor can monitor the strain level of the device
to prevent mechanical failure caused by excessive deformation. We foresee that such a device
configuration can be utilized in various applications in flexible electronics and in wearable

biomedical devices.
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Appendices

Al. Hydrogel Structures of Sample Dialyzed in DIW and KOH

Polyampholyte Hydrogel Synthesis. The protocol of polyampholyte synthesis was described in
Chapter 4. Briefly, 1 M sodium 4-vinylbenzenesulfonate (NaSS) and 1 M [3-
(methacryloylamino)propyl] trimethylammonium chloride (MPTC) with IRGACURE 2959
(photoinitiator, 0.25 mol%, compared to the total concentration of NaSS and MPTC) and NaCl
were dissolved in deionized water to form the precursor solution. In the precursor solution, NaCl
is 10 wt% (sodium and chloride ions contained in NaSS and MPTC were accounted for). The
aqueous precursor solution was injected into the gap between two glass plates separated by a 1
mm thick Teflon spacer, followed by polymerization initiated by irradiating the sample with UV
light with a lamp-to-sample distance of 5 mm (broadband light with a maximum peak at 365 nm
with the intensity of 22 mW/cm?, Jelight UVO-Cleaner Model-342, US). The samples prepared
are listed in Table 6.1. Hereafter, we denote the samples using the code PA-#-c, where the # is the
NaCl concentration (wt%) in the polyampholyte hydrogel and c is the total monomer concentration

(M).

Table A1 List of samples

Sample NaSS conc. MPTC conc. NaCl conc. UV time | Further treatment
PA-10-2.1 1.07M 1.03 M 10 wt% 8h -

D-PA-10-2.1 1.07M 1.03M 10 wt% 8h Dialyzed in DIW
K-PA-10-2.1 1.07M 1.03 M 10 wt% 8h Dialyzed in 6 M KOH

a. In all cases, 0.25 mol% photoinitiator (compared to the combined concentration of NaSS and MPTC)
was added in the precursor solution.

b. PA-10-2.1 samples were dialyzed in DIW and 6 M KOH for one week to prepare D-PA-10-2.1 and K-
PA-10-2.1, respectively.

Freeze-Died Hydrogel Characterizations. Polyampholyte hydrogel sample was freeze-dried
before SEM characterization. For D-PA-10-2.1 and K-PA-10-2.1, the samples were only quenched
in liquid nitrogen, followed by freeze-drying. A ~10 nm thick Au—Pd layer was coated on the
freeze-dried samples using a gold sputter unit (Denton; US). An FE-SEM (Zeiss, Sigma) was
utilized for the morphological study.
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We investigated the impacts of different dialysis solutions for post-treatments on the structures
of polyampholyte hydrogel. Figure A1 shows the SEM images of DIW dialyzed hydrogel of D-
PA-10-2.1. The morphology of D-PA-10-2.1 turns into a macroscopic cellular structure of
polymeric networks with pore size of ~ 20 um after dialysis. The SEM result suggests that salt
ions are essential to screen charges of the polymer chains and thereby prevent electrostatic
attraction between the polymer chains. DIW dialysis leaches out the salt ions and as a result highly
charged polymer chains with opposite charges collapse together in an irreversible way.! In other
words, the polyampholyte chains are ‘zipped’ and the water and the polyampholyte phase separate
in the hydrogel, resulting in the macroscopic structure in Figure A1.? According to the mechanism,
one can hypothesize that dialysis in a high ionic strength neutral salt solution may prevent the
‘zipping’ of the collapsed chains. Moreover, the structure change of dialyzed polyampholyte
hydrogel in DIW can also support our finding in Chapter 5 that the DIW dialyzed hydrogels cannot
prevent freezing of water molecules due to the irreversible collapse of the polyampholyte chains,

resulting in most water molecules behaving as they do in the bulk.

Figure Al. The SEM image of (A) freeze-dried D-PA-10-2.1 and (C) freeze-dried K-PA-10-2.1. (B)
and (D) are the zoomed-in images of (A) and (C).

In a parallel study, we used KOH as the solution for dialyzing as-prepared hydrogel as gel
electrolyte in the electrochemical storage device.? The result of quenched and freeze-dried K-PA-
10-2.1 was shown in Figure A1C and A1D. A homogeneous distribution of fine nanostructures is

found in the freeze-dried K-PA-10-2.1. The macroscopic cellular structure shown in Figure Al is
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not observed when the polyampholyte is dialyzed in a 6 M KOH solution, possibly indicating ion
exchange behavior without ‘zipping’. Moreover, the trimethylammonium groups in the
polyampholyte chains may associate with hydroxide groups in the base environment.*> If this
happens, the polyampholyte chain is no longer charge-balanced and net charge on the chain
becomes negative. The effect of hydroxyl ion association may result in a fundamental structure

and property change of the polymer chains, which requires future studies.
A2. SAXS/WAXS Results of Polyampholyte Hydrogel

Small Angle X-Ray Scattering Characterization. SAXS samples were made by irradiating
beeswax sealed glass capillaries (Charles Supper, US) containing a precursor solution with UV as
shown in Table A2. The shaded samples were not measured due to limited beam time. The SAXS
experiments were performed with the beamline 12-ID-B of the Advanced Photon Source at the
Argonne National Laboratory in the US. The 14 keV X-ray beam was exposed to the 1.5 mm
diameter capillary sample with an exposure time of typically 0.1 s. Scattered X-ray photons were
measured with a Pilatus 2M (Dectris Ltd.) detector located about 2 m downstream of the sample.
Ten images per sample were collected and averaged to confirm that no beam damage had occurred
and to increase counting statistics. Background scattering from a capillary containing water was
subtracted from sample data. Ten images per sample were collected and averaged to confirm that
no beam damage had occurred and to increase counting statistics. Background scattering from a
capillary containing water was subtracted from the sample data. In the temperature-dependent
SAXS/WAXS measurements, the following thermal history was programmed: (i) held at 5 °C for
10 min, (ii) cooled from +5 to —40 °C at a rate of 10 °C/min, (iii) held at —40 °C for 10 min, (iv)
heated up to 70 °C at a rate of 10 °C/min.
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Table A2 Samples prepared for SAXS/WAXS measurement.

# Sample Name NasSS MPTC [DMAEA-Q| NaCl | MBAA | Dialysis | T-Range Comments
(mL) | (mL) C)
1 NaCl Solution - - - 0.87 - - —40/70 |Control Solution
2 PNM Control 2.29 4.2 - 0.29 - - —40/70
4 PNM/1:1/2.0 2.29 4.2 - 0.58 - - —40/70
3 PNM/1:1/1.0 2.29 4.2 - 0 - - —40/70 |Poly(NaSS-co-MPTC)
6 PNM/1:1/1.5 2.29 4.2 - 0.29 - - —40/70 |Salt concentration
7 PNM/.5:.5/2.0 1.145 2.1 - 0.87 - - —40/70_|Poly(NaSS-co-MPTC)
8 PNM/.75:.75/2.0 1.7175 3.15 - 0.725 - - —40/70 |Polymer concentration
9 PND/1:1/2.0 2.29 - 2.14 0.58 - - —40/70
10 PND/1:1/1.0 2.29 - 2.14 0 - - —40/70 [Poly(NaSS-co-DMAEA-Q)
11 PND/1:1/1.5 2.29 - 2.14 0.29 - - —40/70 |Salt concentration
12 PND/.5:.5/2.0 1.145 - 1.07 0.87 - - —40/70_|poly(NaSS-co-DMAEA-Q)
13 PND/.75:..75/2.0 1.7175 - 1.605 0.725 - - —40/70 Polymer concentration
14 PNMD/.8:2 2.29 3.36 0428 | 0.29 - - —40/70
15 PNMD/.6-.4 2.29 2.52 0.856 0.29 - - —40/70_ Poly(NaSS-co-MPTC-
RN /AW DMAEA-Q)
17 PNMD/.2:.8 2.29 0.84 1.712 0.29 - - —40/70
18 PNM/1:1/1.5-1C 2.29 4.2 - 0.29 | 0.0306 - —40/70
19 PNM/1:1/1.5-.5C 2.29 4.2 - 0.29 | 0.0153 - —40/70 |Poly(NaSS-co-MPTC)
20 | PNM/1:1/1.5-3C 2.29 4.2 - 0.29 | 0.0092 - —40/70 |Cross-linker concentration
. I .&'
i , ,,: Poly(NaSS-co-DMAEA-Q)
_ % Vi Cross-linker concentration
1 7 Chemically crosslinked
1 s % : %polymer with KOH dialysis
26 PNM/1:1/1.5 2.29 4.2 - 0.29 - KOH 6M | —40/20 |Polymer with KOH dialysis
,f%’/ W/fw Sample 27 dissolved.
28 PNM/1:1/1.5 2.29 4.2 - 0.29 -
W % i S Polymer with DIW dialysis
30 |KOH solution (6M) ‘ Control Solution
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