UNIVERSITY OF OKLAHOMA

GRADUATE COLLEGE

NANO INTEGRATED LITHIUM POLYMER ELECTROLYTES BASED ON

ANODIC ALUMINUM OXIDE (AAO) TEMPLATES

A DISSERTATION
SUBMITTED TO THE GRADUATE FACULTY
in partial fulfillment of the requirements for the
Degree of

DOCTOR OF PHILOSOPHY

By

ROSHAN S.P. BOKALAWELA
Norman, Oklahoma
2012



NANO INTEGRATED LITHIUM POLYMER ELECTROLYTES BASED ON
ANODIC ALUMINUM OXIDE (AAO) TEMPLATES

A DISSERTATION APPROVED FOR THE
HOMER L. DODGE DEPARTMENT OF PHYSICS AND ASTRONOMY

BY

Dr. Matthew Johnson, Chair

Dr. Gregory Parker

Dr. Michael Santos

Dr. Sheena Murphy

Dr. Daniel Glatzhofer



© Copyright by ROSHAN S. P. BOKALAWELA 2012
All Rights Reserved.



Acknowledgements

First, I wish to express my sincere honor and deep appreciation to my
advisor, Professor Matthew B. Johnson, who has been so generous with his time
and commitment to my success. I have greatly benefitted from his unconditional
and exceptional support, which was an invaluable combination of teaching,
supervision, leadership and expertise in both research and private life. His
support and help were most valuable during both my exam periods and whenever
I had to overcome difficulties in life.

My research would have been far behind if it was not for the support from
my lab partner Jeremy Jernigan; his skills in the machine shop provided me with
outstanding progress throughout this research work. So I express my greatest
possible thanks to him.

I would also like to thank my graduate committee members; Prof. Gregory
Parker, Prof. Sheena Murphy, Prof. Michael Santos, and Prof. Daniel Glatzhofer
for their mentoring and support throughout graduate evaluations and the thesis
work.

I also express gratitude and thanks to Professor Roger Frech and his
students Dr. Matt Petrowsky and Allison Fleshman; they supported my research
and provided a glovebox and lab space for my work in addition to discussions
throughout the research, leading me to a successful end. Special thanks go to

Professor Frech for his help with my research data especially IR and Raman

v



spectra and for discussions for manuscript preparation which was a great learning
stage.

I also greatly appreciate and thank to Dr. Brian Grady for x-ray studies
and spending time with us to evaluate x-ray data for manuscript preparation.

I also greatly acknowledge and thank Dr. Preston Larson and Dr. Joel
Keay, whose expertise in scanning electron microscopy and technological
applications, gave me immense help and advice related to SEM and laboratory
work. Also their careful guidance in experimental methods gave me exceptional
knowledge about laboratory work. Also their corrections and comments on my
thesis were invaluable and led to the best possible outcome.

I am sincerely thankful to all my research group colleagues, Kevin Hobbs,
Justin Lawyer, Dr. Mark Curtis, Chris Crowe, and all the other members who
throughout this research gave me a great help and made it a priority in the lab.

All the faculty and staff members of the Department of Physics and
Astronomy, the staff of the OU Graduate College and the International Student
Services are gratefully acknowledged for helping in numerous ways throughout

my graduate studies.



Table of Contents

ACKNOWICAZEMENLS......ccuiiiiiiiiieiieeieecie ettt ettt et ebe et eebaesaeeesbeessneensaens v
LSt OF TADIES ..ottt sttt x1
LISt Of FIGUIES ...utiieiiieeeiie ettt e et e et e e e aae e ensaeesnbeeenns xil
ADSITACT. .ottt eeean XiX
Chapter 1: Introduction to Electrochemical Materials...........c.ccoverviniinieicnienennene 1

L1 INtrOdUCHON. c..ceeiiieiieriteicecct et 1

1.2 Electrochemical materials and applications............ccccceeeruvernnennen. 2

1.3 Polymer electrolytes ........ccceeruieeiieniieiieeie et 6

1.4 Properties of PEO polymer and PEO:LiTf(X:1) electrolytes....... 8

1.5 Anodized aluminum oxide (AAO) and applications.................. 14

1.5.1 Introduction to AAO template fabrication................... 16

1.5.2 AAO pore growth mechanism..........cccccevvireiienieeneenen. 18

1.6 Introduction to next Chapters .........cccoevierieriiienienieeieeie e 20

1.7 Introduction to appendiCes..........cceeveervreriierieeniieeieeiee e 21
Chapter 2: Introduction to Materials Characteristic Properties ...........cccceecevvueneennene 23

2.1 INErOAUCHION. ...ttt st 23

2.2 Molecular vibrations and vibrational spectra .............cccccueeunennee. 23

2.3 X-ray scattering and materials physical properties..................... 26

2.3.1 Estimation of crystal Size............cooviiiiiiiiiiniiinn.n 27

2.3.2 Determination of degree of crystallinity..................... 28

2.3.3 PEO crystal structure and fiber patterns...................... 29

Vi



2.4 lonic transport in Materials .........cceceereiierieniiienie e 30
2.4.1 Arrhenius equation.. ..........ooeviiiiiiiiiiiiiii et 31
2.4.2 Vogel-Tamman-Fulcher (VTF) equation..................... 32
2.4.3 Williams-Landel-Ferry (WLF) equation ..................... 32
2.5 Scanning electron microscopy (SEM) ......cccccvevieviiiiniinieenneenne, 33
Chapter 3: Experimental Details...........ccocieviieiiiiiiiiiieiecieeee et 36

3.1 TNrOAUCHION. c..couiiiieiieieeiteeee e 36
3.2 Fabrication of AAO templates..........cccceeevienireiienieciieeieeeene 37
3.2.1 Annealing of AAO templates...........c..covveviieininin... 41

3.2.2 Transferring annealed AAO into the inert atmospheric
ElOVe DOX. e 41
3.3 Coating of SiO; layers onto AAO pore walls...........ccceeevrennennne. 42
3.4 PEO polymer and PEO:LiTf(X:1)x=1030 bulk films fabrication.44
3.5 Vacuum-pulling of polymers into AAO pOres .........ccceevvervenueene 45
3.6 Removal of excess polymer from top and bottom of AAO........ 47

Chapter 4: Characterization of PEO and PEO:LiTf- Polymer Materials Filled

AAOD e 48
4.1 INtrOAUCHION. ....eiiiiiiiieeieeiteitee et 48
4.2 Scanning electron microscopy (SEM).....cccccoovvviniininiinicncnnne. 48
4.3 FTIR SPECLIA ceueeiieiiieeiiieeeee ettt 50
4.4 FT-Raman SPECIIa......cccceeeruieiniiiriiieiiiieeiieeeiiee et 52
4.5 WAXS diffractograms .......cccceceeeereenienieneenieeienecseeeeseeeeeeees 54

vii



4.6 AC-impedance spectra and conductivity... .......ccceceerierrrennenne. 57

4.6.1 Determination of ionic conductivity in nano-pores.........62

Chapter 5: Results and DiSCUSSION ........cceieiieriiiiiienieeiierie ettt sve e 64
5.1 TNrOAUCHON. c..couiiiiiiiieieciieieeceeeee e 64
5.2 AC-impedance and ionic conductivity .........ccceeceeevrierieerieennnennn. 66

5.2.1 Nyquist plots for AC-impedances for the bulk

PEO:LiTf(10:1) polymer electrolyte and confined systems

........................................................................ 67
5.2.2 lonic conductivities of bulk PEO:LiTf(10:1) polymer
electrolyte and confined systems ..................ccooviiinenin. 70
5.2.3 Conductance (30 °C) per Pore vs. Pore Diameter........... 73
5.3 Analysis of FTIR and Raman spectra...........cccceevveeciienieenenne. 75
5.4 WAXS patterns and structural analysis ..........cccceevueevieriiennnnne. 89
5.5 Summary and Conclusions ..........cccceeeevuerieneerieneeneenieneenneenns 101
BiblioZraphy . . .. .oooeeieiieeeee e 105

Appendix 1: Complementary tables and figures for FTIR and FT-Raman spectral13

A1.1 FTIR spectra of empty Nanopores...........ceeeevveerieerveenueeneeennnn. 118

A1.2 Raman spectra of empty nanopores..........ccceeeeeveeerveenieeneeennnn. 118
Appendix 2: Supplementary information for WAXS ........ccccooiiiniiiininiicnene 119

A2.1 Equations for lattice interplanar spicing (d) calculation........ 119

A2.2 WAXS of untilted and 10-degree tilted polymer-filled O-AAO-

A450M POTE SAMPIES....eeivieiiieiieeieeiie et 122

viii



A2.3 Tables for d-spacings, reflection angles and intensities.......... 123
A2.4 Mercury 2.4 program interface ..........ccoceeveveeneevieniienennennen. 125
A2.4.1 Crystalline PEO and its .cif file for powder diffraction125

A2.4.2 Crystalline P(EO);:LiTf and its “.cif” file for powder

diffraction.........cooiiiii i 126
Appendix 3: AC-impedance measurement teChnique .........ccccecevveveenienieneenennne. 127
A3.1  INtroduCtion.......cc.eeieeieriiiiiiieieee e 127

A3.2 Representation of AC-impedance spectra of a resistor (R), a

capacitor (C), and combinations in series and in parallel........ 129
A3.2.1Resistor (R).....oviiiiiii 129
A3.2.2Capacitance (C) .....ovviviriiiiiiiiiiii i, 129

A3.2.3 The impedance spectra of combinations of resistors and
capacitors in series and parallel.......................... 131
A3.3 AC-impedance spectrum of an electrolyte system................ 132
Appendix 4: Chemical information, sample cleaning procedure, and fabrication of
AAO In detail StEPS.....eveeriiiieiiriiiiereee e 134
A4.1 Chemical information for AAO template fabrication............... 134

A4.2 Chemical information for PEO polymer and PEO:LiTf(10:1) bulk

films fabrication. ... 134
A4.3 Sample cleaning procedure...........coceevereenienieneenienieneeenens 134
A4.4 Fabrication of AAO in detail Steps .......coceeverveneevienicneenicneene 135

A4.4.1 Cleaning and annealing Aluminum surface............ 135

iX



A4.4.2 Electro-polishing the AAO surface........................ 136
A4.4.3 Anodization steps of aluminum............................ 137
A4.4 4 Fabrication of AAO of thickness less than 40 um...... 139
A4.4.5Removal of the aluminum substrate....................... 140
A4.4.6 Removal of oxide barrier layer of AAO templates......141
A4.5 Solution preparation data for aluminum metal anodization .....143
Appendix 5: Si0; deposition on 0xide SUrfaces ........ccecvveeeveeeriieeniiieeeie e 146
AS.1 INtrodUCtioN. .......eeiiiiiiiiiieie e 146

AS5.2 Summary of Si02 deposition on AAO pore walls by vacuum-

pulling method..........ccooviiiiiiiieecee e 147
Appendix 6: Supplementary fIGUIES .........coovveeeriieeiiieeiieeeie e 148
A6.1 Optical picture of the gloveboxX Set-up.......c.cceevveevveeriieeninneenns 148

A6.2. Set-up for AC-impedance measurements of AAO templates..149
Appendix 7: Study of photo-catalysis using titanium dioxide nanotube layers .....150

APPENAIX 8: GLOSSATY .eoeuvvieeiiieeiieeeiee ettt et e e e sae e e eaeeesaseeeasee s 155



Table 1.

Table 2.

List of Tables

Common empirical data for oxalic, sulfuric, and phosphoric acid
ANOAIZAtION. ...ttt e e 19

Existence of the water and —OH groups after annealing at various
1S 00] 0 1S 11 (P 55

Table A1.1. Molecular vibrational frequencies of Poly(ethylene oxide), (PEO), for

Table A1.2.

Table A1.3.

Table Al.4.

Table Al.5.

Table A1.6.

Table A2.1

Table A2.2

Table A3.1

Table A4.1.

mid Infra-Red(IR) region, A and C depicts for amorphous and
crystalline phases, and; br-broad, s-small, m-medium, sh-shoulder,
vs-very small, w-weak............coooiiiiii 113

Molecular vibrational frequencies of Poly(ethylene oxide), (PEO),
for FT-Raman (mid IR- region). A and C depicts for amorphous and
crystalline phases, and; br-broad, s-small, m-medium, sh-shoulder,
vs-very small, w-weak.............oo 114
Molecular vibrational frequencies of PEO:LiTf polymer electrolytes
in mid Infra-red(IR) region. A and C depicts for amorphous and
crystalline phases, and; br-broad, s-small, m-medium, sh-shoulder,
vs-very small, w-weak. ..., 115
Molecular vibrational frequencies of PEO:LiTf polymer electrolytes
for FT-Raman ( in mid IR region). A and C depicts for amorphous
and crystalline phases, and; br-broad, s-small, m-medium, sh-
shoulder, vs-very small, w-weak......................oooi, 116
Character table for PEO under the factor group D(4n/7)............. 117
Character table for PEO:LiTf under the factor group C(2n/2)......117

d-spacings, reflection angles and intensities of PEO helix-crystal.123
d-spacings, reflection angles and intensities of P(EO)s;:LiTf
Parameters and derivations of the electrical properties of
MAETIALS. ..ot 128

Solution data for aluminum and titanium metal anodization........ 145

xi



Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6
Figure 1.7

Figure 1.8

Figure 1.9

Figure 1.10

Figure 1.11

List of Figures

Schematic for a microscopic view of a rechargeable Li" battery cell
assembly based on reference [34]. Anode material as graphite (C),
cathode material as Li;.xMn,04, and electrolyte is a lithium based
material. .. ... 3

Basic Schematic of a fuel cell assembles. Fuels and oxidants are
selected according to the type of electrolyte material. Eg.:(1)
Hydrogen fuel and oxygen as oxidant used in proton exchange
membrane fuel cell (PEMFC). (2) Methanol and oxygen used in

direct methanol fuel cells (MFC)............coooiiiiiiiiiee . 4
Helix chain length variations with average number weight of
poly(ethylene oxXide)..........cooeiiiiiiiiiiii e 8
Percentage crystallinity with average number weight of
poly(ethylene oxide).........covviiiiiiiiii e 9
pictorial representations of a 3D spherulite and a lamella. (1, 2, 3
are normal coordinates to the lamella) [46]........................... 10
PEO molecular conformations [47]..........ccccovviiiiiiiiiiiininnnn. 10

Crystal structures of planar zig-zag (a) and helix (b) PEO [47]...11

Crystal structure view of PEO:LiTf(3:1) compound through (a b 0)
and (a 0 c) planes; shaded atoms indicate CF3SO3_ ion coordination

Phase diagram of the PEO:LiCF;SO3(X:1) [49]. The labels: “L”
stands for liquid, “L+P(EO;'LiCF;S0Os3)” for liquid and (3:1)
crystal phase, and “PEO+ P(EO;5-LiCF3S0s3)” for solid phases....13

schematic diagrams for Al anodization. (The beaker of solution is
placed in a cooling unit to control its temperature, In general, the
cathode is Pt and computer control of the applied current/voltage is
OPLIONAL. ... e 17

schematic plots for current density versus time for Al anodization.
Inset shows the various stages of pore growth and indicated on the

xii



Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 3.1

Figure 3.2

Figure 3.3

Vibrational modes of PEO chainatoms...........coovvvvvvenenn24

CF;SO; ion coordination in PEO chain making O:Li(3:1)
COMPOUNG. ..ottt ettt it et et et et eite e e e eeeaaens 25

Schematic representations of crystal (kkl) planes and the crystal
thickness “t” (a), and intensity histogram showing “FWHM” at

Schematic of a histogram showing the crystalline peaks and
amorphous halo of a semi-crystalline material........................ 28

Schematic of Ewald construction for fiber pattern of monoclinic
PEO crystal obtained by rotating the reciprocal lattice around the

Schematic of an electron probe parameters on a specimen: D, -
diameter, i, — current, o, - convergence angle, and V, —
accelerating voltage [113]........ooiiiiiiiiiiii e, 35

SEM images of 45 nm pore size AAO anodized in oxalic acid
solution (left) and commercially available 200 nm pore size
anodisc from Whatman (right). (a), (b) are top surface views, (c),
(d) are cross sectional views of the pores and (e), (f) are bottom
surface of the AAO templates..............ooeviviiiiiiiiiiiiiiinne, 39

Top down, cross-sectional (along the top, middle, and bottom
length of the films), and bottom view SEM images of
commercially available 60 pum thick Whatman Anodiscs with
specified pore diameters of 200 nm, 100 nm, and 20 nm. There is
very little change in the average pore diameters of the AAO films
looking top down while the non uniformity in the pore channels is
evident in the cross-sectional views including a tapering of the
pore diameters towards the bottom. The bottom surface of the
anodiscs shows the distribution of the surface textured pore
diameters to obtain the relevant specified pore sizes................. 40

SEM images (top view, 10° tilted top, cross-sectional, 10° tilted
bottom, and bottom view) of 100 um thick O-AAO and S-AAO
templates before and after deposition of 1-3 layers of a 2 nm thick
Si0, chemical deposition...........o.vviiiiiiiiiiiiiiiieieeeenaen, 43

xiii



Figure 3.4

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Schematic of apparatus used to pull polymer materials into AAO
pores (a) and photograph of the apparatus used to pull the polymer
through the AAO pores (b). All the equipment is in a glove box.
An image (c¢) of the as-pulled PEO material in and on the AAO is
SHOWN (INSEL). .. o.ett it e 46

SEM micrographs showing several views of a PEO:LiT{(10:1)
filled O-AAO template with 45 nm pores. The negligible thickness
of the excess polymer layers on the polymer-filled template should

Schematics of the IFS 66v/S IR spectrometer sample compartment
and the optical path (from IFS 66v/S IR manual) ................... 50

Custom designed leak tight FTIR sample holder with XY adjusting
ability. (a) Full assembled holder, (b) holder parts in apart.........51

Schematics of FRA-106 spectrometer sample compartment and
optical path (a), and optical picture of the FRA-106 spectrometer
and the sample compartment (b)..............cooiiiiiiiiiiiiinn.L. 53

Custom designed Raman sample holder with air tight ability.
Sample placed on the 200 mm thick ZnSe window. (a) Laser
incident side, (b) holder in apart for sample mounting.............. 53

Hygroscopic behavior of PEO and PEO:LiTf; (a) Optical
micrograph of a PEO:LiTf (10:1) in O-AAO vacuum pulled
outside the glove box showing water accumulation in tens of
seconds, (b) Diffractogram of PEO:LiTf(20:1) under inert
conditions, (c¢) (d) PEO:LiTf(20:1) in O-AAO and template
showing amorphous structures respectively, (f), (g) Intensity vs. 26
histograms of previous diffractograms........................eeee 56

Block diagram for the AC-impedance measurements setup........ 57
Schematic (left) and optical image of AC-impedance contact
probes. The probe contact area is 1.52 mm in diameter, gold

coated, and insulated from the heater coils with ceramic........... 58

A 100 mm PEO:LiTf (10:1) film in the 1.5 mm diameter contact
probes (a), PEO:LiTf (10:1) in O-AAO film in the contact probes

X1V



Figure 4.10

Figure 4.11

Figure 5.2.1

Figure 5.2.2

Figure 5.2.3

Figure 5.2.4

Figure 5.2.5

Bulk resistance for different gold contact areas: (a) Measured the
same O-AAO-PEO:LiTf (10:1) sample with different contact
configurations Top (Bot.) contact ¢=1.66 (2.05) mm , (b) Top
(Bot.) contact ¢=1.66 (3.25) mm, (c) Nyquist plots of AC-
impedances of different gold contact configurations measured at
30 °C, 50 °C, 70 °C and 90 °C; closed symbols for
Au(1.63mm)/O-AAO45nm-PEO:LiT(10:1)/Au(2.0mm) and open
symbols for Au(1.63mm)/O-AAO45nm-
PEO:LAiT(10:1)/Au(3.25mMm)....c.vvtiiiiiiiiiiiiieieeaenn 62

Schematic diagram for pore dimensions of AAO porosity
calculation; circle depicts as pore and hexagonal boundary shows
the outer dimension of a single pore................ccooiiiieinin... 63

Nyquist Plots: for AC-impedances in the frequency range 1 kHz -
10 MHz for the bulk PEO:LiTf(10:1) polymer electrolyte for the
temperatures 30, 50, 70, and 90 °C, respectively (70 and 90 °C

Nyquist plots for AC-impedances in the frequency range 1 kHz -10
MHz for the PEO:LiTf(10:1) polymer electrolyte confined in 30nm
(a) and 45nm (b) pores for the temperature range 25 — 90 °C,
respectively (70 and 90 °C (inset))..........oveveveririnirininininns. 69

Arrhenius plots for the bulk and confined PEO:LiTf(10:1)
polymer electrolyte. Bulk and confined in 200 (Anodisc), 45, 30,
and 18 nm diameter pores. Open symbols are as measured, solid
symbols are normalized for template porosity. A table of activation
energies is ShOwn inset...........oooieiiiiiiiiiiiiiii e, 71

Arrhenius plots for the bulk and confined PEO:LiTf(10:1),
PEO:LiTf(30:1) polymer electrolytes in 45 nm pores. Solid
symbols are as measured, open symbols are normalized for
template POTOSILY.....eeett et 72

Conductance per pore vs. pore diameter for: as-prepared AAO
(red circles); SiO,-coated AAO (blue triangles); and Anodisc
(orange diamond) at 30°C. Also plotted are lines for conductance
per pore for conductivity typical of solid PEO:LiTf (10:1) at 30 °C
(solid line), for conductivity of liquid PEO:LiTf (10:1)
extrapolated to 30°C (dashed), and for conduction only for a
constant skin depth around the pore perimeter (dotted). Inset shows
diagrams and expressions for conductance, G and Gp, of a single
pore for conduction over the entire cross-sectional area (4,) or a

XV



Figure 5.3.1

Figure 5.3.2

Figure 5.3.3

Figure 5.3.4

Figure 5.3.5

Figure 5.3.6

Figure 5.4.1

Figure 5.4.2

Figure 5.4.3

Figure 5.4.4

skin depth of thickness ¢ (4p), respectively; with pore diameter d,
length /, and conductivity G..........ccvviiiiiiiiii e 74

FTIR spectra (4000-1200 cm.; ) of PEO [A] and PEO:LiTf(10:1)
[B] bulk films and confined in: Anodisc (200 nm), 45nm pores O-
AAOQO, 30nm pores S-AAQO, 41, 26, 18 nm pores coated with SiO,
layers on S- and O-AAOQO pores respectively.........cooeeeniuiinnnn... 78

FTIR spectra (1420-1220 cm™ ) of PEO [A] and PEO:LiTf(10:1)
[B] bulk films and confined in: Anodisc (200 nm), 45nm pores O-
AAOQO, 30nm pores S-AAQO, 41, 26, 18 nm pores coated with SiO,
layers on S- and O-AAOQO pores respectively.................oeeeen. 81

Raman spectra in the spectral region (3500-400) cm™ for PEO [A]
and PEO:LiTf(10:1) [B] polymer bulk films and those films
confined in 18, 26, 30, 45nmM POTes.......cvvvvvieiiiinniiiieeeennnnnn. 83

Raman spectra in the spectral region (3100-2600) cm™ for PEO
[A] and PEO:LiTf(10:1) polymer bulk films and those films
confined in 18, 26, 30, 45NM POTES......evvvreieiieiiiiiiiiiineannnnn 85

Raman spectra in the spectral region (1420-1220) cm™ for PEO
[A] and PEO:LiTf(10:1) [B] polymer bulk films and those
confined in 18, 26, 30, 45NM POTES......evvvreieiieiiiiieeneennne, 86

Raman spectra in the spectral region (950-750) cm™ for PEO [A]
and PEO:LiTf(10:1) polymer bulk films and those confined in 18,
26, 30,41, and 450M POTES....ouvveriiiiieirieiiiieieeeeenireeneeen 88

WAXS patterns of bulk PEO (a) and PEO:LiTf(10:1) (b)...........89

Intensity versus 20 profiles of bulk PEO (green) and
PEO:LITH(10:1) (red)....co oo 90

Ewald constructions of untilted [E] and 10° tilted [F] PEO. Inset
figure [A] is showing the PEO crystal looking though the b-axis
and inset [B] shows the PEO crystal looking through the c-axis.
[C] and [D] show the (120) and (44l) planes in the lattice..........91

WAXS of empty pores and bulk PEO and PEO:LiTf a) WAXS
pattern of coated and uncoated AAO, as labeled. b) Line profiles
from WAXS patterns of various bulk PEO and PEO:LiTf and PEO-
filled AAO and empty AAO. c¢) WAXS patterns for bulk PEO and
PEO:LiTf and empty AAQO, as labeled....................cooininii. 92

XVi



Figure 5.4.5

Figure 5.4.6

Figure 5.4.7

Figure 5.4.8

Figure 5.4.9

Figure 5.4.10

Figure 5.4.11

Figure Al.1

Figure A1.2

WAXS patterns for untilted PEO filled 30 nm pores (a), 10° tilted
PEO filled 30 nm pores (b), S-AAO-30nm template (c), Bulk PEO

WAXS patterns for 10° tilted PEO filled 30 nm pores (top),
template (bottom left), and untilted PEO filled 30 nm pores
(bottom right) [A]. View of PEO crystal looking through b and ¢
axes [B]. Ewald constructions of untilted [C] and 10° tilted [D]
OTTENEATIONS . ...ttt ettt e 94

Intensity versus two theta profiles for PEO in 30 nm pores 10°
tilted and untilted. ..., 95

WAXS patterns for untilted PEO:LiTf(10:1) filled 30 nm pores (a),
10° tilted PEO:LiTf(10:1) filled 30 nm pores (b), S-AAO-30 nm
template (c), Bulk PEO:LiTf(10:1) (d).....ovvvviiiniiiiie 97

(A) WAXS patterns for 10° tilted PEO:LiTf(10:1) filled 30 nm
pores (top), template (bottom left),and untilted PEO:LiTf(10:1)
filled 30 nm pores (bottom right). Ewald constructions of untilted
[C] and 10° tilted [D] orientations..............cccoeieeiniinnennn.n. 97

Intensity versus two theta profiles for PEO:LiTf (10:1) in 30 nm
pores 10° tilted and untilted....................ooiiii i, 98

WAXS patterns of bulk PEO:LiTf and Anodisc-filled PEO:LiTf:
[A] WAXS patterns of Anodisc-filled and bulk PEO:LiTf, [B]
Line profiles from WAXS patterns of various bulk PEO and
PEO:LiTf and PEO-filled AAO and empty AAO, [C] WAXS
patterns of bulk PEO:LiTf and anodisc-filled PEO:LiTf at 0° and
10°tilt, as labeled. ..o 100

FTIR spectra (4000-1200 cm™) of AAO templates: All templates
annealed at 1000 °C for 15h in high purity N ; 45 nm pores O-
AAOQO, 30nm pores S-AAQO, and 41, 26, and 18 nm pores were
obtained by SiO, coating on annealed 45 and 30 nm pores
TESPECHIVELY . ..ot 118

Raman spectra (3500-400 cm™) of AAO templates: All templates
annealed at 1000 °C for 15h in high purity N, 45 nm pores O-
AAOQO, and 30nm pores S-AAO. 41, 26, and 18 nm pores were
obtained by SiO, coating on annealed 45 and 30 nm pores
TESPECHIVELY . ..ot 118

Xvil



Figure A2.1

Figure A2. 2

Figure A2.3

Figure A2. 4

Figure A3.1

Figure A3.2

Figure A3.3

Figure A3.4

Figure A3.5

Figure A4.1

Figure A4.2

Figure A4.3

Figure AS.1

Figure A6.1

Figure A6.2

WAXS patterns of untilted and 10 degree tilted PEO-filled O-
AAO-45nm pore SAmMpPle.......ccuvvveiieiiiiiii i 122

WAXS patterns of untilted and 10 degree tilted PEO:LiTf(10:1)-
filled O-AAO-45nm pore sample...........ccevviviiiiiiiiiininn... 122

Mercury 2.4 program interface for crystal structure analysis of
PEO and its powder-diffraction pattern analysis................... 125

Mercury 2.4 program interface for crystal structure analysis of
P(EO);:LiTf and its powder-diffraction pattern analysis............. 126

The vector diagram (left) and sinusoidal waveforms of the current
(1) and the voltage (V).....oovviieiiiii i, 127

Points for a range of frequencies on the Z’ axis in the complex
impedance plane for an ideal resistor, R.....................coll. 129

Points for a range of frequencies on the Z” axis in the complex
impedance plane for an ideal capacitor, C........................... 130

Points for a range of frequencies in the complex impedance plane
for combinations of resistors and capacitors in series (a) and

parallel (b)......c.ooiiii 131
AC-impedance spectrums for an electrolyte (solid line) and ideal
electrolyte system (dash line) with blocking electrodes........... 133
Schematic of a black wax coated aluminum........................ 137

AAO sample cutting lines for smaller sample sizes. Numbers
indicate Cutting SEQUENCE. ... .ovvertiiri et e et eeeaeaanens 140

Schematic for applying tape window for thick AAO samples when
removing the oxide barrier layer....................ooo 143

SEM micrographs of AAO pore diameter reduced down to 6nm
from 30nm original size by coating SiO; layers.................... 147

Optical picture of the glovebox set-up used in this research

Set-up used for AC-impedance measurements of PEO:LiTf(X:1)
filled AAO templates.........covviriiiiiiii e 149

xviii



Abstract

Since their discovery in the 1970s, polymer electrolytes have been actively
studied because they have properties important for many device applications.
However, even after 40 years, the detailed mechanisms of conductivity in these
electrolytes are still not completely understood. Moreover, the conductivity in
polymer electrolytes is one of the limiting factors of these devices so that different
methods to enhance conductivity are actively being explored. One proposed
method of enhancing the conductivity is to confine the polymer electrolyte in the
nanoscale, but the study of material properties at the nanoscale is challenging in
this area. In this work, we confine poly(ethylene oxide) lithium triflate
(PEO:LiTH)(X:1)x=1030 polymer electrolytes in carefully fabricated nanometer-
diameter anodized aluminum oxide (AAQO) pore structures. We demonstrate two
orders of magnitude higher conductivity in the confined structures versus that of
bulk films. Using x-ray characterization we show that this increased conductivity
is associated with ordered PEO polymer chains aligned in the template pore
direction. The activation energy of the AAO-confined polymer electrolyte is
found to be smaller than that of the unconfined melt and about half that of the
unconfined solid. This result indicates that not only is the room-temperature
confined polymer ordered, but that this order persists at temperatures where the
nano-confined polymer electrolyte is expected to be a liquid.

The geometric bulk resistances of the electrolytes were obtained by AC-

impedance spectra, from which the ionic conductivities were calculated. The
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Arrhenius plots of temperature dependent ionic conductivities showed that the
usual melting temperature of the PEO phase in confined PEO:LiTf(X:1)x=1030 1s
suppressed and a single activation energy was evident throughout the temperature
range 25-90 °C.

Wide-angle x-ray scattering (WAXS) patterns show that the polymer chains
in both the pure PEO and PEO:LiTf(10:1) electrolyte are aligned along the pore
axis and that the structure is ordered in the nano pores. This was based on our
observations that the intensity of the PEO crystalline peaks at 19.2° (120) and
23.0° [(hk2) and (hk4)] when the incident x-ray beam was parallel to the pore
axes was reduced, but intensity of recovered when the pores were tilted by 10°
with respect to the incident x-ray beam.

Exploring the infra-redred and Raman vibrational spectra of nano-confined
pure PEO and PEO:LiTf(10:1) structures with the bulk films, we found that the IR
absorbance bands and the Raman intensities showed a high dichroism to the
normal and parallel electric fields of the IR radiation. The parallel band intensity
decreased while the normal band intensity increased, consistent with an alignment
of the polymer chains along the pore direction.

To perform this research, on our millimeter-sized, hygroscopic samples,
substantial changes in the implementation of the characterization techniques such
as: AC-impedance spectroscopy, FTIR, Raman-scattering, WAXS, and SEM were
required. These changes included: new sample holders to prevent water uptake; a

new method to align samples to ensure consistent and reproducible measurements

XX



with the new holder designs; and the development and implementation of an
entirely new system for measuring the conductivity versus temperature of our
template samples in a glovebox.

The Appendices at the end of this thesis include details of the developed
procedures and apparatus, as well as additional experimental results not shown in

the thesis.
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Chapter 1: Introduction to Electrochemical Materials

1.1 Introduction

With the onset of the climate change due to the increasing use of
automobiles, and powered equipment, human society has an ever greater demand
for portable energy storage, renewable energy sources and devices such as solid-
state batteries, capacitors, fuel cells, solar cells, efc. The development and
technological applications of these energy sources focus on the performance as
well as safety, stability, and the cost. In particular, in energy storage devices,
lithium-ion-based energy sources, such as lithium-ion and lithium-polymer
rechargeable batteries, have received the most attention because currently they
have the highest energy capacities and power densities. On the other hand,
polymer electrolytes are emerging as suitable candidates to replace the liquid
electrolytes, where their flexible solid forms allow for a variety of micro and
macro fabrication architectures and bulk production. Although polymer
electrolytes are considered as potential candidates, one major drawback is their
low ionic conductivity at ambient temperatures where most domestic energy
applications operate. To overcome this problem, investigations of polymer
electrolytes have focused on changing the physical and structural properties of the
polymers by various methods [1-33]. However, one area that has not been
extensively studied is the effect of nanometer spatial confinement on polymer

electrolytes. In this research work, lithium salt-dissolved solid poly(ethylene



oxide) polymer electrolytes, [PEO:LiTf(X:1)], are confined in nanopores under
well-controlled environment and procedures; and characterized by AC-impedance
spectroscopy, wide angle x-ray scattering (WAXS), Fourier transform infra-red
spectroscopy (FTIR), Fourier-transform Raman spectroscopy and scanning
electron microscopy (SEM).

In the remaining sections of this chapter, under the topic “Electrochemical
materials and applications”, electrochemical materials including specific
examples are discussed. This section is followed by “Polymer electrolytes” where
different polymers, their characteristics and fabrication methods are introduced.
In section 1.4, under the topic “Properties of PEO polymer and PEO:LiTf(X:1)
electrolytes™, a full description of the Poly(ethylene oxide) polymer, (PEO), and
PEO:LiTf(X:1) polymer electrolytes properties and their characterization methods
is given in detail. In the last section of this chapter, a general introduction of

anodic aluminum oxide (AAO) template fabrication is given.

1.2 Electrochemical materials and applications

Electrochemical materials and their properties have undergone intensive
research and development for over a century. Currently, their demand in
commercial applications in a variety of physical, chemical, thermal, mechanical
and electrical forms is increasing. Most of the demand has focused on energy
storage and supply, such as batteries and capacitors, renewable energy, like fuel

cells, as well as electrochemical displays and sensors. Figure 1.1 shows a



schematic of a rechargeable Li" battery cell assembly [34]. During a charging
cycle of this rechargeable cell, Li ™-ions are released from the Li;x Mn,0O4 cathode
and migrate through the electrolyte to the graphite anode and are stored between
graphite layers (intercalated). This ionic migration process is reversed during the
discharging cycle with electrons flowing through the load (lamp) and the Li'-ions

migrating back to the Li;.x Mn,O4 cathode.
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Figure 1.1  Schematic for a microscopic view of a rechargeable Li" battery cell assembly based
on reference [34]. Anode material as graphite (C) , cathode material as Li; ,Mn,Oy ,
and electrolyte is a lithium based material.



Figure 1.2 shows a schematic for a generic fuel cell assembly, which in
general, are named as the type of electrolyte used to promote the ionic
conduction. For example, in a proton conducting fuel cell, H" ions are combined
with O%at the cathode releasing H,O. In all fuel cells, fuel and oxidant in the gas
state are dissociated into ions using catalytic reactions at the anode and the
cathode. Depending on the type of electrolyte, positive (H") or negative (O%)
ions migrate through the electrolyte and react with their ionic counterpart.

LOAD

Depleted Depleted
fuel < oxidant
Fuel .
inlet <= Oxidant (O,)
Current Current
collector (e7) Electrolyte collector (e7)

(ion conductor)

Porous Porous
catalytic anode catalytic cathode

Figure 1.2 Basic Schematic of a fuel cell assembles. Fuels and oxidants are selected according
to the type of electrolyte material. Eg.:(1) Hydrogen fuel and oxygen as oxidant used
in proton exchange membrane fuel cell (PEMFC). (2) Methanol and oxygen used in
direct methanol fuel cells (MFC).

For most commercial fuel cell and battery device applications, the device
should be portable, efficient at ambient temperatures, durable, and cost effective

for mass production. For these purposes, non-volatile solid forms of



electrochemical materials have greater demand as liquid forms are often volatile,
have leakage problems, and are difficult to fabricate with, micron-dimensions.
Currently, there are a few solid-state materials that are used commercially as
electrolytes, such as PbF,, B-Al,O3;, Agl, and S-glasses. These are useful in
ambient temperature applications, such as solid-state batteries and sensors,
however, the use of solid-state electrochemical materials in novel technological
devices is still not widespread or currently available. One aspect of this research
work is to overcome the above application difficulties by implementing nanoscale
architecture to enhance the properties of the electrochemical materials.

The fabrication of electrolyte materials in their bulk form has been carried
out by numerous methods such as: by chemical means; solvent casting; liquid
state mixing; and vapor deposition, etc. Characteristics such as: electrical
properties (bulk geometric resistances and ionic conductivities; dielectric
relaxations; ionic charge and discharge properties, capacities); molecular
vibrations and dynamic motions; molecular and crystal structures; and thermal
properties of electrolyte materials, have been widely investigated. The most
common characterization methods employed include: cyclic voltammograms;
AC-impedance spectroscopy; calorimetric; vibrational spectroscopy; X-rays;
scanning electron microscopy (SEM); transmission electron microscopy (TEM);

and nuclear magnetic resonance (NMR).



1.3 Polymer electrolytes

For portable solid-state electrolyte applications, a recognized advantage is
the use of polymers, with polar functional groups. Here polymers are used as
solid solvents for various organic and inorganic salts [34-40]. Over the past four
decades, many solid-polymer electrolytes, based on different polymers such as:
poly(ethylene oxide) (PEO), poly(propylene oxide) (PPO), poly(methyl
methacrylate) (PMMA), poly(ethylene imine) (PEI), poly(acrylo nitrile) (PAN),
and many others, have been characterized and analyzed. A major challenge is to
optimize the electrochemical properties, specifically to obtain high ionic
conductivities with strong thermal and structural stability, and mechanical
flexibility [34-45]. One of the most investigated groups of polymer electrolyte
systems is ionic salts dissolved in (PEO) electrolytes. Among them, lithium-
based salts like lithium trifluoromethanesulfonate (LiTf) dissolved in PEO have
been extensively investigated and optimized [36, 38-45]. The major unique
properties of PEO:Li" Y'(X:1)electrolytes are their high ionic conductivities and
structural stability when compared to the other type of polymer electrolytes.
Unfortunately, at ambient temperatures, PEOn:(Li+ CF5S0s3 ) electrolytes show
ionic conductivity in the range (10°-10™) S cm™ which is still not a good enough
for commercial applications, which requires conductivities >107 S em™. To
obtain higher ionic conductivities at ambient temperatures, polymer electrolytes

have been modified using the various methods listed below:



[1] Addition of low molecular weight PEO or another polymer as a binder [1,2];

[2] Incorporation of plasticizers [1-3];

[3] Addition of inert oxide materials (composite polymer electrolytes) [4-11];

[4] Addition of clay or dye materials [12];

[5] Application of compression or stretch [13,14];

[6] Different thermal treatments like annealing [15,16];

[7] Magnetically orienting polymer electrolytes [17,18];

[8] Unusual crystalline polymer electrolytes [19,24]; and

[9] Confinement to nanometer dimensions [25-33].
In the above methods, for initial polymer electrolyte fabrication, the solvent
casting synthesis process is typically used. The polymer-electrolyte complexes
are prepared by mixing appropriate proportions of polymer, salt, and other
additional compounds in an anhydrous solvent, such as acetonitrile, and casting
on a suitable non-adhesive substrate, like poly(tertafluoroethylene) (PTFE), to
obtain an electrolyte film. The solvent evaporates in a chemically inert
atmosphere followed by a vacuum drying process, as necessary.

While some polymers in nanoscale domains have been investigated by
several research groups [37-45]. They have not been systematically explored in
careful manner, In this work, the effects of low molecular weight poly(ethylene
oxide) (PEO, M,,=3,400 g/mol) polymer and PEO:LiTf(X:1) polymer electrolytes

confined in nanometer-sized pores are analyzed in detail, and the mechanism for



the dramatic ionic conductivity enhancement of these materials confined in the

nano-pores at ambient temperatures is investigated.

1.4 Properties of PEO polymer and PEO:LiTf(X:1) electrolytes
Poly(ethylene oxide) is made of repeating ethylene oxide monomer units, -
[CoH4O]n. The mean molecular weight and the chain lengths are modified by
changing the polymerization conditions. The physical properties, such as thermal
transitions, dielectric properties, crystallinity and viscosity, etc. are dependent on
the molecular weight of the polymer. Estimated chain length versus molecular

mass obtained from the bond lengths and atomic masses is shown in figure 1.3.
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Figure 1.4 Percentage crystallinity with average number weight of poly(ethylene oxide).

The change in the percentage of crystallinity as a function of the molecular
mass of PEO is shown in figure 1.4. While the low molecular weight PEO
polymers (< 800 g mol™) are liquid, PEO polymers with weights between 800-
1500 g mol” are waxy and higher molecular weight PEO polymers are solid.
Around M, =3200 g mol™, the polymer molecules are long enough to entangle
with each other, while some of the chain segments are unwound to make
crystalline and amorphous phases. When the chain lengths become longer than
the entanglement limit, polymer chain orientations become highly complex and
the degree of crystallinity reaches a maximum, independent of the chain length.
A sketch of the bulk crystalline lamellae structure in a polymer film is shown in

figure 1.5 [46].
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From the early studies of PEO molecular structure, it has been established
that different forms of chain conformations in space can exist as shown in figure
1.6 [47]. A helix chain conformation is made of two helices having seven
ethylene monomer units for each unit. A single helix crystalline lattice has a
monoclinic crystal lattice with a = 8.05 A, b =13.04 A, ¢ = 19.48 A and [the
angle S, is 125.4°]. Crystal structures of PEO with different conformations are

shown in figure 1.7 [47].
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Figure 1.7 Crystal structures of planar zig-zag (a) and helix (b) PEO [47].
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The structural conformations and the properties of polymers are more
complicated when an organic or inorganic salt is mixed with it. As an example,
LiTf salt dissolved in PEO makes a crystal phase of O:Li(3:1) composition as
shown in figure 1.8 [48]. In addition to O:Li(3:1) crystallites, pure PEO helix

crystals along with amorphous PEO and PEO:LiTf phases are also present in a

bulk film.

c
% b PEO Chaininthe b direction

Figure 1.8 Crystal structure view of PEO:LiTf(3:1) compound through (a b 0) and (a 0 c)
planes; shaded atoms indicate CF3SO3_ ion coordination [48].

As shown in figure 1.8, a 3:1 phase lithium-ion is coordinated with five
oxygen atoms, three consecutive oxygen atoms (3:1) from a PEO chain and other

two from two CF5SO3™ anions which reside outside the chain.
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The O:Li(3:1) crystal unit cell is monoclinic with a =16.77 A, b =8.61 A,
¢ = 10.07 A and B, = 121.02°. As indicated, the multi-phase PEO:LiTf(X:1)
structure gives rise to major changes in the physical properties in bulk systems
and when it is confined in a nanoscale domain. The behavior of the physical
states of the PEO:LiTf(X:1) structures are shown by the phase diagram, figure 1.9
[49], which relates the thermal properties against the mass ratio of the PEO and

LiTf.
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Figure 1.9  Phase diagram of the PEO:LICF,SO,(X:1) [49]. The labels: “L” stands for liquid,

“L+P(EO;LiCF;S05)” for liquid and (3:1) crystal phase, and “PEO+
P(EO;-LiCF;S0;)” for solid phases.
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The investigation of ionic conductivity in polymer electrolyte complexes
show that the ionic transport occurs in the liquid or solid amorphous phase, while
there is no strong evidence supporting a contribution from the crystalline domains
like O:L(3:1) compounds in PEO:LiTf(X:1) systems.

In this work, the molecular bonds vibrational studies of PEO polymer and
PEO:LiT{(X:1) complexes confined in 18, 22, 26, 30, 40, 45 nm diameter AAO
pores and 200 nm diameter anodisc'™ are characterized in a controlled manner by
Fourier-transformed infra-red red (FTIR) and Raman scattering spectra and the
structural properties are characterized by wide angle x-ray scattering (WAXS). In
addition, the electrical properties are investigated by AC-impedance
measurements and the morphology of the polymer systems in nanopores is

studied by the scanning electron microscopy (SEM).

1.5  Anodized aluminum oxide (AAO) and applications

Electrolytically grown non-porous alumina films and porous templates on
various substrates have been used for over a century. Most of the conventional
commercial applications are protective oxide coatings, dielectric capacitors and
decorations. The first observations and detailed understanding of the properties of
porous anodized aluminum oxide (AAO) were reported by Edward and Keller in
1941 [50]. Their pioneering work on porous oxide growth on an aluminum
surface led to the future modeling of AAO pore growth mechanisms[50-53].

Other researchers over the decades have further investigated the mechanism of the
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growth and technical aspects for fabrication of AAO and the anodization of other
metals. [54-62].

In 1995, a structural replication process for the fabrication of well-ordered
high aspect ratio anodic alumina templates was introduced with two anodization
steps [63]. The long-term first anodization is carried out under specific conditions
that initiate an oxide layer with a non-organized pore structure that transforms
into a close-packed, well-ordered array of pores with time. This oxide surface is
stripped off leaving behind well-ordered nanoscale dimples from the pore bottoms
on the aluminum surface. The second anodization initiates its pore growth at
these pore bottoms and thus starts and maintains the growth of well-ordered
pores. This two-step replication process gives a method for well-ordered pore
growth which has lead to new fabrication techniques for a variety of nano
structures as well as new theoretical models for nanopore growth.

The demand for high aspect ratio nano-pore structures with chemically
inert surfaces for both scientific research and commercial applications has lead to
further developments and new fabrication techniques. By controlling the
anodizing conditions and the anodization steps, several research groups have
succeeded in fabricating well-ordered AAO templates with control over the pore
size, the pore structural shapes, patterning, as well as thickness of the film. All of
these fabrication methods are achieved by pre-indenting the aluminum surface as
introduced in the two-step replication method. The most widely used surface pre-

indenting methods are electrochemical, electrical and mechanical, where the final
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goal is to develop the simplest techniques which meet commercial demand on
AAO templates with their own integrity. Electrochemical surface pre-indenting
methods, make use of electrolytes, mostly diluted acids like sulfuric, oxalic, or
phosphoric. For the electrical field approach, control of the applied electric fields
and current densities is important and SiC molds, hard polymeric nano beads, and
atomic force microcopy tips are used for mechanical pre-indentation
[46,47,50,63-70].

Well-ordered, high aspect ratio, and high pore density AAO templates
have been introduced in many applications such as the fabrication of semi-
conductor structures [71], nano-capacitors [72], nano-magnetism [73], nano-
fluidics[74, 75], for biological molecules separation, storage and delivery [75,
76], nano-dots, wires, hollow tubes [77, 82], lithographic masks [84], sensors

[85], nano-fuel cells and batteries [86-88].

1.5.1 Introduction to AAO template fabrication
The general chemical reaction of electrically anodized aluminum oxide,
AAQO, takes place as shown in the chemical formula (1) [53].
2Al) + 3H2O) ------- > Al Os() +3Hy(g) ------------- (1)
where Al,O3; formation takes place at the anode surface which in this case is the
Al metal while the platinum acts as the cathode, discharging electrons to form

Hj(). A schematic diagram for the experimental setup is shown in figure 1.10.
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Figure 1.10 Schematic diagram for Al anodization. (The beaker of solution is placed in a cooling
unit to control its temperature, In general, the cathode is Pt and computer control of
the applied current/voltage is optional.

During the anodization process, the formation and deposition of alumina
on the aluminum surface can take place as barrier type or porous type films.
When the aluminum metal is anodized in an electrolyte solution of 5 <pH < 7 and
the applied DC-current density is constant, the deposited alumina is a barrier type
film. Porous type alumina films are deposited when oxide dissolving diluted
acidic electrolytes and constant electric fields are used for a period of time. The
anodization temperature of both barrier and porous type alumina is also a factor in
the oxide growth rate. For the purpose of this thesis, only porous type AAO

fabrication was used.
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1.5.2 AAO pore growth mechanism

Two simultaneous processes occur during the alumina anodization. First,
when an electric field is applied between the anode (aluminum) and cathode
(platinum), a barrier type oxide layer is formed on the Al surface. This
phenomenon is called field-assisted oxidation and continues until the electric
current density reaches its minimum value. A typical experimentally observed
oxide growth plot of current density versus time is shown in figure 1.11. Second,

at the minimum current density, the grown oxide layer starts to dissolve into the

electrolyte.
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Figure 1.11 Schematic plot for current density versus time for Al anodization. Inset shows the
various stages of pore growth and indicated on the plot.
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This field-assisted dissolution of oxide occurs anisotropically towards the Al
surface while initiating the pore bases and keeping the shortest distance for
anionic carriers to reach the aluminum surface and continue further oxidation. In
figure 1.11, during period (b)-(c), field assisted dissolution takes place while the
oxide growth rate increases. At time (c) the oxide dissolving power increases
slightly compared to the oxidation rate and continues until time (d). From time
(d) on, the oxidization and the dissolution rate are at equilibrium, and the current
remains constant until the entire Al atoms are oxidized or the electrical field is
broken down. The inset pictures show the AAO pore growth on the aluminum
surface at different stages in time. In practical approaches of AAO fabrication, it
is observed that the typical current density versus time curves take the same shape
but the time intervals of different features vary. This indicates that the pore
diameter and pore density are dependent on the applied field strength as well as
the pH, type and temperature of electrolyte. It is also observed that the condition
for good pore ordering in a particular electrolyte solution occurs at a particular

applied electric field. Common examples are shown in table 1.

Table 1. Common empirical data for oxalic, sulfuric, and phosphoric acid anodization.

Electrolyte Concentration | DC Pore Inter-
voltage | diameter pore
(T<40um) | distance
Oxalic 03M 40 30-33 100-105
Sulfuric 0.3M 26 19-20 60-65
Phosphoric 03M 195 100-120 500
Phosphoric 10 wt% 160 150-220 420

19



Empirically, the center-to-center inter pore-distance of well-ordered AAO
structures, Dpp, has been observed to be a function of the applied potential, U,
with a growth rate factor of ~2.5 nm/V. The relation is given by equation (2) [57,

58].

D,y = kU ©)

The volume of the pores can be enlarged by chemically etching the pore
wall material. The material etches anisotropically while the pore diameter is
widened isotropically through the pore channel. On the other hand, the pore
volume can also be reduced by depositing layers of suitable organic or inorganic
materials on the wall surface such as a coating of Al,O3 or SiO; layers on the pore

surface. See appendix 5 for the SiO; coating method used in this work.

1.6  Introduction to next chapters

The following outlines the rest of this thesis. Chapter 2 describes the
various material characterization techniques used in completing this work. This
includes: molecular vibration studies by FTIR and Raman spectroscopy;
explanation of structural properties by WAXS; measurements of electrical
properties by AC-impedance spectroscopy; and study of surface morphology by
SEM.

Chapter 3 explains the details of the experimental methods used in this
research work including: the fabrication of anodic alumina templates; preparation

of bulk PEO and PEO:LiT{(X:1) films; the method of inserting polymer materials
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into the nanopores by vacuum pulling; as well as a method for removing excess
polymer material from the top and bottom of the pulled nanopore templates.

In chapter 4, the instruments and techniques for the characterization of PEO
polymer and PEO:LiTf-filled AAO are discussed.

Chapter 5 presents the results and discussion of this research work. In the
first part of this chapter, the AC-impedance spectra and ionic transport properties
of the PEO:LiTf(X:1)x=1030 bulk samples and the confined PEO:LiTf(X:1)x=10.30
nanopore samples are discussed. For the vibrational spectra, peak intensity
reduction or vanishing, and peak shifting are discussed with appropriate transition
mode assignments in separate spectral regions. Finally, the WAXS patterns of the
of PEO, PEO:LiTf(10:1) confined in nanopore samples are compared to the bulk
samples and the crystal structural changes of the PEO and PEO, PEO:LiTf(3:1)
are discussed. In the end of this chapter, a summary is given for all the results

obtained to explain the enhancement of ionic conductivity in a nanopore scale.

1.7  Introduction to appendices

In appendix 1, table Al and table A2 illustrate molecular vibrational
frequencies of Poly(ethylene oxide), (PEO), and PEO:LiTf(X:1) polymer
electrolytes in mid infra-red(IR) region in which IR and Raman spectra are shown
in the left and right panels respectively. In table A3, the character table for PEO
under the factor group D(4n/7) is shown. FTIR and Raman spectra for empty

AAO samples are shown in figures Al.1 and A1.2
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In appendix 2, the equations for lattice interplanar spacing d;x calculation
and d-spacings for PEO and P(EO);:LiTf crystals are shown. WAXS patterns of
untilted and 10 degree tilted polymer-filled O-AAO-45nm pore samples are
shown in this appendix. At the end of this appendix, the Mercury 2.4 computer
program output for the above crystals is also shown.

In appendix 3, a brief introduction to AC-impedance measurement
technique is given, which explains how to obtain geometric bulk resistance of an
electrolyte system

In appendices 4 and 5, chemical information, sample cleaning procedures,
detailed steps of the fabrication of AAO, and SiO, layers coating on AAO pore
walls are explained. A picture of the glovebox used in this research work and
complementary picture of the conductivity measuring setup are shown in
appendix 6.

Appendix 7 is includes a published paper under the topic “Study of photo-
catalysis using titanium dioxide nanotube layers” which includes work done in

addition to the research on AAO.
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Chapter 2: Introduction to Materials Characteristic Properties

2.1 Introduction

Electrochemical materials have characteristics, which are governed by
their chemical, physical, structural and electrical properties. In this chapter, I
briefly describe the background material for: characteristics of molecular
vibrational energies via vibrational spectroscopy; structural properties, such as
crystal size and degree of percentage of crystallinity by x-ray analysis; ionic

transport by electrical measurements; and surface morphology by SEM.

2.2 Molecular vibrations and vibrational spectra

In general, the total energy of a molecule can be broken up into several
different modes, as shown in equation (3). For a molecule, all of these energy
modes can be changed through interactions (absorption or emission) with
electromagnetic radiation of different energy (wavelengths). Energies associated
with the transition of electrons between molecular levels require ultra-violet (UV)
or visible light and energies associated with the vibration of molecular bonds lie
in the infra-redred spectral (IR) range. Molecules rotational transitions occur in
the microwave range, while translational transitions occur in the radio frequency
(RF) range.

Etotal = Eelectronic + Evibrational + Erotational + Etranslational """"""""" (3)
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The normal vibrational modes of poly(ethylene oxide) polymer molecules
can be described by the changes in the characteristic chemical bond lengths and
angles of its simple constituent monomer, caused by environmental perturbations
and can be observed in IR spectral features. The perturbations of the resonance
vibrations of a pair or group of atoms, in a polymer give rise to changes in their
dipole moments and their polarizability. In this work, the influence of nanometer
confinement on the molecular vibrational modes of stretching (v), rocking (p),
wagging (), twisting (1), and bending (6) of PEO polymer and PEO:LiTf(10:1)
electrolytes are investigated.  Diagrams illustrating the normal molecular

vibrations of PEO, are shown in figure2.1.

C'H,-wagging C'C-stretch CO-stretch

Figure 2.1 Vibrational modes of PEO chain atoms.
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Figure 2.2 shows the triflate-ion conformation in an PEO:LiTf (3:1)
compound. As shown in the figure, a lithium ion is coordinated with five oxygen
atoms; three consecutive oxygen atoms (3:1) from the PEO chain and two from

the two CF3SOs” anions from outside and opposite to the chain.

- — @L es

ra.r* — ® C = F
PN o O

®.

I ¥y
19.48 A

Figure 2.2 CF3SO3_ ion coordination in PEO chain making O:Li(3:1) compound.
The tables A1.1 and A1.2 (Appendix-1) tabulates vibrational frequencies

for different IR and Raman modes of PEO molecules. The tables A1.3 and Al.4
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(Appendix-1) tabulates the IR and Raman modes of PEO:LiTf(X:1) electrolytes
respectively [89-104].

In the analysis of bulk versus nano-confined polymer systems, changes in
spectral features are investigated. Specifically, intensities, positions, widths and
shapes of absorption peaks in IR spectra, or emission peaks in Raman scattering
spectra are used to investigate the effect of nanometer-scale confinement on PEO

polymer and PEO:LiTf polymer electrolytes.

23 X-ray scattering and materials physical properties

The study of x-ray diffraction and scattering from polymers and other
materials is a fundamental and well-established non-destructive technique. The
characterization of: crystal formation; structural geometry and crystal spatial
orientation; and the degree of crystallinity against the amorphous counterparts are
some of the important properties of a polymer material. In the characterization of
polymer materials, wide-angle x-ray scattering (WAXS) and small-angle x-ray
scattering (SAXS) techniques are widely used to determine these properties. In
SAXS, x-ray scattering angles from 1-5° are measured, while in WAXS scattering
angles from 5-180° are measured. In practice, most wide-angle diffraction peaks
for polymer materials lies within an angular range of 5-90°.

WAXS diffraction information is displayed by two methods. One is the

photographic image of the diffracted X-ray pattern (diffractogram) and the other
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is the diffraction histogram, which plots the diffracted x-ray intensity against the

scattered or diffracted angle, 26 [105].

2.3.1 Estimation of crystal size
In a mixture of crystallites, the crystal size can be estimated by the well-
known Scherrer formula, equation (4).

tw =Kk K/B COS(BO) (4)

Figure 2.3(a) shows the relationship between the crystal thicknesses, “t;x”, with
several layers of parallel lattice planes (hkl/) and figure 2.3(b) shows the
corresponding intensity vs. 20 histogram. In the Scherrer formula, A is the x-ray
wavelength, 0 is one half of the angle between the incident and diffracted beam
from the (hkl) planes, B is the full width half maximum (FWHM) of the peak at
20 in the histogram as shown in figure 2.3(b), and k is an empirical constant with

a value of ~0.9 [105].

®) )

Intensity

»
|

2x0

Figure 2.3 Schematic representations of crystal (#k/) planes and the crystal thickness “t” (a), and
intensity histogram showing “FWHM?” at 2x6, (b).
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2.3.2 Determination of degree of crystallinity

One important property of x-rays is that they diffract from crystalline
phases and scatter from amorphous phases of the material. This characteristic
property is used as a means to measure the amount of crystalline versus
amorphous phases in a material. In a diffraction pattern, the crystalline phases
give rise to sharp peaks (spots) or if it is polycrystalline, sharp concentric rings,
while amorphous phase gives rise to a diffuse (broad) concentric halo. Figure 2.4
is a schematic of a histogram for a semi-crystalline material composed of
crystalline and amorphous phases. The two peaks are due to the diffraction from
two different crystal planes in the crystalline phase and the broken line indicates

the diffuse halo arising from the amorphous phase.

Crystalline peaks n

Intensity

— —
-._.- l--

- —

Amorphous halo

S

L 3

2x0

Figure 2.4 Schematic of a histogram showing the crystalline peaks and amorphous halo of a
semi-crystalline material.
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If I.(p) is the intensity of the x-rays diffracted from the crystalline phase
and I(p) is the total diffracted and scattered x-ray intensity from the specimen, the
ratio of the integrated intensity of I.(p) over the reciprocal lattice space (puw) to
the total integrated intensity is defined as the degree of crystallinity (y.). The y. in
equation (5) is shown without taking into account the atomic perfection factors
[105].

Il c(p)dp
€ [Ie2li(p)dp

2.3.3 PEO crystal structure and fiber patterns

In this work, WAXS is used to study the effect of nanometer confinement
on the structure of PEO and PEO:LiTf polymer materials. For the monoclinic
crystalline structure of PEO (inset in figure 2.5), the fiber WAXS pattern is
constructed by rotating the reciprocal lattice about the fiber-axis (in this case the
c-axis), as shown in figure 2.5 [106]. For the calculation of reciprocal space
lattice coordinates, the real crystal dimensions of a = 8.05 A, b =13.04 A, ¢ =
19.482  and Bac = 125.4° were used and the interplanar spacings, du, are
calculated for a monoclinic system [47-49, 89-104]. See appendix-2 for equations

for d-spacings.

29



. ,u . .
- N S, "V @ PEO Helix: (a.b,c)
- - ‘\-.,f\ N
N (8.1,13.0,19.5) A;
Chain & ¢ direction \ . 3=125.40

- -
. -
I o i

o

A A
-

Figure 2.5 Schematic of Ewald construction for fiber pattern of monoclinic PEO crystal
obtained by rotating the reciprocal lattice around the c-axis.

2.4  lonic transport in materials
The microscopic description of ionic conductivity in a material is given by

equation (6).

o= X n; (zie)Li (6)

Where n; — number of i ionic species per volume
z; — valance number of i ionic species
11; — mobility of i™ ionic species
This equation does not show the direct representation of the temperature
dependency of the ionic conductivity in a material. However, there are several
empirically formulated equations for the temperature dependent ionic

conductivities of different types and phases of electrolyte materials. Among
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them, the Arrhenius, Vogel-Tamman-Fulcher (VTF), and Willams-Landel-Ferry
(WLF) equations are common for representing the mechanisms of ionic
conductivities in materials. They were derived by taking into account the

different intrinsic properties of the materials [107-113].

2.4.1 Arrhenius equation

This equation for ionic conductivity measurements is formulated by taking
into account the ions hopping from a higher energy state (occupied) to a lower
energy state (vacancy) in crystalline, semi-crystalline and solid amorphous phases
such as glass-like materials. According to this mechanism, the log of the ionic
conductivity behaves linearly with temperature for a given solid phase of a

material. The Arrhenius equation is shown in equation (7) [108].

G = 0, exp[-E./kT] (7)

where, o, = (1/3kT) (ze)'n a,> v,
z=valance number of the ionic species
e=electron charge
n=mobile ionic concentration
a,=least hopping distance
Vo= 1on oscillation frequency
k=Boltzmann constant

E,=activation energy
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2.4.2 Vogel-Tamman-Fulcher (VTF) equation

Electrolytes, which show liquid-like mechanical properties over a large
temperature range exhibit non-linear ionic conductivities with temperature. This
equation is derived based on the viscosity properties of the material. It has the

form shown in equation (8).

oT"? = o, exp[-B/K(T-T)] (8)

where, ©,=n (ze)* C/k
B-energy constant (not activation energy)
Ts-reference temperature (equilibrium glass transition for
polymers)
This equation fits well for liquid electrolytes and some less-viscous

amorphous rubbery electrolytes [5,112].

2.43 Williams-Landel-Ferry (WLF) equation

The WLF equation is a complimentary equation to the VTF equation. The
WLF equation was derived for, and is a good fit to, most of the liquid phase
polymer electrolytes. Its general form for ionic conductivity as a function of the

temperature is shown in equation (9).

Log[o(T)/o(Ty)] = [Ci(T-T)/(CoH(T-Ts)] )

Where, T, - reference temperature for a polymer (empirically T¢-T~50K)
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Cy, C; — universal constants (Ci~ 8.9, C,~102k)

In practice, the ionic conductivities of materials are obtained by measuring
the bulk electrical resistance and taking into account geometrical factors. If ‘R’ is
the bulk electrical resistance, ‘1’ is the shortest ionic traveling distance, and *A’ is
the area of the electrolyte contacting area with the electrodes, then the ionic

conductivity, G, can be calculated by equation (10).

o= I/RA (10)

Here, most of the time, R, is obtained by an AC-impedance spectrum. (See

appendix-3 for a brief introduction to the AC-impedance spectroscopy technique)

[112].

2.5 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a surface-sensitive imaging
technique capable of nanometer spatial resolution providing topological,
morphological and elemental composition information. It involves a highly
focused electron beam rastering across a surface. This electron beam interacts
with the surface through a wide range of scattering events to produce low-energy
secondary electrons, high-energy backscattered electrons, x-rays, and Auger
electrons. These x-rays and electrons can be independently detected using
specialized detectors to produce useful signals. The SEM image is constructed

using a raster mapping technique. This technique involves a detected signal, for
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example that from the secondary electron detector, to be mapped onto a CRT
(cathode ray tube) or computer screen with the x, y position representing the
position of the electron beam on the surface and intensity proportional to the
signal, to give a secondary electron image. In this way any signal can be mapped
across the surface to give images indicating topography, crystallinity, composition
etc. For surface characterization of a sample, there are four major imaging
parameters, which can be adjusted that greatly affect the nature of the SEM image
obtained and their optimization is dependent on the details of the surface
electronic properties of the sample. These parameters are: the beam current, i,
which controls the signal strength and the noise level; the beam accelerating
voltage, (V,), which effects the resolution as well as the surface penetration depth;
the probe convergence angle, o, which can control the depth of focus and
resolution; and the electron probe size, d,, which primarily affects resolution and
strength of signal. The user’s ability to optimize these parameters allows the
different properties of the surface to be imaged [113]. Figure 2.6 shows a
schematic of the major beam parameters involved for obtaining an electron beam

finely focused at the surface of a specimen.
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Figure 2.6 Schematic of an electron probe parameters on a specimen: D, - diameter, i, — current,
ay, - convergence angle, and ¥, — accelerating voltage [113].

In the next chapter, the detailed experimental procedures used for this
research work are described. This includes: the fabrication of the AAO, nanopore
templates, the synthesis of the PEO and PEO:LiTf polymer bulk films, and

vacuum pulling the polymer into nanopore of the template.
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Chapter 3: Experimental Details

3.1 Introduction

In this chapter, the details of all the experimental procedures used in this
research work are described. This includes: 1) the fabrication recipes of AAO
templates with different pore densities and pore diameters, the coating of the
AAO pores with SiO, layers to reduce the pore diameters, and the annealing
recipe to remove the water content within the pores themselves; and 2) the
vacuum-pulling method used to draw the polymers into the nanopores, followed
by the removal of the thick polymer layers on the top and bottom of the polymer-
filled AAO template. Removal of the water content [steps in 1.)] is important
because the water content greatly affects the morphology of the polymer structure
within the pores and can dominate the conductivity of the polymer electrolyte.
Removal of the excess polymer on the top and bottom surfaces [steps in 2.] is
crucial to be able to measure the nanoscale properties of the polymer and polymer
electrolyte within the nanopores. Problems relating to the hygroscopic nature of
both the PEO polymer and polymer electrolytes dominate much of this work.
This hygroscopic nature required the development of the annealing procedures,
and major modification of a glovebox to allow for the vacuum-pulling method as
well as the routine measurement of electrical conductivity. Below I describe the

methods in the order they were typically executed.
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3.2 Fabrication of AAQO templates

All oxalic and sulfuric anodic aluminum oxide (AAQO) templates, with
well-ordered nano-pores, were fabricated by following a two-step anodization
process as described elsewhere [59, 63]. A detailed list of the fabrication steps
are described in the appendix 4 [A4.4]. All the chemical details are provided in
the appendix 4 [A4-1]. Before annealing of the starting aluminum metal surface,
aluminum foil pieces with dimensions of 15 mm x 20 mm were degreased by
following the cleaning procedure detailed in Appendix 4 [A4.3]. These foils were
then annealed at 540 °C for 3 hours in forming gas (20% H, with a nitrogen
balance) at a flow rate of 1 LPM in a LINDBERG/BLUE-M model TF555035A-1
tube furnace. The annealed pieces were degreased once again as described in
Appendix 4 [A4.3] prior to electro-polishing. One side of the aluminum foil was
electro-polished in a 3:1 mixture of perchloric acid: ethanol at 2 °C using a Pt foil
as the cathode and applying a current of approximately 1 mA/mm”. For oxalic
acid-produced AAO films (O-AAO), a 0.3M oxalic acid solution at 2 °C was used
as the electrolyte to anodize the electro-polished aluminum foil. 40 V was applied
between the Al foil serving as the anode and a Pt cathode for 2100 minutes to
obtain a 100 um thick O-AAO film with 45 nm diameter pores. A similar process
was used for sulfuric acid-produced AAO films (S-AAQO), where a 0.3M sulfuric
acid solution at 2 °C was used as the electrolyte, and 26 V was applied for 760
minutes to obtain a 100 um thick S-AAO film with 30 nm diameter pores (see

appendix 4 [A4.5] for solution preparation data). The excess aluminum substrate
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was dissolved from the template by immersing in a saturated mercuric chloride
solution. With the Al substrate-removed, the 100 um thick AAO film was then
cleaned with DI water and air-dried. The Aluminum and AAO film interfacial non
porous thin barrier layer, grown during the pore growth, removed by chemical
etching. For the barrier layer removal, the sample was floated on a 5%
phosphoric acid solution and finally cleaned with DI water. For O-AAO barrier
layer removal, the floating time is 28-30 minutes while the S-AAO barrier layer
removal was 10-12 minutes. For comparison, figures 3.1 and 3.2 show SEM
images of pore uniformity and the geometric pore distributions of the laboratory
fabricated AAO films discussed above and commercially available anodic AAO

films from Whitman Inc.
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O-AAO Anodisc
45 nin diameter pores

(200-250) nmn diameter pores

(b

s

Figure 3.1 SEM images of 45 nm pore size AAO anodized in oxalic acid solution (left) and
commercially available 200 nm pore size anodisc from Whatman (right). (a), (b) are
top surface views, (c), (d) are cross sectional views of the pores and (e), (f) are
bottom surface of the AAO templates.
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Indicated pore sizes as purchased
200 nm (40%) 100 nm (21%) 20 nm (40%)
Actual (200—250);—“9 IA'cl_;ual (200-250)nm .| Actual (200-250) nm

X- center X-top Top- view
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Bot.- view

Figure 3.2 Top down, cross-sectional (along the top, middle, and bottom length of the films),
and bottom view SEM images of commercially available 60 um thick Whatman
Anodiscs with specified pore diameters of 200 nm, 100 nm, and 20 nm. There is very
little change in the average pore diameters of the AAO films looking top down while
the non uniformity in the pore channels is evident in the cross-sectional views
including a tapering of the pore diameters towards the bottom. The bottom surface
of the anodiscs shows the distribution of the surface textured pore diameters to
obtain the relevant specified pore sizes.
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3.2.1 Annealing of AAO templates

All AAO samples (size ~10 mm x10 mm) were annealed to remove the
water and surface hydroxyl groups on all the surfaces (top, bottom and pore
walls), as well as the oxalate ions in O-AAO and sulphate ions in S-AAO within
the walls. This annealing was done by a two-step process to avoid mechanical
breakdown and excessive deformation of the films. Firstly, individual templates
were annealed (in a LINDBERG/BLUE-M model BF51732C-1 furnace) at 600°C
for 10 h with 2 LPM of high purity dry nitrogen flow into the chamber. To avoid
mechanical breakage and stop the templates from curling, during the annealing
process approximately 3 g of a 100 um pore size porous ceramic piece was placed
on top of the template and a 110 g ceramic weight was placed on top of that.
Secondly, after the templates cooled to room temperature from the first annealing
process, they were placed between porous ceramic pieces (~3 g each) and
annealed (in a LINDBERG/BLUE-M model TF555035A-1 tube furnace) at 1000

°C for 15 hours in a dry nitrogen environment with a flow rate of 1 LPM.

3.2.2 Transferring annealed AAO into the inert atmospheric glove box

It is very important that the annealed AAO samples are free of moisture
before any preparation and characterization of PEO base polymer materials inside
the pores. For that, the 15 hour annealed templates were allowed to cool down to
600 °C in the same atmosphere and carefully transferred inside the porous

ceramic pieces into a pre-heated ceramic crucible at 600 °C. Within a few
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seconds, the crucible with the AAO templates was transferred into a desiccator
connected to a vacuum pump. The vacuum desiccator was transferred into a
sample processing dry nitrogen filled glove box. FTIR spectra showed that these
samples were free of water as compared to non-annealed samples. Both FTIR and

Raman spectra were taken prior to the polymer insertion into the pores.

33 Coating of SiO; layers onto AAO pore walls

Smaller AAO pore diameters of 18 nm, 22 nm, 26 nm and 41 nm were
obtained by depositing SiO, layers onto the pore walls of as grown AAO
templates (typical size for S-AAO is 30 nm and for O-AAO 45 nm ). The
uniform deposition of a 2-nm-thick SiO, layer was done by liquid-phase chemical
deposition onto the surface of the AAO pore walls. This single-layer deposition
step was then repeated multiple times to achieve smaller AAO pore diameters.
The deposition of the SiO, layers was done in an inert glove box because it uses
SiCly (1) which vigorously decomposes in air.

There are several steps for the SiO,-coating process. A detailed procedure is
shown in appendix-5. In brief, different solutions are vacuum-pulled
consecutively through the nanopores. The steps are: 1. SiCly(/) is vacuum-pulled
through the pores and allowed to dry; 2. CCly(/) is vacuum-pulled through the
pores to rinse and remove any excess SiCly on the pore walls; 3. 1:1

CCly:methanol solution is vacuum-pulled through the AAO pores to dilute the
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previously deposited CCly on the walls; and finally 4. ethanol is vacuum-pulled to
remove any additional CCls on the walls.

Our experimental results and the literature [115,116] indicate this
procedure deposits 2 nm of SiO, for one deposition cycle. By repeating three
deposition cycles, AAO pores with initial diameters of 30 nm can be reduced to
diameters of 18 nm (with 6 nm thick SiO, walls on the pore surface). Figure 3.3
shows the SEM pictures of all pore geometries.

0-AA0 1x-8i0 5-AAO 1x-8i0,  S-AAQ 2xSi0 5-AAO 3x-5i0,
45 nm pores - |41 nm pores 26 nm pores [22nm pores [18nm pores

Top- view

10° tilt

10° tilt X-view

Bot.- view

Figure 3.3 SEM images (top view, 10’ tilted top, cross-sectional, 10’ tilted bottom, and bottom
view) of 100 pm thick O-AAO and S-AAO templates before and after deposition of
1-3 layers of a 2 nm thick SiO, chemical deposition.
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34 PEO polymer and PEO:LiTf(X:1)x=1030 bulk films fabrication

Bulk films of PEO polymer and PEO:LiTf(X:1)x=1030 were prepared as
controls for characterization measurements to compare to the vacuum-pulled
PEO-polymer materials inside the AAO templates. Details of all the chemicals
are listed in the Appendix 4 [A4-2]. These bulk PEO:LiTf(X:1)x=1030 polymer
electrolyte complexes were prepared by measuring appropriate weight ratios of
the ether-oxygen of the PEO polymer to Li+ ions in the LiTf and dissolving in
acetonitrile. This solution was magnetically-stirred overnight in the glove box
and cast into a Teflon container to evaporate the acetonitrile. The acetonitrile free
PEO:LiTf(X:1)x=1030 electrolyte was kept open for more than four days in the
glove box prior to use. By a similar manner, pure PEO polymer was prepared by
dissolving in an appropriate volume of acetonitrile to keep the preparation
conditions similar. These polymer materials do not make films like high
molecular weight PEO but instead agglomerate in the Teflon container. To make
uniform 100-um-thick films, a one-inch-diameter Teflon sheet, heated to 120 °C,
was placed on top of a one-inch-diameter ZnSe window seated in a slip-fit metal-
core holder with a 100-um-thick, one-inch-outer-diameter Teflon spacer. At 120
°C, an appropriate small piece of polymer material was placed at the center of the
Teflon sheet and brushed/stirred with a Teflon stick for three minutes to remove
any air bubbles. Finally, another one inch Teflon sheet was aligned on top of the

spacer and pressed down with another ZnSe window to make the 100 um thick
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film. These films were then used for FTIR, FT-Raman, WAXS, and conductivity

measurements.

3.5 Vacuum-pulling of polymers into AAO pores

A schematic and optical micrograph of the vacuum-pulling apparatus
within a glove box is shown in figure 3.4. An optical picture of the complete
glove box set-up (with feedthroughs) is shown in appendix 6 [A6.3]. The tube to
pull the vacuum is connected to an outside vacuum pump by a feedthrough
connection. Three vacuum gauges are used for monitoring the pressure during the
pulling process. One is connected at the pump, one at the controller, and one near
the sample. The vacuum-pulling holder/base for the sample is made of stainless
steel with a 2-mm diameter hole. This holder/base is positioned on a hotplate.
For polymer material (pure PEO and PEO:LiTf(X:1)) insertion into the pores, the
AAO template is placed on a 4-mm-nominal-inner-diameter and 1.75-mm-thick

O-ring (2-008) centered on top of the vacuum hole.
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Figure 3.4 Schematic of apparatus used to pull polymer materials into AAO pores (a) and
photograph of the apparatus used to pull the polymer through the AAO pores (b).
All the equipment is in a glove box. An image (c) of the as-pulled PEO material in
and on the AAO is shown (inset).

Initially, vacuum of 2" of Hg is applied to securely hold the sample on the
O-ring. (Here our vacuum is measured as inches of Hg below atmospheric
pressure.) An initial temperature of 120 °C on the top surface of the AAO
template is obtained by setting the hotplate temperature to 190 °C. The AAO
templates are left at 120 °C for more than 30 minutes prior to pulling polymer
material. An amount of polymer material covering the pulling area is spread on
top of the AAO and stirred/brushed slowly with a Teflon stick for 2 min. while it
melts with vacuum level at 2” of Hg maintained on the AAO film. During this
time, any air bubbles were removed from the pulling area by monitoring the live
image taken by a camera mounted on top of the sample and connected to the

computer by a feedthrough in the glove box. During the next two minutes, the
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pulling vacuum is increased to 8” of Hg and then further increased to 16” of Hg
for the following minute. During the last 10 seconds of the polymer pulling
process, the bulk excess of remaining polymer material on top of the AAO film
was wiped off with a triangular-cut (for wiping convenience) polishing cloth
(South Bay Technologies, P/N PMTO08A-10). Finally, the vacuum pressure is
released, and the AAO sample is lifted off the O-ring and left to stand in the open

in the glove box for more than 12 hours.

3.6 Removal of excess polymer from top and bottom of AAO

For removal of the excess polymer material on the top and bottom, the
sample was placed on top of a porous Teflon surface with 25-um average pore
diameter (Small Parts, Inc.) and an acetonitrile drop was placed over the excess
polymer material on the top AAO surface. After 2-3 seconds, the drop was gently
wiped off with an acetonitrile-damp polishing cloth cut in a triangular shape. This
process was repeated for the other side of the film and then the film was left in the

glove box for more than 24 h box prior to any characterization.

The following chapter describes the instrumentation and techniques used

to characterize and evaluate the properties of the PEO and PEO:LiTf(X:1)x=1030

polymer bulk and confined material.
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Chapter 4: Characterization of PEO and PEO:LiTf- Polymer

Materials Filled AAO

4.1 Introduction

In this chapter, the SEM, FTIR, FT-Raman and WAXS instrumentation used for
this research work is discussed. Throughout this chapter, the new sample holders
and procedures developed here to safeguard the integrity of the PEO polymer

materials is emphasized.

4.2 Scanning electron microscopy (SEM)

Scanning electron microscopy was performed using a JEOL JSM-880
SEM with a lanthanum hexaboride (LaBg) gun typically operating at 15 kV. All
samples were mounted on SEM sample holders in the glove box and transferred
in a vacuum desiccator to the Emitech-575XD turbo-pumped sputter coater to
coat the samples with <5 nm of iridium for better electron conduction. The
iridium-coated samples were taken to the SEM in a vacuum desiccator and the
time exposed to the outer environment during transferring was less than 10 sec.
Figure 4.1 shows SEM micrographs of 45 nm diameter AAO nano pores filled

with PEO:LiTf(10:1).
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Figure 4.1 SEM micrographs showing several views of a PEO:LiTf(10:1) filled O-AAO
template with 45 nm pores. The negligible thickness of the excess polymer layers on
the polymer-filled template should be noted.
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4.3 FTIR spectra

FTIR spectra were taken using a Bruker IFS 66v spectrometer in the
spectral region 400-4000 cm™ with a KBr beam splitter and 1 cm™ resolution.
The data acquisition was controlled by a computer running the OPUS program. A

schematic diagram of the spectrometer is shown in figure 4.2.
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Figure 4.2 Schematics of the IFS 66v/S IR spectrometer sample compartment and the optical
path (from IFS 66v/S IR manual).
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The beam diameter at the sample was reduced to 2.4 mm by adjusting the
aperture size and aligned to the sample center, which had an effective diameter of
4 mm. Sixty four scans were taken per spectrum to increase the signal to noise
ratio. The sample chamber was purged with dry nitrogen during loading and
unloading of the samples and kept under vacuum during the scans. All samples
were loaded into the custom designed IR sample holder while in the dry nitrogen
glove box. The custom holder centers the sample effective area to the beam and

is shown in figure 4.3.

Figure 4.3 Custom designed leak tight FTIR sample holder with XY adjusting ability. (a) Full
assembled holder, (b) holder parts in apart.

The air-tight sample holder allows X-Y tilting to align the sample center to
the beam with the aid of an IR sensing card. As shown in figure 4.2, the IR beam
is incident on the back surface of a ZnSe window roughened with 10 pm particle
size alumina powder to reduce the effects of “etaloning” in the IR spectra. A

single rough surface is a crucial factor to obtain cleanest spectra because the 100-
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pum AAO films on their own show etalon interference. Before acquiring an IR
spectrum of the sample, a background spectrum of the empty sample holder with
ZnSe windows was taken so that it be appropriately removed from the raw sample
spectrum using OPUS. After the IR spectrum was taken, the sample was
unloaded from the IR sample holder and mounted in the Raman sample holder in
the glove box to take a Raman spectrum. Just after the Raman spectrum was
collected, in the glove box, the sample was transferred back to the IR sample
holder and a FTIR spectrum was taken again, to monitor the amount of trace
atmospheric moisture picked up by the sample during our FTIR and Raman
procedures. The before Raman and after Raman IR spectra scans showed that the
change of the -OH peak absorbance was insignificant, indicating the absence of

moisture picked up during the 10-hour Raman scans.

4.4  FT-Raman spectra

FT-Raman spectra were taken by a Bruker-FRA 106/S FT-Raman
spectrometer as shown in figure 4.4. This spectrometer uses a solid state laser
diode pumped Nd:YAG excitation source operating at 1064 nm with wavelength
stability <l cm™ and a having a bandwidth of 0.5 cm”. The D 418-S Raman
detector is liquid nitrogen cooled during the scans. All spectra were obtained by
using the double sided, forward backward acquisition mode and the Raman laser

power set to 1200 mW. The beam diameter at the sample was 100 um. FT-
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Raman spectra were acquired for all samples immediately after the IR spectra

were obtained.
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Figure 4.4 Schematics of FRA-106 spectrometer sample compartment and optical path (a), and
optical picture of the FRA-106 spectrometer and the sample compartment (b).

Figure 4.5 Custom designed Raman sample holder with air tight ability. Sample placed on the
200 mm thick ZnSe window. (a) Laser incident side, (b) holder in apart for sample
mounting.

53



A quartz beam splitter was used, and the FT-Raman the spectral region
was 50-3500 cm™ with 2 ecm™ resolution. Acquisition was controlled by a
computer using the OPUS computer program. All samples were loaded into the
Raman sample holder in the dry nitrogen glove box. Again the Raman sample
holder was custom designed to avoid moisture absorption by the hygroscopic
sample from the surroundings, and is shown in figure 4.5.

The beam is incident onto a ZnSe window whose thickness is 200 um to
maximize the scattered spectral intensities. For the AAO-based samples, 10,000
scans were carried out to get spectra with sufficient signal-to-noise (S/N) ratio,

while for the bulk polymer materials, 1000 scans were sufficient.

4.5  WAXS diffractograms

X-ray measurements were made using a pinhole-collimation S-MAX3000
system from Rigaku with a microfocus tube. The x-rays were produced from a
copper source using a 45 kV electron beam with 0.66 mA of current and
collimated using 3 pinholes to a 400 um beam diameter. Wide-angle x-ray
spectra (WAXS) were collected with a FUJIFILM BAS-IP MS 2325 imaging
plate with a hole cut in the center of the plate (which allows for simultaneous
small-angle measurements, which were not made) placed perpendicular to the
incident x-ray beam, approximately 5 cm away from the sample. The sample
chamber was kept under vacuum during the spectra acquisition. The exposed

image plates were scanned using a FUJIFILM BAS-1800II image reader.
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It is crucial that the PEO-based polymer samples remain in a moisture-free
environment, because they are highly hygroscopic and would otherwise quickly
become hydrated and amorphous. In addition to the concern of moisture in the
environment, the AAO templates themselves must be annealed at high
temperature to remove the water (initially several monolayers thick) from the pore
walls of the as-fabricated AAO. Table 2 shows the annealing temperatures and

the type of —OH groups on remaining on the pore walls at the various stages.

Table 2. Existence of the water and —OH groups after annealing at various temperatures.

130 °C 500 °C Anneal 1000 °C Anneal
As grown Anneal
Fully Only fixed -OH & remainder —O | all -OH removed, fully
hydroxylated Neutral surface oxidized Basic Surface
Acidic Surface
Several 1 ML H H H ° &
monolayers of H,0O !, /L X m/ \M isolated (fixed) Al-OH
(MNs) of H,0 ol e w

Figure 4.6 shows the diffraction patterns of PEO:LiTf(20:1) in 45 and 70
nm AAQO nanopores taken under normal lab conditions (moisture rich), (c) and
(d); and figure 4.6(b) is a deffractogram of PEO:LiTf(20:1) bulk sample taken

under inert conditions.
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Figure 4.6 Hygroscopic behavior of PEO and PEO:LiTf; (a) Optical micrograph of a PEO:LiTf
(10:1) in O-AAO vacuum pulled outside the glove box showing water accumulation
in tens of seconds, (b) Diffractogram of PEO:LiTf(20:1) under inert conditions, (c)(
d) PEO:LiTf(20:1) in O-AAO and template showing amorphous structures
respectively, (f), (g) Intensity vs. 2@ histograms of previous diffractograms.

To maintain moisture-free conditions, the samples were loaded on to the
WAXS sample holder in the dry-nitrogen-filled glove box and transferred to a
vacuum desiccator that was evacuated outside the glove box. Samples were
exposed to normal atmosphere less than 10 seconds during loading and unloading
of the samples into the WAXS chamber. Polymer materials as bulk film samples
were exposed to the x-ray beam for about 6 hours and the polymer materials
confined in AAO samples were exposed more than 16 hours to obtain sufficient
signal in the diffractograms. To further investigate the polymer orientation in the

nanopores, we also performed WAXS of the AAO-confined PEO and PEO:LiTf
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(10:1) samples with sample normal tilted at 10° to the x-ray beam. The x-ray
exposed image plates were scanned using a FUJIFILM BAS-1800I1 model image

reader to obtain digital pictures.

4.6 AC-impedance spectra and conductivity

For ionic conductivity measurements, the bulk resistance of the films was
obtained from AC-impedance spectra. The HP4192A impedance analyzer was
connected with 1-m-long 50-Ohm BNC cables through a feed-through to the 1.52
mm diameter sample contact electrodes mounted in the glove box, as shown in the

block diagram in figure 4.7 (see appendix 6, [A6.1] for glove box set up).

| In the glove hox .
. - i Battery
I n
[ Digital ]
| Camera
. Sample
! heaters

L thermommeter
I ] -
: ) U [ mparoa
| I lepedance analyzer

Thermo
couples

Computer

Figure 4.7 Block diagram for the AC-impedance measurements setup.

Before all impedance measurements, the leads and contact probes
resistances and capacitance were compensated for by obtaining short-circuit and

open-circuit measurements at a frequency of 1 MHz with a 0.025 V amplitude
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oscillation. The impedance spectra were taken by (logarithmically) sweeping in
the spectral region 100Hz to 10 MHz with 0.025 V oscillator amplitude. The
custom-designed sample-contact electrode assembly used for these measurements
is shown in figure 4.8 (see appendix 6 [A.6.2] for complete set-up). With the xyz-
mechanical stages included in this assembly, we could routinely align the contact
probes to the mm-diameter active areas of the samples and make reliable
electrical contact. This success required the use of a computerized optical digital
camera (in the glove box) to monitor the relative positions of the contact

probe/sample/contact probe with sub-mm resolution.

Heater coil on
Cv:?l'ﬂllliC coles

50 Ohm BNC for
ac-unpedance

Sample position

Gold-plated
stanless probes

Thermocouples

Delnin stand

Figure 4.8 Schematic (left) and optical image of AC-impedance contact probes. The probe
contact area is 1.52 mm in diameter, gold coated, and insulated from the heater coils
with ceramic.
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A series of impedance spectra were taken for the 100-um-thick
PEO:LiTf(10:1) bulk film for temperatures from room temperature, 25 °C, to 90
°C in 10 degree increments. Before each impedance spectra, the sample was held
at temperature for 45 minutes to ensure a uniform temperature. To initially
prepare the sample for these measurements, the PEO:LiTf(10:1) bulk film was
inserted between the probes, at room temperature, and heated to 60 °C for 10
minutes to make better contact with the electrodes, and the surrounding melted
material was carefully removed with a PTFE stick. Then sample was cooled to

room temperature prior to the start of the series of impedance spectra.

Figure 4.9 A 100 mm PEO:LiTf (10:1) film in the 1.5 mm diameter contact probes (a),
PEO:LiTf (10:1) in O-AAO film in the contact probes (b).

Figure 4.9 shows optical micrographs of a 100 pum PEO:LiTf (10:1) bulk
film between the probes (left) and an AAO-confined PEO:LiTf(10:1) sample

between the same contact probes (right) . For the AAO-confined samples, the
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first impedance spectrum was collected at 25 °C. Then a series of impedance
spectra was obtained for temperatures from 30 to 90 °C in 10 degree increments.
Again, before each impedance spectra was obtained, the sample was held at the
stabilized temperature for 45 minutes to ensure that the sample was at a uniform
temperature. To get better electrical contact for the nanopore-confined PEO:LiTf
(10:1) samples, 150-nm-thick sputtered Au contacts were deposited on the front
and back of the samples (using the Emitech-575XD turbo-pumped sputter coater,
operated with an Ar plasma). The front and back contacts were deposited in two
successive sputter runs with the sample clamped between aligned-holes in a
folded Kapton sheet. The contacts were 2.00+0.01 mm in diameter and typically
aligned to better than 0.1 mm. Samples were kept in a vacuum desiccator while
they were transferred from the glove box to the sputter coater and from the sputter
coater to the glove box.

The bulk resistances for conductivity measurements were obtained from
the radius of the semicircles in the Nyquist plots. For our temperature range,
there was more than an order-of-magnitude variation in conductivity (diameter of
the half circle). Accurate determination of the diameter was greatly aided by
taking impedance scans throughout this temperature range and -carefully
observing the trends with temperature. This approach allowed us to confidently
determine accurate resistances even when our half-circles did not start at the
origin (high frequency end of the scan) or the half-circle did not completely return

to the x-axis (low frequency end of scan). To confirm the correct behavior of our
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electrical contact procedures, we took impedance scans for a series of
temperatures (30, 50, 70 and 90 °C, then 70, 50, and 30 °C). Then we increased
the size of the smaller contact, by sputtering a new, larger Au contact centered on
top of the original contact. Impedance scans were then repeated for the same
series of temperatures. Comparing Nyquist plots we find the resistances are the
same for each temperature before and after the second Au contact on one side was
enlarged. See figure 4.10 for details. This indicated two important points: 1) our
sputtered-Au contacts were stable and reliable, and 2) appreciable conduction
through the film only takes place where the Au contacts on the two sides overlap.
The latter point confirmed that the ultra-thin layer of polymer electrolyte that
remained on the top and bottom surfaces of the AAO templates did not contribute
to the impedance measurements. Again, only the polymer electrolyte within the

pores contacted on both sides with our Au contacts contributed to the impedance.
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Figure 4.10 Bulk resistance for different gold contact areas: (a) Measured the same O-AAO-

PEO:LiTf (10:1) sample with different contact configurations Top (Bot.) contact
¢=1.66 (2.05) mm , (b) Top (Bot.) contact ¢p=1.66 (3.25) mm, (c) Nyquist plots of
AC-impedances of different gold contact configurations measured at 30 °C, 50 °C,
70 °C and 90 °C; closed symbols for Au(l.63mm)/O-AAO45nm-
PEO:LiTf(10:1)/Au(2.0mm) and open symbols for Au(l.63mm)/O-AAO45nm-
PEO:LiTf(10:1)/Au(3.25mm).

4.6.1 Determination of ionic conductivity in nano-pores

The electrical contact area of the nano pores filled electrolyte was

obtained by multiplying the porosity factor (P) of the AAO film, as calculated

from the pore dimensions (see figure 4.11), and the actual Au coated area (4) on
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the film for electrical measurements. The bulk conductivity was calculated from
the usual Ohm’s law equation: o=1//[R (PA)]; where, [ is the film thickness and

R is the geometric bulk resistance obtained from the Nyquist plot.

Figure 4.11 Schematic diagram for pore dimensions of AAO porosity calculation; circle depicts
as pore and hexagonal boundary shows the outer dimension of a single pore.

Area of single pore = 7 (d/2)*
Area or a unit cell = Pore distance(C-C)* x sin(0)
Porosity = [pore area/ pore cell area]x100

Porosity = [nx(d/2)*/ Pore distance(C-C)*xsin(6)]x100

In the next chapter, the results obtained from above characterization
methods for the PEO and PEO:LiTf (10:1) bulk, and confined systems are

presented and discussed.
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Chapter 5: Results and Discussion

5.1 Introduction

The results and discussions for our study of polymer materials in confined
structures are presented. This involves the sections addressing: the AC-
impedance and conductivity; the FTIR and FT-Raman; and the x-ray
measurements; followed by a discussion summarizing the results. An important
aspect of this work was the large number of confined structures (including
templates with pore sizes of: 200, 45, 41, 30, 26, 22, and 18 nm) that were
necessary to discriminate between areal versus perimeter effects in these confined
structures. Furthermore to understand the details of the organizational behavior of
polymer materials in confined structures, we needed to study both PEO and
PEO:LiT{(10:1) in all template sizes (PEO:LiTf(30:1) in a few) with all the tools
possible (AC-impedance, plan- and cross-sectional view SEM, FTIR and FT-
Raman, and x-ray diffraction). This means we analyzed many samples with many
techniques. In the sections that follow, we only present the highlights. Details
are included in appendices covering each technique. Before starting the
individual sections, a brief synopsis of each section is presented in the paragraph
below.

In the AC-impedance and ionic conductivity section, presents Arrhenius
plots of the conductivity versus temperature. These plots show: the expected

activation energy for the bulk PEO:LiTf(10:1) films with the freezing/melting at
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~59 °C; the PEO in 200-nm pore-diameter Anodisc with the expected melting
and expected liquid activation energy, but with significantly lower solid activation
energy (higher conductivity); and that the AAO-confined structures notably have
no clear melting and the Arrhenius plots can be fit with a single line with a low
activation energy. Associated with this latter behavior, the AAO-confined
structures have a room-temperature conductivity 100x that of the bulk polymer-
electrolyte (when normalized for porosity). Plotting the room-temperature
conductivity per pore versus pore radius shows this enhanced conductivity is an
area and not a perimeter effect. This indicates that the effect is due to the “bulk”
structure of the polymer electrolyte in the pore and not the polymer-
electrolyte/template interface. To investigate this polymer electrolyte structure
we characterize the samples with IR spectroscopy and WAXS. Because the
PEO:LiTf polymer electrolyte is more complex than the PEO polymer alone it
was characterized both using these techniques.

In the FTIR and FT-Raman spectroscopy section, the transition moments
of the various normal modes are assigned as either perpendicular or parallel to the
chain axis as explained by factor group symmetry. The pure PEO vibrations have
the D(4m/7) factor group, while those of crystalline P(EO);:LiTf have the C(27/2)
factor group. Therefore, it is possible to assign the transition moments of the
various normal modes as either perpendicular or parallel to the chain axis. In the

case presented here using a shorter-chain polymer, it is difficult to assess the
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polymer alignment within the confined structures. The data is consistent however
with alignment of the polymer chain with the pore direction.

In the x-ray section, the WAXS patterns are discussed. With WAXS one
can determine the alignment of the crystalline phases of the polymer materials and
calculate the percent crystallinity of the PEO. However, we were only able to
determine the percent crystallinity of bulk samples, because in the WAXS
patterns of the confined structures, the usual amorphous halo of PEO phase is
obscured by the broad crystalline peaks associated with the AAO. The WAXS
patterns of the bulk and Anodisc samples showed the wusual random
polycrystalline order. For the AAO-confined structures, the initial on-axis WAXS
patterns showed little crystalline polymer material, however, when they were
tilted at 10° to look for alignment of the polymer chain with the pore axes, the
diffraction peaks associated with the appropriate planes strongly diffracted
showing the azimuthal pattern expected for polymer chains aligned to the pore
axis. The same result was observed for the PEO:LiTf confined in the PEO.
However, this polymer-chain alignment effect was not observed for PEO confined

in Anodisc.

5.2  AC-impedance and ionic conductivity
In this section, I present the AC-impedance data from Nyquist plots,
followed by Arrhenius plots of the conductivity with temperature, followed by a

plot of the conductance per pore versus pore diameter. As expected, the bulk
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PEO:LiTf(10:1) film shows the usual activation energies with melting/freezing at
~59°, the PEO:LiTf(10:1) in 200-nm pore-diameter Anodisc shows the melting,
and the AAO-confined structures notably have no clear melting and the Arrhenius
plots can be fit with a single line with a low activation energy. Associated with
this latter behavior, the AAO-confined structures have a room-temperature

conductivity 100x that of the bulk polymer-electrolyte.

5.2.1 Nyquist plots for AC-impedances for the bulk PEO:LiT{(10:1)

polymer electrolyte and confined systems

Figure 5.2.1 shows the Nyquist plots for AC-impedances for the bulk
PEO:LiT{(10:1) polymer electrolyte; figure 5.2.2 shows the PEO:LiTf{(10:1)
polymer electrolyte confined in 30 nm (a) and 45 nm (b) nanopores in the
temperature range 30 °C to 90 °C (only 30, 50, 70 ,90 °C are spectra are shown
for clarity). Similar plots were made for the 18, 22, 26, 41 and 200 nm pore
samples. The diameter of the semi-circle gives the geometric resistance of the

electrolyte films.
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Figure 5.2.1 Nyquist Plots: for AC-impedances in the frequency range 1 kHz -10 MHz for the
bulk PEO:LiTf(10:1) polymer electrolyte for the temperatures 30, 50, 70, and 90

°C, respectively (70 and 90 °C (inset)).

For these geometric resistances, the capacitance values were in the range 1 to 2 pF

-1

cm . For the 30-90 °C temperature range, there are two order-of-magnitude
variations in the conductivity. An accurate determination of the diameter is
greatly aided by taking the impedance scans throughout this temperature range
and carefully observing the trends with temperature. This approach allowed a
confident determination of the accurate resistances even when the half-circles are
not complete to the origin (at low frequency) or the half-circle does not

completely return to the x-axis (at high frequencies). Reproducible data for each

temperature indicated that the electrical contact was good.
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Figure 5.2.2 Nyquist plots for AC-impedances in the frequency range 1 kHz -10 MHz for the
PEO:LiTf(10:1) polymer electrolyte confined in 30nm (a) and 45nm (b) pores for
the temperature range 25 — 90 °C, respectively (70 and 90 °C (inset)).
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5.2.2 Ionic conductivities of bulk PEO:LiTf(10:1) polymer electrolyte and
confined systems

All temperature-dependent conductivities of the fabricated films are
shown in the Arrhenius plots, see figure 5.2.3. The data for the porous templates
is plotted as measured, taking into account the area of the gold contacts (~2 mm
diameter) (open), and corrected for the measured porosity of the templates (solid).
The porosity was measured using pore diameters and spacing from plan- and
cross-sectional-view SEM images, like those shown in figure 3.3. Porosity values
are shown in the legend as percent in parentheses. Arrhenius plots for bulk and
Anodisc samples show the expected discontinuous behavior associated with
melting of the polymer electrolyte, similar to that for the 12:1 reference data [49].
However, data for samples confined in pores less than 50 nm in diameter are
linear over the entire 30 to 90 °C temperature range. The activation energy for the
bulk [Anodisc] samples is 51+0.3 [52+0.3] kJ/mole for 60 to 90 °C (liquid) and
107+0.3 [60+0.3] kJ/mole for 30-50 °C (solid phase). The activation energies for
the AAO confined samples is 39+0.2 kJ/mole for 30-90 °C.

It is remarkable that the ionic conductivity is enhanced by a factor of ~100
in the nanopore-confined electrolyte compared to the solid phase region below the
melting temperature of the bulk PEO polymer. The bulk electrolyte film
conductivity follows the Arrhenius relation with two activation energies for above

and below the melting temperatures of the PEO polymer.
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Figure 5.2.3

1000/T (K™

Arrhenius plots for the bulk and confined PEO:LiTf(10:1) polymer electrolyte.
Bulk and confined in 200 (Anodisc), 45, 30, and 18 nm diameter pores. Open
symbols are as measured, solid symbols are normalized for template porosity. A
table of activation energies is shown inset.
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Figure 5.2.4 Arrhenius plots for the bulk and confined PEO:LiTf(10:1), PEO:LiTf(30:1)
polymer electrolytes in 45 nm pores. Solid symbols are as measured, open
symbols are normalized for template porosity.

The effect on melting temperature suppression of the confined
PEO:LiTf(30:1) polymer electrolyte was also studied for this work. Figure 5.2.4
shows the Arrhenius plots for the PEO:LiTf(30:1) confinement in 45 nm diameter
O-AAO pores and compared with the bulk and the PEO:LiT{(10:1) confined in 45
nm O-AAO pores. From this behavior, it can be seen that the ionic conductivity
enhancement due to the nanometer scale confinement originates from the ordered
polymer chains arrangement induced on the nanoscale which favors ionic
conduction.

This significant enhancement of the ionic conductivity indicates that the
polymer electrolyte confined in the nanopores undergoes a change in the

structural properties of the polymer host material, which opens up non-resistive
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ionic transport paths. In general, single Arrhenius behavior for ionic
conductivities from ambient temperatures up to higher temperatures is observed in
solid amorphous electrolytes. Accordingly, the above semi-crystalline
PEO:LiTf{(10:1) polymer electrolyte confined in the nanopores appears to have

undergone a structural change favor of ionic conduction.

5.2.3 Conductance (30 °C) per Pore vs. Pore Diameter

In this study, it is important to show that the enhancement of the ionic
conductivity is not due to surface effects. The low-temperature (30 °C)
conductance per pore versus pore diameter is shown in Figure 5.2.5 for the porous
samples. Also included are lines modeling the conductance per pore for the
conductivity of 8.6x10™® (solid line) and 9.0x10°° (dotted) S-cm™, representing the
conduction associated with the measured conductivity of the pores in a solid or
extrapolated for a liquid, respectively. These lines represent uniform conduction
over the area (slope 2), whereas the dash-dotted line represents conduction
confined to the skin (perimeter) of a pore (slope 1). As shown, this low-
temperature conductance per pore for the AAO-confined polymer electrolyte is
more than two orders of magnitude greater than that modeled using the measured
unconfined low-temperature solid conductivity and remains higher than that
modeled using the measured liquid conductivity extrapolated to 30 °C. The line
representing uniform conduction over the area is best fit by that for area (slope 2)

indicating that this effect is not a skin effect.
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Figure 5.2.5
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pore perimeter (dotted). Inset shows diagrams and expressions for conductance,
G, and Gp, of a single pore for conduction over the entire cross-sectional area (44)
or a skin depth of thickness 7 (4p), respectively; with pore diameter d, length /, and
conductivity c.

Finally, it is important to realize that our enhanced conductivity is not

simply due to a depressed melting temperature of the confined polymer

electrolyte resulting in liquid-like behavior extending to room temperature. The

activation energy of our confined electrolyte at low temperature is substantially

lower than that of the liquid and similar to that observed for one of the latest

synthesized high-conductivity crystalline polymer electrolytes (e.g. 44 kJ/mole for

74



P(EO)s:NaAsFg) [34], with channels deduced from x-ray measurements. Our low
activation energy persists even at temperatures well above the usual polymer
electrolyte melting temperature. This indicates that not only are ordered chains
aligned in the pore direction at room temperature, this ordering persists to 90 °C
(30 °C above the usual melting temperature and about 20 °C above the
equilibrium melting temperature [121,122]). Even at such high temperatures, the
conductivity involves the ordered chains rather than only being facilitated by the
local segmental motion in the usual liquid-like conduction. In some ways, our
confined electrolyte polymer is behaving more like a liquid crystal, with aligned

channels, which result in our observed enhanced conductivity.

53 Analysis of FTIR and Raman spectra

In this section, the FTIR and Raman spectra for the bulk and confined
PEO and PEO:LiT{(10:1) samples are presented. A lot of spectra were taken and
carefully analyzed. Ultimately, because of a shorter-chain polymer was used, it is
difficult to assess the polymer alignment within our confined structures; however
the data is consistent with alignment of the polymer chain with the pore direction.

From the X-ray analysis, pure PEOssomw consists of crystalline and
amorphous phases, while PEO:LiTf(10:1) is more complex with crystalline
phases of both the pure PEO and the 3:1 PEO:LiTf compound [49]. The
vibrational modes of both pure PEO and the 3:1 crystalline PEO:LiTf compound

P(EO);:LiTf are usually described in terms of a infinite, perfect, helical chain
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[118]. The pure PEO vibrations are characterized by the D(4n/7) factor group and
those of crystalline P(EO)s;:LiTf in terms of the C(2m/2) factor group (see
appendix 1 for character tables) [119]. Therefore, it is easy to assign the
transition moments of the various normal modes as either perpendicular or
parallel to the chain axis. However, in this work a low molecular weight polymer
(PEOs400mw) With approximately 76 repeat units in a chain was used to confine in
the nanopores. Considering this, it is difficult to draw conclusions about polymer
chain alignment confined to the nanoscale on the vibrational spectroscopic data of

short chain polymers.

Figure 5.3.1 shows spectra of the PEO3400mw polymer and PEO:LiTf(10:1)
electrolyte bulk films and those films confined in 18, 26, 30, 41, 45 nm and 200
nm diameter pores for the spectral region 4000-1200 cm™. The broad peak at
frequency 3445 cm™ in the bulk films is due to the O-H stretching of OH end
groups of the polymer. This peak appears with less intensity in confined systems
probably due to the combination of OH stretching of both the polymer and the OH
bonded to the surface of the AAO. The relative absorbance intensity of the OH
stretch in the AAO samples is very low since they were annealed at 1000 °C in
dry nitrogen and the spectra were taken in moisture free conditions. According to
the normal coordinate treatment and factor-group analysis [117], the CH;
stretching vibrations results in two parallel bands with A, symmetry and four
perpendicular bands with E; symmetry. According to this assignment, for an

infinitely long PEO chain polymer, these parallel modes appear at 2888 cm™ and
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2859 cm™ and normal bands appear at 2885 cm™ with shoulder bands at 2945,
2825 and 2805 cm™'. However these bands are not distinctive due to the weak
intensity and complicated broadness of the peak around 2880 cm™ in this region,

especially when unpolarized light is used.
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Figure 5.3.1 FTIR spectra (4000-1200 cm-! ) of PEO [A] and PEO:LiTf(10:1) [B] bulk films
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26, 18 nm pores coated with SiO2 layers on S- and O-AAO pores respectively.
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In figures 5.3.1 spectra were taken using unpolarized IR and the CH;
stretching modes from parallel and perpendicular bands overlap except for the
overtone frequencies at 2738 (parallel) and 2700 (perpendicular) cm™ in the bulk
films. Nevertheless, this complex CH, broad band begins to be resolved when the
polymer is confined in the nanopores. The band at 2885 cm’™ is attributed to a
vibration where transition moment is perpendicular to the chain axis. Besides this
assignment, we can observe that the 2945 and 2805 cm™ peaks are distinctive in
the nanopore spectra, indicating that the confined polymer responds to the
perpendicular electric field of the IR beam propagating along the pore axes.
However, the overtone peak intensities at 2738 and 2700 cm™ disappeared in
PEO:LiTf{(10:1) confined systems, although these bands have a fair amount of
intensity in the pure PEO confined samples.

The polymer peaks below the 1200 cm™ region are not observable due to
the interference with the strong Al-O vibrational modes in the template structure,
whereas the vibrational modes in the spectral region from 1420 to 1220 cm™ are
seen in figure 5.3.2 and discussed in detail.

The vibrations from 1420 to 1220 cm™ contain modes that are primarily a
mixture of CH, wagging and CH, twisting motions. In this spectral region, the
bands of the pure PEO are more clearly resolved in the bulk sample (Figure
5.3.2[A]), with a stronger band 1360 cm’ and a weaker band at 1343 cm™. It is
remarkable to note that these intensities are reversed in the Anodisc spectrum, in

sharp contrast to the behavior observed in the P(EO);:LiTf spectra. The transition
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moment of the doubly degenerate mode underlying the 1360 cm™ band is
perpendicular to the chain direction in an infinite, helical chain; consequently, the
mode would be observed in all chain orientations. In the spectrum of the 45 nm
diameter nanopore sample, the intensity of the band at 1343 cm™ relative to the
1360 cm™ band increases even more than in the Anodisc; this relative increase
appears to be preserved in all other nanopore spectra.

Further analysis of this spectral region reveals that the characteristic
crystalline peak at 1280 cm™ in bulk films due to CH, twisting shows up in all the
pore samples. The 1234 cm™ peak intensity with a shoulder band at 1241 cm™
dominates in the Anodisc samples, while at this intensity disappears in the
nanopores samples. This peak disappearance causes the 1241 cm™ peak to
dominate in the nanopore samples. The absorbance at frequency 1370 cm™ is
almost insignificant in the confined system while the strong peak due to the
wagging vibrations at 1413 cm™ completely vanishes or the absorbance is not

significant in the confined systems.

In the PEO:LiTf spectra, (figure 5.3.2[B]), there is a broad feature from
about 1330 to 1370 cm™ in the bulk sample which is resolved in the Anodisc
spectrum into distinct bands at 1360, 1350, and 1343 cm™. However, the strong
1343 cm™ band essentially disappears in the 45 nm sample and all other nanopore
samples. The marked intensity decrease is consistent with an alignment of the
polymer chains parallel to the pore direction, since the transition moment of the

mode is parallel to the polymer chain axis (in an infinite helical chain).
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Figure 5.3.2 FTIR spectra (1420-1220 cm-! ) of PEO [A] and PEO:LiTf(10:1) [B] bulk films
and confined in: Anodisc (200 nm), 45nm pores O-AAQO, 30nm pores S-AAO, 41,
26, 18 nm pores coated with SiO2 layers on S- and O-AAOQ pores respectively.
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This conclusion follows from the propagation of the IR beam in the direction of
the pore axis in all spectral measurements in this study. The weak intensity of the
1352 cm™" band (assigned to the amorphous PEO phase) is barely detectable in the
nanopore spectra, consistent with an increased degree of crystallinity in the pores
relative to the Anodisc. The weak 1360 cm™ band in the Anodisc spectrum
disappears in the nanopore spectra.

Remembering that the IR beam propagates in the direction of the pore axis
in all spectral measurements in this study there are at least two possible
explanations for these observations. First, the deviation from a perfect helical
chain structure is greater in PEO than in the P(EO);:LiTf compound, with the
consequence that the directions of transition moments are not strictly parallel or
perpendicular to the chain direction. Second, in the Anodisc, there appears to be a
slight but measureable preferential orientation of the pure polymer perpendicular
to the pore axis, and this preferential orientation seems to be preserved in all
nanopore samples.

Figure 5.3.3 shows the Raman spectra of PEO and PEO:LiTf(10:1) bulk
polymer materials and confined in the nanopores. The relative vibrational peak
intensities of PEO and PEO:LiTf{(10:1) confined in AAO nanopore systems
compared to the bulk PEO and PEO:LiT{(10:1) films are very low and appear on
the AAO characteristic fluorescence background spectrum. The Raman spectra of
nanopore templates are shown in appendix 1. The regional magnifications of the

spectra are needed to carry out the spectral peak analysis.
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Figure 5.3.3 Raman spectra in the spectral region (3500-400) cm™ for PEO [A] and
PEO:LiTf(10:1) [B] polymer bulk films and those films confined in 18, 26, 30,
45nm pores.
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Comparing with the FTIR spectra, the Raman spectra of bulk films show a
broad intensity band of the CH, stretching mode centered at 2889 cm™ and
shoulder peaks at 2938 cm™ and 2839 cm™ as shown in figures 5.3.4. However,
all these peaks merge and make a broad, very low intensity peak in the AAO
template spectrum. The overtone peak intensities at 2738 and 2697 cm™ are
insignificant in the polymer -confined template systems.

Figure 5.3.5[A] shows the Raman spectra in the region 1420-1220 cm™ for
the bulk and confined PEO. In the pure bulk PEO spectra, the peaks at 1231,
1236 and 1280 cm™ are due to a mixture of t(CH,) and t.(CH,) vibrations that
dominate the characteristic modes of the crystalline phase. Comparing with
PEO:LITf(10:1) in figure 5.3.5[B], the peak at 1280 c¢m™ indicates that the bulk
phase in PEO:LiTf(10:1) sample is composed primarily of crystalline PEO.

The peaks at 1231 and 1236 cm™ have moved to 1233 and 1242 cm™ in
the PEO:LiTf(10:1) material. The peak at 1263 cm™ in PEO:LiTf(10:1) is due to
the antisymmetric SO; stretching vibrations, where the intensities are much
smaller in the confined systems with no peak shifting. The peak at 1396 cm™ in
the spectra of both bulk films is due to a mixture of CH, wagging and C-C
stretching vibrations: The intensities of these vibrations are almost vanish or are
insignificant in the confined nano pore spectra, where this IR spectral frequency is
1412 em™. The ©(CH,) mode has bands at 1231 and 1236 cm™ in the bulk phase
that show a dramatic intensity reduction in the confined systems, indicating that

the PEO undergoes a structural change in the nanopores.
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Figures 5.3.6 shows the bending and rocking vibrational frequencies. The peak
at 761 cm™ is due to the symmetric bending deformation of CF3, 84(CF3), of the
CF3803'1 jon associated with Li". The spectral observation at 761 cm’! of
PEO:LiTf(10:1) bulk film and the confined systems show that the ionic
association in PEO:LiTf(10:1) polymer electrolytes is not affected by
confinement in the nanopores. Peaks at 831, 844 and 860 cm™ are primarily CH,
asymmetric rocking vibrations, p,s(CH,), of the pure polymer backbone in the
crystalline phase. The frequencies of the bands in figure 5.3.6 do not shift but the
weak intensities are only slightly above the nanopore template background. In
figure 5.3.6 [B] the pure PEO crystalline peaks still appear in the bulk
PEO:LiT{(10:1) electrolyte and the electrolyte confined in the nanopores, which
indicates that the intensities of the peaks at 844 and 860 cm™ are very low and the
crystalline PEO chains still dominate in the confined systems. The peak at 870
cm” in the PEO:LiTf(10:1) electrolyte is due to the pa(CHz) of O-C-C-O

torsional vibrations and originates in the O:Li(3:1) crystallite domains.
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Figure 5.3.6 Raman spectra in the spectral region (950-750) cm’ for PEO [A] and
PEO:LiTf(10:1) polymer bulk films and those confined in 18, 26, 30, 41, and
45nm pores.
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5.4 WAXS patterns and structural analysis

In this x-ray section, the WAXS patterns are presented and discussed. In
short, the WAXS patterns of the bulk and Anodisc samples showed the usual
random polycrystalline order. For the PEO-confined structures, the initial on-axis
WAXS patterns showed little crystalline polymer material, however, when they
were tilted at 10 to look for alignment of the polymer chain with the pore axes,
the diffraction peaks associated with the appropriate planes strongly diffracted
showing the azimuthal pattern expected for polymer chains aligned with the pore
axis. The same result was observed for the PEO:LiTf(10:1) confined in the AAO.

The WAXS patterns for PEO and PEO:LiTf bulk samples are shown in
figure 5.4.1. These bulk samples show the azimuthal symmetry expected of a

random polycrystalline polymer.

(a) Bulk PEO (b) Bulk PEO:LiTH(10:1)

Figure 5.4.1 WAXS patterns of bulk PEO (a) and PEO:LiTf(10:1) (b).
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The corresponding intensity versus two theta profiles taken from line cuts
at y=0 are shown in figure 5.4.2. In this study, the strongest PEO peaks at

26=19.2° from the (120) plane and 23° from multiple (hk2) and (hk4) planes are

analyzed.
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Figure 5.4.2 Intensity versus 28 profiles of bulk PEO (green) and PEO:LiTf(10:1) (red).

Figure 5.4.3 shows the Ewald constructions for the PEO plane reflections
when the c-axis of the polymer chains are parallel and tilted 10° to the x-ray
beam. The d-spacings and reflection angles for both PEO and the P(EO);:LiTf
crystal plane reflections were calculated using the equation for a monoclinic
lattice system (see Appendix 2 for equation and the tables, Table A2.1 and Table
A2.2). These d-spacings are very important in the evaluation of the crystal

structure.
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Figure 5.4.3 Ewald constructions of untilted [E] and 10° tilted [F] PEO. Inset figure [A] is
showing the PEO crystal looking though the b-axis and inset [B] shows the PEO
crystal looking through the c-axis. [C] and [D] show the (120) and (%k/) planes in
the lattice.

It is important to compare and analyze the WAXS patterns of PEO and
PEO:LiTf-filled and empty nanopore templates to the bulk PEO and PEO:LiTf
(figure 5.4.4). All of these WAXS patterns were taken with the x-ray beam
normal to the sample surface where the template pore axes are parallel to the

beam.

91



"pajeqe| se ‘QVY Aidwe pue J[1T:0dd Pue Odd J[nq 1oy suoned SXVM (9
"OVV Aidwe pue OV PA[IY-Odd PUe JLI'T:0dd Pue Odd Mg snoLrea jo suraned SXVA woly sojjoid oury (q “pafoqe
se ‘OVV pajeooun pue pajeod Jo urdped SXVM (B JLIT:0dd pue Odd Mnq pue saiod Adud Jo SXVM $'°S 91n31yg

wuge Ovv-s wusy Ovv-0

ejejdws] wugl] OVV-S ejejdws] WUy OVVY-O

Jingj11i:03d 3ing 03d

gl winemb gy
IECSEREES 2L Kk LB LA LD

e
sjedwa ] WUQE OVY-S sjejdwa] wWugy OVV-0O

92



As shown in the figures 5.4.4(a.b.c), the WAXS patterns of the PEO-filled
AAO samples are very different from the bulk PEO sample. In the WAXS
patterns of the PEO-filled AAO samples, with templates porosity taken into
account, the intensities of the prominent 19.2° and 23° peaks are much reduced
compared to the bulk (figure 5.4.4(b)). This indicates the confined polymer
morphology is very different in the AAO pores. The reduced intensities can be
due to a reduced amount of the crystalline phase or preferred orientation. To test
these two possibilities we oriented the PEO-filled nano pore samples at 10°
(~19.2°/2) in anticipation of the polymers partly aligning along the pore direction.
WAXS patterns taken in this sample orientation showed pronounced peaks for
19.2° and 23° reflections as expected. Comparison of WAXS patterns of untilted
and 10 degree tilted PEO-filled S-AAO-30nm pore sample along with empty pore
template and PEO bulk film WAXS patterns are shown in the figure 5.4.5. Figure
5.4.6 summarizes this situation where this effect for the 30nm pore diameters is
most pronounced while the 45 nm diameter pore sample shows less effect.
(WAXS patterns of untilted and 10 degree tilted PEO-filled O-AAO-45nm pore

sample are shown in figure A2.1, Appendix 2).
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Figure 5.4.5 WAXS patterns for untilted PEO filled 30 nm pores (a), 10° tilted PEO filled 30
nm pores (b), S-AAO-30nm template (c), Bulk PEO (d).

S 10° tilt

[Al &

Template

o—

WAXS patterns for 10° tilted PEO filled 30 nm pores (top), template (bottom left),
and untilted PEO filled 30 nm pores (bottom right) [A]. View of PEO crystal
looking through b and ¢ axes [B]. Ewald constructions of untilted [C] and 10°

tilted [D] orientations.

Figure 5.4.6
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Intensity versus two theta profiles are plotted as shown in figure 5.4.7 to
quantitatively show the (120) and (hk2) peak intensities enhancements (intensities
are corrected for porosity). The (120) peak is prominent in the 10°-tilt lower
(¢=180°) line cut profile and not present in the upper (¢=0°) line cut profile and

less than 1/10 (1/4) the size in the 0°-tilt (bulk PEO) line profile.
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Figure 5.4.7 Intensity versus two theta profiles for PEO in 30 nm pores 10° tilted and untilted.

The Ewald constructions for the 0° and 10° tilt angles are shown in figure
5.4.6[C & D] which illustrates the behavior of the (120) peak. Here, the Ewald
construction is for the PEO c-axis (polymer chain axis) directed along the pore
axis. For the 0° tilt construction, the (120) and (hk2) reciprocal lattice points are
not on the Ewald sphere (so there is no diffraction) and for the 10° tilt the (120),
by design, and the (hk2) points are on the sphere resulting in strong diffraction.

This indicates that the PEO polymer is ordered in the nano pores with the chain
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direction (c-axis) aligned with the pore and an inter-chain separation equivalent to
that of the crystal (the (120) planes are parallel to the c-axis).

PEO chains alignment in the nano pore scale is not surprising, given that
simulations of confined polymers in pores with minimal interaction (“slippery-
walls” -reflecting neutral repulsion of the walls) predict the chain axis aligned to
the walls [113]. Although for the other AAO pore diameters, the 10° tilt WAXS
patterns do not show as strong (120) diffraction peaks. This means the polymer
chains are not in crystalline registry in these pores. However, it is likely that the
simulations of Ma et al. support the conclusion that the polymer chains are
aligned in the pore.

The situation is more complicated, but similar, for PEO:LiTf(10:1). Again
the WAXS patterns of the PEO:LiTf(10:1)-filled AAO samples are very different
than for the bulk PEO:LiTf(10:1) sample (and the PEO:LiTf(10:1)-filled Anodisc
sample), see figure 5.4.8 (WAXS patterns of untilted and 10 degree tilted
PEO:LiTf(10:1)-filled O-AAO-45nm pore sample are shown in figure A2.2,
Appendix 2). In the WAXS patterns of the samples taken at in the usual normal
orientation (tilt= 0°), with porosity taken into account, the prominent PEO and
P(EO);:LiTf peak intensities are much reduced compared to the bulk. Again as
mentioned earlier, this indicates that the confined polymer electrolyte morphology
is very different in the AAO pores. So that in anticipation of polymers aligning in
the pore direction, we oriented the PEO:LiTf-filled samples at 10° (~19.2°/2) and

we see the WAXS patterns have very different azimuthal symmetry.
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(a) S-AAO-Hnm PEO:LITf Uniflted () S-AAO-30nm PEO:LITE 10 ° Tilted

{c) S-AAO-mm Template (0 BalkPEO:LiTt

L

Figure 5.4.8 WAXS patterns for untilted PEO:LiTf(10:1) filled 30 nm pores (a), 10° tilted
PEO:LiTf(10:1) filled 30 nm pores (b), S-AAO-30 nm template (c), Bulk
PEO:LiTf(10:1) (d).
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Figure 5.4.9 (A) WAXS patterns for 10° tilted PEO:LiTf(10:1) filled 30 nm pores (top),
template (bottom left),and untilted PEO:LiTf(10:1) filled 30 nm pores (bottom
right). Ewald constructions of untilted [C] and 10° tilted [D] orientations.
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Focusing on the peaks associated with PEO: the (120) peak (at 19.2°) and
the peak at 23° are more pronounced than in the untilted pattern with the same
azimuthal orientation as observed for the PEO-filled pores as shown in figure
5.4.9. Again, this clearly indicates that the PEO component of the polymer
electrolyte is ordered, as in the PEO-filled AAO case, with the polymer chain

along the axis of the pore.
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Figure 5.4.10 Intensity versus two theta profiles for PEO:LiTf (10:1) in 30 nm pores 10° tilted
and untilted.

Focusing on the peaks associated with P(EO);:LiTf: the intensity of the
(002) peak (at 20.6°) in the 10°-tilt lower (p=180°) line profile is nearly 20%
larger than that of the bulk film and about 20x that of the upper (¢=0°) profile;
the intensity of the (111) peak (at 17.7°) in the upper (¢=0°) line profile is 25%
larger than that of the bulk film and more than 10x that of the lower (¢=0°) line
profile (figure 5.4.10). Ewald constructions for the 0° and 10° tilt angles (Figure

(5.4.9[C & DJ]) illustrate the behavior of the (002) and (111) peaks. Here the
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Ewald construction is for the P(EO);:LiTf b-axis (polymer chain axis) directed
along the pore axis. In the 0° tilt construction the (002) reciprocal lattice point is
not on the Ewald sphere (no diffraction), and in the 10° tilt the (002) point is on
the sphere, resulting in strong diffraction. The (111) point in the 0° tilt
construction is not on the sphere, while in the 10° tilt orientation the (111) point is
nearer to the sphere, resulting in increased diffraction. The behavior of these
reflections indicates that the P(EO);:LiTf polymer is ordered in the 30 nm pores,
not only with the chain direction (b-axis) aligned with the pore, but the inter-chain
separation is that of the crystal (the (002) planes are parallel to the bh-axis). Thus
in the PEO:LiTf electrolyte both the PEO and P(EO);:LiTf phases are ordered
with their respective chain directions aligned to the pore directions.

It is also interesting to investigate the differences between the AAO-
confined (pores < 50 nm) and the Anodisc-confined (pores ~ 200 nm) polymer
and polymer electrolyte. X-ray shows the polymer electrolyte in the Anodisc is
polycrystalline at room temperature, and conductivity shows the usual melting
discontinuity behavior also seen for the bulk. The untilted and 10° tilted WAXS
patterns for the PEO:LiTf(10:1)-filled 200nm diameter pores Anodisc sample
compared to the bulk PEO:LiTf(10:1) is shown in figure 5.4.11. The filled
Anodisc film also shows the same cylindrical symmetry with relative peak heights
nearly identical to the bulk polycrystalline films as shown in the inset figure [C].

This directly shows that most of the PEO:LiTf in the Anodisc (200 nm pores) are
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in randomly oriented microcrystals, as in the bulk. Figure 5.4.11[C] shows the

complete images used in figure 5.4.11 [A].
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5.5 Summary and Conclusions

Below I recap the key results for each set of measurements. From the AC-
Impedance measurements, the PEO:LiT{(10:1) bulk sample freezes/melts as
expected at ~59 °C as does the Anodisc-confined sample; however the AAO-
confined sample does not show the usual phase change and it has a low activation
energy. This latter behavior leads to conductivity that is 100x that of the bulk
electrolyte. In addition, the conductance versus diameter plot indicates that this
high conductivity is an area effect not a perimeter effect. The FTIR and Raman
scans are consistent with the polymer-chains in the AAO-confined PEO and
PEO:LiT{(10:1) samples showing some degree of alignment in the pore direction.
The WAX patterns directly show that the AAO-confined PEO and
PEO:LiTf(10:1) are preferentially aligned with the polymer chain aligned with the
pore. while the bulk and Anodisc-confined PEO and PEO:LiTf(10:1) show no
preferential alignment.

It is interesting to investigate the differences between the AAO-confined
(pores < 50 nm) and the Anodisc-confined (pores ~ 200 nm) polymer and
polymer electrolyte. X-ray shows the polymer electrolyte in the Anodisc is
polycrystalline at room temperature, and conductivity shows the usual melting
discontinuity behavior also seen for the bulk. X-ray shows the polymer
electrolyte in the AAO is ordered with the polymer chain tending to be aligned
along the pore axis for both the pure PEO and P(EO);:LiTf phases. The

conductivity does not show the usual melting behavior, and the Arrhenius plot is
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linear through the temperature range where the bulk (and Anodisc confined)
electrolyte melt. Recent work shows similar results for polymer confinement in
pores less than about 50 nm, where confined polymers had depressed melting
temperatures [123, 124]. For example, poly(vinylidene fluoride) (PVDF) shows
pronounced ordering confined in 35 nm pores versus a bulk system; and
poly(ethylene) shows homogeneous nucleation for d>50 nm [123] and
heterogeneous nucleation (at the pore wall) for d<50 nm, [124] resulting in very
different crystal morphologies for these two situations. This latter finding,
involving nucleation at the pore wall for sufficiently confined structures, also is
consistent with our results, where for d<50 nm the confined electrolyte interacts
with the pore wall to form the ordered structures observed. This effect of the pore
wall also explains why we still observe a conductivity enhancement for the
Anodisc-confined polymer electrolyte (the conductivity per pore is about 10x that
of the bulk conductivity and the activation energy is intermediate between the
bulk solid and AAO-confined values). For an intermediate pore size,
heterogeneous nucleation at the pore wall would lead to ordered polymer-
electrolyte structures adjacent to the pore walls, resulting in a more conductive
outer layer in the pore. For a skin that is 100x more conductive than the normal
bulk conductivity of the core (values in line with our measurements), a 10 nm
skin thickness would result in the 10x increase in pore conductance observed.

Therefore, it is not surprising that a 10 nm ordered skin in a 200 nm pore might
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escape detection using x-ray diffraction, particularly if the ordering is not
sufficient to show crystalline registry.

It is important to realize that our enhanced conductivity is not simply due
to a depressed melting temperature of the confined polymer electrolyte resulting
in liquid-like behavior extending to room temperature. The activation energy of
our confined electrolyte at low temperature is substantially lower than that of the
liquid and similar to that observed for one of the latest synthesized high-
conductivity crystalline polymer electrolytes (e.g. 44 kJ/mole for P(EO)g:NaAsFy)
[22], with channels deduced from x-ray measurements (see Figure 5.4.6[B] and
5.4.9[B]). Our low activation energy persists even at temperatures well above the
usual polymer electrolyte melting temperature. This indicates that not only are
ordered chains aligned in the pore direction at room temperature, this ordering
persists to 90°C (30 °C above the usual melting temperature and about 20 °C
above the equilibrium melting temperature [121,122]). Even at such high
temperatures the conductivity involves the ordered chains rather than only being
facilitated by the local segmental motion in the usual liquid-like conduction. In
some ways, our confined electrolyte polymer is behaving more like a liquid
crystal, where there are aligned channels, which result in our observed enhanced
conductivity.

In summary, since their first discovery in the 1970s, polymer electrolytes
have been actively studied because they have properties important for many

device applications. Even now detailed mechanisms of conductivity are still not
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completely understood, so that different methods to enhance conductivity are still
being explored. We demonstrated two orders of magnitude higher conductivity in
the nanoscale confined structures versus bulk films. Using x-ray characterization
we show that this increased conductivity is associated with ordered PEO polymer
chains aligned with the template pore direction. The activation energy of the
AAO-confined polymer electrolyte is found to be smaller than the unconfined
melt and about half that of the unconfined solid. This result indicates that not
only is the room-temperature confined polymer ordered but that this order persists
at temperatures where the nano-confined polymer electrolyte is expected to be a

liquid.
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Appendix 1: Complementary tables and figures for FTIR and

FT-Raman spectra

Table Al.1. Molecular vibrational frequencies of Poly(ethylene oxide), (PEO), for mid Infra-
Red(IR) region, A and C depicts for amorphous and crystalline phases, and; br-
broad, s-small, m-medium, sh-shoulder, vs-very small, w-weak.

Phase
Poly(ethylene oxide)-Vibration mode Symbol IR (cm’l) Strength (Cryst./ Refs
Amorph.)
OH stretch V(OH) 3440-80 br A,C [91]
CH3s asymmetric stretch vas(CH3) 2973 s A, C [90-92]
CH2 asymmetric stretch vas(CH2) 2950 m C [91]
CH2 asymmetric stretch vas(CH2) 2930 sh A [90, 92]
CH2 asymmetric stretch vas(CH2) 2939 sh C [93]
CH2 symmetric stretch vs(CH2) 2922 sh, s A, C [90, 93]
CH2 symmetric stretch vs(CH2) 2890 Vs C [93]
CH2 symmetric stretch vs(CH2) 2885 vs A,C [90, 93]
CH2 symmetric stretch vs(CH2) 2880 s A,C [90, 93]
CH2 symmetric stretch vs(CH2) 2865 s A, C [90,92-93]
CH2 symmetric stretch vs(CH2) 2800 sh C [93]
bending overtones 2740 w AC [91, 93]
bending overtones 2730 sh A [91]
bending overtones 2695 w C [91,93]
CH2 scissor 1485 sh A [90,91]
CH2 scissor 1470 m C [90,91,93]
CH2 scissor 1463 m A,C [90-93]
CH3 asymmetric deformasion Sas(CH3) 1457 m A,C [90,91,93]
CH3 deformation 55(CH3) 1453 m, w A,C [90,91,93]
CH2 wagging »(CH2) 1412-18 w C [90,91,93]
CH2 wagging »(CH2) 1385 W C [90,91,93]
CH2 wagging »(CH2) 1374 VW C [90,91,93]
CH2 wagging »(CH2) 1361 m C [90,91,93]
CH2 wagging »(CH2) 1352 m A [90, 92]
CH2 asymmetric wagging was(CH2) 1345 s C [90,91,93]
symmetric and assymmetric CHz twisting Ts(CH2)+tas(CH2) 1325 W A [90, 92]
symmetric and assymmetric CHz twisting Ts(CH2)+tas(CH2) 1300 w A [90, 92]
CH: twisting <s(CH2) 1296 m A [90,91]
symmetric and assymmetric CH2 twisting Ts(CH2)+tas(CH2) 1283 W, m A, C [90,91,93]
CH2 twisting 1s(CH2) 1252 m A [90, 92]
symmetric and assymmetric CHz twisting Ts(CH2)-tas(CH2) 1235 C [90,91,93]
CHs rocking p(CH3) 1198 w C [93]
CHs rocking p(CH3) 1160 sh C [93]
combination of CC and CO stretch Vs(CO)-vas(COC) 1149 m, s A, C 93]
CO stretch and CH2 rocking V(C-O)+p(CH2) 1144 m C [89,93]
CO stretch and CH2 rocking V(C-O)+p(CH2) 1140 sh A [90, 92]
CO stretch and CH2rocking W(C-O)+p(CH2) 1113 VW C [89,93]
CO stretch and CH2 rocking Vv(C-O)+p(CH2) 1110 vw A [90, 92]
COC ass-sretch and CH2 symmetric rocking vas(COC)+ps(CH2) 1062 m C [89,90,93]
O-CHs3 stretch v(O-CH3) 1030 m C [93]
CC stretch and CH2 rocking V(C-C)y+p(CH2) 992 w A [90, 92]
CC stretch and CH> rocking V(C-C)+p(CH2) 961 sh C [90,93]
CC stretch and CH2 rocking V(C-C)+p(CH2) 954 sh C [93]
C-C stretch and CH2 rocking V(C-C)+p(CH2) 948 m A, C [91-93]
CC stretch and CH2 rocking V(C-C)+p(CH2) 938 m C [93]
C-C stretch and CH2 rocking V(C-C)+p(CH2) 934 w C [89,93]
CH2 rocking, COC streching p(CH2), v(COC) 857 m C [93]
COC streching, CH2 rocking v( C-0), p(CH2) 856 m A,C [93]
CH2 rocking, COC streching p(CH2), V(COC) 844 s C [89,93]
CH2 rocking, COC streching p(CH2), (COC) 828 C [89,93]
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Table A1.2. Molecular vibrational frequencies of Poly(ethylene oxide), (PEO), for FT-Raman
(mid IR- region). A and C depicts for amorphous and crystalline phases, and; br-
broad, s-small, m-medium, sh-shoulder, vs-very small, w-weak.

Phase
Poly(ethylene oxide)-Vibration mode Symbol Ramjm Strength [(Cryst./ Refs
(em’) Amorph.)

OH stretch v(OH) 3340 w, br, A,C [90, 92]
CH, asymmetric stretch vas(CH2) 2978 sh A,C [90, 92]
CH2 asymmetric stretch vas(CH2) 2941 ST A,C [90, 92]
CH> asymmetric stretch vas(CH2) 2937 S A,C [90, 92]
CHz symmetric stretch vs(CHz2) 2883 S A,C [90, 92]
CH> symmetric stretch vs(CH2) 2876 s A,C [90, 92]
CH2z symmetric stretch vs(CHz2) 2825 m A,C [90, 92]
CHz scissor 5s(CHz2) 1487 S C [96]
CH> scissor Bas(CH2) 1473 s, sh A,C [89,96]
CHz scissor 5s(CHz2) 1452 m A [96]
CHz scissor 5s(CHz2) 1448 m C [96]
CHz wagging and C-C stretch ®s(CH2)+v(C-C) 1398 w A,C [89,96]
CH2 wagging and C-C stretch ®s(CH2)+W(C-C) 1372 VW A [96]
CH2 wagging and C-C stretch ws(CH2)+v(C-C) 1364 w C [96]
symmetric and assymmetric CHa twisting 7s(CH2)+1as(CH2) 1298 s A [96]
symmetric and assymmetric CHa twisting 7s(CH2)+1as(CH2) 1285 s A [96]
symmetric_and assymmetric CH> twisting ts(CH2)+tas(CH2) 1283 Vs C [96]
CH, twisting 1s(CHz2) 1248 m A [96]
CH> twisting 1s(CH2) 1239 w C [96]
CH2 assymmetric twisting Tas(CH2) 1234 m C [96]
CH2 assymmetric twisting Tas(CH2) 1230 VW A [96]
COC assymmetric stretch vs(COC) 1143 m C [96]
COC assymmetric stretch vs(COC) 1139 s A [96]
COC sretch vs(COC) 1127 m C [96]
COC sretch vs(COC) 1123 sh A [96]
COC sretch vs(COC) 1116 VW A [96]
COC sretch vs(COC) 1112 vm C [96]
CO stretch and CH2 rocking vs(CC)-vs(COC) 1075 sh C [96]
COC stretch and CH2 assymmetric rocking Vs(COC)+pas(CH2) 1065 m C [96]
COC stretch and CH2 assymmetric rocking Vs(COC)+pas(CH2) 1061 VW A [96]
COC ass-stretch and CH> symmetric rocking vas(COC)+ps(CH2) 1041 m A [96]
COC ass-stretch and CHz symmetric rocking vas(COC)+ps(CH2) ~ [948 w C [96]
COC ass-stretch and CHz symmetric rocking vas(COC)+ps(CH2) ~ |943 w A [96]

v(O-CHs) 936 w C [96]
CH> assymetric rocking 884 W A [96]
CH2 rocking, COC stretch 862 m C [96]
CC stretch and (CH2) rocking W(C-C)+p(CH2) 851 S A [96]
CH2 rocking p(CH2) 846 Vs C [96]
CH2 rocking p(CH2) 834 sh C [96]
CH2 rocking p(CH2) 832 sh A [96]
CH2 rocking p(CH2) 810 w C [96]
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Table A1.3. Molecular vibrational frequencies of PEO:LiTf polymer electrolytes in mid Infra-
red(IR) region. A and C depicts for amorphous and crystalline phases, and; br-broad,
s-small, m-medium, sh-shoulder, vs-very small, w-weak.

IR Phase

PEO:LiTf-Vibration mode Symbol 1. |Strength [(Cryst./ |Refs

(em’) Amorph.)
OH stretch WOH) 3440-80 [br A C [90-92]
CHj; asymmetric stretch vas(CH3) 2973 s A C [91]
CH, asymmetric stretch vas(CH2) 2950 m C [90, 92]
CH, asymmetric stretch vas(CH2) 2930 s A [93]
CH, asymmetric stretch vas(CH2) 2939 sh C [90, 93]
CH, symmetric stretch w(CH2) 2922 sh, s A,C [93]
CH, symmetric stretch w(CH2) 2890 Vs C [90, 93]
CH, symmetric stretch vs(CH2) 2885 Vs A, C [90, 93]
CH, symmetric stretch vs(CH2) 2880 s A, C [90,92-93]
CH, symmetric stretch v(CH2) 2865 s A C [93]
CH, symmetric stretch v(CH2) 2800 sh C [91, 93]
overtones 2740 w AC [91]
overtones 2730 w A [91,93]
overtones 2695 w C [91, 93]
CH, scissor 1470 m C [90,91,93]
CHj, scissor 1463 m A, C [90-93]
CHj asymetric deformasion Sas(CH3) 1457 m A C [90,91,93]
CH; deformation 8(CH3) 1453 m w A C [90,91,93]
CH, wagging »(CH2) 1412-18 |w C [90,91,93]
CH, symm wagging and CC symm stretch o(CH2)+(C-C) 1367 s C [94]
CH, wagging »(CH2) 1361 m C [90,91,93,94]
CH, wagging »(CH2) 1385 w C [90,91,93]
CH, wagging »(CH2) 1374 VW C [90,91,93]
CH, wagging »(CH2) 1352 m A [90, 92]
CH, antiwagging was(CH2) 1345 m C [90,91,93,94]
CH, antiwagging was(CH2) 1340 m C [90,91,93,94]
assymmetric and symmetric CH, twisting 1s(CH2)+1,5(CH2) (1325 w A [90, 92]
SO; asymmetric stretch vas(SO3) 1308 [94,95]
assymmetric and symmetric CH, twisting 1(CH2)+1,s(CH2) {1300 w A [90, 92]
SO; asymmetric stretch vas(SO3) 1288 sh C [94,95]
assymmetric and symmetric CH, twisting 1(CH2)+1,4(CH2) (1283 S A, C [90,91,93,94]
SO; asymmetric stretch vas(SO3) 1270 [90, 92]
SO; asymmetric stretch vas(SO3) 1272 [90, 92]
SO; asymmetric stretch vas(SO3) 1262 C [90, 92]
SO; asymmetric stretch vas(SO3) 1265 A [90, 92]
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broad, s-small, m-medium, sh-shoulder, vs-very small, w-weak.

Table Al1.4. Molecular vibrational frequencies of PEO:LiTf polymer electrolytes for FT-Raman
(in mid IR region). A and C depicts for amorphous and crystalline phases, and; br-

IR Phase

PEO:LiT{-Vibration mode Symbol 1. |Strength [|(Cryst./ [Refs

(cm”) Amorph.)
SO; asymmetric stretch vas(SO3) 1257 A [90, 92]
CH, twisting 1s(CH2) 1252 m A [90, 92]
CH, asymmetric twisting Tas(CH2) 1244 sh C [90,91,93,94]
CF; symmetric stetching w(CF3) 1233 s A, C [97,98]
assymmetric and symmetric CH, twisting 1(CH2)-1,5(CH2) [1235 s C [90,91,93,94]
CHj; rocking p(CH3) 1198 w C [93]
CF; symm stetching w(CF3) 1179 sh C [94]
combination of CO and CC symmetric stretch  [v(CC)-v,s(COC) (1149 ms A, C [93]
CO stretch and CH, rocking WC-0)+p(CH2) 1144 m C [89,93]
CO stretch and CH, rocking WC-0)+p(CH2) 1140 sh A 1,3
CO stretch and CH, rocking W(C-0)+p(CH2) 1113 W C [89,93,94]
CO stretch and CH, rocking W(C-0)+p(CH2) 1110 w A,C [90, 92,94]
COC sretch and CH, symmetric rocking vas(COC)+p(CH2) |1062 m C [89,90,93,94]
SO; asymm stretch vas(SO3) 1062 sh A,C [94,95]
O-CHj stretch WO-CH3) 1030 m C [93]
SO; symm stretch w(SO3) 1033 w [94,95]
SO; symm stretch w(SO3) 1045 s C [94,95]
SO; symm stretch w(SO3) 1043 [94,95]
SO; symm stretch w(SO3) 1040 [94,95]
CC stretch and CH, rocking WC-C)+p(CH2) 992 w A [90, 92]
CH, assymetric rocking pas(CH2) 969 [94]
CH, rocking, CC streching 961 sh C [90,93,94]
CHj, rocking, CC streching 954 sh C [93,94]
CC stretch and CH, rocking WC-C)+p(CH2) 948 m A C [90, 92,93]
CHj, rocking, CC streching 938 m C [93]
CHj, rocking, CC streching 934 w C [89,93]
CH, rocking, COC streching p(CH2), (COC)  |857 s C [93,94]
CH, rocking, COC streching W C-0), p(CH2) 856 m A C [93]
CH, rocking, COC streching p(CH2), (COC)  |844 s C [89,93,94]
primary CH, ass-rock for O-C-C-O tortion 834
CH, rocking, COC streching p(CH2), (COC)  |828 C [89,93,94]
CF3 symmetric deformation 5(CF3) 761 s A, C [94]
CF;3 symmetric deformation 5(CF3) 757 w A, C [94]
CF; symmetric deformation &(CF3) 753 w A, C [94]
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Table A1.5 Character table for PEO under the factor group D(41/7).

D@T)| E 2c! ¢t | 2C 7C, N’ |Infrared| Raman
Ay 1 1 1 1 1 10 F A
A, 1 1 1 1 -1 1-2(T, R[  A(]) F
E, 2 2c0s(() |2c0s(2em) [2c0s(3w) 0 21-1(TY| AW) A
E, 2 2cos(2w)| 2cos(4w)|2cos(6w) 0 21 F A
E; 2 2cos(3w)| 2cos(6w)|2cos(9w) 0 21 F F

Table A1.6. Character table for PEO:LiTf under the factor group C(2n/2).

linear,

C2n2) E C2 (@) | ov(xz) | ov(yz) |rotations | quadratic
Al 1 1 1 1 V4 x2,y2,72
A2 1 1 -1 -1 Rz Xy
B1 1 -1 1 -1 x, Ry XZ
B2 1 -1 -1 1 y, Rx yz
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Al.1 FTIR spectra of empty nanopores

Figure Al.1

S-AACQ-1Bnm

Absorbance (a. u.)
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’-//h
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4000 3650 3300 2850 2600 2250 1800 1550 1200
Wavenumber (cm-1)

FTIR spectra (4000-1200 cm™) of AAO templates: All templates annealed at 1000
°C for 15h in high purity N,; 45 nm pores O-AAO, 30nm pores S-AAO, and 41,
26, and 18 nm pores were obtained by SiO, coating on annealed 45 and 30 nm
pores respectively.

Al.2 Raman spectra of empty nanopores

Figure Al1.2
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0-AACQ41nm
0-44045nm

I T T T T T T
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Raman spectra (3500-400 cm™) of AAO templates: All templates annealed at 1000
°C for 15h in high purity N,, 45 nm pores O-AAO, and 30nm pores S-AAO. 41,
26, and 18 nm pores were obtained by SiO, coating on annealed 45 and 30 nm
pores respectively.
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Appendix 2: Supplementary information for WAXS

A2.1 Equations for lattice interplanar spicing (dx) calculation
Symbols in equations depict for,

h, k, | - for miller indices

a, b, ¢ - unit cell dimensions in A units

o, P, y —interaxial angles

I.  Cubiclattice(a=b=c,a=p=y=90°)
a

VT IEt

I. Tetragonal lattice (a = b #c, a= f=y=90°)

h® k* I? _%
d = ; + F + C_Z
R ¥E
] Orthorhombic lattice (a#b#c, a =/
=y =90°)
1 aidir

BoE R

l=|=t=+-
it bt
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III. Hexagonal lattice (a =b#c, a = =90° y = 120° ) with hexagonal

indexing
1

2172

d=a i(hz+k2+hk)+—
3a2 c?

IV. Hexagonal lattice (a = b =c, a = = y # 90° ) with rhombohedral indexing
1
(h?> + k? + 1®)sin® a + 2(hk + hl + kl)(cos’ a — cosa) | 2

d=
¢ (1+ 2cos®a—3cos?a)

V.Monoclinic lattice (a #b#c, f#£90°, a=y=90°)

o w S0
B, y=F

az cZ ac

- sin? B + ﬁ) ]

) (h2)+(12)_<2h1cosp) . +
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VI. Triclinic lattice (a#b#c, a=p=y#90°)

g cosy cosf 1 g cos 5 1 cosy % 1?
h
(E) % 1 cosa| + (%) cosy % cosa| + (é) cosy 1 %
é cosa 1 cosf é 1 cosfi cosa é
d= 1 cosy cosf

cosy 1 cosa
cosff cosa 1

w, 5y =90°
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A2.2 WAXS of untilted and 10-degree tilted polymer-filled O-AAO-45nm

pore samples

) O A A e PEO ThetiBled oy - AAO-ESan PEO 10 Tilted

Figure A2.1 WAXS patterns of untilted and 10 degree tilted PEO-filled O-AAO-45nm pore
sample.

Figure A2.2 WAXS patterns of untilted and 10 degree tilted PEO:LiTf(10:1)-filled O-AAO-
45nm pore sample.
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A2.3 Tables for d-spacings, reflection angles and intensities

Table A2.1 d-spacings, reflection angles and intensities of PEO helix-crystal.

Intensity
h k l 20 d (A) | IWINCOL.CIF]

1 1 0 15.1 7.39 678
1 1 1 18.6 6.53 763
1 2 0 19.2 4.13 6102
1 2 1 22.1 3.96 593
0 0 4 22.4 2.16 508
2 0 -2 22.5 3.07 508
1 2 -4 22.8 1.80 1356
1 1 2 23.0 4.25 6102
0 3 2 23.3 2.39 2712
1 3 -2 23.5 2.89 8983
2 1 -2 23.5 2.89 1864
2 1 -5 26.2 1.49 85
0 2 4 26.3 1.93 1610
2 2 -4 26.9 1.68 1864
1 3 1 26.9 2.76 85
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Table A2.2 d-spacings, reflection angles and intensities of P(EO);:LiTf crystal.

. Intensity
h k 1 20 d (A) [WINCOL.CIF]

0 0 1 10.2 14.37 2,959
0 1 1 10.3 8.61 522
2 0 0 12.3 7.19 9917
1 1 -1 13.5 6.53 2,697
2 1 -1 15.2 3.99 1,701
2 1 0 16.1 5.52 2,241
2 0 2 17.7 3.07 696
1 1 1 17.7 6.53 6,435
2 1 2 20.5 2.89 696
0 0 2 20.6 431 1,826
0 0 0 20.6 431 50
3 1 0 21.2 4.19 1,739
4 0 -1 21.3 2.84 1,043
1 2 0 21.5 4.13 10,000
2 2 2 27.3 2.50 87
3 1 1 27.5 4.69 174
1 2 -2 27.6 2.78 957
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Mercury 2.4 program interface

A2.4
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PEO and its .cif file for powder diffract
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Appendix 3: AC-impedance measurement technique

A3.1 Introduction

A sinusoidal alternating current is applied across the sample sandwiched
in between blocking or non-blocking electrodes. Here blocking electrodes stand
for materials that do not undergo chemical reactions with the test material and the
non-blocking electrodes interacts with the test material. Figure A3.1 shows the
vector diagram (left) and the sinusoidal waveforms of alternating electric current

and voltage.

gr I i

" :
Ple - V\\ I"‘
¢ A% £\
i ' /@ -
F 3 ‘.f :
f
!

{ '\
' I L
b J

* #

Fa

Wy
™ mﬁ'

Figure A3.1 The vector diagram (left) and sinusoidal waveforms of the current (i) and the
voltage (v).

In the diagram, “6” is the phase difference between the voltage and

current signals, |Z | is the corresponding impedance of the test material which is

responding to the voltage (v) and the current (i). From the analysis of the vector

diagram, the real impedance is represented as |Z| cos@ and the imaginary

impedance is|Z| sinf. An event on vector diagram is represented as
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Z =7'+jZ" and Z'=|Z|cos6 and Z" =|Z|sin6. By tracing the Z' and
Z" over a frequency range (typically, mHz - KHz, Hz - MHz, Hz - GHz etc.) the
fundamental electrical properties such as resistance, R, capacitance, C,
admittance, Y~ , permittivity, ¢, electrical modulus, M", etc., of a material can

be determined. The table A3-1 shows electrical properties of materials that most

investigated by means of the AC-complex impedance spectroscopy.

Table A3.1 Parameters and derivations of the electrical properties of materials.

PARAMETER | p o M & X
/ o jos, joe,e, | jos,(y+1)
o=—Y= :l :‘]a)g‘) zja)gogr :](050(1‘*‘1)
Yo M
M = =jwe,p _ Jjoe, 1 1
c g, x+1
& T, joe,p joe, M
Z:E—l: = 1 -1 = o -1 :L_l =é, -1
C, joe, p joe, M
ta = = p’ :i :M—" :g—” = Z”
p" ” M! g/ //{/4_1
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A3.2 Representation of AC-impedance spectra of a resistor (R), a capacitor

(C), and combinations in series and in parallel

A3.2.1 Resistor (R)
The impedance of a resistor has always only a positive value in the
complex plane. If there is not an electrical polarization in the material the

sinusoidal signal will be always in phase with current and 6=0, which gives

Z"=R , figure A3.2.

R
— VNV

O

—_———————

R Z'

Figure A3.2  Points for a range of frequencies on the Z’ axis in the complex impedance plane
for an ideal resistor, R.

A3.2.2 Capacitance (C)
Since the capacitor electrodes are electronically charged as positive

electrode and negative electrode, it responses to alternating phase differences
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between the voltage and the current. The complex impedance of a capacitor,

z :_—JC , which is negative due to the phase difference at 90° between voltage and
(4]

current. By convention, —Z” is drawn in the complex plane by the
electrochemists for convenience illustration. As shown in the figure A3.3 the
capacitance of an ideal capacitor, over a frequency range, lie in a vertical line

coincident on the imaginary axis of the complex impedance spectrum.

Ok

Z."."

E."

Figure A3.3 Points for a range of frequencies on the Z” axis in the complex impedance plane
for an ideal capacitor, C.
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A3.2.3 The impedance spectra of combinations of resistors and capacitors in

series and parallel

iy
- |
AN N R
NV
O ’
O
] F 8
Z"I"l E."."
@ RC=1
fa
£
2
R > - R E:—x
(a) (b)

Figure A3.4 Points for a range of frequencies in the complex impedance plane for combinations
of resistors and capacitors in series (a) and parallel (b).

5

total —

When resistor and capacitor are in series, figure A3.4(a), Z R—L, where
@

Z' =R, 7 =_—é and the z'=R is the DC-resistance obtain from the
o

interception of real axis and z”/=0. In resistor and capacitor are in parallel,

figure A3.4(b),
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1 1 1

=—+
zZ,.. R 1/joC

. R joR*C

Lo = [l+(@CR)*] [+ (wCR)?]

= —R and Z" = —a)R2 ¢
[+ (@CR)*] " [+ (@wCR)*]

where, Z’

The plot of Z’ against z” follows a semi-circle with diameter R providing

the geometric resistance of the circuit. In practice ‘R’ is obtained from the

interception of Z’axis at Z”=0. At the maximum point on the semicircle,

1
w=w,, ,the Z' =z" and thus C = R
®

max

A3.3 AC-impedance spectrum of an electrolyte system

The figure A3.5 shows an electronic equivalent circuit for a solid
electrolyte sandwiched in between two blocking electrodes, (Pt//Pt), (Au//Au),
(Ag//Ag) or (SS//S). The two capacitors on either side of the circuit are
representing the electrode double layer capacitances.

In the AC-impedance spectrum, the semi-circle is formed due to the
parallel combination of geometrical impedance and geometrical capacitance of
the electrodes. The line, called “spike” is the representation of the electrical
double layer capacitances and resistance in series with the geometrical

impedances. The semi circle deviation and line inclination form an ideal
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electrolyte system occur due to the complex dynamic electrical relaxations in the

electrolyte electrode interface and the electrode surface effects.

O

Equivalent transient circuit

ideal glectrolvte

i real electrolyte

- crease ¥

Figure A3.5 AC-impedance spectrums for an electrolyte (solid line) and ideal electrolyte
system (dash line) with blocking electrodes.
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Appendix 4: Chemical information, sample cleaning procedure,

and fabrication of AAQO in detail steps.

A4.1 Chemical information for AAO template fabrication

250 pm thick tempered as rolled Aluminum foil of purity 99.999%
purchased from Goodfellow Cambridge limited. Oxalic acid dihydrate from EMD
Chemicals Inc, sulfuric acid and perchloric acid (70 %) from Fisher Scientific Inc.
, phosphoric acid from Sigma-Aldrich. Mercury Chloride purchased from
Spectrum Chemicals Mfg. Corporation. Chromium trioxide (crystals) and
degreasing organics trichloroethylene, acetone, and methyl alcohol purchased

from Mallinckrodt chemicals. All chemicals are A.C.S grade.

A4.2 Chemical information for PEO polymer and PEO:LiT{(10:1) bulk
films fabrication
Average molecular weight (M,;) of 3400 g/mol poly(ethylene oxide),
(PEO), and lithium trifluoromethanesulfonate, (LiTf), were purchased from
Sigma-Aldrich (99.995%, M, = 300 °C). Anhydrous acetonitrile of A.C.S grade
(99.5%) purchased from EMD Chemicals Inc. All chemical bottles were open and

used as received in dry nitrogen-filled glovebox.

A4.3 Sample cleaning procedure
For sample cleaning, the following consecutive steps are carried out. First

samples are degreased by sonicating in trichloroethylene, acetone, methyl alcohol,
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and de-ionized water for 5 minutes each respectively, followed by drying with
nitrogen. Finally, samples are UV-ozone cleaned for 30 minutes (PSC-UVT

system from Novascan Technologies).

A4.4 Fabrication of AAO in detail steps

A4.4.1 Cleaning and annealing Aluminum surface

The following steps are carried out to obtain annealed and cleaned

aluminum foils for anodization:

1. A piece of Al foil (15 mm x 20 mm) is cut out from the 0.25 mm thick sheet

(Goodfellow Scientific).

2. The Al foil is ultrasonically cleaned for 5 minutes each in TCE, acetone,

methanol, and DI water before drying with a dry nitrogen flow on filter paper.

3. The Al foil is then exposed to a UV-Ozone environment at 50 °C for 30

minutes. Both surfaces are exposed to UV when placed in the UV chamber.

4. The samples are annealed in a LINDBERG/BLUE tube furnace by first
flushing with high purity N, at a flow rate of 1 LPM for 5 minutes before
flowing forming gas (20% H, and N2 balance) at 1 LPM and heating at 540 °C
for 3 hours. The samples are then allowed to cool down to room temperature
while continuing to flow the forming gas until 100 °C at which point an Nj

flow is introduced for 5 minutes to flush out the forming gas.
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5. After the furnace has cooled down, the Al samples are removed carefully from

the glass tube using tweezers.

6. (Optional) At this stage cleaning the annealed Al in a NaOH solution for 5 min

can give a better cleaned surface.

A4.4.2 Electro-polishing the AAO surface

1.

2.

The electro polishing solution is made up of 3 parts ethanol and 1 part
Perchloric acid.

Using a small amount of this solution, the container that the electro-polishing
is carried out in is rinsed out along with the magnetic stirrer. The container is
filled approximately two-thirds full with the electroplating solution. The
container is placed in the center of a copper cooling coil and the temperature
of the solution is lowered to 2 °C. There should be enough water or
water/ethanol solution in the surrounding bath to allow for good thermal
transfer.

The sample can now be coated with wax to define an electro-polishing area as
shown in figure A4.1. The best temperature to apply the black wax was found
to be about 150 °C.

The active electro-polished area is measured in square millimeters and the
current limit is adjusted so that the current in milliamps is the same as the area

in millimeters. The sample is electro-polished for 3 minutes. The current
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should remain constant but the voltage will rise. A maximum voltage of
between 60 and 120 volts should give a good finish.

5. The electro-polished piece is then removed and rinsed with DI water.

6. It is recommended that the black wax should be removed with TSC at this
stage and the surface should be cleaned well as outlined in section A4.3.

7. Black wax is re-coated around the electro-polished area of the Al foil and the

sample is now ready for anodization.

Exposed Al areafor

outer electrode contact

Black wax
coat

Al - active area; back sideis
completely covered with black
Wax

FigureA4.1 Schematic of a black wax coated aluminum.

A4.4.3 Anodization steps of aluminum

1. Attach the Platinum cathode (-) and aluminum (anode) sample ready to be

anodized to the power supply terminals and then immerse both anode and
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cathode into the electrolyte solution (oxalic, sulfuric, phosphoric etc.)

respectively

. As an example, for an AAO film anodized in oxalic acid, (O-AAQ), the first

anodization is carried out for about 15 hours at 40V and a temperature of 2°C.

. When the anodization is complete, the anodized foil is rinsed with DI water
and the black wax is removed with TCE and followed up with the standard
cleaning steps. For the two-step anodization process, the first anodic alumina
surface is removed by using chemical etching; the anodized sample is placed
in a mixture of 50% chromic acid (1.8 wt%) and 50% phosphoric acid (6
wt%) at ~60°C for 4 hours which removes . The first oxide layer and exposes

the dimpled aluminum surface underneath.

The sample is removed from the acid and cleaned with DI water and dried

with dry nitrogen.

. A new coating of black wax is applied securing the first anodized area. The

sample is now ready for the second anodization.

The same procedure outlined in steps 1 and 2 is followed but the anodization
time is tailored for the desired thickness (typically minutes) while all other

conditions remain the same.

. After the second anodization is complete, the black wax is removed with TCE
followed by the rest of the cleaning procedure. The sample is now ready for

use.
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A4.4.4 Fabrication of AAO of thickness less than 40 pm
1) After the AAO film is fabricated on an Al substrate (anodized twice and pore
widened if desired), the AAO is protected by covering with a coat of a micro-
shield polymer using a paint brush.
1) A layer of the micro-shield is applied with a small paint brush. Note that
bristle composition is important

(1) Good success has been obtained with a brush labeled “Royal 6250
Round size 0”. An important detail is to use a brush that won’t lose
its bristles in the solvent (MEK) and can paint an even layer..

(2) Another techniques is to apply a microshield drop onto the AAO
surface with a dropper filled with diluted microshield. This
method was found to give no debris while preventing AAO
contact with any tool.

i1) An even layer of the microshield should be applied over the AAO
surface and extending into the outer area of the AAO region.
iii)) A micro-shield layer approximately 5-10 um thick was found to be
suitable
iv) The micro-shield layer is allowed to dry overnight although typically
three hours would be adequate.
2) The AAO sample can be used as is or depending on the size, it can be cut
into multiple pieces with distinct shapes using a razor blade into Teflon. The

pieces should be asymmetric enough that the orientation (e.g. which side is
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up) is known as shown in figure A4.2. It is useful to note the shapes in a
notebook for reference. If the AAO is cut in the following manner, the
orientation of the AAO film is known following lift off from the aluminum

substrate since this is crucial for the rest of the processing steps.

(1) ) (2]
Cutting lings
4 AAO flim

Micro-shisld

Figure A4.2 AAO sample cutting lines for smaller sample sizes. Numbers indicate cutting
sequence.
A4.4.5 Removal of the aluminum substrate
a) A cut AAO sample with the microshield layer up is placed into a saturated
HgCl, or CuCl, solution.
1) The mercury (copper) forms an amalgam with the Al and the oxide
layer with the microshield will float off.
b) This process takes 15 to 25 minutes (time depends on the sample size). It
is complete when the Al/Hg or Al/Cu amalgam falls to the bottom of the
beaker/Petri dish, separating from the film. If the solution is to be reused,

remove the amalgam quickly to prevent exhaustion of the solution.
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c)

The sample can be lifted off the surface of the liquid with flat tip tweezers

on to DI water container to remove the HgCl, from the film.

A4.4.6 Removal of oxide barrier layer of AAO templates

1) Two Teflon beakers (or glass) containing DI water and 5 wt.% phosphoric

acid, respectively are heated to 30 °C on a hotplate.

a)

b)

d)

One large Pyrex beaker (5 diameter) is placed directly on the hotplate to
serve as a water bath.

A second beaker filled with the 5 wt. % phosphoric acid to a depth of ~1.5
inches is placed inside the first beaker. ( e.g., a 1.5” tall 1.25” diameter
polypropylene beaker filled to the neck )

The first beaker is filled with water to a depth slightly greater than the
depth of the phosphoric acid. Too much water will cause the center beaker
to float.

The hotplate temperature probe should be placed into the water bath so
that the probe tip is near to the top of the second beaker solution level. (
e.g. near to the area where the AAO is placed)

A Teflon coated stir rod is added into the 5 wt.% phosphoric acid and the
spin speed is set to 300 rpm.

The solution should be allowed 30 to 45 minutes to equilibrate at 30 °C

before step 2 is started.
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g) Using clean flat tip tweezers, lift the AAO film and place on the 5 wt%
phosphoric acid at 30 °C. The phosphoric acid solution serves as an
etchant to remove the oxide barrier layer, opening the pores of the AAO
from the Al substrate side.

h) Use a magnetic stirrer to stir the solution at 300 rpm.

1) The level of the etchant should be very close to the level of the water bath.

j) If the oxide was anodized in oxalic acid, etch for 34 minutes.

(a) 28 minutes has also has been used and was found to be better
for 500 nm thick or thicker OAAO

k) If the oxide was anodized in sulfuric acid, etch for 18 minutes.

(a) 8 minutes is better for 500 nm thick films while 10 minutes is
used for 10-20 um thick films
2) A clean glass cover slide is used to lift the oxide film from the phosphoric
acid solution and placed into the second DI water beaker.
a) The oxide is left to sit in the DI water for 5 minutes or more.
3) If placing on a substrate:

a) The oxide is lifted out of the water using the desired substrate instead of
tweezers.

b) For thicker films (> 500 nm), the sample can be dried on filter paper for
1/2 hour. Kimwipes can be used for thicker samples as well.

The use of microshield for the oxide barrier removal of >40 pum thick samples is

not good since the microshield remains on the pore walls and is difficult to
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remove by chemical or by other means. Therefore, the sample should be self-
floated on the etchant or the use of a tape window can be used surrounding the

film for support and floated as shown in figure A4.3.

fre 220 cample

Figure A4.3 Schematic for applying tape window for thick AAO samples when removing the
oxide barrier layer.
A4.5 Solution preparation data for aluminum metal anodization
The following steps show the amount of chemical weight or volume required for
diluted solution preparation:
A — Commercial concentrated solution
Density =d
Molar mass = M
WT % =a
1 — Compound mass for 1000 ml of solution
my=d * 1000 * o
2 — Commercial solution concentration (mole/L)
Co=my/M

B — Dilute solution needed to prepare
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Concentration dilute solution C; (mole/L)
What volume V) of concentrated solution is needed to prepare a V; dilute
solution?
Vo= (V1 * Cy) / Coweight is m;= (¢;*M/)

Example: Sulfuric acid

Density = 1.83

Molar mass = 98 g.mole™!

WT % =95.5
Concentration of commercial solution: 17.9 M

Concentration solution we want is C; = 0.3 M

mp = 0.3*98*100/95.5=30.78g for 1 L
Dilute solution
Vi=500ml my=1539g V,=(500*%0.3)/17.9 =my / 1.83 = 8.4 ml
a) Place 8.4 ml of the concentrated solution in graduated cylinder or a weight of
15¢g
b) Take a 600 ml Pyrex glass beaker and fill with 300 ml of DI water
¢) Add 8.4 ml of the concentration solution
d) Fill the beaker to 500 ml with DI water

e) Stir well
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Table A4.1. Solution data for aluminum and titanium metal anodization.

Chemical [C]

Use for

How to Mix Up

Notes

0.3 M Oxalic Acid
(COOH),

Oxalic Anodization

Place 9.45 g of Oxalic Acid
into 250 ml of H,O

18.90 g of Oxalic
Acid into 500 ml

0.3 M Sulfuric Acid
(=2.9 wt %) H,SOy4

Sulfuric Anodization

7.36 g of H,SO, in 250 ml
of H,O

8.4ml +up to 500ml
DI

1.2 M Sulfuric Acid
H,SO,

Sulfuric Anodization

Add 17 ml of H,SO4 to 183
ml of H,O

Used by Moskovits’
group to get small
unordered pores at

about 0°C

1.7 wt % Sulfuric Acid
H,SO,

Sulfuric Anodizaton

Weigh out an amount of
H,SO4 (m). Then add 55.8
x m (in mL) of H,O

This is what was
typically used here

10 wt% Phosphoric
Acid H;PO,

Phosphoric
Anodization

Add 58.54ml into 441.56ml
DI water=500ml of
10wt%H3PO4

(Lietal -1998) an
recipe uses 10 wt%
Phosphoric at 160V to
get max ordering

0.3 M Phosphoric Acid
H,PO,

Phosphoric
Anodization

Add 5.1 ml of H3PO4 to
250 ml of H,O

(Masuda et al-1995)
recipe uses 0.3M
Phosphoric at 195V to
get max ordering

5 wt % Phosphoric
Acid H3PO,

Barrier Layer and
Pore Widening Etch

Add 29.27ml into 470.73ml
DI water=500ml of
Swt%H3PO4

5“"[%H1PO4 for
Barrier Layer removal

6 wt % Phosphoric
Acid H;PO,_;

AAO Removal Etch
with 6 wt. %
Phosphoric Acid (1:1)

Weigh out an amount of
H;PO,4 (m). Then add 13.2
x m (in mL) of H,O

9.18 mL of H;PO,
should weigh 15.15 g,
mix with 200 mL DI
water

0.4wt%
HydrogenFluoride

HF

Ti-Anodization

Add 4.08ml of 49wt%HF
into 250ml DI and then
add DI up to 500ml

49wt% means 49g of
HF in 100ml solution
with DI water

0.3 wt % NH4F +
2%H,0 in
EthyleneGlycol

Long TiO, nanotube
growth

Add 10ml DI water into
490ml EG

3.75 mL NHy4F (40%)
should mix in 2%
H,O:EG
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Appendix 5: SiO, deposition on oxide surfaces

AS5.1 Introduction

A uniform single layer of 2 nm thick SiO, layer deposition can be done by
chemical solution adhesion on the surface. For this research work, the SiO, layers
deposition were done in the inert glovebox since SiCly decompose vigorously in
normal atmosphere. SiO, layers were coated on AAO pore walls by solution
depositions or following vapor depositions for below 12 nm pore sizes. According
to our SEM micrograph observations following the solution deposition, below 12
nm did not show any SiO; layer deposition. In this research work, only solution
deposition method was used to fabricate SiO, coated 41, 26, 22, and 18 nm pore
size AAO templates since SEM macrographs showed PEO (3400 Da) molecules
could only pull into 18nm pores and not less than 18nm. In general SiO, coating
steps are taken place as shown in chemical equation below.

AAO + H,0 + (SiCL4 + CCly) ----> [SiOCI(OH)y]s
[SiOCl(OH)y]s---DI----> (SiO,)«(SiOH),

Several steps do the SiO, coating process; the solutions are vacuum-pulled
consecutively through the nanopores. In section AS5.2 shows brief steps for each
Si0, coating for different pore diameter ranges and the “pore diameter” versus

“number of layer coating” with different deposition conditions. Figure AS.1
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AS5.2 Summary of SiO2 deposition on AAO pore walls by vacuum-pulling

method

IN
GLOVE Boxl (AAO +H

SO) + (SICL 4 + CCLy) —

ocl |, (OH¥], Ii—nsio 2)x (SIOH)

OUT of
GLOVEBOX

Liquid Pulls (Down to 12um pore diameter (<3 cycles))

e R e e B e A e e e e e e
1

Vapor/Vapor Pulls (No change from 6nm pore size)

IN GLOVE BOX deposit SiCl,, rinse with CCly, then CClyMeOH | IN GLOVE BOX deposit 8iCl,, inse with CCl,, then €Cl;MeOH (1:1) and :
(1:1) and finally EtOH. 1 finally EtOH. I

1 VACU[:]_-M PULIT' in order: lquid SiCl,: liquid Cc!a to remove I'1) VACUUM PULL in order: vapor $iCl, (50 °C): liquid CCl, to remove |
gf;ﬁ;?:ﬂeamffxlgclz?gg (1:1) to remove excess CCly: EtOH to I excess SiCly. CClLeMeOH (1:1) to remove excess CCly: EtOH to further |
o 4 . 1 remove excess CCl,. |

OUT OF GLOVE BOX convert to 5105, | OUT OF GLOVE BOX convert to SiO,. |
5) VACUUM PULL liquid H,O | 5) VACUUM PULL H,0 vapor with AAO temperature lowered through dew 1
+ ~1 drop of H,O onto AAO and pull 5 min 1 point |

+ Dipin DI H,O, Dry with kimwipe I Vapor T= 23 °C and RH 98%, sample T=22 °C |

+ ~1 drop of MeOH onto AAO and pull 5 min to clean | (started vapor 26.7 °C and RH 64%. Sample 26 °C) 1

+ Dip in MeOIL Dry with kimwipe | Lower sample T to 22 °C over t=75 min and observe water condense on |
RETURN to elove box (and repeat). ! the AAO. I
Deposits 2 nm per cycle, works until diameter is ~12 nm. : + 130°C for 10 min to remove excess HyO 1
I

-

For § cycles, water is pulled thra the membrane (=14 niy)
But for 6 cycles (12 nmy) pno water is pulled il

Pulling H,O vapor wttil it condenses over comies this to 6 nn . e
Aré ";l SziC’,, 1 51!'1!01 be pulled throngi 35 Si0zdeposiionionAAD vrralls [ [
But pulling vapor without condensation was not effective. @ Estrmaton
a N O Experimental
Liquid/Vapor Pulls (Down to 6nm pore size (3 cycles)) N "~ & H2ZOVapor
IN GLOVE BOX deposit SiCl,, rinse with CCl,. then CCl;MeOH 'E 24 Y A H20 + SiCl Vapor
(1:1) and finally EtOH. = T 2 ——Linear [Estimation)
1) VACUUMPULL in order: Liquid S s liquid CCl, to remove = 20
excess SiCly; CClyMeOH (1:1) to remove excess CCl,; EtOH to S \m\
furtherremove excess CCl,. o 15 > .
OUT OF GLOVE BOX convert to $10,,. H ST - - -
5) VACUUM PULL H,O vaper with AAO temperature lowered o 10 ~
through due point g o i
+ Vapor T= 23 °C and RH 98%, sample T=22 °C g o
(started vapor 26.7 oC and RH 64 ample 26 oC) \l
+ Lower sample T to 22 °C over t=75 Min and observe water 0 t
condense on the AAO. 0 1 2 3 4 9 i 7 3 a
Deposits 2 mn per cycle, works from diameter 12 to 6 mn. Number of coating steps

- VIew

Top

- View

X

Vacuum pull

E03,4DD
Successful.

Vacuum pull
PEO; 45p
TUnsuccessful.

Figure AS.1 SEM micrographs of AAO pore diameter reduced down to 6nm from 30nm

original size by coating SiO, layers.
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Appendix 6: Supplementary figures

A6.1 Optical picture of the glovebox set-up

b

e~ ~ Moisture indicato
i ‘ | | L_: |
- : = i1 ! L | 4 BRE: !
Camera stand .

Impedance ' acuum-pulling.

. ==
measuring . ¥,
setup

o = —

-~ -
! ]
o
L
L
L 4
L ]
A

il = o 3
-} .
. L
-
.
- - I ’
-
- .

—

Glovebox control sole]

Impedance
measuring leads

Tube to pull the vacuum is
connected to an outside
vacuum pump by a
feedthrough connection

Three vacuum gauges are
used for monitoring the
pressure during the pulling
process

Figure A6.1 Optical picture of the glovebox set-up used in this research work.
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AG6.2. Set-up for AC-impedance measurements of AAQO templates

—_——

Y -contro

-
/ Camera

¢ Heater coils wound
- on ceramics core

<«— SS/Au contact probes

-,!T"-.s'\ Impedance leads

<+— Delrin stand

«+—X-control (knob is out of visig

Figure A6.2 Set-up used for AC-impedance measurements of PEO:LiTf(X:1) filled AAO
templates.
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Appendix 7: Study of photo-catalysis using titanium dioxide

nanotube layers

Photo-catalysis using titanium dioxide nanotube layers

K.O. Awitor?®*, S. Rafgah?, G. Géranton?, Y. Sibaud?, PR. Larson®, R.S.P. Bokalawela®,

].D. Jernigen®, M.B. Johnson®

2 Institut Universitaire de Technologie, Département Mesures Physiques, Université d'Auvergne, 63172 Aubiére Cedex, France
" Homer L Dodge Department of Physics and Astronomy, University of Oklahoma, Norman, OK 73019, USA

ARTICLE INFO ABSTRACT

ﬂm'f{i‘“fsml’)‘f Photo-degradation of acid orange 7 in agueous solution was used as a probe to assess the photo-catalytic
Received 22 February 2008 activity of titanium dioxide nanotube layers under UV irradiation. The nanotube layers were prepared
ﬁi:gﬂ;ﬂmﬁﬁm 27 May 2008 by anodization of Ti foil in 0.4wt% hydrofluoric acid solution and then annealed at different tempera-
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tures between 300°C and 600<C for 1 h. The nanotube layers were characterized using X-ray diffraction
and scanning electron microscopy. After the 500°C anneal, the anatase and rutile mass fractions were
measured to be about 55% and 45%, respectively. After annealing at 500°C, the anatase crystallite size

ﬁrjanligl.:f::diuxide nanatubes was maximum while the size and shape of the nanotubes remain unaffected. Such TiD; nanotube layers
Anatase showed strong photo-catalytic activity. During UV irradiation, we measured the total disappearance of
Rutile the organic carbon and the formation of anion species to confirm the total mineralization of the acid

Photo-degradation orange 7.
Acid orange 7 (AQ7)

Mineralization
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1. Introduction

Titanium dioxide (TiO; ) is a photo-catalytic material with appli-
cations in fields such as environmental purification, decomposition
of carbonic acid gases, and solar cells [1-7]. Several techniques
can be used to prepare TiO; thin films, including thermal oxida-
tion of titanium and sputtering [8-13]. Ti0; nanotube layers grown
by anodic oxidation of Ti foils in an appropriate electrolyte pro-
vide ordered nanotube arrays with high surface area to volume
ratios [ 14-17]. Such layers have attracted much attention, including
recent work on wetting behaviour [ 18], oxygen adsorption [19], and
heterogeneous photo-catalysis [ 14]. One of the most active research
areas has been focused on environmental remediation, including
self-cleaning materials. For example, TiO;-based photo-catalysts
have been used to break down organic compounds in wastewa-
ter [1,3,5]. Indeed, many organic pollutants can be degraded and
ultimately mineralized using Ti0; photo-catalysts in the presence
of UV radiation [14,20-25]. Recently, there have been studies inves-
tigating the degradation of organic solutions using TiO; nanotube
layers [4,14]. The nanotube layers give rise to a large specific sur-
face area and this should produce a greater photo-catalytic activity
for a given sample size. In this work, we assess the photo-catalytic
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activity of Ti0z nanotube layers by monitoring the degradation of
an acid orange 7 (AO7) dye solution. The Ti0; nanotube layers were
annealed in an oxygen atmosphere at different temperatures. The
study of structural evolution versus annealing temperature per-
formed by X-ray diffraction shows that at 500°C the anatase and
the rutile mass fractions are around 55% and 45%, respectively. At
this temperature, the size of the anatase crystallites was maximum
and the Ti05 nanotubes demonstrated strong photo-catalytic activ-
ity under UV irradiation. Scanning electron microscopy (SEM) was
used to study the nanotube morphology. Finally, we show that the
photo-catalytic activity of TiO; nanotube layers leads to the total
mineralization of AO7.

2. Experimental details

To fabricate anodic Ti0; nanotube layers, we used Ti foil (Good-
fellow, 99.6% purity) with a thickness of 0.025 mm. The Ti foils were
degreased by successive sonication in trichloroethylene, acetone,
and methanol, followed by rinsing with deionized water and blown
dry with nitrogen. Anodization was carried out at room temper-
ature (20°C) in 0.4 wt% HF agueous solution with the anodizing
voltage maintained at 20V.

The crystalline structure and phase of the Ti0; nanotube layers
were determined using a Scintag XRD X'TRA diffractometer with
Cu Ka radiation. A JEOL JSM-880 SEM was used for morphological
characterization.
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Photo-degradation of AO7 in agueous solution was used as a
probe to assess the photo-catalytic activity of TiOz nanotube lay-
ers. Photo-catalytic experiments were conducted in 15 mL of AO7
solution (from Acros Organics, also called Orange II, CAS# 633-96-
5) with a concentration of 5.0 x 10~ mol/L, placed in a cylindrical
Pyrex glass reactor (1.1cm diameter by 18 cm tall). The surface
area of the anodized samples was approximately 6.5cm?. The
glass reactor was irradiated with polychromatic fluorescent UV
lamps (Philips TDL 8 W (total optical power, 1.3W), 300 mm long,
wavelength range 350-400nm) in a configuration providing about
2mW)/cm? at the sample surface.

The photo-catalytic decomposition of AO7 solution was mon-
itored by the decrease of the solution’s absorbance at 254nm
(centered in an absorption band of the AO7 solution), using a
Merck high-performance liquid chromatography (HPLC) system.
This HPLC system was equipped with a mono-channel (L-7400)
UV-vis detector, an automatic injector (L7200} and pump (L7100).
Experiments to investigate the decomposition of AO7 under UV
irradiation into smaller organic molecules were performed using
a reverse phase Interchrom column (Hypersil HsCig, 150mm
long « 4.6 mm diameter) to analyze the solution. The flow rate of
AO7 solution was 1.0mL/min and the injected volume was 10 pL.
The elution was accomplished by water with ammonium acetate
(25 % 103 mol/L) and acetonitrile (75/25, vjv) with a flow rate of
1.0mL/min. We followed the evolution of the 485 nm band of the
irradiated solution using a UV-vis and IR spectrometer (Shimadzu
UV-2101). The progress of the mineralization of AO7 solution was
monitored by measuring the total organic carbon (TOC) using a
Shimadzu Model TOC-5050A system, equipped with an automatic
sample injector. The calibration curve within the range 1-15mg/L
was obtained by using potassium hydrogen phthalate, KCgH50,,
and sodium hydrogen carbonate, NaHCOs, for organic and inorganic
carbon, respectively. The evolution of nitrate, nitrite and sulphate
ion concentrations was obtained as a function of irradiation time

Fig. 1. SEM images of Tily nanotubes obtained by anodizing Ti foil. (a) Top view image of the ordered array of led Tidy

using a Dionex, DX-100, ionic chromatography system. The elu-
tion was accomplished using NazCOs (1.8 » 10~ mol/L)/NaHCO3
(1.7 % 10~ mol/L) with a flow rate of 2.0 mL/min.

3. Results and discussion
3.1. TiO; nanotube layer characteristics

Fig. 1 shows SEM images of the TiO; nanotubes obtained by
anodizing a Ti foil. We observe ordered nanotube arrays grown
on top of the Ti foil with an oxide barrier layer separating the
nanotubes from the titanium foil. Fig. 1(a) shows the top down
image of the ordered array of TiD; nanotubes in the unannealed
state approximately 100 nm in diameter. Fig. 1(b) shows an oblique
view of the unannealed TiO; nanotubes (55¢ from normal). The
tube length determined by accounting for foreshortening from this
image was found to be approximately 430 nm. Fig. 1(c and d) shows
top and oblique views after annealing at 500°C. Comparing before
and after views, we see no difference in the micrographs. Thus the
size and shape of the nanotubes are not affected by the 500=C
anneal.

Fig. 2 summarizes the X-ray characterization of Ti foil and TiO;
nanotube layers before and after annealing at different temper-
atures in oxygen for 1h. The unannealed TiO; nanotube layer
exhibits only the peaks from titanium metal foil under the nanotube
layer. In order to convert the nanotube layer to a crystalline phase,
the samples were annealed at 300-600°C in increments of 50=C.
The characteristic line of anatase (10 1) appears at 300°C, while the
rutile line (110) appears at 500=C. These lines are shown in more
detail in Fig. 2(b). Crystallite size was calculated using the Scher-
rer formula, D=0.944/ 8 cos #, where A is the wavelength of the Cu
Koy line, & is the Bragg diffraction angle, and 8 is the full-width
at half max (FWHM) of a peak. We calculated the crystallite size

1 Oblique View 500°C
4

ing typical di to be

about 100 nm. (b) Oblique view (55° from normal) of the unannealed Ti0z nanotubes showing tube length of about 430 nm. (c) Top view of Ti0z nanotube array annealed at

500+=C. (d) Oblique view [55° from normal ) of Tilk nanotube array at 500-C.
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Fig. 2. (a) X-ray diffraction patterns of Ti foil. as grown and annealed Ti0; nan-
otube layers. Annealing temperatures are marked. Lattice planes indicate anatase
(A), rutile (R), and titanium (Ti). (b) Evolution of the (10 1) anatase, and (1 10) rutile
lines at 300-600+C. (c) Peak heights of (10 1) anatase and (1 10) rutile lines, and
crystallite size for anatase and rutile phases (calculated using Sherrer’s formula)
Versus temperature.

evolution by using the FWHM of the anatase (101) and the rutile
(110) peaks. Fig. 2(c) is a plot of crystallite size versus temperature.
We found that the size of anatase grows from 17 nm to 40 nm as the
annealing temperature is increased from 300 °C to 500 °C. The rutile
crystallite size was 17 nm at 500=C. After 500°C, the anatase peak
decreases significantly while the rutile peak increases. At 500°C
the anatase-to-rutile mass ratio was around 55:45. The anatase-
to-rutile mass ratio decreased to 30:70 and further to 20:80 after
one-hour annealing at 550 °C and 600+C, respectively. It is interest-
ing to note, that even after annealing at 500°C the size and shape
of the nanotubes are not observed to change, while the crystalline
structure clearly does change. This is in agreement with the results
described by Varghese et al. [15] and Macak et al. [14].

3.2. Photo-catalytic activity study

The photo-degradation of AO7 in the presence of TiO; nanotubes
under different conditions is summarized in Fig. 3. This shows the
AOQ7 concentration versus time as determined by the solution's
absorbance at 254 nm. As shown in Fig. 4, a plot of absorption ver-
sus wavelength, 254 nm is at the center of an AO7 absorption band.
For Fig. 3, the initial concentration of the AD7 was 5.0 10> mol/L.
Fig. 3, curve (a) shows the photo-degradation of AO7 under UV light
without TiO; present. This result indicates that AO7 is not substan-
tially degraded by UV radiation alone. Curve (b) shows that the
reduction in the concentration of AO7 in the presence of TiO; nan-
otubes for 40 h without UV irradiation was about 20%. Thus, the
effect of adsorption of the dye on the TiO; surface is small but not
negligible. Curve (c) shows the variation in the concentration of AO7
in the presence of unannealed TiO; nanotubes under UV irradia-
tion. Here we only observe the adsorption effect. Curves (d), (e) and
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Fig. 3. Photo-degradation of add orange 7 (AD7) dye under UV-lamp irradiation at
wavelengths of 350-400nm in the presence of Ti0; nanotube layer, as measured
by the absorbance of the irradiated dye at 254nm. (a) AO7 only with UV; (b) AO7
with Ti0z nanotube layer without UV; (c) unannealed TiOz nanotube layer; (d) TiOz
nanotube layer annealed at 300-C: (e) Ti0; nanotube layer annealed at 400-C; (f)
Ti0z nanotube layer annealed at 500-C.

(F) illustrate photo-degradation of AO7 after the samples had been
annealed at 300=C, 400=C and 500°C, respectively. We observed a
complete de-colorization of the AD7 dye after 40h. These results
show the decay of organic molecules with UV irradiation in the
presence of the annealed nanotubes.

We observed the strongest photo-catalytic activity for the sam-
ple annealed at 500 °C. In this case, the kinetics are first order with
a rate constant of about 0.05 h-1. At this temperature the anatase-
to-rutile mass fraction is about 55:45 and the anatase crystallite
size of 40 nm was maximum. It seems that the TiO; nanotube lay-
ers show strong photo-catalytic activity when composed of mixed
crystalline phases (anatase and rutile) with excess anatase. This
behaviour is similar to that for the crystalline powder Degussa P25,
which exhibits a strong photo-catalytic activity and has an anatase-
to-rutile mass fraction of 80:20. Our results are in agreement with
those observed by Macak et al. [14] for the de-colorization of AO7
dye. The difference in the rate constant of Macak et al. compared
to our rate constant (0.63h~" vs. 0.05h~") is due to differences in
their experiment to our experiment: nanotube length (0.5 pm vs.

024
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Fig. 4. Absorption versus irradiation time for the acid orange 7 (AO7) for polychro-
matic light (350-400 nm) without Ti0; nanotube layers, and in the presence of Ti(y
nanotube layers annealed at 300°C with exposure times of 6h, 15h, 24h, 39h, and
55 h, as labelled.
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0.43 pm), illuminated sample area (1cm? vs. 6.5 cm?), intensity at
the sample (60 mW/cm? vs. 2mW/cm?), and AO7 volume (3 mL vs.
15 mL). In detail, taking our rate constant of 0.05h~" and convert-
ing it to the experimental situation of Macak et al., we expect a rate
constant of 0.05h~" x (0.5/0.43) x (1/6.5) » (60/2)/(3/15), or 1h-1,
which is in reasonable agreement with Macak's rate constant of
0.63h~" (see [26]).

It is useful to compare the photo-catalytic activity of this TiO,
nanotube surface with other TiO; surfaces. Macak et al. compares
the activity of a similar nanotube surface to a standard prepara-
tion of Degussa P25 powder and finds comparable activity for equal
illuminated sample areas (0.63 h~! vs.0.50h~'). This indicates that
the Ti0O; nanotube surface is promising. Comparing our TiOz nan-
otube surface to an optimized sputter-deposited TiO; surface [27]
(sputtered from a Ti target in a reactive Ar-0; gas mixture) we
find similar rate constants, even though the sputtered TiO; surface
has a lower specific area in comparison. This implies the photo-
catalytic activity of the surface of the TiO; nanotubes is lower than
that of an optimized sputtered surface, indicating there is room for
improvement in the activity of the surface of the TiO; nanotubes.

Fig. 4 shows typical UV-vis spectra obtained during UV irradi-
ation of AO7 in the presence of the TiD; nanotubes annealed at
300+=C. (Results for nanotube layers annealed at the higher temper-
atures are similar.) These spectra clearly show that the intensity of
the characteristic band of AO7 at 485 nm decreases as a function of
irradiation time, so that after 50 h of irradiation the AO7 solution is
colorless.

Mineralization of AO7 was studied by following the disappear-
ance of the total organic carbon (TOC), as shown in Fig. 5. The
formation of anion species (nitrites, nitrates, and sulphates) was
followed by using ionic liguid chromatography during irradiation.
Fig. 5 shows that the TiO; nanotube structure is efficient at elimi-
nating the AD7 dye in aqueous solution. During the UV irradiation,
a rapid decrease in the number of carbon atoms was observed cor-
responding to the scission and oxidation of AO7.

Conversely, Fig. 6 shows the increase of the concentration of
anions (formed after mineralization) with irradiation time. The
chemical formula for AO7 is HOC,;gHgN=NC5H450:Na, so there is
one sulphur atom and two nitrogen atoms for every AO7 molecule.
Regarding sulphur, the concentration of sulphates reaches a plateau
of about 4.7 mg/Lor 4.9 » 10~° mol/L. Given the starting concentra-
tion of AD7 is 5.0 x 10~ mol/L, essentially all (98%) of the sulphur
in the starting AO7 is converted into sulphates. Regarding nitro-
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Fig. 5. The evolution of total organic carbon (TOC) of acid orange 7 (AD7) dye (start-
ing concentration 5.0 « 10-° mol/L) versus irradiation time in the presence of a TiO,
nanotube layer annealed at 500-C.
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Fig. 6. Formation of inorganic anions, nitrates, nitrites, and sulphates, upon UV
irradiation of AD7 dye in the presence of a Ti); nanotube layer annealed at 500°C.

gen, the formation of the nitrate and nitrite ions reached a plateau
in concentration of 0.6mg/L or 1x 107" molfL, and 0.1 mg/L or
0.2 x 10-* mol/L, respectively. Taking into account the two N atoms
in AD7, 10% (2%) of the nitrogen ends up as nitrate (nitrite). This
suggests the remaining 88% of the nitrogen forms Nz [20.24) andfor
ammonium ions that are not directly tracked [21,25].

4. Conclusions

Photo-degradation and the mineralization capacity of TiOz nan-
otube layers were studied using AD7 in agueous solution as a probe.
Anodization of Ti foil results in ordered arrays of TiO; nanotubes.
The TiO; nanotube layers annealed at 500°C for 1 h in oxygen show
strong photo-catalytic activity, in agreement with earlier studies
[14]. After this anneal, X-ray diffraction indicated the nanotube
layer is composed of mixed crystalline phases (anatase and rutile)
with an excess of anatase in agreement with the earlier work
[14-16]. For the nanotube layer annealed at 500 °C we observe the
breakdown of AO7 by following the absorption of the UV-irradiated
solution at 254 nm. Complete de-colorization of the AD7 dye was
observed after 40 h. The mineralization of the AO7 was confirmed
by direct measurement of the reduction of total organic carbon, and
by the direct measurement of the increase in the concentration of
sulphate, nitrate and nitrite anions in the UV-irradiated solution.
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Al

Au

Li

LiTf

Pt

KBr
LaB6
Nd:YAG
ZnSe
PAN
PEI
PEO
PMMA
PPO
PTFE
PVDF
MFC
PEMEFC
AAO
0-AAO
S-AAO
FTIR
NMR
SAXS
SEM
WAXS
AC

DC

CRT

VTF

WLF

S/N

C-C
FWHM

Appendix 8: Glossary

Aluminum

Gold

Lithium
Lithium-trifluoromethanesulfonate
Platinum

Potassium Bromide
Lanthanum hexaboride
Neodymium Yttrium Aluminum Garnet
Zinc Selenide
Poly(acrylonitrile)
Poly(ethylene imine)
Poly(ethylene oxide)
poly(methyl methacrylate)
Poly(propylene oxide)
Poly(tetrafluoroethylene)
poly(vinylidene fluoride)
Methanol fuel cells

Proton exchange membrane fuel cell
Anodic aluminum oxide
Oxalic-anodic aluminum oxide
Sulfuric-anodic aluminum oxide
Fourier transformed infra-red
Nuclear magnetic resonance
Small andgle x-ray scattering
Scanning electron microscopy
Wide angle x-ray scattering
Alternating current
Capacitance

Direct current

Resistance

Conductivity

Cathode ray tube
Vogel-Tamman-Fulcher
Willams-Landel-Ferry

Radio frequency

Ultra-violet

Signal-to-noise

Area

Center-to-center

Full width half maximum
Porosity factor
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