Processing, Properties and
Application of Double-Walled

Carbon Nanotubes

Flinders

UNIVERSITY

ADELAIDE » AUSTRALIA

Thesis submitted to the
School of Chemical and Physical Sciences
Faculty of Science and Engineering
The Flinders University of South Australia
in fulfillment of the requirements for the degree of
Doctor of Philosophy
December 2014

Katherine Elizabeth Moore

Supervisor: Prof. Michael Brunger
Co-supervisors: Dr. Benjamin S. Flavel & Prof. Amanda V. Ellis












Table of Contents

Table of Contents 5
Abstract 11
Declaration 15
Acknowledgements 17
Publications 21
Chapter 1  Introduction 25
L1 Introduction.......cccciiiiiinieiiiiiiiiiciccieceeseeeceee e 27
1.2 DWCNTs: Metallic or Semiconducting..........ccccccueeneene 28
1.3 DWCNT Synthesis and Purification........cccceevveiiiiniieniiiniiinnen, 31
1.3.1 Arc Discharge.......cooeiiiiiiiiiniiiiccicece e 31
1.3.2 Peapod Growth ......cocveeiiiiniiiiiiiiiiiieccee e 33
1.3.3 Catalytic Chemical Vapor Deposition........ccceccverveennrnnne. 35
1.3.4 Post-Synthesis Treatments........ccoceervieniienieenecniieenieenn 39
1.4 The Characterization Problem ..........c.ccoccoiiiiiiiiii, 40
1.5 DWOCNT SOIting ...cccvvviiiiiiiiiiiiiiiiiiiiiieiic e 46
1.5.1 Reversible Covalent Chemistry .......coceevvieniernienieenneenne 47
1.5.2 Biofunctionalization ..........cccocoiiiiiiiiiniiini 49
1.5.3 Molecular Nanocalipers........ccoceeviiiiiiniiiniiiniiiiicnieee 51
1.5.4 Density Gradient Centrifugation ........cc.cccevvveeviercveenneene. 53
1.5.5 Centripetal Length Separation..........ccccocveviiiiiiiiiinnnne. 60
1.5.6 Electrical Breakdown .......ccoceeiiiiiiiiiiiiiiiiiiiiccieee 63
1.5.7 Gel Permeation ........ceovueeeriieiniiieeeiiee et 66



1.6 Devices and Applications ..........ccovueeeriuiieniieiiiiieenieeenee e 72

1.7 ReEfEIeNCES...uviiiiiiiiiiiiiiiie et 77
Chapter 2 Experimental Methods 95
2.1 Preparation of Nanotube Electrodes .........cocceeviiiniiiniiinniiniinnncne. 97
2.1.1 Covalent Functionalization of SWCNTs and DWCNTs...97
2.1.2 Suspension of Nanotubes......c.cccoocveeviiriiiniiienicinicnieene. 97
2.1.3 Preparation of Cysteamine Functionalized Au................... 97
2.1.4 Covalent Attachment of Nanotubes to Functionalized Au .99
2.1.5 Polymer Intercalation .........ccceceeevieeniinieeniiienicceceeeee, 99
2.1.6 Decoration with Redox Active Peptide.....c.cccevcverrueenneennne. 99
2.2 Separation via Gel Permeation .........cccevveeeveiniiieniieniicnieenieeneee 100
2.2.1 Preparation of Nanotube Suspensions ..........cccceeeveenueennee. 100
2.2.2 Separation of DWCNTs from SWCNTs .c..oeeiieiiienieenee. 102
2.2.3 Separation of DWCNTs by Electronic Character............... 102
2.3 Sorted Nanotube Films .......cccccciiiiiiiiiiniiiiiiiie, 103
2.3.1 Film Preparation........coocveiiniiiiniiiieniieciiiceniec e 103
2.3.2 Chemical Treatment.......cccovveeiriiieniieiinieceniicceeeceieene 103
2.4 Preparation of DWCNT FETS...ccciiniiiiiiiiiiiiieniccecceencc e 103
2.5  Characterization......cocuevierieniieiiieiiieieeicciese et 104
2.5.1 Atomic Force Microscopy ......cccccoeveiiiiiiiiiiiiiiniiniiiienae, 104
2.5.2 Electrochemistry .......ccoovviiiiiniiiiniiiiiiiiecnieecceceeee 104
2.5.3 Transmission Electron Microscopy ......coccoeeeveuveernieennnecnns 105
2.5.4 Scanning Electron Microscopy.......cccovevcvievviieniciiienneennen. 106
2.5.5 Process Raman Spectroscopy........ccccvviiiiiiiiiiiiiiiiiinninnnn. 106
2.5.6 Raman Spectroscopy.......ccceveuvvieiiiiiiiiiiiiiiiiiiiiiccceee, 106
2.5.7 Absorption SpectrosCcopy......cccvevcveeruieneeeiiieiiieniieie s 106
2.6 REEIENCES..ceiiuiiiiiiiiiiiiteeie e 107



Chapter 3  Investigation of Electrochemical Properties 109

3.1 INErOdUCHON coeeiiiiiee e 111
3.2 Carbon Nanotube Electrode Fabrication .........cccccoeeveiviriiniinnnnnnns 114
3.3 Electron Transfer Characterization..........cccceevvveerieenieeneenieenneenn 116
3.3.1 Polystyrene Intercalated Nanotube Arrays.......ccccceeeunenne. 116
3.3.2 Direct Attachment of Redox Active Peptide...................... 119
3.4  LIMItations .....ccovoiiiiniiiiiiiiiieiiiieeiee et 123
3.5 SUMMALY ..ottt 124
3.6 REfErENCES wvviiiiiiiiieeieiiiee ettt et e et e e e ee e 126
Chapter 4  Separation of DWCNTSs from SWCNTs 131
via Gel Permeation
4.1 INErOdUCTON 1etieiiiiiieeeiiie ettt e e ee e e e e e e et e e e eneaeeeeennes 133
4.2 Separation of DWCNTS from SWONTS .eeorvvevveeeeerrssesseeneeen 133
4.3 SUMMATY ..oiiiiiiiiiiiiiii e 148
4.4 REErENCES .uvviieeiiiiiieeeiiiee ettt ettt e e te e e e e e e et e e e ennaaeeeenes 149
Chapter 5  Separation of DWCNTs According to 153
Outer Wall Electronic Character
5.1 INErodUCHION cueeviiieeiiiee ettt e e e e 155
5.2 Separating DWCNTs by Outer Wall Electronic Type....c..ccoueeneee. 155
5.3  Separation Mechanism........ccccccocviiiiiiiiiiniiiniiinii e, 162
5.4 DWONT PULILY crvvvvveeeeeeeereeeesseeeeeesessseeeeeesesssssseesesssssssseeenessees 166
5.5 SUMMATY oottt 172
5.6 RELErenCes «ooevuuiiiiieiiiiieeeiie et 174

Chapter 6 Electronic Properties of Sorted DWCNTs 179

6.1  Introduction ........cceciiiiiiiiiiiiiiiiiiiiiccc 181
6.2  Electronically Sorted DWCNT FETs....cooiiiiiiiiiiiiiiiiiiiiiceeee 184
0.3 SUMMAIY ..ceiiiiiiiiiiiiiii s 188



6.4 References

Chapter 7  Conclusion and Future Directions
7.1 ConclusiOn ...cooueiiiiiiiiiiiieic e
7.2 Future Directions........cccccovviiiiiiiiiiiiiiiiiiice

7.3  References

Appendix 1
Appendix 2
Appendix 3

191

193
193
196

199
211
225






10



Abstract

Double-walled carbon nanotubes (DWCNTSs) consist of two concentric
cylinders of carbon and are a unique structural intermediate between single-
(SWCNT) and multi- (MWCNT) walled carbon nanotubes. As such, they share
many of the attributes of SWCNTs, such as their unique electronic properties;
however as the simplest form of a MWCNT, they also offer insights into inter-wall
coupling, which has a significant effect on the overall electronic properties of the
nanotube.

Furthermore, the concentric structure of DWCNTSs enables the outer wall to
be selectively functionalized for further chemical processing or sensitization, whilst
the inner wall remains in its pristine state and available for signal transduction. The
strong coupling between the inner and outer wall, in conjunction with the sensitivity
of nanotubes to their surrounding environment, enable the inner wall to indirectly
sense chemical changes to the outer wall, without compromising its own structure.

In this thesis, a preliminary investigation into the electrochemical properties of
as-prepared DWCNTs was conducted, where they appeared to be advantageous
compared to their single-walled counter parts. This advantage arises from the
secondary wall, which allows for covalent modification without compromising the
sp’ structure of the inner wall.  Despite these observations, the inherent
inhomogeneity of as-prepared DWCNT material remained a significant challenge
for incorporation into sophisticated electronic and sensor devices. As such, the main
focus of this thesis was to overcome the inherent inhomogeneity of DWCNT
samples through the use of gel permeation, a well-established technique for

separating SWCNTs by diameter, length, electronic character and chirality.
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Upon successfully producing enriched DWCNT samples free of SWCNT and
MWCNT contaminants, the technique was then further extended to sort DWCNT's
according to the electronic character of the outer wall. Enriched metallic and
semiconducting outer walled DWCNTs were then incorporated into single
nanotube field effect transistors, where the electronic behavior of the four DWCNT
types could be directly measured without the uncertainty associated with bulk

nanotube films of unknown composition.
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