ISTANBUL TECHNICAL UNIVERSITY % INSTITUTE OF ENERGY

SORTING SINGLE WALL CARBON NANOTUBES BY ELECTRONIC
STRUCTURE USING GEL CHROMATOGRAPHY

M.Sc. THESIS

FERESHTEH ORDOKHANI

Energy Science & Technology Division

Energy Science & Technology Programme

Thesis Advisor: Prof. Dr. Nilgiin KARATEPE YAVUZ

AUGUST 2016






ISTANBUL TECHNICAL UNIVERSITY * INSTITUTE OF ENERGY

SORTING SINGLE WALL CARBON NANOTUBES BY ELECTRONIC
STRUCTURE USING GEL CHROMATOGRAPHY

M.Sc. THESIS

FERESHTEH ORDOKHANI
(301131044)

Energy Science & Technology Division

Energy Science & Technology Programme

Thesis Advisor: Prof. Dr. Nilgiin KARATEPE YAVUZ

AUGUST 2016






ISTANBUL TEKNIiK UNIiVERSITESiI * ENERJI ENSTITUSU

TEK DUVARLI KARBON NANOTUPLERIN ELEKTRONIK YAPILARINA
GORE JEL KROMATOGRAFI YONTEMI iLE AYRILMASI

YUKSEK LiSANS TEZi

FERESHTEH ORDOKHANI
(301131044)

Enerji Bilim ve Teknoloji Anabilim Dah

Enerji Bilimi ve Teknoloji Program

Tez Damismani: Prof. Dr. Nilgiin KARATEPE YAVUZ

AGUSTOS 2016






FERESHTEH ORDOKHANI, a M.Sc. student of ITU Institute of Energy student
ID 301131044, successfully defended the thesis entitled “SORTING SINGLE
WALL CARBON NANOTUBES BY ELECTRONIC STRUCTURE USING
GEL CHROMATOGRAPHY”, which she prepared after fulfilling the requirements
specified in the associated legislations, before the jury whose signatures are below.

Thesis Advisor: Prof. Dr. Nilgiin KARATEPE YAVUZ
Istanbul Technical University

Jury Members: Prof. Dr. Yesim Hepuzer Giirsel
Istanbul Technical University

Dog. Dr. Fevzihan Basarir
Tubitak Marmara Research Center

Date of Submission: 2 May 2016
Date of Defense: 5 August 2016

i1






Thank you for your love, support, encouragement and dedication throughout my life.

To my parents and my spouse






FOREWORD

I would like to express my sincere gratitude to my supervisor Prof. Dr. Nilgiin
KARATEPE YAVUZ for sparing so much of her time, advices and encouragements
through the study. Without her guidance and support this work could not have been
accomplished.

I would also like to thank Prof.Dr. Yesim Hepuzer Giirsel and Riiya Athibatiir for their
invaluable support.

Lastly and most importantly, I thank my family, for their love and never ending support
of all my decisions.

May 2016 Fereshteh ORDOKHANI

vil






TABLE OF CONTENTS

Page

FOREWORD........cccccvervurrersunecnnns vii
TABLE OF CONTENTS.....ccoviniinuinrensensnissensnesssnsssssaessssssssssessnses ix
ABBREVIATIONS......ccccoeinvursnnsuncanens xi
LIST OF SYMBOLS ....cuuiiiiinrinnicensecsnissensesssnssssssesssssssnsns xiii
SUMMARY .....vrervurecrsnnecsnneces Xix
OZET c.cooeeeeereeeeessesrssessssssessssessessssesssssssesssssssessssssessssesssssssesssssssessssessessssssesassosses xxi
1. INTRODUCTION ...ccuiisuinrersressanssasssessanssssssessssssassssssassssssns 1
2. CARBON NANOTUBES 5
2.1 Carbon AILOLIOPES ....eecvvieiieeiiieiieeie et e eiie et eteeteeetaeebeessaeeaeesaaeenseessnesnsaenseeans 5
2.2 Geometric construction Of SWCNTS .......cocciiieiiieiiiececee e 7
2.3 Carbon Nanotube Band Structure ...........cccceceevevienienienienieeeieneeceseeeee 9
2.4 Properties Of SWIONTS .....cooiiiiiie ettt e e e s 10
2.4.1 ElCCLIONIC PrOPEITIES ...eevvieerieeiiieiieeiieeiiesireeseesseeeseesaeeenseessneeseessnesnseenens 10
2.4.2 Mechanical ProOPEIties .......ccueeeeveeerieeeiieeeiieeeieeesteeeereeesreeesereeeseaeeesereeas 11
2.4.3 OpICAl PrOPEITIES ....ceveeeirieiieeiieeiie et etteette et e eeeeebe e st e ebeesereebeesseeenseenes 12
2.4.4 Thermal PrOPETLICS .....cccveeeerieeiieeesiieeiteeestteeeieeesteeesreeesaeeeesseeessseeensseens 13
2.4.5 Chemical PrOPEItiEs .....c.c.eeerierieeirieriieeiieereesreesseeeteesereeseesseeeseeseneesseenens 14

2.5 Synthesis Methods of Carbon Nanotubes ............cccecceerveeenienieenieniieenie e 14
2.5.1 ATC diSCRATZE ....veeeiieiieeiieeeeee e et 15
2.5.2 Laser ablation .........c.ceeciiieiiieeiiee ettt 16
2.5.3 Chemical vapour depoSition...........cccueeeueeeieerieenieerieenreeieesreereesneeeseenes 17

3. SEPARATION OF SINGLE WALL CARBON NANOTUBES .........cccceueeuee. 19
3.1 Physical MEthOdS ......cc.ooouieiiiiiieeiieiie ettt 19
3.1.1 Ultracentrifugation for SWCNTS separation ...........cccceeeceeeneeriieeneenneenne. 19
3.1.2 Gel electrophoresis for SWCNTS separation...........cccceeeeveereeeecieeneeeneene 20

3.2 Chemical Methods..........coocuiiiiiiiiciie et e 23
3.2.1 Gel chromatography for SWCNTS separation...........ccceecveereveecieenneeeneenne 23
3.2.2 Selective adsorption method ............cccvieiiiieiiieeiiieeeece e 28
3.2.2.1 Using Amines for SWCNTS separation...........cccceeeveeeieenveerneeneennnenn 28

3.2.2.2 Aqueous two-phase system (ATPS) for SWCNTs separation........... 30

3.2.2.3 Using polymer for SWCNTS separation ..........cccceeeveeeieenveesneeneennnenn 31

4. SWCNT CHARACTERIZATION TECHNIQES 35
4.1 Ultraviolet-Visible-Near Infrared (UV-vis-IR) Absorption Spectroscopy ...... 36
4.2 PhOtOIUMINESCEINCE ... .cccuviieiiieeiiieeiieeeiieeeiveeestteeeeeeeetaeestaeesseeesaveeesnseeesseens 38
4.3 RAMAN SPECLIOSCOPY veeeuvrrreruiieeiuiieeiiieeeiteeeeteeeniteesareesseeesseeesseessseeessseessssees 40
4.3.1 RBM MO ......coiiiieiieiieiieieeee ettt ettt ne s 41
4.3.2 GDANA ...ttt 41
433D DANA ..o iiiiiiiiiccee et e e e eaae e earae s 42

5. EXPERIMENTAL STUDIES 43
5.1 SWCNTS Preparation ..........coeevueeienienieeienienieeieeitesie ettt sre s 43
5.2 Separation of SWCNTSs by Gel Chromatography ...........ccceeeeveveiienieeieennennnen. 43
5.2.1 DISPETSION «..entiiiiieiieeiteeite ettt ettt ettt st e bt e e bt e steeebeesbeeenbeenseesaneas 44

X



5.2.1.1 URTASONICALION wvvvneeeeeeeeeeeee e e e e e e e e eeeeeeeeeeeeeeeeeeeeaaaeaeeaeaes 44

5.2.1.2 Ultracentrifugation ............c.eeeuierieeiiieniieiieeieeriee et esiee e eee e ens 44

5.2.2 Gel chromatography .........cccueeeeiieeiiieeiiecie e e e 45
5.2.2.1 Gel chromatography by using Sephacryl gel ..........cccceveiieviinciinnnn. 45

5.2.2.2 Gel chromatoghraphy by using Agarose gel........c.cccecveeviieerveeennnnn. 45

5.2.2.3 Enrichment m-SWOCNTS .....cccooiiiiiiiiiiiieieeeeeeee e 46

5.3 Characterization of Separated SWCNTS ......cveeviiiieeiiiieeieecee e 46
5.3.1 Optical absorption measurement (UV-ViS-NIR) ..........c..cccoevvivieiiieinnnnn. 47
5.3.2 Raman Spectra MEASUICIMENTS ........cccveuvereeriurreeerriieeeeasrreeeesnreeeeensneeeesnnns 47

6. RESULTS AND DISCUSSIONS 49
6.1 Characterization of SWCNTs synthesis by Hipco method .............cceeeuneeneee. 49
6.2 Theory behind separation and reSults ...........coccveevierieeiieniiieieceeeee e 51
6.2.1 Adsorbing small diameter semiconducting SWCNTs to Sephacryl gel ... 51
6.2.2 Adsorbing large diameter semiconducting SWCNTSs to Agarose gel....... 58
6.2.3 Enrichment of M-SWOCNTS .....ccccviiiiiieeiieeeece e 60

7. CONCLUSIONS AND RECOMMENDATIONS 63
7.1 Concluding Remarks ..........ccccueeiiiiiiiiiieeiicceee e 63
7.2 RecOMMENAALIONS .....ecuveeieniiriieniietieie sttt sttt et sbe et st e eeees 64
CURRICULUM VITAE........uuieverrerruccnnens 75




ABBREVIATIONS

SWCNT
Hipco
SDS
SC
DOC
DI
PEG
NMP
CTAB
CSA
AGE
DOS
TEM
TGA

: Single wall carbon nanotube

: High pressure carbon monoxide

: Sodium dodecyl sulfate

: Sodium cholate

: Sodium deoxycholate

: Deionized

: Polyethylene glycol

: N-methyl-2-pyrrolidone

: Cetyltrimethylammonium bromide
: Chondroitin sulfate

: Agarose gel electrophoresis

: Density of States

: Transmission electron microscopy
: Thermogravimetric Analysis

x1






LIST OF SYMBOLS

: Diameter

: Energy gap
: Current

: Length

Xiil






LIST OF FIGURES

Page

Figure 2.1 : (a) sp’, (b) sp?, (c) sp hybridized carbon atoms.............ccccveveveeeverennnn.e. 5
Figure 2.2 : Different allotropes of carbon (a) diamond (b) graphite (c) C60 fullerene
(d) amorphous carbon (e) single-walled carbon nanotube............ccceevveeunennnee. 6

Figure 2.3 : A graphene sheet map, shows the different species of SWCNTs that
result for a combination of the n and m values. (n,0) results in a zig-zag
SWCNT that has a chiral angle of 0°, (n = m) results in an armchair SWCNT
with a chiral angle of 30°. Two thirds of all SWCNTs are semiconducting,

while only one third are metallic...........coceviiiiiiiiiiiiiiieeee 8
Figure 2.4 : Band structures of metallic (left) and semiconducting (right)

singlewalled carbon NANOtUDES . .......cccueeriiiiiiiiiiiiiee e 9
Figure 2.5 : Density of states schematic of metallic and semiconducting carbon

NANOTUDE. ...ttt ettt ettt ettt sae et et e bt et sae et et e ebe e be e 10
Figure 2.6 : Diagram of arc discharge method.............ccccoooiiiiiiinie 15
Figure 2.7 : Schematic view of laser ablation furnace...........c..ccoceecvevervinicncnnenee. 16
Figure 2.8 : Schematic view of fixed bed CVD reactor............ccocceeviiniiiniiniicnnncne 18
Figure 2.9 : Schematic view of fluidised bed CVD reactor..........cccccoveeveerienenecnnee. 18
Figure 3.1 : Separation of SWCNT by centrifugation . .....c...ccceveviineenieniencnnennnn. 20
Figure 3.2 : A Agarose gel electrophoresis (AGE) system..........cccccceeveveeicieeenneenn. 21

Figure 3.3 : (a) The bottom fraction of the gel (greenish) is enriched in metallic
SWCNTs while the top fraction of the gel (pinkish) contains predominantly
semiconducting nanotubes. (b) UV—vis-NIR spectra of P2/Pristine, P2/CS-A,

and of P2/SDSgel fractions after gel electrophoresis.........cccceeveveeerveeenieennnnenn. 22
Figure 3.4 : Separation of SWCNTSs by chromatography .........c.cccoeeveeviieniiniiiennnns 24
Figure 3.5 : Absorbance result of chromatography with % 2 SDS, % 2 SDS + % 0.3

SC,%2SDS +% 0.3 STC, % 2 SDS + % 0.3 SDOC .....coocovvevieeeeiicreienn. 25

Figure 3.6 : Time lapse photography of HIPCo SWCNTs suspended in 1wt%SDS on
a Sephacryl S-200 size-exclusion gel, followed by subsequent reductions of pH .

Figure 3.7 : Images of the separation process when the CNT solution is (a) initially
loaded (b) beginning to move down the column while forming two distinct
bands and (c) near the bottom of the column where a large separation between
the bands is observed. The images and labels show how the sc-CNTs move
more slowly in the column than the m-CNTs while eluting with the same
surfactant mixture. An image of the unsorted, metallic, and semiconducting
fractions after separation is shown in panel (d) . .....ccccceevveniiieiiiniieiieieee 26

Figure 3.8 : (a) UV_vis NIR spectrum of the semiconducting fraction after passing
the SWCNT solutions through three different column mediums, including
Sephacryl-100 (purple), 200 (red), and 300 (green). The pore size of the
columns increases with increasing number. The data indicates that Sephacryl
200 yields the highest semiconducting purity.(b) UV _vis_NIR spectrumof

XV



theunsorted (black), semiconducting fraction (red), and metallic fraction (blue)

ATLET PASSINE ..ttt ettt ettt ettt e et e et eenbeetaeenreas 27
Figure 3.9 : Absorption spectra of supernatant solution of SWCNTs treated in
different concentration of octylamine . ..........cccoovieriiiiniiniiieniecieeeee e 28
Figure 3.10 : Separation efficiency of m-SWCNT in THF solution using various
amines in different CONCENtration . ..........ceceveereerieiienieiinieneeeeeseee e 29
Figure 3.11 : Prepared separated m-SWCNTs thin films resistivity’s .........cceeu..... 29
Figure 3.12 : Absorption spectra of supernatant solution of SWCNTs treated in (a)
IM octylamine and (b) SM propylamine . .........cccceeeviieeciieencieecie e 30
Figure 3.13 : Types of polymer used for SWCNT separation . .........ccccceeeeeneeenennee 32
Figure 3.14 : SWCNT size sorting by Helical .........ccccoooiiieiiiiniiiiiieeeeen 33

Figure 4.1 : Electronic transitions between the energy bands of SWCNTs with a
schematic of the nomenclature designating the interband transitions ..36
Figure 4.2 : Van Hove singularities of metallic (a) and semiconducting SWCNT (b),
where the conduction bands (C1 and C2) and valance bands (V1 and V2) are
indicated along with the density of state (DOS) ......cccccceviiiniiiiiiiieeeeeeee, 37
Figure 4.3 : A typical example of UV-vis-NIR absorption spectrum of SWCNTs,
which shows absorption peaks of metallic SWCNT (EMi1) and semiconducting

SWONT (ES11, ES22) oot 38
Figure 4.4 : Photoluminescence mechanism of SWCNT ..........ccocceviniininiinienene. 39
Figure 4.5 : 2D photoluminescence map of SWCNT .......cccccooiiiiiiiiiiniiniiiicnee. 39
Figure 4.6 : Raman spectroscopy of SWOCNT ......cccooiiiiiiiininiiiienecceeeeee 40
Figure 4.7 : Kataura plot of SWCNTS ....ccooiiiiiiiiiiiiiiieeeceeeeee e 41
Figure 5.1 : Schematic diagram of the SWCNT/1 wt% SDS dispersion solution at 22

OC e . A A A e T ... 44
Figure 5.2 : Schematic view of chromatography processes...........cccccveevcvveerveeennnenn. 46
Figure 5.3 : UV — vis — NIR spectrophotometer (SHIMADZU UV-3150).............. 47
Figure 5.4 : Raman spectrophOotOmMEter ..........cceeeviieeiiiieiiieeiieeee e 47
Figure 6.1 : TEM images of HIpcoO SWOCNTS.....c.oeviviiieiiieeiieeeeeceeeeee e 49
Figure 6.2 : Raman spectroscopy of Hipco SWCNTS .......covvieiiiiiieiiienieeieeieeeen 50
Figure 6.3 : TGA Profile of HIpcO SWOCNTS ...ccuoiiiiiiiiiiieceeeeeeeeeee 50
Figure 6.4 : Chromatography processes a) applying sample, b) after applying 1% wt

SDS, c) after applying 5% Wt SDS ....ooooiiieieeeeeeeee e 52
Figure 6.5 : Separated m- and s-SWCNT with Sephacryl gel (green-brown one is

metallic and blue one is small semiconducting)...........ccceeevuveeecrieeriieeniieenieeens 52
Figure 6.6 : Absorption spectrum of raw Hipco SWCNTs before applying column 53
Figure 6.7 : Absorption spectrum after applying SDS 1% in Sephacryl gel............. 54
Figure 6.8 : Raman spectrum of solution of after applying 1% wt SDS in Sephacryl

05 USSR 54
Figure 6.9 : Separated small diameter s-SWCNTs that applied 5% wt SDS in

Sephacryl gel for tWo tImMeS. .......cveeeiiieeiiieeieecee e 55
Figure 6.10 : Optical absorption spectra of chirality separation of SWCNTs using

single-surfactant multicolumn gel chromatography.........c.ccceevvveviiieincieinieeenee. 56
Figure 6.11 : Chirality of of small diameters (d = 0.75—0.84 nm) and large diameter

(d = 0.85—1.24 nm) single-walled nanotubes (SWCNTS)......cccceevvveerveeenreennne. 56
Figure 6.12 : Raman spectrum of solution of after applying 5% wt SDS in Sephacryl

o35 OSSPSR 57

Figure 6.13 : Absorption spectrum after applying 1% wt SC in Sephacryl gel......... 57

xXvi



Figure 6.14 : UV-Vis-NIR spectrum of unbundle SWCNTs fter applying two times

column of Sephacryl @el. ......occuiviiiiiii e 58
Figure 6.15 : Separated s-SWCNT with Sephacryl and Agarose gels (blue one is

small s-SWCNTs and green one is large S-SWCNTS)......oooveeiienieeiiienieeienne, 59
Figure 6.16 : Separated large diameter s-SWCNTs that applied in Agarose gel for

two times after applying sample solution in two times of Sephacryl gel........... 59
Figure 6.17 : Unbundle of after applying sample in two Agarose column............... 60

Figure 6.18 : The absorption spectra of solution after various SDS concentrations. 61
Figure 6.19 : Absorption spectra of enrichment m-SWCNTs with applying on 2nd
COIUMINL .ottt ettt 61

Xvil






SORTING CARBON NANOTUBES BY ELECTRONIC STRUCTURE USING
GEL CHROMATOGRAPHY

SUMMARY

Because of their unique and excellent mechanical, electrical and optical properties,
many potential applications of single-walled carbon nanotubes (SWCNTs) have been
studied extensively. Synthesis methods developed so far are incapable of producing
SWCNTs of defined structures at significant scale and therefore, separation of
synthetic mixtures of SWCNTs is both scientifically interesting and technologically
important. On the basis of their electronic structures, SWCNTs can be classified into
two categories: metallic (m-SWCNTs) and semiconducting SWCNTs (s-SWCNTs).
In many cases, metallic SWCNTs are separated from semiconducting SWCNTs and
enriched in the supernatant due to stronger interaction between metallic SWCNTSs and
adsorbates. Separated metallic and semiconducting SWCNTs offer many unique
opportunities for a variety of technological applications. Regarding metallic SWCNTs,
their extremely high electrical conductivity is well-established (estimated theoretically
as high as 10° S/cm), and the propagation of electrons in metallic nanotubes is known
to be ballistic, largely free from scattering over a distance of thousands of atoms. With
their resistance approaching the theoretical lower limits, metallic nanotubes may, in
principle, carry an electrical current density of 4-10° A/cmz, which is more than 1000
times greater than that in metals such as copper. Indeed, since the first fabrication and
investigation of electrical devices based on metallic SWCNTs in 1997, subsequently
pursued potential applications have included nanocircuitry, conductive polymeric
nanocomposites, and, most extensively, transparent conductive coatings/films. Post-
synthesis separation of m-SWCNTs and s-SWCNTs remains a challenging process.
Consequently, there have been intense efforts to develop various postgrowth
techniques for separating SWCNTs, including dielectrophoresis, ultracentrifugation
and gel chromatography. Several of methods have been demonstrated to achieve high-
purity separation of m- and s-SWCNTs. Gel chromatography is emerging as an
efficient and large scale separation technique. In this separation strategy, dispersions
of nanotubes in the surfactant sodium dodecyl sulfate (SDS) are passed through a gel
matrix which is usually composed of Agarose or cross linked allyl dextran gel beads.
In the ideal case, metallic species pass through the gel and are obtained in the initial
eluate, while semiconducting species are adsorbed to the stationary phase and may be
collected by changing the eluent. The mechanism behind the separation is believed to
be related to conformational differences between SDS adsorbed on metallic and
semiconducting species, rather than any size exclusion effects due to selective
aggregation or dispersion of either nanotube type. A recent study has shown that for
hydrogel media, metallic CNT species dispersed in SDS have a higher enthalpy of
adsorption than do their semiconducting counterparts, which leads to a difference in
the free energy of adsorption.
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Consequently, under appropriate conditions the two electronic types may be separated.
It has also been shown that the differences in adsorption that allow separation by
electronic type extend to allow sorting of semiconducting nanotubes into fractions
enriched in individual species, which may be accomplished at a fixed SDS
concentration of 1 wt.% by utilising multiple gel columns. However, the full (100%)
separation has not been achieved yet, mainly due to the lack of understanding of the
underlying mechanism.

In this study, we successfully separated m- and s-SWCNTs using an allyl dextran-
based size-exclusion gel (Sephacryl S-200, GE Healthcare). We used this gel as the
medium and sodium dodecyl sulphate (SDS) for Hipco SWCNT dispersion. First
separation of metallic and semiconducting SWCNTSs was done so that we can assure
that the greatest amount of s-SWCNTs adsorbed to the column, thus allowing for better
separation of the semiconducting species as they adsorb to the gel. Smaller diameter
SWCNTs with higher affinity will adsorb more strongly to the column while large
diameter SWCNTs will adsorb weakly to the column, thus creating a gradient in the
column from smaller diameter SWCNT to larger diameter SWCNTs. 1 % M SDS was
able to elute the metallic SWCNTSs while leaving the majority of the semiconducting
SWCNTs bound to the column. The s-SWCNTs were eluted with 5% M SDS and 1%
SC. To achieve the effective separation, we considered SWCNTSs adsorbtion to
Agarose gel respectively, large diameter s-SWCNTs adsorb more strongly to the
column with Agarose gel.

Finally, the separation achieved will be characterized with UV-VIS-NIR, Raman and
spectroscopy.
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TEK DUVARLI KARBON NANOTUPLERIN ELEKTRONIK YAPILARINA
GORE JEL KROMATOGRAFI YONTEMI iLE AYRILMASI

OZET

Nanoteknolojinin gelismesinde 6nemli rol oynayan karbon yapili malzemeler, yapisal
cesitliligi ve islenebilirligi ile bilim diinyasinin olduke¢a iizerinde durdugu arastirma
konular1 arasindadir. Nanodlgekteki calismalarda atomik seviyeden kaynaklanan
yapisal farkliliklar elde edilen malzemenin islenebilirligini biiylik o6lciide
etkilemektedir. Karbon nanotiiplerin kesfedilmesi nanoteknoloji uygulamalarinda bir
devrim niteligi tasirken {istiin mekanik, termal, elektriksel ve optik 6zelliklere sahip
atomik ve molekiiler yapilar1 sebebi ile bilim diinyasinin baslica arastirma konular
arasinda yerini almistir. Bu noktada, bilimsel arastirmalarin endiistriyel alanlara
taginmasi siiregleri karbon nanotiiplerin tiretim yontemlerine bagli olarak tiirlerine ve
Ozelliklerine gore degisim gostermektedir. Karbon nanotlip {izerine yapilan
caligmalarin ilerleyisi ise kullanim alanlarinin ¢esitliligi ile paralellik géstermektedir.
Nanotiiplerin sentez kosullarmin belirli parametreler yardimiyla iyilestirilmesi ile
kullanim alan1 genislemis olup yaygin uygulamalari biyosensorler, hidrojen depolama
tiniteleri, kompozit malzemeler ve kapasitorler seklinde 6rneklendirilebilir.

Tek duvarli karbon nanotiipler (TDKNT’ler), lijima’nin 1993 yilinda kesfinden bu
yana, iistiin mekanik, termal, elektriksel ve optik 6zelliklerinden dolay1 6nemli dl¢iide
ilgi cekmektedir. Caplarina ve kiralitelerine bagli olarak tiigte bir metalik ve ticte iki
yar1 iletken karakter tasidigi bilinen TDKNT lerin elektronik cihaz uygulamalarinda
daha yiiksek verim ile ayrilmasi TDKNT ler i¢in biiytlik bir 6nem tagimaktadir. Ancak,
bu zamana kadar TDKNT lerin istenilen yapida ve endiistriyel dl¢ekte tiretimi igin
belirli bir proses gelistirilememis, boylelikle TDKNT ’lerin elektronik yapilarina gore
ayrilmasi bilim diinyasinda olduk¢a 6nem kazanmistir. Bu yapilar metalik ve yari
iletken seklinde simiflandirilmakla birlikte genellikle metalik TDKNT lerin
adsorbantlar ile daha giiclii etkilesmesi sonucu yari1 iletken TDKNT lerden ayrilmasi
islemleri uygulanmaktadir. Yapisal 6zelliklerine bagl olarak metalik ve yar1 iletken
nanotilipler ¢esitli alanlarda kullanilmaktadir; 6rnegin, metalik nanotiipler, daha
yuksek verim elde etmek amaciyla transparan iletken filmler ve nanometre boyutlu
kondiiktorlerde yer almaktadir. Son yillarda ise, yar1 iletken TDKNT lerin doplama ve
yiiksek elektron mobilite 6zelliklerinden dolayr elektronik cihaz uygulamalarinda
etkinligin arttirilmas1 amaciyla gesitli calismalar yapilmaktadir.

Karbon nanotiiplerin iiretiminde farkli tekniklerin gelistirilmesinin yan1 sira en ¢ok
kullanilan yontemler; kati halde karbondan sentezlenen ark bosalim ve lazerle
asindirma ile gaz halde karbondan sentezlenen kimyasal buhar birikimidir.
Nanotiiplerin miktar1 uygulama alanina bagli olarak degisim gdstermekle birlikte
kullanilan karbon kaynag, sicaklik, basing ve katalizor gibi ¢esitli parametreler tiretim
prosesinin stirekliligi ve kapasitesi agisindan biiyiik 6nem tagimaktadir. Bu etmenler
g6z Oniinde bulunduruldugunda kimyasal buhar birikimi yontemi diger yontemlere
gore daha diisiik maliyetli olmasi1 ve endiistriyel 6lgekteki iiretimi miimkiin kilmasi
nedeniyle siklikla kullanilmaktadir. Kimyasal buhar birikim yonteminin dahilinde
lazer destekli, mikrodalga destekli, termal destekli modellemeleri gelistirilmistir. Bu
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yontemin farkli bir tiiri olan HiPco (yliksek basingli karbon monoksit) ise genis capta
tiretimi miimkiin kilmas1 sebebiyle literatiirde cokca ¢alismaya konu olmaktadir.
Literatiirde TDKNT’lerin secici liretimi igin ¢esitli ileri teknikler uygulanmasina
ragmen ayirmaya yonelik belirli bir metodoloji heniiz gelistirilememistir. Ancak, etkin
bir ayrimin gerceklestirilebilmesi agisindan uygun ¢6ziicli ortaminda nanotiiplerin
kristal yapisina zarar vermeyecek sekilde dispers edilmesi olduk¢a 6nem tagimaktadir.
Ciinkii TDKNT ler y1gin halinde iiretilmekle birlikte su ya da ¢ogu organik ¢oziicii
varliginda aglomere olmakta, iyi bir dagilim gosterememektedir. Literatiirde, iyonik
ylzey aktif maddelerin kullannmiyla bu sorun giderilmis ve gelistirilen suda
c¢oziilebilir sentetik polimer, protein ve dispersantlar ile nanotiiplerin dagiliminin yani
sira kovalent olmayan fonksiyonlastirma islemleriyle bu bilesiklerin segici ayrim
ozelligi kazanmasi saglanmistir.

Elektronik yapilarina gore ayrimi gerceklestirilen TDKNT ler genellikle laboratuvar
Olcekli elde edilmekle beraber endiistriyel g¢apta tretimi ilk defa kromatografi
yontemiyle saglanmistir. Bu yOntem, ucuz, basit ve ¢evreye zarar veren kimyasal
maddeler icermemesi sebebiyle son zamanlarda olduk¢a ¢alismaya konu olmaktadir.
Ancak, literatiirde TDKNT lerin ¢esitli yontemler ile ayrilmasinda pek c¢ok islem
uygulanmasina ragmen istenilen kiralite ve ¢apta nanotiip eldesine yonelik belirli bir
sistem gelistirilememistir.

Bu tez c¢alismasinda, kimyasal yontemlerden biri olan jel kromatografi yontemi
kullanilarak nanotiiplerin jel ve yiizey aktif madde ile molekiiler etkilesimi
incelenmistir. Jel kromatografi yontemi ile TDKNT lerin elektronik 6zelliklerine gore
ayrilmasi islemleri, anyonik yiizey aktif madde varliginda dispersiyonun
gerceklestirilmesinin ardindan kolon yardimiyla sabit faz olarak kullanilan sefakril
200 jel ortaminda, hareketli faz1 ikili sistemin olusturdugu anyonik yiizey aktif
maddeler ile farkli derisimlerde hazirlanarak gergeklestirilmistir. Ayrica literatiirden
farkli olarak iki ayri jelin sabit faz olarak kullanildig1 ¢alismada, yalnizca dort kolon
ile yar1 iletken TDKNT lerin yiiksek verimle ayrilmasi saglanmistir. Caplarina ve
kiralitelerine gore degisim gosteren nanotiip-sabit faz ve nanotiip-hareketli faz
etkilesimleri sonucunda sefakril 200 jel ortaminda kolondan elde edilen yar1 iletken
TDKNT’ler mavi renkte, agaroz jel ortaminda elde edilen yari1 iletken TDKNT ler ise
yesil renkte goézlenmistir. Metalik TDKNT’ler ise her iki sabit faz ortaminda
kahverengi olarak gozlenmistir. Bu ¢alismalarin  yani sira ayrimi  saglanan
TDKNTlerin yar iletken ve metalik yapilarini zenginlestirmek amaciyla kolondan
alinan, metalik icerigi fazla olarak fraksiyonlanan c¢ozelti tekrar kolondan gecirilmis
ve boylece yari iletken ve metalik igerigi zengin TDKNT ler elde edilmistir.

Metalik ve yar iletken 6zelliklerine gore ayrimi saglanan TDKNT ler, UV-vis-NIR
ve Raman spektroskopi yoOntemleri kullanilarak karakterize edilmistir. Optik
absorpsiyon spektroskopisi yontemiyle metalik ve yar1 iletken TDKNTlerin analizi
400-1350 nm dalga boylar1 arasinda yapilmistir. Metalikge zengin TDKNT lerin
birinci gecis enerjisi 450-660 nm (M11) dalga boyunda, yar1 iletkence zengin
TDKNT lerin birinci gegis enerjisi 850-1350 nm (S11) dalga boyunda ve ikinci gegis
enerjisi 630-900 nm (S22) dalga boyunda absorpsiyon pikleri gézlenmistir. Piklerin
ylizey aktif madde derisimine bagl olarak cesitli bolgelerde ve farkli siddetlerde
gbzlenmesi, nanotiiplerin ¢ozelti igerisinde ¢ap ve kiraliteye bagli olarak degisim
gostermesinden kaynaklanmaktadir.

Raman spektrumlar1 incelendiginde; nanotiipe 6zgii olan radyal soluklanma modu
(RBM) bandi piki 100-500 cm™! araliginda, sivri ve siddetli G band1 piki 1550-1595
cm ! araliginda ve yapidaki kusurlar1 gosteren D bandi piki 1250-1450 cm ™! araliginda
oldukca zayif ve kiigiik sekilde gozlenmistir. Literatiirde, G* bandinin genisliginin
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metalik TDKNT ler i¢in karakteristik 6zellik gostermesine ragmen, burada meydana
gelen piklerin koltuk tipi (n=m) TDKNTleri icermedigi ve koltuk tipi nanotiiplerin
G" bandmnin bulundugu bélgede dar ve tek bir pik olarak gozlendigi tespit edilmistir.
Boylelikle, sadece G* bandi1 bolgesi kullanilarak karigim halindeki TDKNT lerin
elektronik yap1 analizi miimkiin olmamaktadir. Elde edilen sonuglarin diger yontemler
ile desteklenmesi biiyiik 6nem tasimaktadir. Ancak, D bandinda bulunan piklerin
varligi nanotiiplerin kristal yapisinin degerlendirilmesi agisindan 6nemli olup bu
calismada D bandinda bulunan piklerin diisiik siddette gozlenmesi ayirma islemleri
sonucunda yapida 6nemli dlgiide bir hasar meydana gelmediginin gostergesidir.
Kalitatif analizin temel alindig1 ¢aliymada, ayirma verimi, ticari olarak kullanilan
malzemenin analiz sonuglar1 karsilastirilarak degerlendirilmistir. Yapilan ¢alismada
ticari TDKNT ile karsilastirildiginda, (¢aptan kaynaklanan) farkli kiralitede ve yari
iletkence zengin TDKNT nanotiiplerin elde edildigi gézlemlenmistir.
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1. INTRODUCTION

In the last decade due demand of last generation of high technology materials, there is
a tremendous interest in nanotechnology [1]. Due to their marvellous material
properties nanomaterials differ from the isolated atom and the bulk phase.
Nanotechnology aims to production and improvement of smaller, cheaper, lighter,
faster device with more functionality and less raw material and energy. Therefore,
nanotechnology deals with materials having a size of 1100 nanometer (nm). The
properties of the material changes as the size of the material decreases. When the
nanomaterials are considered, surface behaviour of the material dominates the
behaviour of the overall material. Nanomaterials their mechanical, electrical, and
optical properties improve. Therefore, they can be implicated to many fields such as
electronics, chemicals, sensors, and biotechnology.

The identification of the structure of fullerenes in 1985 by Kroto and his friends was a
breakthrough in nanotechnology [2]. It was followed by the discovery of multi walled
carbon nanotubes (MWCNTs) in 1991 and single wall carbon nanotubes (SWCNTs)
in 1993 by lijima [3, 4].

The unique one-dimensional (1-D) quantum confined properties of carbon nanotubes
(SWCNTs) have sparked considerable interest in the scientific and technological
community [5,6]. As-prepared SWCNTs, however, naturally contain two different
species of tubes namely the semiconducting SWCNT (S-SWCNT) and metallic
SWCNT (M-SWCNT). Different species of carbon nanotubes are used for different
applications, SWCNTSs have the potential to revolutionize numerous applications
where nanosized metallic and/or semiconducting components are required along with
high strength [7,8] large flexibility [9] and superb chemical stability [10,11]. In
particular, metallic SWCNTs are highly suited for nanoscale circuits, [12] ultrathin,
flexible and transparent conductors, [13] supercapacitors, [14] field emitters, [15]
Actuators, [ 16] and nanosized electrochemical probes [17]. Semiconducting SWCNTs
on the other hand, are applicable for nanoscale sensors, [18] transistors, [19] and

photovoltaic devices [20].



Statistically, one-third of these structures are metallic and the other two-thirds are
semiconducting. It is therefore imperative to separate the two species of nanotubes
before integrating it in electronics. Several methods are described in the literature to
sort semiconducting from metallic SWCNTs , including dielectrophoresis, [21] DNA-
assisted separation, [22] selective polymer wrapping, [23], Gel Agarose
chromatography [24-26] , Density Gradient Ultracentrifugation (DGU) [27] and amine
extraction [28].

Post-synthesis separation of metallic (m-SWCNTs) and semiconducting (s-SWCNTs)
single-wall carbon nanotubes (SWCNTs) remains a challenging process. Gel Agarose
chromatography is emerging as an efficient and large scale separation technique.
However, the full (100%) separation has not been achieved yet, mainly due to the lack
of understanding of the underlying mechanism. Here, we study the PH effect on the
SWCNTs separation via gel Agarose chromatography. Exploiting a gel Agarose
micro-beads filtration technique, was achieved up to 70% m-SWCNTs and over 90%
s-SWCNTs. Chromatography allows for separation of metallic from semiconducting
through the use of a stationary phase such as Sephacryl-200 or Agarose gels and a
mobile phase of 1 wt% SDS. the interaction between nanotubes and the gel is expected
to be similar to that in the SDS system, where s-SWCNTs have higher affinity towards
the gel compared with m-SWCNTs. Consequently, during the elution, s-SWCNTs
adsorb onto the gel to a much greater extent, which results in a longer time to flow
through the gel than m-SWCNTs. Metallic nanotubes elute from the column and result
in a brown fraction, while semiconducting SWCNTs elute second and result in a
purple-blue-green fraction. The dominant mechanism affording this electronic
SWCNT type separation is still a significant research area.

For gel chromatography, either ally dextran or Agarose gel are mostly used in
previously reported literature. Novelty of this research relies on using both of these
gels for increasing the efficiency of the separation. According to optical absorbance
spectra of separated s-SWCNT, small s-SWCNTs are adsorbed to dextran gel beads
whereas large s-SWCNTs are adsorbed to Agarose gel beads. Considering these
properties, our group have developed a novel mixed method for separation of m-
SWCNTs and s-SWCNTs by using dextran and Agarose gels respectively. By
applying a SWCNTs/SDS dispersion to a column containing dextran, small s-
SWCNTs observed to be adsorbed to the gel and collected by changing the eluent.

This process was repeated for obtained unbundle solution until there was no any
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absorption to the gel. Subsequently, the operation continues with Agarose gel beads
for absorbing the large s-SWCNTs repeatedly until the end of adsorption process. In
the end, we separated nearly all of the small and large s-SWCNTs and m-SWCNTs
that passed through the final column as unbundle solution.

This method while being low-cost, can be done in large-scale with very high efficiency
(without missing large amount of initial raw SWCNTSs).

Chapter 2 of this thesis will be about SWCNTs structure and properties, In Chapter 3
will been discussed about SWCNTs separation methods and Chapter 4 will be about
SWCNT characterization methods.

Chapter 5 presents the experimental studies performed at this work. It includes
SWCNTs separation processes and characterization of separated SWCNTSs as metallic
and semiconducting.

Chapter 6 offers the results of SWCNTSs separation and characterization. It includes
evaluation spectroscopy piks of separated SWCNTs in this study with the over 90%
purified s and m-SWCNTs that exist in literature.

The overall results and recommendations for this study are given in Chapter 7.






2. CARBON NANOTUBES

2.1 Carbon Allotropes

Carbon is the basic constituent of all organic matter and the key element of the
compounds that form the huge and very complex discipline of organic chemistry.
Carbon is different from other elements in one important respect, that is its diversity
which can be attributed to the ability to form different bonds [29]. Carbon can have
different and important properties depending on its bonding structure and possible
atomic configuration. Each carbon atom has six electrons, occupying 1s?, 2s% 2p?
orbitals. Electrons occupying 2s and 2p? orbitals are valence electrons which can form
different covalent bonds depending on the hybridization type. Common carbon
allotropes such as diamond, graphite, nanotubes of fullerenes have different bonding

structure due to different hybrid orbitals as shown in Figure 2.1.

sp> hybrid structure, demonstrated in Figure 2.1 (a), has a tetrahedral geometry and
composed of three p orbitals and one s orbital, forming strong covalent sigma (o)
bonds. sp® hybridized atoms shown in Figure 2.1 (b) have trigonal geometries
combining the s orbital with two p orbitals and forming ¢ bonds, while other two p
orbitals are forming pi (7) bonds. sp hybrid structure is a combination of one s and one

p orbital which has a linear geometry as shown in Figure 2.1 (c).

(a) wa.s*  [b)

Ag #
7

Figure 2.1 : (a) sp°, (b) sp?, (¢) sp hybridized carbon atoms.

Diamond has a tetrahedral crystal structure and each sp’ hybridized carbon atom is
bonded to four other atoms with o bonds, as shown in Figure 2.2 (a). Diamond is the
hardest (Mohs hardness 10), naturally occurred material because of this firmly

constructed arrangement. Diamond is a wide gap semiconductor (5.47 eV) and has



the highest thermal conductivity (~25 Wem'K'!) and the highest melting point (4500
K).

Graphite is another carbon allotrope, which consists of the sp? hybridized atoms. In
each carbon atom, three of the four outer shell electrons are hybridized to sp? orbitals
and form strong covalent ¢ bonds with the three neighbouring carbon atoms [30]. The
remaining valence electron in the © orbital provides the electron band network that is
largely responsible for the charge transport in graphene [31]. This bonding structure
forms a planar hexagonal network like a honeycomb as shown in Figure 2.2 (b).
Monolayer is called a graphene sheet and layers are held together by van der Waals
forces. The spacing between two graphene layers is 0.34 nm. Graphite conducts both
electricity and heat due to its  bond electrons, which are free to move. Owing to its
weak m bonds and the van der Waals interaction between the layers, graphite is a

perfect lubricant hence the graphene sheets are able to glide away [32].

A spherical fullerene molecule, C60, is demonstrated in Figure 2.2 (¢). C60 molecules
are icosahedrals, composed of 20 hexagons and 12 pentagons forming a stable football
like structure. Fullerenes are not planar, they have curvatures with some sp’® character
present in the essentially sp? hybridized carbons [33]. They have novel properties and
so far utilized in electronic, magnetic, optical, chemical, biological and medical

applications.

Figure 2.2 : Different allotropes of carbon (a) diamond (b) graphite (c) C60 fullerene
(d) amorphous carbon (e) single-walled carbon nanotube.

CNTs are cylindrical nanostructures and formed by rolling of the graphene sheets.
They can be open ended or their ends may be capped with bisected of fullerene as

shown in Figure 2.2 (d). The sp? hybridization, which is the characteristic bonding of

graphite, has a significant effect on the formation of the CNTs. Bonding in CNTs
fundamentally depends on the sp? hybridization, which makes them stable; whereas,
the hallow cylindrical part is more strong than the ends of the CNTs due to the presence
of sp? bonding in the end caps [34].



2.2 Geometric construction of SWCNTSs

SWCNTs vary in the diameter of the tube, ranging from 0.7 — 5.0 nm, but are
commonly grown with diameters <2 nm [35-37]. Diameter is one of the two attributes
that result in the variation on physical and electrical properties, the other being
chirality. When rolling the graphene sheet, the two edges of the graphene sheet have
the ability to meet at a variety of different angles, sometimes resulting in chirality of
the tube. This chirality of the SWCNT along with its diameter changes overlapping of
the sp? hybridized carbons resulting in different electrical properties of SWCNTSs [38].

When considering a graphene sheet, SWCNTSs can be characterized through vector
components that will result in the rolling of different SWCNTSs, these vectors give
insight into the small differences in the diameter and chiral angle of the SWCNT.
When considering a unit cell in a graphene sheet, the vectors from the center of the
unit cell to the centers of the two adjacent cells can be considered R1 and R2. When
rolling a SWCNT from a graphene sheet, the sum of the number horizontal steps (n)
and the number of vertical steps (m) results in the roll-up vector of the SWCNT
(Equation 2.1).

R=mniR1 + m2R> (2.1)

(n, m) vectors represent the difference in the conformation of the benzene rings in
SWCNTs, “n” representing a zigzag conformation of the benzene rings while “m”
representing the armchair configuration (Figure 2.1). From the (n, m) values, the
diameter and chiral angle of the SWCNT can be calculated from equations 2.2 and 2.3
[39]. For instance, if we consider a SWCNT with an (n, m) of (9,4), then the chiral
angle would be 6 = 17.5°, and the diameter would be d = 0.916 nm (Fig. 2.1).

m
nty 2.2)
Vn? + nm + m?

cosf =

a
d = E\/nz + nm + m2 (2.3)



Mod [(n-m), 3] = 0 - ‘metallic’
Meod [(n-m), 3] = 1, 2 & semiconducting

Figure 2.3 : A graphene sheet map, shows the different species of SWCNTs that
result for a combination of the n and m values. (n,0) results in a zig-zag SWCNT that
has a chiral angle of 0°, (n = m) results in an armchair SWCNT with a chiral angle of

30°. Two thirds of all SWCNTs are semiconducting, while only one third are
metallic [42].

In any given sample of single-walled carbon nanotubes there are a variety nanotube
with different electrical properties [40]. SWCNTs fall into two different groups of
electrical properties, nanotubes that have metallic electrical properties and nanotubes
that have semiconducting electrical properties [41]. A general sample set of SWCNTs
has a composition of 1/3 metallic SWCNTs and 2/3 semiconducting SWCNTs,
indicated by the red and black hexagons, respectively, in Figure 2.1 [42] To determine
the electric nature of a single carbon nanotube one can look at the(n, m) of each
nanotube, if mod[(n-m),3] = 0 the SWCNT is metallic and mod[(n-m),3] # O the
SWCNT is semiconducting. This rule allows for trends to be observed in the electronic
properties, when n = m the SWCNT is always in the armchair conformation and
metallic in the electrical properties, when (n,0) the SWCNT is always in the zig-zag
conformation but not always semiconducting. For example, when examining the (7,1)
—mod [(7-1),3] = 0, the SWCNT is metallic; while when examining (6,5) — mod[(6-
5),3] =1, the SWCNT is semiconducting. Large-scale production methods have yet to
achieve the ability to specifically control the range of species of SWCNTSs produced

to a single type of either electronic character or (n, m)- species.



2.3 Carbon Nanotube Band Structure

Depending on their structure, carbon nanotubes behave as metallic or semiconducting.
Tight Binding calculations [42] show that the nanotubes for which n-m is evenly
divisible by 3 have no bandgap (their valence and conduction bands intersect at one
point), so they are considered metallic. Other carbon nanotubes have a 1 - 2 eV gap
between their valence and conduction bands and therefore are semiconducting (Figure
2.2). Statistically it is predicted that 1/3 of the total number of carbon nanotubes are
metallic. For example, all armchair single-walled carbon nanotubes are metallic due

to the fact that their n-m value is equal to zero.

Figure 2.4 : Band structures of metallic (left) and semiconducting (right)
singlewalled carbon nanotubes [42].

Due to their 1-dimensional structure, both metallic and semiconducting carbon
nanotubes exhibit sharp peaks in their density of electronic states called van Hove
singularities. The density of states between c¢1 and vi sub bands for metallic carbon

nanotubes is nonzero (Fig 2.3. a), which also indicates that they have no band gap.

As for semiconducting nanotubes, the band gap is represented by the separation
between the first valence (vi) and first conduction (c1) sub bands (Fig 2.3. b). Band

gap energies En scale approximately inversely with carbon nanotube diameter.
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Figure 2.5 : density of states schematic of metallic and semiconducting carbon
nanotube [43].

2.4 Properties of SWCNTSs

2.4.1 Electronic properties

Depending on the chirality, nanotubes can be either metal or semiconductor even
though they have the same diameter [44]. When a graphite sheet is rolled to form CNT
not only the carbon atoms are ordered around the circular structure but also quantum
mechanical wave functions of the electrons are ordered accordingly. The electrons are
bounded in radial directions by the single layered graphite sheet. There exist periodical
boundary conditions around the circle of the nanotube. If there are ten hexagons around
nanotube then the eleventh hexagon fits to first hexagon. As a result of the quantum
boundaries the electrons are effective only along the nanotube axis enabling to
determine the wave vectors. Thus small diameter nanotubes are either metallic or
semiconductors. According to electrical properties nanotubes can be classified as large
gap, tiny gap and zero gap nanotubes. Theoretical calculations show that electrical
properties of nanotubes depend on geometric structure. Graphene is a zero gap
semiconductor, according to the theory carbon nanotubes can be metals or
semiconductors having different energy gaps depending on diameter and helicity of
nanotubes. As the nanotube radius R increases the band gap of large gap and tiny gap

nanotubes decrease with 1/R and 1/R2 dependence, respectively [45-47]. The electrical
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properties of SWCNTs depend on n and m values: If n=m forming armchair nanotube
is metallic, if nm= 3k; k € Z, k#0 the nanotube it is tiny gap semiconductor that is
metallic at room temperature If nm= 3k + 1; k € Z, k#0 large gap semiconductors.
Experimental studies performed by applying electrical field to nanotubes are proving
the theoretical calculations. In experimental studies it was observed SWCNT with a
diameter of 0.4 nm became conductive at 20 K. In further experimental studies of
electronic properties of nanotubes, it was observed that electrical conductivity is
dependent on temperature in the range of 2300K [48]. In the measurements of
SWCNTs, it was observed that each nanotube acts individual conductivity and the
resistivity is at 300 K is in the range of ~1.2x107-5.1x10°. SWCNT bundles have
metallic behaviour with a resistivity of 0.34x107* to 1.0x10* whereas copper has a
resistivity of 1.7 x107% ohm. Thus we the electrical resistivity of CNTs is very close to
copper. Metallic nanotubes have remarkable conductivities. Although a CNT bundle
can transport a current density of 1x10° A/cm? copper wires can transport 1x10° A/cm?

which is thousand times less than CNTs [49].
2.4.2 Mechanical properties

Theoretical calculations demonstrate that the mechanical properties of SWCNTs are
also dependent on the dimensions of SWCNTs. The carbon-carbon bond in graphite is
one of the strongest, therefore SWCNTSs possess the potential of being the strongest
material in nature. Theoretical calculations predict that SWCNTs could have a
Young’s modulus as high as 1-5 TPa. However, it is also predicted that softening may
occur with increasing diameter [50]. The tensile strength of SWCNTSs is found to be
13-52 GPa and the tensile modulus of SWCNTs ranges from 0.32-1.47 TPa. For
comparison, high tensile steel has a tensile strength of 1.6-1.9 GPa, and silicon carbide
has a strength of 3 GPa; both are among the strongest materials. The mechanical
properties of SWCNTs have made them useful in many important applications. For
example, the desired tensile strength for a space elevator is about 62 GPa [50]. Thus,
SWCNTs can be promising candidates for this application. Observations in a
transmission electron microscope (TEM) show that SWCNTSs are very resistant to
breaking when bent [51, 52]. This flexibility is related to the ability of carbon atoms
in the planar graphene sheet to rehybridize [51]. Such flexibility is also very important

in nanoprobe tips to endure stress [51].
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2.4.3 Optical properties

Many of the unique optical properties of SWCNTs arise from quantum size effects.
The SWCNT diameter is smaller than the Bohr exciton radius, so electrons and holes
are confined spatially and discrete electronic energy levels are formed [51]. The energy
separation between adjacent levels increases with decreasing dimensions, similar to a
particle in a box [51]. Therefore, the electronic configuration is significantly different
from the bulk material. When photons strike SWCNTSs, the ground state electrons can
absorb the photon energy and move into excited states. In the visible-near infrared

spectral range, the absorption spectra of SWCNTSs show three sets of absorption bands,

corresponding to the first (Si1) and second (S22) allowed transitions for semiconducting
nanotubes and the first (M11) allowed transition for metallic nanotubes [53]. The first
inter band transition (Si1), in which valence band electrons move to the conduction
band, has an energy in the near infrared. Therefore, SWCNTs have distinguished
absorption features in the near infrared region [54,55]. When the excited electrons fall
back to the ground state, emission occurs. Larger diameternanotubes have smaller inter

band transition energies (band gaps) as shown in below Equations [56].

Es'=2aC—Cy0/dt (2.4)
Es?*=4aC—Cy0/dt (2.5)
Em ''= 6aC—Cy0/dt (2.6)

Isolation of individual SWCNTs is critical for elucidating the fine structure in the
spectrum that can be obscured by strong intertube coupling and inhomogeneity in the
nanotube structures [53]. The absorption features can provide rich information about
the electronic interband transitions [57]. Based on the UV-Vis-NIR spectral analysis,
it has been found that band gaps of SWCNTs can be tuned by chemical modifications
or a doping/dedoping process. In particular, the Si1 optical transitions of
semiconducting nanotubes are sensitive to the surrounding environment, which makes

them suitable for nanoscale optical sensors [54, 55].
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Raman spectroscopy is often used to characterize the SWCNT diameter and Helicity
[51,57]. The DOS, which indicates the number of energy states per energy difference,
is unique to SWCNTs of a specific helicity [57]. An intense Raman signal is detected
as a result of the strong coupling between the electrons and phonons of the nanotube
under resonance condition, when the photon energy matches that of the inter band
transition [57]. The lower energy Radial Breathing Mode (RBM) reveals the diameter
and chirality of SWCNTs. The tangential C-C Stretch G-band can be used to
distinguish semiconducting and metallic SWCNTs [58].

In addition to the above mentioned properties, SWCNTSs also possess very useful
thermal properties. The thermal conductivity of SWCNTs is extremely high and is

even better than that of diamond.
2.4.4 Thermal properties

As well as their electrical and mechanical properties CNTs have a reputation for their
thermal properties. Nanomaterials are affected by quantum properties. Low
temperature, specific heat and the interaction CNTs with each other are considered to
count phonons of CNT. Thermal properties of CNTs have been both theoretically and
experimentally investigated. Theoretically thermal conductivity of CNTs is better than
graphite. In research, thermal conductivity of SWCNTSs was measured to be 200W/mK
whereas MWCNTs had an electrical conductivity of 300W/mK [59]. As result of
Fermi level current density, metallic SWCNT is a one dimensional metal. It has a linear
electronic thermal capacity at low temperatures. Theoretically MWCNTs are expected
to have lower thermal conductivity than graphite which has low thermal conductivity
due to weak Van der Waals forces. MWCNTs have only Van der Waals forces between
the nanotube layers. Thermal expansion of CNTs is expected to be better than graphite.
It was a matter of question whether CNTs would have high thermal conductivity due
to high thermal conductivities of diamond and graphite. The thermal conductivity is
the ability of material to transport the heat from high temperature region to low
temperature region as shown in Formula 2.7 where q is the change of heat in unit time
per unit area, k is the thermal conductivity coefficient, and dT/dx is the thermal

gradient along the material.
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Thermal conductivity of diamond is 1000-2600 W/mK and graphite is 120 W/mK at
100°C. Hone et al. calculated the thermal conductivity of an individual SWCNT as
1800-6000 W/mK at room temperature [60]. However, researches, it was found to be
2980 W/mK and 6600 W/mK at room temperature [61,62]. Thermal conductivity of
MWCNTs are in the range of 1800 to 6000 W/mK.

2.4.5 Chemical properties

Due to their small radius, large specific surfaces and hybridisation CNTs have strong
sensitivity to chemical interactions. As a result of this fact they are attractive materials
for chemical and biological applications. However, these properties challenge the

characterisation of CNTs and determination their properties.

Reactivity of CNTs are determined by direction of  orbitals and pyramidisation of
the chemical bonds. Some bond in CNTs are neither perpendicular nor parallel to the
tube axis. Therefore, 7 orbitals cannot be properly directed which affects the reactivity

of the CNT. As the diameter of CNT decreases the reactivity of CNT increases.

As a result of the chemical stability and perfect structure of the CNTs the carrier
mobility at high gate fields may not be affected by processing like in the conventional
semiconductor channels. Nonetheless, low scattering, with the strong chemical
bonding and extraordinary thermal conductivity, allows CNTs to withstand extremely

high current densities up to ~109A/ cm? [63].

2.5 Synthesis Methods of Carbon Nanotubes

As CNTs have wide range of applications, the growth techniques which can sustain
high purity, and more amount of CNT becomes crucial. CNT synthesis can be
achieved by different methods such as:

e Arc discharge
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e Laser ablation
e Chemical vapor deposition (CVD)
2.5.1 Arc discharge

In 1991 Lijima reported formation of carbon nanotubes with arc discharge method
which is previously used for production of fullerenes [3]. The tubes were produced
with diameters ranging from 4 to30 nm and having lengths up to 1pm [64]. In arc
discharge method as shown in Figure 2.4 a direct current electric arc discharge in inert
gas atmosphere is produced by using two graphite electrodes [4, 64, 65]. The carbon
nanotubes grow on the negative end of the carbon electrode that is producing the direct
current while Argon as inert gas passes through the system. In arc discharge method a
power supply of low voltage (12 to 25 V) and high current (50 to 120 A) is used.
Catalyst, Ar: He gas ratio, the distance between the anode and the cathode, the overall
gas pressure are the other parameters affecting the quality and the properties (i.e.

diameter, yield percent) of CNT synthesized by arc discharge method.

Anode Cathode

l[}

Linear motion

actuator
¥

Pump Cias

Figure 2.6 : Diagram of arc discharge method.

In an arc discharge process CNTs are prepared with a power supply of low voltage and
high current. While the positive electrode is consumed in the arc discharge gas
atmosphere (i.e. Ar, He) CNT bundles are formed on the negative electrode [66].
Length of MWCNTs produced by arc discharge method are generally around 1um
having a length to diameter ratio (aspect ratio) of 100 to 1000 [67]. As a result of high
aspect ratio and small diameter of the produced MWCNTs they are classified as 1D
carbon systems. It has been reported that in the production of SWCNTs by arc
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discharge method existence of catalyst (i.e. Fe, Co etc.) is required. Many catalyst
compositions can produce MWCNTs but it is observed that Y:Ni mixture yield up to
90% with an average diameter of 1.2 to 1.4 nm [68].

2.5.2 Laser ablation

Laser ablation method is very similar to arc discharge method as it also uses a metal
impregnated carbon source to produce SWCNT and MWNT [69]. The laser ablation
method Co:Ni atomic percent of 1.2% and 98.8% of graphite composite in an inert
atmosphere around 500 Torr of He or Ar in a quartz tube furnace of 1200°C [38].
Treated to laser light as pulsed or continuously, the nano sized metal particles formed
in the vaporized graphite; catalyse the growth of SWCNT and by products. These
products are condensed on the cold finger downstream of the source as shown in Figure
2.5 [70]. Smiley group in Rice University achieved the first large scale production of
SWCNTs by laser ablation method in 1996 [67]. The production yield of weight varies
between 20 to 80% SWCNTs. The diameters of produced SWCNTs are between 1.0

to 1.6 nm.
Eeaction
chamber Furnace
Water
s o cooled
Bk collector

Carbon
Graphite  deposits
target

Figure 2.7 : Schematic view of laser ablation furnace.
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2.5.3 Chemical vapour deposition

Different from laser ablation and arc discharge method thermal synthesis method
depends on thermal source to produce CNTs by breaking down the carbon source
generally with existence of catalysis [70]. High pressure CO synthesis, flame
synthesis, chemical vapour deposition (CVD), and plasma enhanced chemical
vapourdeposition (PECVD) synthesis are methods using thermal source to produce
CNTs. Chemical vapour deposition method is deposition of a hydrocarbon gas as
carbon source (i.e. acetylene, methane etc.) on a metal catalyst (Fe, Co, Ni, Pd etc) at
temperatures between 500 and 1200 °C. CVD has been used for production of
nanofibers for long time till Yacaman et.al used it for production of CNT. CVD is
preferred for CNT syntheses for high purity and large scale production. CVD which
was first reported to produce MWCNTs by Endo et al., can synthesise both SWCNTs
and MWCNTs. One of the main challenges in CNT production, which is CVD method
with existence of catalysts is maintain mass production and low cost. In this respect,
the catalytic method is claimed to be best because of lower reaction temperatures and
cost [71]. Moreover, the amorphous carbon produced during the thermal

decomposition of hydrocarbons can be eliminated by purification.

CNT production by CVD can be either on a fixed bed or fluidized bed reactor. In fixed
bed CVD method as shown in Figure 2.6, the furnace placed horizontal to the ground
and the quartz tube is placed in it. The substrate material (MgO, alumina, zeolite etc.)
coated with a catalyst (Fe, Co, Ni, Ag, Ti, etc.) is placed in the quartz tube and fed by
a carbon source (i.e. hydrocarbons). Generally, with existence of an inert gas to
maintain continuous gas flow. There are a number of parameters affecting the quality

and amount of CNTs synthesis by CVD method.
e Temperature
e Type and amount of the catalyst material
e Type and amount of the substrate material
e QGas flow rate

e Duration of the synthesis
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Figure 2.8 : Schematic view of fixed bed CVD reactor.

In fluidised bed CVD method as the interaction area of the carbon source gases and
the catalyst increases with fluidisation, large scale production is possible. As shown in
Figure 2.7 the furnace is placed vertical to the ground and the quartz reactor is located
in it. The substrate & catalyst couple is placed in the hot zone of the furnace, and the
gas flow through the reactor is maintained. As the carbon source gas flows through the
reactor the catalyst and substrate interacts with the gas and decomposes it for CNT

synthesis.
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Figure 2.9 : Schematic view of fluidised bed CVD reactor.
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3. SEPARATION OF SINGLE WALL CARBON NANOTUBES

3.1 Physical Methods
3.1.1 Ultracentrifugation for SWCNTSs separation

Various separation methods have been developed over the last few years to obtain
small amounts of SWCNTs with a specific chirality or electronic type. Of all these
techniques, the density gradient ultracentrifugation (DGU) method, adapted to
SWCNTs by Arnold et al. [72, 73] is considered one of the most promising and
effective for achieving good SWCNT selectivity not only by electronic type, but also
diameter, and even chirality [73]. Generally speaking, in the DGU method SWCNTs
are suspended in water by dispersing with a surfactant, which forms a micelle around
the SWCNTs. Different wrapping morphologies form micelles of different sizes and
densities, and DGU is used to separate the surfactant-wrapped SWCNTs based on
these small density differences. The choices of surfactants and density gradient profile
turn out to be very important, with the former playing the most critical role.
Additionally, dual-surfactant recipes have been the most effective in isolating

SWCNTSs [73].

The most commonly used surfactants in DGU are anionic salts such as sodium dodecyl
sulfate (SDS) and bile salts such as sodium deoxycholate (DOC) or sodium cholate
(SC). These surfactants have different affinities to different SWCNTSs because of their

specific molecular structures [74].

Density-gradient ultracentrifugation is a method commonly used in biology for
separating cellular components with different buoyant densities. The centrifuge tubes
containing liquid mixtures are arranged to form a varying density profile before adding
sample. Under strong centrifugation, sample components will migrate to different
regions that match their individual densities. The separation of SWCNTs by
centrifugation is dependent on how surfactant molecules are organized on the surface
of the carbon nanotube. DNA, sodium dodecyl sulphate and sodium cholate are

common surfactants used in centrifugation separation (Figure 3.1). Hersam and
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coworkers demonstrated that by using density-gradient ultracentrifugation, pure

semiconducting SWCNTs, such as (6,5) and (7,5), can be separated [75].

Although a few pure SWCNTs have been separated by density-gradient
ultracentrifugation, it is difficult to separate nanotube with a similar density. In order
to solve this problem, Weisman and coworkers introduced nonlinear density-gradient
ultracentrifugation for SWCNT separation [76]. By building a nonlinear density
gradient, they successfully separated more than ten different types of pure SWCNTs
from raw SWCNT samples which usually only yielded one or two pure SWCNT

species.
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Figure 3.1 : Separation of SWCNT by centrifugation [75].

3.1.2 Gel electrophoresis for SWCNT's separation

Electrophoretic separation is one such class of techniques which have recently been
applied for separation of metallic from semiconducting SWCNTs [77,78].
Electrophoretic separation methods apply an electric field to SWCNTSs suspended by
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a suitable surfactant or dispersant, separating species which carry differential charges

by relative motion with respect to each other.

Recently, promising results have been reported using gel electrophoresis for separating
the metallic from semiconducting SWCNTs. A study conducted by Tanaka et al [78]
showed that metallic and semiconducting SWCNTs may be effectively separated
through Agarose gel electrophoresis (AGE) when applied in conjunction with the use
of a suitable surfactant. The authors reported that among the various gels and
surfactants tested, detectible separation took place only when the combination of
sodium dodecyl sulfate (SDS) and Agarose gel was used, demonstrating a
gel/surfactant synergy. The reasons for the effectiveness of SDS in Agarose gel

electrophoresis of SWCNTs are not clearly understood.

Bottom

Figure 3.2 : A Agarose gel electrophoresis (AGE) system.

To improve the efficiency of Agarose gel electrophoresis (AGE) in separating
nanotubes by metallicity, Sara Mesgari et al. used a chemically preselective
dispersant in place of SDS. It has been shown experimentally and theoretically that
amine containing compounds preferentially adsorb onto metallic nanotubes [79,80].
They proposed that use of a chemically selective dispersant that preferentially
disperses and suspends metallic nanotubes should significantly improve the purity of
the separated nanotubes achieved with the inherently high yield AGE process. They
found that considerably better separation to obtain 95% semiconducting SWCNTs
may be achieved using chondroitin sulfate (CS-A) as the dispersant in AGE, rather
than the previously reported SDS. This work extended the use of CS-A to metallicity-
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based separation of SWCNTs, specifically using arc discharge SWCNTs. The
effectiveness of CS-A for AGE separation to achieve higher separation efficiency than
SDS was demonstrated by ultraviolet— visible-near-infrared (UV— vis- NIR)
spectroscopy, Raman spectroscopy and field effect transistor results. The separation

yield achieved with CS-A assisted AGE was also rather high (25%).

Finally, they reported on the considerably better separation achieved using chondroitin
sulfate (CSA) as a dispersant in AGE compared with SDS-assisted AGE. The CS-A
assisted AGE technique may be used to produce in a single pass semiconducting
SWCNTs with purity of 95%, compared with 85% purity achieved with SDS-assisted
AGE for the same arc discharge nanotubes. Further, the yield of CS-A assisted AGE
is about 25%, which is in the order of 5 to 10 times the yields of other reported highly
selective techniques. Semiconducting SWCNTs produced via CS-A/AGE were used
to fabricate field effect transistors (FET) with mobilities of ~ 2 to 8 cm? / (V s) and
on/off ratios from 10% to 10°, which are significantly higher than the mobility of 0.7
cm? /(V s), and on/off ratio of 10* reported for FETs made with semiconducting
SWCNTs produced by SDS-assisted AGE. The excellent yield-cum-purity single-pass
separation is achievable with this unique chemically selective CS-A dispersant with
AGE because of its ability to wrap the nanotubes well, high degree of sulfation making
the nanotube/CS-A hybrid highly charged and amine functionality resulting in
preselectivity of metallic nanotubes, causing the latter to migrate much more

effectively under a uniform electric field.
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Figure 3.3 : (a) The bottom fraction of the gel (greenish) is enriched in metallic
SWCNTs while the top fraction of the gel (pinkish) contains predominantly
semiconducting nanotubes. (b) UV—vis-NIR spectra of P2/Pristine, P2/CS-A, and of
P2/SDSgel fractions after gel electrophoresis [81].
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3.2 Chemical Methods

3.2.1 Gel chromatography for SWCNT's separation

Gel chromatography has been present as an effective method for separation of metallic
and semiconducting carbon nanotubes when starting with dispersing in sodium
dodecyl sulfate (SDS). The efficacy of the surfactant concentration in this process has
been examined for chromatographic separation using a dextran-based gel as the
stationary phase. Reducing the concentration of SDS from 4 to 0.5 wt.% caused a slow,
increase in the adsorption of semiconducting nanotubes to the gel, with low
concentrations of SDS (around 0.5%) found to provide the best semiconductor—metal
separation. The concentration of SDS is found to have a critical influence on the metal—
semiconductor separation efficacy for chromatography of CNT dispersions in
Sephacryl gel. Low concentrations around 0.5% SDS facilitate better metal—
semiconductor separation. As the concentration of SDS is increased, the strength of
the adsorption interaction between semiconducting species and the gel begins to
decrease, with larger diameter species affected first. The elution order for nanotube
species was found to correlate weakly with diameter, but strongly with local curvature
radius and nanotube family parameters. This suggests a lower density of surfactant

coverage on nanotubes with higher bond curvature [82].

However, despite the obvious importance of understanding the underlying mechanism
behind such separation, there is still a distinct lack of knowledge in this area that makes
their optimization quite difficult. There have been a number of researchers exploring
the development of scalable and reproducible SWCNT separation technologies,
though chromatography has proven to be one of the more popular techniques. For
example, several research groups [83-85] have reported length separation by using the
size-exclusion chromatography, whil st Liu et al [86] presented a method for the
chirality separation of SWCNTs suspended in sodium dodecyl sulfate (SDS) using

multicolumn gel chromatography.

The size-exclusion effect is a simple separation concept that larger molecules are
eluted faster than smaller ones. In the case of SWCNTs, longer nanotubes elute faster
than shorter tubes due to their larger volume/shape and higher molecular weight.
Moshammer e t al. successfully separated M- and S-SWCNTs using an allyl dextran-
based size-exclusion gel (Sephacryl S-200, GE Healthcare) [87].
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Kataura and coworker further optimized this method by attachting different gel column

together to achieve large-scale separation88 (Figure 3.4).
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Figure 3.4 : Separation of SWCNTs by chromatography [88].

As recently reported by Hirano et al., in a SDS-stabilized system, s-SWCNTs have
higher affinity towards the gel than do m-SWCNTs. Consequently, during the elution,
s-SWCNTs adsorb onto the gel to a much greater extent, which results in a longer time

to flow through the gel than m-SWCNTs [89].

In a study the research group used surfactant coverage guiding principles to establish
methods of using mixed surfactants in the separation of carbon nanotubes via the gel-
based method. They first establish the protocol used to enable various mono surfactant
separations. Then they study the concentration dependent effect of mixing various bile
salt surfactants with SDS. They examined a few commonly used surfactants for these
systems, sodium dodecyl sulfate (SDS), sodium cholate (SC), sodium deoxycholate
(SDOC), and sodium taurocholate(STC). This study showing that these surfactants is
not effective in dispersing nanotubes alone and was determined that SDS is the best

for separating SWCNTs. (Figure 3.5)
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Figure 3.5 : Absorbance result of chromatography with % 2 SDS, % 2 SDS + % 0.3
SC, % 2 SDS + % 0.3 STC, % 2 SDS + % 0.3 SDOC [93].

Several studies from the Kataura, Doorn, and other groups related to altering the SDS
phase around the tube have used temperature, [90] and pH, [91,92] to manipulate the
SDS phase around the tube, these studies also indicate that the adsorption occurs
directly between the SWCNT surface and the Sephacryl, where the surfactant mediates
the chiral selectivity but not the binding itself [93].

Benjamin S. Flavel in a study after complete separation of m- from s-SWCNTs, the
pH of the 1 wt % SDS eluent solution was reduced from pH 7 to 1 in decrements of 1
pH level. Upon reaching pH 4, the trapped s-SWCNTs can be seen to separate into
different colored moving eluent bands. The resolution of these bands was then
improved upon further reduction of pH, with yellow, green, blue, and purple bands

afforded for pH 4, 3, 2, and 1, respectively [94].

They showed with reduction of pH, the originally strong interaction of s-SWCNT

could be reduced and allowed for diameter-dependent fractionation. (Figure 3.6)
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Figure 3.6 : Time lapse photography of HiIPCo SWCNTs suspended in 1wt%SDS on
a Sephacryl S-200 size-exclusion gel, followed by subsequent reductions of pH [94].

Liu et al. described a method where a larger concentration (5% versus 2%) of SDS
elutes the semiconducting SWCNTs and 1% of SDS elutes metallic SWCNTs; but
George S. Tulevski et al did it both with 1% of SDS solution, 1% SDS solution (total
of ca. 100 mL) is added and is continually added until all of the SWCNTs (now
separated) pass through the column. Typical elution times are 30 min for the metallic
fraction and 90 min for the semiconducting fraction (Figure 3.7). UV vis NIR

spectrum of this separation as shown in Figure 3.8. [95].

Figure 3.7 : Images of the separation process when the CNT solution is (a) initially
loaded (b) beginning to move down the column while forming two distinct bands and
(c) near the bottom of the column where a large separation between the bands is
observed. The images and labels show how the sc-CNTs move more slowly in the
column than the m-CNTs while eluting with the same surfactant mixture. An image
of the unsorted, metallic, and semiconducting fractions after separation is shown in
panel (d) [95].
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Figure 3.8 : (a) UV_vis_NIR spectrum of the semiconducting fraction after passing
the SWCNT solutions through three different column mediums, including Sephacryl-
100 (purple), 200 (red), and 300 (green). The pore size of the columns increases with
increasing number. The data indicates that Sephacryl 200 yields the highest
semiconducting purity. (b) UV_vis NIR spectrumof theunsorted (black),
semiconducting fraction (red), and metallic fraction (blue) after passing [95].

Kataura et. al. reported the chirality and enantiomer separation of metallic SWCNTs
using gel chromatography with 0.3-1% of SDS, which has been the last remaining
issue in SWCNT separation that has yet to be achieved. The key to the separation is
summarized as the following three points: (i) the use of a preseparated metallic
SWCNT mixture to eliminate the semiconducting SWCNTSs that are more interactive
with the gel; (ii) the reduction of the concentration of dispersant to increase the

interaction between the metallic SWCNTSs and the gel; and (iii) the use of a long
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column to increase the number of interaction sites that enhance the slight differences

between metallic SWCNT species [96].
3.2.2 Selective adsorption method

3.2.2.1 Using Amines for SWCNTs separation

By taking advantage of amines adsorbing metallic SWCNTSs more strongly, Yutaka
Maeda and his coworkers have developed a separation method that makes metallic
SWCNTs highly enriched. The weakly adsorbed amines are easily removable after
separation. This separation method is simple and convenient, suggesting a potential
industrial utilization for widespread applications of SWCNTs. They show a separation
method involving a dispersion-centrifugation process in a tetrahydrofuran solution of
amine- 1M octylamine-, which makes metallic SWCNTs highly concentrated to 87%

in a simple way.

In the amine-assisted method, it is important that metallic SWCNTSs are more strongly
adsorbed by amines than semiconducting SWCNTs and the adsorbed amines are

removable after separation [97].

After Syears this group examined this process using various amines in different
concentrations. The proportion of m-SWCNTs toward s-SWCNTs increased with an
increase of concentration of amines. (Figure 3.9) Also, they found that the separation

efficiency of m-SWCNTs depends on amines. (Figure 3.10)
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Figure 3.9 : Absorption spectra of supernatant solution of SWCNTs treated in
different concentration of octylamine [98].
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amine 001M  01M 1M iM SM

isopropylamine 1.00 1.04 1.05 1.21 1.81
propylamine 1.02 1.04 .06  1.07 1.13
dipropylamine 1.00 1.01 1.03 1.19 1.33
tripropy lamine 1.00 1.00 1.09

octylamine 1.02 1.02 1.02 1.05
dioctylamine 1.00 1.00 1.00 1.03
cyclohexylamine 1.02 1.04 1.04 1.04

Figure 3.10 : Separation efficiency of m-SWCNT in THF solution using various
amines in different concentration [98].

SWCNTs thin films were also prepared from the SWCNTs dispersion. The sheet
resistance of the SWCNTs films decreased with an increase of proportion of m-
SWCNTs. This preparation method for SWCNTs thin films has advantages of control
of conductivity by the tuning of proportion of m-SWCNTs. Development of large-
scale synthesis methods of SWCNTs and improvement of separation methods of m-

and s-SWCNTs opens practical use of SWCNTs.
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Figure 3.11 : Prepared separated m-SWCNTs thin films resistivity’s [98].
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The efficiency of separation of metallic SWCNTs was controlled by the amine
concentration. With high amine concentration, selective dispersion of metallic
SWCNTs was achieved (Fig. 3.12). However, both metallic and semiconducting
SWCNTs were dispersed in the supernatant at low amine concentrations. It was
proposed that not only the concentration of amines but also the density of amines plays
an important role in the selective dispersion of metallic SWCNTs. Microscopic
analyses of the supernatant showed that dispersion and centrifugation of SWCNTs in
Tetrahydrofuran (THF) containing an amine are effective not only for separation of
metallic and semiconducting SWCNTs but also for separation of SWCNTSs having
different tube lengths [99].
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Figure 3.12 : Absorption spectra of supernatant solution of SWCNTs treated in (a)
IM octylamine and (b) SM propylamine [99].

3.2.2.2 Aqueous two-phase system (ATPS) for SWCNTSs separation

Aqueous two-phase system (ATPS) is a very useful technique for proteins purification
and recovery [100]. It is a benign and nontoxic separation technique that uses water-
soluble, phase separating polymer/polymer or salt/polymer system [101]. One example
of a polymer/salt system is polyethylene glycol (PEG)/potassium phosphate, and an
example for polymer/polymer system is the PEG/ dextran [102]. ATPS has a few
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advantages over other purification methods such as low cost, short processing time
and the potential for large scale purification. The factors that influence the outcome of
separation includes: type of polymer used; molecular weight (Mw) of the polymer

involved; temperature of system; pH of system; and also the addition of salt [103].

To separate SWCNTSs using an ATPS, a new ATPS has been developed using PEG,
dextran, N-methylpyrrolidone (NMP), cetyltrimethylammonium bromide (CTAB) and
water. Dextran has been reported to wrap around SWCNT [104]. PEG is selected for
its ability to solubilise in water as well as many types of organic solvents [105].
Organic solvent NMP and cationic surfactant CTAB are known to disperse single-
walled carbon nanotubes [106] effectively. The separation of metallic and
semiconducting species is due to the attraction between amine and semiconducting
species. This affinity is expected to cause the S-SWCNT to move towards amine-rich

bottom phase while leaving the metallic species in the amine-poor phase [107].

Malcolm S.Y. Tang et al. separated of m-SWCNT from s-SWCNT by using PEG with
different molecular weight i.e. 4000, 6000, 10,000 and 20,000 g/mol. The best
separation was achieved using MW of PEG 6000 g/mol at 15% (w/w), coupled with
dextran 40,000 g/ mol at concentration 23% (w/w). The highest ratio of Mi1/S22
obtained is 0.2574. They also observed that the difference between yield of metallic
and semiconducting species is proportional to the purity of the nanotubes. The results
show that molecular weight of PEG and volume ratio could influence the nanotube
partitioning. However, partitioning behavior of SWCNT is independent of the changes

in volume ratio [108].

3.2.2.3 Using polymer for SWCNTs separation

Organic polymers exhibit their advantages in separating SWCNTs at a lower cost.
Most of the polymers used for SWCNT separation are aromatic polymer and its
derivatives. The rigid aromatic polymers are found to wrap SWCNT by aligning the
aromatic units on the tube surface to maximize the n-x interaction [109]. The aromatic
units can be incorporated into the backbone or modified as pendant functional groups.
Different kinds of conjugated polymers have been designed and synthesized [110,

111]. There are some examples in Figure 3.13
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Figure 3.13 : Types of polymer used for SWCNT separation [110].

One example is polymer poly (9,9-dioctylfluorenyl-2,7-diyl) (PFO) which exhibits a
particular selectivity of SWCNT (6,5).111 Nicholas and coworkers suggest that the
separation selectivity of PFO is related to the chirality angle of SWCNT.111
Interestingly, this selectivity can be changed by introducing heterocyclic unit on the
polymer backbone. For example, the polymer PFO-BT exhibits a strong selectivity for

nanotubes with diameter around 1.05 nm.

Yusheng Chen et all. Synthesized A water-soluble poly [(m -phenylenevinylene)-alt -
(p -phenylenevinylene)] (PmPV 2) which exhibits an unsymmetrical substitution
pattern on the para phenylene unit. With one substituent being hydrophilic while the
other being hydrophobic, the polymer chain has a higher tendency to fold in aqueous
solution, thereby promoting helical conformation. The polymer is found to selectively
disperse the single-walled nanotubes (SWCNTSs) of small diameters (d =0.75— 0.84
nm), in sharp contrast to PmPV1 with a symmetrical substitution pattern. The
intriguing diameter-based selectivity is believed to be associated with the confined
helical conformation, which provides a suitable cavity to host the SWCNT of proper
sizes. Their study provided a useful demonstration that the polymer conformation can

have a profound impact on the SWCNT sorting [112].
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Figure 3.14 : SWCNT size sorting by helical [112].
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4. SWCNT CHARACTERIZATION TECHNIQES

To better understand the photophysical properties that are involved in the
characterization of SWCNTs it is easiest to think of the simplest model of the density
of states. SWCNTSs are considered to be m-SWCNTs when an overlapping occurs
between the occupied m and unoccupied n* energy levels allowing electrons to freely
move between all the energy levels resulting in conduction [113]. However, in the case
of s- SWCNTs, the occupied © and unoccupied n* orbitals do not overlap resulting in
an energy gap. When considering the density of states (DOS) that indicate the number
of available electron states at a given energy level, they show regions of extreme
density of electrons in very discrete energy levels. These regions are known as van

Hove singularities and reflect the 1D nature of SWCNTs [114].

Spectroscopic transitions involve transitions from the valence and conduction band
pairs often referred as Ejj. Metallic SWCNTs exhibit a finite amount of electronic
states at the Fermi level, while semiconducting SWCNTSs result in forbidden regions
of electron density between the conduction and valence bands often referred to as

bandgaps.
The energy of the bandgap is inversely dependent on the diameter of the SWCNT

according to equation 1.4, 1.5, 1.6 [113].

Es "'=2aC—Cyo/dt 4.1)
Es = 4aC—Cyo/dt 4.2)
Em ''= 6aC—Cyo/dt (4.3)

where aC—C is the C-C bond length (0.144nm), yo is C-C bond energy (~2.9 eV), and
dt is the nanotube diameter. m-SWCNTs generally result in an M11 region that lies
between ~350 to ~620 nm. s-SWCNTs usually show two main transitions, the S11lying
in the region of ~820 — 1700 nm and the S22 region lying between ~ 550 — 820 nm
(Figure 4.1).
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Figure 4.1 : Electronic transitions between the energy bands of SWCNTs with a
schematic of the nomenclature designating the interband transitions [115].

After over ten years’ development, several analytical techniques have been established
to evaluate the purity and chirality of SWCNTSs. Those analytical techniques reflect
the unique property of different SWCNTs, such as diameter or absorption wavelength.

Three common optical measurements will be described below.

4.1 Ultraviolet-Visible-Near Infrared (UV-vis-IR) Absorption Spectroscopy

Absorption spectroscopy of carbon nanotubes is a structure-specific tool widely used
for characterization of SWCNT sample composition and purity. Unlike the other ways,
absorption spectroscopy has advantage of simultaneous signal detection from all
SWCNT species. This is often used to estimate the metallic or semiconducting fraction
in SWCNT samples based on the ratio of integrated areas under background-subtracted
metallic and semiconducting SWCNT peaks [116]. In addition, absorption
backgrounds in SWCNT spectra have been used to evaluate nanotube sample [117].
As a result, absorption spectroscopy provides an efficient approach for chirality and

electronic structure-specific assessment of SWCNT samples.

Due to the one dimensional nanostructure, SWCNT has one dimensional electron
density of states (DOS) which result in the special optical properties of SWCNT.
According to Van Hove singularities, the optical absorption is from electronic
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transition from the Vi to Ci (first optical transition), or V2 to Cz (second optical
transition) (Figur 4.2) [118]. One of important optical features of SWCNT is that the
absorption is relatively discrete, resulting in different absorptions in UV-vis-NIR
range. Thus, it is possible to assign different SWCNTs according to their unique
absorption peak.

3 (b)

1' u

A

M,,

energy (eV)

DOS DOS

Figure 4.2 : Van Hove singularities of metallic (a) and semiconducting SWCNT (b),
where the conduction bands (Ci and C2) and valance bands (V1and V2) are indicated
along with the density of state (DOS) [118].

Because each SWCNT has a unique interband transition energy, SWCNT can be
assigned and classified according to identical absorption peak.118 For example,
absorption peak from 900 nm to 1400 nm corresponds to the first optical transition
(ES11) of semiconducting SWCNT; absorption peak from 630 nm to 900 nm
corresponds to the second optical transition (ES:) of semiconducting SWCNT;
absorption peaks from 450 nm to 660 nm corresponds to the first optical transition
(EM11) of metallic SWCNT (Figure 4.3). Different interband transition has special
energy absorption, which resulting the different absorption intensity even in the same
SWCNT sample. For example, in semiconducting SWCNTs, the absorption intensity
of ES» is weaker than that of ES1; [119].
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Figure 4.3 : A typical example of UV-vis-NIR absorption spectrum of SWCNTs,
which shows absorption peaks of metallic SWCNT (EM;1) and semiconducting
SWCNT (ES11, ES») [119].

4.2 Photoluminescence

As mentioned above, SWCNT has interband transitions between its Van Hove
singularities. After absorbing energy through the second interband transition, electrons
will be excited from the valence band V2 to the conduction band Cz. During this
process, an electron-hole pair (exciton) will be created. The electron and hole will relax
from Cz to Ci and V2 to Vi, respectively, followed by recombination through the first
transition energy Si1 (Ci-V1) which leads to a photoluminescence emission (Figure
4.4). However, this photoluminescence only takes place when the tube is a
semiconducting SWCNT. For a metallic SWCNT, although electrons can also be
excited to the conduction band by absorbing energy and form electron-hole pair, the
hole will not survive for interband relaxing. The electrons in metallic SWCNT will

immediately combine with the hole and quench the photoluminescence.
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Figure 4.4 : Photoluminescence mechanism of SWCNT [120].

Due to the unique interband energy of semiconducting SWCNT with different
chirality, the special excitation and emission wavelength can be used to identify
SWCNT. As-prepared raw SWCNTs are a mixture of different kinds of tubes. When
the excitation wavelength is scanned in a certain range, the emission intensity can be
plotted into a 2D photoluminescence map as a function of excitation and emission
wavelengths (Figure 4.5). Each peak on the 2D photoluminescence represents one type
of semiconducting SWCNT. By using this method, one can indentify various

SWCNTs and detect the intensity distribution of SWCNTs.

Excitation (nm)

900 1000 1100 1200 1300 1400

5 Emission (nm)

Figure 4.5 : 2D photoluminescence map of SWCNT [121]
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4.3 Raman Spectroscopy

Besides UV-vis-NIR and 2D photoluminescence, Raman scattering spectroscopy is
another useful tool in carbon nanotube’s research. Rao and coworker did some
pioneering works to prove the Raman scattering phenomenon in SWCNTs [122]. They
found SWCNTSs with special diameter can be detected in Raman spectroscopy by using
a laser with certain wavelengths as an excitation source. This detection depends on
both excitation wavelength and diameter of SWCNT. In other words, SWCNTs with
a particular diameter can only be excited by a laser with an energy matching its inter
band transition. The displacement of a carbon atom on the carbon nanotube is Raman
active, which can be detected by different modes of Raman spectroscopy. Three
important modes are commonly used in nanotube study: Radial Breathing Mode

(RBM), G band Mode and D-band Mode (Figure 4.6)

Raman spectroscopy offers a different way of characterization: carbon nanotubes were
found to have diameter-specific radial breathing mode vibrations that are active and
may be resonance-enhanced in Raman. Therefore, knowing the frequencies of the
breathing mode Raman peaks, one can determine the diameters of carbon nanotubes
that are present in the sample and have electronic resonances near the Raman laser

wavelength.

RBM: wgg,,< 1/d, D-band

b

500 1000 1500 2000
Raman Shift (em™)

Figure 4.6 : Raman spectroscopy of SWCNT [123].
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4.3.1 RBM mode

In RBM mode, carbon atoms vibrate in the radial direction of tube axis, as if the
nanotube was breathing, therefore it is called Radial Breathing Mode (RBM). The
RBM Raman shift is from 100 to 350 cm™!, which is anti-proportional to the diameter
of the detected SWCNT. This relationship is described as: o(RBM) =219.3/d + 14.7,
where ®(RBM) is the RBM Raman shift and d is the diameter of carbon nanotube.
Because SWCNT with special diameter can only be excited by a laser with matched
wavelength, the assignment of SWCNTs can be plotted into a map with functions of
excitation energy of laser and tube diameter, which is known as Kataura plot (Figure

4.7).
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Figure 4.7 : Kataura plot of SWCNTs [123].
4.3.2 G band

G band mode consists of a couple of peaks from 1560 to 1600 cm™!. Those peaks are
dependent on several factors: the confinement of phonon wave vector and asymmetry
effects according to SWCNT curvature. Two peaks around 1570 cm™ and 1590 cm™
are identification of semiconducting and metallic SWCNT, which are called G'[| and
G" respectively. G* band is related to the vibration of carbon atom along the

circumferential direction of tube, whereas G* band describes the vibration of carbon
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atom along the nanotube axis. Generally speaking, a broad and high G™[] band is a sign

of enrichment of metallic SWCNT.

4.3.3 D band

D band appears around 1350 cm™!, which originates from the defect on the SWCNT
structure. The defect usually results from the damage of sp? structure in SWCNT. The
intensity ratio between D band and G band is a good indicator for the purity of
SWCNT. If the surface of SWCNT is modified with some functional groups,
corresponding D band is expected to be increased, because the modification disturbed

the sp? hybridization or damaged the integrity of the tube.
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5. EXPERIMENTAL STUDIES

5.1 SWCNTs Preparation

SWCNTs used in this study were synthesized by high-pressure catalytic carbon
monoxide (CO) (HiPco) decomposition (HiPco, 1.0 + 0.2 nm) that were purchased
from Nanolntegris Inc. HiPco processes generally require high temperature (900 °C to
1100 °C) and high pressure (30 to 50 atmospheres) conditions in a customized vessel.
A carbon source CO of flows past catalytic clusters of iron and iron pentacarbonyl
(Fe(CO)s) as the catalyst and the mixture is injected into the reactor through an
insulated, air- or water-cooled stainless-steel injector tipped with a copper nozzle. The
CO/Fe(CO)s mixture rapidly heats and mixes with the shower of carbon monoxide.
The clusters formed in situ decompose upon heating. The iron atoms condense into
clusters and serve as catalysts, upon which the SWCNTSs nucleate and grow. The
SWCNTs and iron particles are carried out of the reactor by the hot, dense gas flow
into the product collection apparatus. The CO is then recirculated back through the gas
flow system and reactor via a compressor, which creates a continuous process. The

product contains iron (Fe) nanoparticles and other by-products.

5.2 Separation of SWCNTs by Gel Chromatography

The intrinsic properties of single wall carbon nanotubes (SWCNTSs) promote the use
of these nanostructures in a wide variety of applications, although their implementation
has been limited thus far by the heterogeneous nature of as-produced CNT material.
Consequently, the demand for uniformity in nanotube distributions has lead to post-
synthesis sorting of SWCNTs being approached in a variety of different ways, with
varied levels of success. The high aspect ratio and strong van der Waals cohesive
forces of SWCNTs, however, cause detrimental entanglement and bundling. This is a
major drawback, as many applications require well-dispersed tubes in order to make
full use of their remarkable properties. While each of separation techniques are capable
of achieving the m- and s-SWCNTs, selective adsorption on dextran gel or Agarose

gel is currently one of the most promising methods for large-scale, high-throughput
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separations. Nevertheless, novelty of this research relies on using both of Agarose and

Sephacryl gels for increasing the efficiency of the separation.

5.2.1 Dispersion

Dispersion of SWCNTs is quite important step for achievement of effective separation.
Three main approaches can be pursued to disperse CNTs: (i) use of organic solvents;
(i1) covalent attachment of hydrophilic groups to the nanotube surface; and (iii)
physical adsorption of amphiphilic molecules (surfactants or polymers). SDS is the
surfactant that usually is used for dispersion CNTs. The common factor of SDS for
most reported separations suggests this surfactant is highly influential. The mechanism
behind the separation is believed to be related to conformational differences between

SDS adsorbed on metallic and semiconducting species.

5.2.1.1 Ultrasonication

The first step toward the separation is to disperse SWCNT bundles. Dispersion
procedure is as follows: 15 mg of SWCNTs (HiPco, Nanolntegris) was added to 15 ml
of deionized water (DI water) with 1 wt % SDS of then sonicated using an ultrasonic
homogenizer (BandelinSonopuls ultrasonic homogenizer) equipped with a 0.5-inch.
Flat tip for 2 h at a power density of 20 W cm 2, to prevent heating during sonication,
the bottle containing the sample solution was immersed in a bath of cold water (5-

10°C).

5.2.1.2 Ultracentrifugation

To remove the residue of catalytic metal particles, nanotube bundles and impurities,
the dispersed sample solution was centrifuged at 50.000 rpm for 2h in a swinging-
bucket rotor (Beckman Coulter's Optima™ MAX, Optima MAX-E). The upper 80 %
of the supernatant was collected and used for gel chromatography. The resulting

supernatant solution and deposit of SWCNTs is designated.

SDS
& o Ao |

Ultracentrifugati
aceniriugation SWNT dispersion

Dispersion with an (supernatant)

ultrasonic homogenizer

Figure 5.1 : Schematic diagram of the SWCNT/1 wt% SDS dispersion solution at 22
°C.

44



5.2.2 Gel chromatography

In gel chromatography method, dispersions of nanotubes in the surfactant sodium
dodecyl sulfate (SDS) are passed through a gel matrix which is usually composed of
Agarose or cross linked allyl dextran gel beads(Sephacryl). For achieving high yiled

separation, we used both of these gels consequently.

5.2.2.1 Gel chromatography by using Sephacryl gel

Glass column (20 cm in length and 1.5 cm in inner diameter) were used for the
chromatography. Allyl dextran-based size-exclusion gel (Sephacryl gel, S-200 (5-
250 kDa) SigmaAldrich) was utilized as the gel media. Gel columns were prepared by
filling the same amount of allyl dextran-based size-exclusion gel (1.4 ml of gel beads)
into column. The Sephacryl was then washed thoroughly with water to remove excess
ethanol and other impurities before being suspended in deionized water (DI water).
Then, a 1.4 mL stationary bed of 1 % wt SDS equilibrated Sephacryl S200 gel and 5
ml aliquots of the SWCNT dispersion were applied to column. Next, 1 % wt aqueous
SDS solution was used to elute the metallic and unbound nanotubes until no nanotubes
were detected in the eluent. To obtain metallic SWCNT, 1 % wt SDS (10ml) was used
until no nanotubes were detected in the eluent. The s-SWCNTs adsorbed on the
column were desorbed and collected by injection with a 5 % wt SDS (10ml) until no
absorbance was detected, Then 1% wt SC (10ml) was used to elute the s-SWCNTs
adsorbed onto the gel at 5% wt SDS(10ml).

5.2.2.2 Gel chromatoghraphy by using Agarose gel

The s-SWCNTSs adsorbed on the column were desorbed and collected by injection with 5%
SDS(10ml) and 1% SC (10ml) until no absorbance was detected (two runs), then all
this processes are applied with Agarose gel. According to optical absorbance spectra
of separated s-SWCNT, only small s-SWCNTs are adsorbed to dextran gel beads and
large s-SWCNTs are adsorbed to Agarose gel beads. Considering these properties, our
group have developed a novel mixed method for separation of m-SWCNTs and s-

SWCNTs by using dextran and Agarose gels respectively.
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Figure 5.2 : Schematic view of chromatography processes.

The selective adsorption of m/s-SWCNTs in a gel column occurs that related to the
gel matrix and surfactant concentration, SWCNTs interact with gel in different ways.
By applying SWCNTSs/SDS dispersion to a column containing dextran based gel, small
s-SWCNTs observed to be adsorbed to the gel and collected by changing the eluent.
This process was repeated for obtained unbundle solution until there was no any
absorption to the gel. Subsequently, the operation continues with Agarose gel beads
for absorbing the large s-SWCNTs repeatedly until the end of adsorption process (two

times).

Consequently, we are separated nearly all of the small and large s-SWCNTs and m-

SWCNTs that passed through the final column as unbundle solution.

5.2.2.3 Enrichment m-SWCNTs

In chromatography process, after complete separation of m-SWCNTs with applied 1
wt % SDS were not observed pure m-SWCNT, it is why that we applied this solution
to second column for removing resedual s-SWCNTs and reached pure m-SWCNTs.
For this purpouse, after applying m-SWCNs to Sephacryl gel column, 1 % wt SDS
solution was used to elute the metallic and unbound nanotubes until no nanotubes were
detected in the eluent. The s-SWCNTs adsorbed on the column were desorbed and

collected by injection with a 5 % wt SDS (10ml) until no absorbance was detected.

5.3 Characterization of Separated SWCNTSs

Metallic and semiconducting SWCNTs characterization was measured by UV-vis

NIR, Raman spectrophotometer.
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5.3.1 Optical absorption measurement (UV-vis-NIR)

Optical absorption data were recorded from 200 to 1,350 nm with an UV — vis — NIR
spectrophotometer (SHIMADZU UV-3150) using a quartz cell with a path length of 5
mm. Pristine HiPco SWCNTSs and sorted samples were dispersed in 1 wt % aqueous
SDS solution. For the HiPco SWCNTs, the absorption peaks at 850 — 1,350, 500 —
850, 330 — 450 and 300 — 400 nm were derived from the first (S 11), second (S 22), third
(S 33) and fourth (S 44) optical transitions of the semiconducting SWCNTs. The
absorbance peak at 400 — 650 nm represented the first optical transition of metallic m-
SWCNTs (M 11). The absorption peaks observed in the shorter wavelength region (200

— 300 nm) indicate the UV optical absorption characteristic of the nanotubes.

Figure 5.3 : UV — vis — NIR spectrophotometer (SHIMADZU UV-3150).
5.3.2 Raman spectra measurements

Raman spectra were measured in aqueous SDS solution at a concentration of 1 wt %
using a triple monochromator (Bunkou-Keiki, M331-TP) equipped with a charge-
coupled device detector. The samples were excited at excitation wavelengths of 514

nm using a power of 10 mW.

Figure 5.4 : Raman spectrophotometer.
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6. RESULTS AND DISCUSSIONS

6.1 Characterization of SWCNTSs synthesis by Hipco method

HiPco SWCNTs were characterized using transmission electron microscopy (TEM),

Raman spectroscopy and thermogravimetric analysis.

TEM enables the analysis of a material in a range of 0.01 um to 10 um, retaining the
necessary resolution to distinguish surface properties. Accordingly, individual
SWCNT mean diameter is approximately 1.0 nm arranged in crystalline bundles which

is measured by Unidym from TEM micrographs (Fig. 6.1).

Figure 6.1 : TEM images of Hipco SWCNTs.

Raman spectroscopy is a powerful technique for the characterization of the structure
of carbon nanotubes. Figure 6.2 shows Raman spectrum for carbon deposits excited
by 633 nm laser. The Raman spectrum of the HiPco SWCNTs contains peak which is
special to single wall in radial breathing mode (RBM). The Raman spectrum also
shows the characteristic peaks at 1200-1400 cm™ (D band) and 1580-1600 cm™ (G
band) for SWCNTSs grown on the catalyst. The G and D bands related to the degree of
graphitization and the defects in SWCNT structure, respectively. The lower the ratio
(In/Ig) in the spectrum refers to the lower content of amorphous carbon and defect
formation in the structure. Considering this ratio is quite low in our SWCNT sample,

amount of amorphous carbon and defect formation is very low.
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Figure 6.2 : Raman spectroscopy of Hipco SWCNTs.

Thermogravimetric analysis (TGA) is an analytical technique to determine a materials
thermal stability by monitoring the change in mass as the specimen is heated. The
measurement is carried out in air or inert atmosphere (i.e. Ar, He). The mass of a
sample is recorded as a function of time or temperature when the sample is
heated/cooled with constantly increasing/decreasing temperature. In the case of CNTs
the mass change in a result of oxidation of carbon in the air into carbondioxide and
mass gain due to oxidation of the metal catalyst into solid oxides analysis of
synthesized SWCNTs was conducted in air atmosphere with 800 °C (Fig. 6.3). The
reported figures assume that the residue is present in the product as elemental Fe, and
that it is fully converted to Fe2Os during the TGA analysis. Hence, the TGA residual

as measured is less than 15 wt %.
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Figure 6.3 : TGA Profile of Hipco SWCNTs.
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6.2 Theory Behind Separation and result

For this study, Hipco SWCNTs were selected because of the ability of Hipco process
to produce a sample with a small diameter range SWCNTs (1.0 £ 0.2 nm) Sodium
dodecyl sulfate (SDS) is responsible for the creation of micelles around individual
SWCNTs during sonication, an effort that interferes with the attractive forces in
between SWCNTs originally produced in bundles. The hydrophobic tail of the
surfactant is what interacts with the SWCNT. This is due to the fact that the SWCNT
is a carbonaceous material and is hydrophobic in nature. Larger diameter SWCNTs
have more SDS on the surface of the tube than smaller diameter tubes. The correlation
between the amount of SDS on the surface of the nanotube and the diameter of the
nanotube results in a change in affinity of the semiconducting SWCNTs to the

Sephacryl and Agarose gels.

By increasing the concentration of SDS in the mobile phase, the adsorbed SWCNTs
are released from the gel by increasing the amount of repulsion the surfactant applies

between the SWCNT and the Sephacryl and Agarose gels.

6.2.1 Adsorbing small diameter semiconducting SWCNTSs to Sephacryl gel

Figure 6.4 shows Sephacryl gel chromatography processes. Gel column was prepared
by filling of 1.4 ml of Sephacryl (allyl dextran-based size-exclusion) gel. 1% wt
aqueous SDS solution was used to elute the metallic and unbound nanotubes until no
nanotubes were detected in the eluent. To obtain metallic SWCNT, 1% wt SDS (10ml)
was used until no nanotubes were detected in the eluent. The s-SWCNTs adsorbed on
the column were desorbed and collected by injection with a 5% wt SDS (10ml) until
no absorbance was detected, Then 1% wt SC (10ml) was used to elute the s-SWCNTs
adsorbed onto the gel at 5% wt SDS (10ml). Smaller diameter SWCNTSs with higher
affinity will adsorb more strongly to the column while large diameter SWCNTSs will
adsorb weakly to the column, thus creating a gradient in the column from smaller
diameter SWCNT to larger diameter SWCNTs. SDS was able to elute the metallic
SWCNTs with 1% wt SDS while leaving the majority of the semiconducting SWCNTSs
bound to the column. The small s-SWCNTs were eluted with 5% wt SDS and 1% wt
SC. Figure 6.5 indicates that separated m- and s-SWCNT with Sephacryl gel that blue

one is small semiconducting and green-brown one is metallic.
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Figure 6.4 : Chromatography processes a) applying sample, b) after applying 1% wt
SDS, c¢) after applying 5% wt SDS.

Figure 6.5 : Separated m- and s-SWCNT with Sephacryl gel (green-brown one is
metallic and blue one is small semiconducting).

To determine the compositions of the nanotubes adsorbed, we measured the optical
absorption spectra using an ultraviolet-visible-near- infrared spectrophotometer. The
optical absorption spectra confirm that the nanotubes adsorbed in each column were
enriched with m-SWCNTs and s-SWCNTs. For s-SWCNTs exist different diameter
distributions. Overall, small diameter s-SWCNTs piks is around 950-1,150 nm and
large diameter s-SWCNTs piks is around 1,150-1,350 nm, when applying a gradient
of the eluting surfactant to a Sephacryl gel column with semiconducting SWCNTs
adsorbed to the gel. It was observed that the large diameter tubes elute from the column

whereas small diameter s-SWCNTSs adsorbed to the gel. It is obvious from absorption
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spectra that Sephacryl gel is usefull for separating small s-SWCNTs whereas Agarose

gel is functional for separating large diameter s-SWCNTs.

Figure 6.6 indicates the existence of both semiconducting and metallic characteristics
in the pristine HiPco SWCNTs after dispersion and centrifuge. For the HiPco
SWCNTs, the absorption peaks at 850—1,350, 500—850, 330 were derived from the
first (Si11), second (S 22), third (S 33) optical transitions of the semiconducting
SWCNTs, the absorbance peak at 400—650 nm represented the first optical transition
of metallic m- SWCNTs.
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Figure 6.6 : Absorption spectrum of raw Hipco SWCNTs before applying column.

Figure 6.7 shows the absorption spectrum of the sample after 1% wt SDS where a
metallic characteristic was mostly expected to be observed but, as can be seen, the s-
SWCNTs also exist. Therefore, in order to enrich the metallic part, we repeated the
process again for a second column. Section 6.2.3 presents more detail about the

method. By this method we obtained purer m-SWCNTs.
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Figure 6.7 : Absorption spectrum after applying SDS 1% in Sephacryl gel.
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Figure 6.8 : Raman spectrum of solution of after applying 1% wt SDS in Sephacryl
gel.

Figure 6.9 shows the absorption spectra of the sample after 5% wt SDS for two
consequtive column of Sephacryl gel. Accroding to literature studies (Figures 6.10 and
6.11) [26, 124] it can be inferred that few chiralities of small s-SWCNs which were
adsorbed by the gel, were finally eluted by 5% wt SDS; hence the separation is now
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completed. It should also be mentioned that the gel chromatography process was
repeated for increasing the efficiency by further adsorbing of small s-SWCNTs to the

gel inside the column.

2 T T T T T T T

5% SDS of 1st column of Sephacryl gel
1.8 5% SDS of 2nd column of Sephacryl gel ]

1.6

1.4

1.2

1

Absorbance

0.8

0.6

0.4

0.2

O 1 1 | 1 Il 1 1 L Il
300 400 500 600 700 800 900 1000 1100 1200 1300

Wavelength (nm)

Figure 6.9 : Separated small diameter s-SWCNTs that applied 5% wt SDS in
Sephacryl gel for two times.

Figure 6.10 shows the optical absorption spectra of the nanotubes collected from the
various columns and that of the unbound metallic nanotubes, with the spectrum of
pristine HiPco SWCNTs provided as a reference. These absorption spectra confirm
that the nanotubes bound in each gel column were highly enriched with semiconductor
nanotubes, whereas the unbound nanotubes were highly enriched with metallic
nanotubes. Moreover, for the S-SWCNT fractions from the first to the last column, the
E11 optical absorbance peaks in the range of 850 — 1,350 nm shift towards longer
wavelengths, indicating that the nanotubes with smaller diameters interacted more
strongly with the gel and were initially adsorbed on the gel column; this effect resulted
in the separation of S-SWCNTs based on their diameter and bandgap. Also, the various
S-SWCNT fractions exhibited significant differences in their diameter and chirality
distributions. Figure 6.10 shows chirality of small diameters (d = 0.75—0.84 nm) and
large diameter (d = 0.85—1.24 nm) single-walled nanotubes (SWCNTs).
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Figure 6.10 : Optical absorption spectra of chirality separation of SWCNTs using
single-surfactant multicolumn gel chromatography[26].
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Figure 6.11 : Chirality of of small diameters (d = 0.75—0.84 nm) and large diameter
(d = 0.85—1.24 nm) single-walled nanotubes (SWCNTSs)[124].
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Figure 6.12 : Raman spectrum of solution of after applying 5% wt SDS in Sephacryl

gel.

Figure 6.13 shows the absorption spectrum of small s-SWCNTs eluted by 1% wt SC
whose difference with 5% wt SDS is the difference in s-SWCNTs chiralities
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Figure 6.13 : Absorption spectrum after applying 1% wt SC in Sephacryl gel.

Figure 6.14 indicates absorption spectrum of unbundle solution after two times

application of Sephacryl gel included column. This figure shows all s-SWCNTs are

not adsorbed to the gel and, as a result, are not separated from pristine solution. By

repeating the process of applying unbundle to gel there was not observed any change
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in absorption spectrum. By comparing Figures 6.10 and 6.11 with 6.14, it can be
resulted that s-SWCNTSs remained in unbundle were large s-SWCNTs where the small

ones were adsorbed to Sephacryl gel.
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Figure 6.14 : UV-Vis-NIR spectrum of unbundle SWCNTs fter applying two times
column of Sephacryl gel.

6.2.2 Adsorbing large diameter semiconducting SWCNTs to Agarose gel

Gel column was prepared by filling of 1.4 ml of Agorose gel. 1 % wt aqueous SDS
solution was used to elute the metallic and unbound nanotubes until no nanotubes were
detected in the eluent. To obtain metallic SWCNT, 1 % wt SDS (10ml) was used until
no nanotubes were detected in the eluent. The s-SWCNTs adsorbed on the column
were desorbed and collected by injection with 1% wt SC (10ml) was used to elute the
s-SWCNTs adsorbed onto the gel at 1% wt SDS(10ml). To achieve the effective
separation, we considered SWCNTs adsorbtion to the column with Agarose gel. When
applying a gradient of the eluting surfactant to a column with semiconducting
SWCNTs adsorbed to the gel, it was observed that the large diameter tubes elute from
the column (with Sephacryl gel) before the smaller diameter tubes. Large diameter
SWCNTs have more SDS on the surface due to the fact that the larger diameter allows
for more conformational arrangements of the SDS on the SWCNT and finally is
collected as unbundle solution. Under this conditions we missed large s-SWCNTs and
have low yield separation processes, for solving this problem, we used Agarose gel
that have a structure which large diameter SWCNTs will adsorb more strongly to the

column and finally is separated as large s-SWCNTs.
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Figure 6.13 indicates that separated large and small diameter s-SWCNTs with Agarose
and Sephacryl gels that blue one is small semiconducting and green one is is large s-

SWCNTs.

Figure 6.15 : Separated s-SWCNT with Sephacryl and Agarose gels (blue one is
small s-SWCNTs and green one is large s-SWCNTSs).

Figure 6.14 shows the absorption spectra of the sample after 1% wt SC for two
consequtive column of Agarose gel. Large s-SWCNTs are adsorbed to Agarose gel
and separated as expected. Gel chromatography process was repeated for increasing

the efficiency by further adsorbing of large s-SWCNTs to the gel inside the column.

2 T T T T

1.8 — 1% SC of Ist column of agarose gel | |
: —— 1% SC of 2nd column of agarose gel

1.6

1.4

1.2

1

Absorbance

0.8

0.6

0.4

0.2 1 1 1 1
300 500 700 900 1100 1300

Wavelength (nm)

Figure 6.16 : Separated large diameter s-SWCNTs that applied in Agarose gel for
two times after applying sample solution in two times of Sephacryl gel.

Figure 6.17 indicates unbundle sample after applying the first and second columns of

Agarose gel. It can be seen that after the second column process all large s-SWCNTs
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are separated from the pristine sample. According to experimental results, the optimum
number of repetition is one (totally 2 times of operation) for each gel. This amount of
process is fairly enough for obtaining the pure s-SWCNTs. Since, as can be seen from
Figure, there is no corresponded component to s-SWCNTs visible in the spectrum

within unbundle of the second column of Agarose gel.
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Figure 6.17 : Unbundle of after applying sample in two Agarose column.
6.2.3 Enrichment of m-SWCNTs

Metallic nanotubes exhibited the lowest interaction with the gels and so were finally
collected as unbound nanotubes. The evolution of the surfactant structure on a
nanotube sidewall is also proposed to change from random adsorption at low surfactant
concentration, to hemispherical-micelle/micelle adsorption at intermediate
concentration, and finally to micellar or aggregate encapsulation at higher
concentrations. Metallic species possess greater surfactant coverage, which facilitates

their rapid passage through the gel medium.

In order to find the micelle concentration of SDS we performed the experments with
0.3%, 0.5% and 1% wt SDS. As can be seen from Figure 6.18, any considerable
difference between 0.5% and 1% wt SDS was not observed, therefore we chose 1% wt
SDS as the experimental condition, however in the literature the 0.5% wt SDS is

known as the best concentration.
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Figure 6.18 : The absorption spectra of solution after various SDS concentrations.

To obtain purer m-SWCNTs, after completing separation of m-SWCNTSs with applied
1% wt SDS in Sephacryl gel, we applied this solution to second column for removing
resedual s-SWCNTs. Figure 6.19 shows the optical absorption spectra of the m-
SWCNTs after first column and applying it on second column. As can be seen after
the second application to the column, s-SWCNTs adsorbed to gel and m-SWCNTs
will pass the gel. As the final result we can obtain purer s-SWCNT and m-SWCNT
the by this proposed method.
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Figure 6.19 : Absorption spectra of enrichment m-SWCNTs with applying on 2nd
column.
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7. CONCLUSIONS AND RECOMMENDATIONS

In this study, gel chromatoghraphy method was utilized for separation of HiPco

SWCNTs. The effects of gel matrix and SDS concentration were investigated on

duration of separation processes. Besides, enrichment studies of the m-SWCNT and s-

SWCNT species were performed using both Sephacryl and Agarose gels. Important

findings of this study are as follows:

7.1 Concluding Remarks

1.

In this thesis, the motivation was to propose an effective, low cost and low
complexity with minimum number of required processes for separation of s-
SWCNT and m-SWCNT from the raw SWCNT. Presented method is based on
gel chromatography and provides very simpler and more reliable process with
only four column repetition comparing with the literatures from the well-
known research groups working in this area which require 40-60 column

repetition for the same efficiency.

Both m-SWCNT and s-SWCNT separation were achieved containing several
chiralities. To obtain m- SWCNT, 1 % wt SDS was used until no nanotubes
were detected in the eluent. The s-SWCNTs adsorbed on the column were
desorbed and collected by injection with a 5 %wt SDS until no absorbance was
detected. Then1% wt SC was used to elude the s-SWCNTs adsorbed onto the
gel at 5% wt SDS.

Related to the diameter and chirality distributions of nanotubes, m-SWCNTs
were observed with a color gradient of brown and s-SWCNTSs were observed
with a color gradient of blue where stationary phase is Sephacryl 200 gel.
However, s-SWCNTs were observed with a color gradient of green where

stationary phase is Agarose gel.

The various m- SWCNT and s-SWCNT fractions demonstrated significant
differences in their diameter distributions with high purity and high yield. The

63



10.

11.

separated SWCNTs were characterized with UV-vis -NIR and Raman

spectroscopy.

Sonication duration is one of the most important parameters for preparation of
homogeneous SWCNT solutions. Based on our experiments, the optimum

sonication duration was found as120 minutes.

One of the most important factors in separation is the type of SWCNTs. Hipco
SWCNT which used in this study, is the most appropriate type for this purpose.

As the loading amount of SWCNT dispersion is increased, the nanotubes
exhibiting the strongest interaction with the gel eventually replace the other

nanotubes and occupy all the adsorption sites.

Smaller diameter s-SWCNTs with higher affinity adsorb more strongly to the
column with Sephacryl gel while large diameter SWCNTs adsorb weakly to

the column with this gel.

Large diameter s-SWCNTs with higher affinity adsorb more strongly to the

column with Agarose gel.

The energy bandgap of s-SWCNT is inversely proportional to the nanotube
diameter. Accordingly, in absorption spectra, peaks in higher wavelength
(>1200 nm) indicate large diameter s-SWCNTs, while peaks in lower
wavelength (<1200 nm) indicate small diameter s-SWCNTs. Thus, correspond
to interactions between nanotubes and gel medium, small diameter s-SWCNTs
were obtained using with Sephacryl 200 gel and large diameter s-SWCNTSs

were obtained using with Agarose gel as stationary phase.

High yield of separation is obtained by using Sephacryl and Agarose gels
consequently. The optimum number of repeat for each gel step was found to

be two times.

7.2 Recommendations

The research performed in this thesis focused on separation of SWCNTs by electronic
structure using gel chromatography. In recent years, selective enrichment and
separation of SWCNTs play a vital role in the realization of the potential application

of m-SWCNTs and s-SWCNTs having several advantageous. Therefore, the
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separation with the high efficiency of both m-SWCNTs and s-SWCNTs is of great
importance. Separation of different types of SWCNTSs, however, remains one of the
fundamental and challenging issues in nano science. In this aspect, sorting m-
SWCNTs and s-SWCNTs using gel chromatography is one of the very promising
SWCNT separation method in terms of especially simplicity of application.
Consequently, we separated nearly all of the small and large m-SWCNTs and s-
SWCNTs that passed through the final column as unbundle solution. The most
importance of this Thesis is using Sephacryl and Agarose gels respectively, usage one
of these gels leads to low separation yield, but we reached to high yield with usage
both of these gels. By only four repetitions (two time with each gel), this method is
becoming very simple and low cost that can be used for large-scale with higher
throughput from raw SWOCNTSs separation comparing with previously reported

methods in literature.

Future studies including the gel chromatography discussed in this thesis will require
enrichment of separation processes such as optimization of dispersion methodology
for increasing of SWCNT-surfactant interactions or utilization of distinct dextran
based gels as stationary phase for providing selective adsorption of m-SWCNTs and
s-SWCNTs.
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