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ABSTRACT

QUANTITATIVE ANALYSIS OF CARBON NANOTUBE
SUSPENSIONS, SYNTHESIS OF INORGANIC
NANOSTRUCTURED MATERIALS AND THEIR
CHARACTERIZATION

Ali Can ZAMAN

Department of Metallurgical and Materials Science Enginering
Ph.D Thesis

Adviser: Prof. Dr. Cengiz KAYA
Co-adviser: Prof. Dr. Figen KAYA

This thesis consists of two separate studies. Under the scope of the first study dispersion
of carbon nanotubes in organic solvents was carried out and carbon nanotube reinforced
iron oxide composites were produced. MWCNTSs suspensions were prepared in
environments where IPA is the solvent. To provide homogeneous dispersion of
MWCNTSs in IPA, PVP and SDBS were utilized as additives. Ultrasonic mixing and
subsequent to this operation implementation of centrifugation facilitated acquiring both
PVP and SDBS containing stable suspensions. Zeta potential analysis and sedimentation
tests indicate that suspensions are stable. UV-Vis absorption spectroscopy was used to
determine concentrations of PVP, SDBS and MWCNTSs in suspensions in which
information about concentration of components is lost by implementation of
centrifugation. TGA was also perfomed on dried precipitates and suspensions for
comparison with UV-Vis analysis results.

MWCNTSs were coated on metallic substrates by means of EPD. While performing EPD
with PVP containing MWCNTSs suspensions, it is found that acquiring of adherence of
MWCNTs on substrate surface couldn’t be established; this problem was overcome by
adding magnesium ions in suspensions at certain concentrations. It is realized that UV-
Vis spectroscopy can be used to estimate material quantity in coatings obtained by means
of EPD. It is found that evaluation of UV-Vis spectra of suspensions before and after EPD
process facilitated estimation of material quantity in coatings and at the same time it
enabled calculation of coating thickness, but this technique neglects porosity in coating.
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Solvothermal synthesis was used to produce MWCNTSs Fe3O4 composite materials. In
composite making process prepared MWCNTS suspensions were mixed with precursors
of FesO4 nanoparticles before synthesis. To facilitate interation between MWCNTSs and
FesO4 nanoparticles in order to provide homogeneous dipersion of components in the
structure, surface of FesOs nanoparticles were coated with carbon during synthesis;
subsequently this interaction was examined whether it is existing or not. Glucose and
ascorbic acid was used in order to prepare FesO4@C core-sell nanoparticles by means of
solvothermal synthesis (200 °C, 12 h.). It is understood from XRD analysis that
synthesized nanoparticles are FesOs. FTIR invesitagations revealed that glucose or
ascorbic acid aided synthesis products contain carbon and OH functional groups in their
structure. It is understood from the SEM investigations that nanoparticles which are
obtained by the aid of glucose or ascorbic acid possess spherical morphology; however
after synthesis facilitated without addition of this two materials resulted in FezOa
nanoparticles having octahedron shapes.

It is found that FesO4@C core-sell spherical nanoparticles are composed of smaller sub
100 nm sized particles. As a result of applied magnetic fields on MWCNTSs- Fes0s@C
suspensions, it is shown that components separate; while FesO4@C nanoparticles migrate
towards magnets, nanotubes remain in suspension. The reason behind phase separation is
believed to be the the consequence of functional groups present on carbonized particle
surfaces’. It can be also said that both SDBS and PVP do not provide sites for
nanoparticles to crystallize on nanotube surfaces.

Second study of this thesis is about production and characterization of inorganic
nanotubes.

Sulphur doped or pure TiO2 nanopartilces were produced by means of sol-gel process. For
doping process of TiO,, starting materials of TiO2 were mixed with thiourea (CH4N2S)
during sol-gel process. Titanate nanotubes were produced from TiO2 nanoparticles by
hydrothermal synthesis (130 °C, 24h.) under alkali environments. It is understood from
the result of TEM analysis that produced nanotubes are around 10 nm in diameter and
100 nm in length. As a result of washing with dilute acids and water, nanotubes
transformed into hydrogen titanates by the removal of sodium in their structure. TEM
analysis revealed that hydrogen titanate nanotubes remain intact at 350°C, but they
transform into thin nanorods and nanoparticles by decomposing at 450 °C. UV-Vis
absorption spectroscopy was used to assess the electron energy band gaps of nanotubes
which were subjected to different processes. Apart from doping and calcination some
titanate nanotubes were analyzed after H.O. washing. It is revealed that among
investigated nanotubes the lowest band gap values (3.27 eV) were obtained from H.0>
washed and subsequently calcined (350°C) samples. It is understood that band gap value
of sulphur doped and subsequently calcined (350°C) nanotubes (3.31 eV) is almost the
same as that of undoped and subsequently calcined nanotubes (3.30 eV). It is understood
that upon washing nanotubes with H»>O., the ESR signal corresponding to SETOV
diminish. Therefore, the decrease in band gap value is attributed the elemination of
SETOV by H:0..

In addition, nanotube coatings were obtained on conductive substrates by means of EPD.
It is understood that butanol-TEA solvent-dispersant combination enable production of
relatively stable nanotube suspensions which can be used in electrophoretic deposition
processes.
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OZET

KARBON NANOTUP SUSPANSIYONLARININ KANTITATIF
ANALIZI, INORGANIK NANOYAPILI MALZEMELERIN
URETIMIi VE KARAKTERIZASYONU
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Metalurji ve Malzeme Miihendisligi Anabilim Dal1
Doktora Tezi

Tez Danigsmant: Prof. Dr. Cengiz KAYA
Es Danisman: Prof. Dr. Figen KAYA

Bu tez iki farkli ¢aliymadan meydana gelmektedir. Ik calisma kapsaminda karbon
nanotiiplerin organik solventler iginde dagilimi saglanmis ve karbon nanotiip takviyeli
demir oksit kompozitler iretilmistir. Cok duvarli karbon nanotiip siispansiyonlari
izopropil alkoliin ¢oziicii olarak kullanildigr ortamlarda hazirlanmistir. Cok duvarl
karbon nanotiiplerin izopropil alkol i¢inde homojen dagiliminin saglanmasi i¢in PVP ve
SDBS katki malzemeleri olarak kullanilmistir. Yiiksek frekansli ses dalgalart ile
karistirma ve bu islem sonrasinda merkezka¢ uygulanmasi hem PVP hem de SDBS igeren
kararl1 siispansiyonlarin elde edilmesini miimkiin kilmistir. Zeta potansiyeli dl¢timleri ve
¢cokelme/tortulagsma testleri siispansiyonlarin kararli olduguna isaret etmektedir. UV-Vis
absopsiyon spektroskopisi, uygulanan merkezkag ile bilesenlerinin derisim bilgisi
yitirilen siispansiyonlarin igindeki PVP, SDBS ve ¢ok duvarli karbon nanotiip derisiminin
saptanmasinda kullanilmistir. Kurutulmus ¢okelti ve siispansiyonlar tizerine TG analizleri
de gergeklestirilerek UV-Vis analizleri sonuglar ile karsilastirma yapilmistir.

Metalik plakalar tizerine ¢ok duvarli karbon nanotiipler elektroforetik biriktirme yontemi
ile kaplanmistir. PVP igeren karbon nanotiip siispansiyonlart ile elektroforetik biriktirme
gerceklestirilirken karbon nanotiiplerin plaka yiizeyine tutunmasinin saglanamadigi
goriilmiistiir; bu sorunun {stesinden silispansiyonlara belirli konsantrasyonlarda
magnezyum iyonlarinin eklenmesi ile gelinmistir. UV-Vis spektroskopisinin
elektroforetik biriktirme yontemi ile elde edilen kaplamalar i¢indeki malzeme miktarinin
tahmin edilmesinde kullanilabilicegi goriilmiistiir. Elektroforetik kaplama siireci
oncesinde ve sonrasinda siispansiyonlarin UV-Vis spektrumlarinin incelenmesi kaplama
icindeki malzeme mikratinin tahminini ve ayni zamanda kaplama kalinliginin
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hesaplanmasini miimkiin kilabilecegi goriilmiistiir; ancak bu yontem kaplama i¢indeki
gozenekliligi hesaba katmamaktadir.

Solvotermal sentezleme yontemi ¢ok duvarli karbon nanotiip Fe3Os karma
malzemelerinin elde edilmesinde Kkullanilmigtir. Karma malzeme {iretim siirecinde,
hazirlanan ¢ok duvarli karbon nanotiip siispansiyonlar1 Fe3O4’ilin baslangi¢ malzemeleri
ile sentez Oncesinde karistirilmistir. Cok duvarli karbon nanotiiplerle Fe304
nanopargaciklarin arasinda homojen dagilimin saglanmasi i¢in gerekli olan etkilesimin
elde edilmesi i¢in FesOs nanopargaciklarin yiizeyleri sentez esnasinda karbon
kaplanmistir; daha sonrasinda etkilesimin gerceklesip gerceklesmedigi incelenmistir.
Glikoz ve askorbik asit Fe3Os@C ¢ekirdek-kabuk nanopartikiillerin iiretiminde
kullanilmistir. XRD analizleri sonucunda anlasilmistir ki sentezlenen nanopartikiiller
FesOs’tlir. FTIR analizleri sonucunda gliikkoz ve askorbik asit katkisi ile elde edilen
tirlinlerin karbon ve hidroksil fonksiyonel gruplarini igerdigi anlasilmistir. Taramali
elektron mikroskobu goriintiilemeleri sonucunda gliikoz ya da askorbik asit katkisi ile
elde edilen nanopartikiillerin kiiresel sekillere sahip olduklari; ancak bu iki katki
malzemesini icermeden gergeklestirilen sentezler sonucunda octahedron bigiminde Fe3O4
nanoparcacik olustugu goriilmiistiir.

FesOs4@C kiiresel nanopargaciklarin, boyutlart 100 nm’den daha kiiclik olan kiiresel
parcaciklardan olustugu goriilmistiir. Cok duvarli karbon nanotiip-FesOs@C
kompozitlerinin siispansiyonlar1 iizerine uygulanan manyetik alanlar neticesinde
bilesenlerin ayrigsma gosterdigi goriilmiistiir. FesOs@C nanopargaciklar manyetik
alanlara yonelirken nanotiipler askida kalmaktadir. Faz ayrisiminin nedeninin karbonize
olmus nanoparcaciklarin yiizeyinde olusan islevsel gruplar sonucunda olustugu
diistiniilmektedir. Ayrica sOylenebilir ki hem SDBS’nin hem de PVP’nin nanotiip
yiizeylerinde nanopartikiillerin ¢ekirdeklenecegi bolgeler olusturmamaktadir.

Tezin ikinci ¢alismasi inorganik nanotiiplerin tiretimi ve karakterizasyonu ile ilgilidir.

Sol-gel yontemi ile kiikiirt ile katkilandirilmis ya da saf TiO2 nanopargaciklar tiretilmistir.
TiO2 nanopargaciklart katkilandirma islemi igin sol-gel esnasinda TiO2’nin baslangig
malzemeleri ile tiyoiire (CH4N2S) karistirllmistir. Hidrotermal sentezleme yontemi ile
(130 °C, 24h.) alkali ortamlarda TiO2 nanopargaciklardan titanat nanotiipler tiretilmistir.
TEM analizleri sonucunda elde edilen nanotiiplerin yaklagik olarak 10 nm ¢apinda ve 100
nm boyunda olduklar1 anlasilmistir. Seyreltik asit ve su ile yikama neticesinde
yapilarindaki sodyumun giderilmesi ile sentezlenen nanotiipler hidrojen titanatlara
doniistirilmiistir. TEM analizleri sonucunda hidrojen titanat nanotiiplerin 350 °C’de
kalsinasyon sonrasinda biitiinliiklerini koruduklar1; ancak 450 °C’de pargalanarak kisa
nanocubuklara ve kiiresel nanopartikiillere doniistiikleri gorilmiistir. UV-Vis
absorpsiyon spektroskopisi farkli sekilde islemlerden gegirilmis nanotiiplerin elektron
enerji bant araliklarinin tayininde kullanilmistir. Kalsinasyon ve katkilandirma disinda
bazi hidrojen titanat nanotiipler ayrica H2O3 ile yikanmalarnin ardindan analiz edilmistir.
Incelenen nanotiipler icinde en diisiik bant araligma sahip olan nanotiiplerin (3.27 eV)
H20:ile yikanmis ve sonrasinda 350 °C’de kalsine edilmis olanlar olduklar1 saptanmistir.
Kiiktirt ile katkilandirilmis ve sonrasinda kalsine edilmis olan nanotiiplerin bant aralig1
degerinin (3.30 eV) katkilandirilmamis ama kalsine edilmis olanlarla neredeyse ayni
degerde (3.31 eV) oldugu anlasilmistir. Nanotiiplerin H2O» ile yikandiklarinda
yapilarinda bulunan tek elektron hapsolmus oksijen bosuklarina ait elektron spin resonans
sinyalinin azalma gosterdigi anlasilmigtir. Boylelikle, bant araligindaki azalmanin tek
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elektron hapsolmus oksijen bosluklarinin H2O> ile ortadan kaldirilmasi neticesinde
gerceklestirdigi diistiniilmektedir.

Ayrica elektroforetik biriktirme yontemi ile iletken plakalar iizerine nanotiip kaplamalar1
elde edilmistir. Butanol-triethanolamine ¢oziicii-dagitict bilesiminin elektroforetik
kaplama siireglerinde kullanilabilen goreli kararli nanotiip siispansiyonlari {iretimini
miimkiin kildig1 goriilmiistiir.

Anahtar Kelimeler: Karbon Nanotiip, Siispansiyon, Kantitatif Analiz, UV-Vis
absorpsiyon spektroskopisi, Elektroforetik Biriktirme, Fe3Os, Nanopargacik, Solvotermal
sentezleme, Hidrotermal sentezleme, Cok Duvarli Karbon Nanotiip, TiO2, Inorganik
nanotup
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CHAPTER 1

INTRODUCTION

1.1 Literature Review

1.1.1 Carbon Nanotubes

Carbon is the most versatile element in periodic table. Since carbon can form infinite
number of compunds. This ability is related to types of bonds that carbon can form.
Carbon can make single, double and triple bonds. A carbon atom contains six electrons.
The electron configuration of carbon is (1s2)(2s2)(2p?). In grounds state carbon contains
two unpaired electrons in its outer shell. At first glance, it is expected that carbon can
make two bonds, but owing to small energy difference between 2s and 2p state, an
electron in 2s state can excite to 2p state and carbon atoms may form 4 bonds. Carbon
has several allotropes by virtue of its bonding ability. Diamond and graphite are the two
well-known forms of crystalline carbon. If Carbon atoms undergo sp® hybridization, it
forms diamond by making four bonds each. In graphite, sp? hybridization occurs, where
each atom is connected evenly to three carbons (120°) in the xy plane. There is a weak &t
bond in z direction. pz orbital is responsible for the van der waals attractions. The
electrons in pz orbital are no longer occupied by atoms. They are free to move
(delocalized). This ability of delocalization of electrons in graphite gives graphite is
electrical conductivity. The other allotrope of carbon is carbon nanotubes. Carbon
nanotubes have attracted great deal of attention since their discovery by lijima [1]. They
can be considered wrapped up sheets of single or multi layer of graphite sheets. There are
two types of carbon nanotubes: SWCNTs (Figure 1.1a) and MWCNTs (Figure 1.1b).
They can be produced by several techniques: arch discharge, laser ablasion, chemical

vapour deposition, hydrothermal synthesis are most well-known examples.



Figure 1.1 (a) SWCNTSs and (b) MWCNT by [2], [3].

Carbon nanotubes have attracted great deal of attention. Because the hidden properties of
graphite emerges in carbon nanotubes. Delocalized electron in graphitic structure gives
nanotubes extremely high electrical conductivity along the tube axis. Unfortunately,
conductivity is very sensitive to crystallinity and presence of defects in nanotubes. High
conductivity and high aspect ratio of carbon nanotubes makes them one of the ideal
candidates in composite making since percolation threshold for conductivity can be very
low in carbon nanotube composites. The second interesting property of carbon nanotubes
is the mechanical strength. Therefore there is an extensive research on carbon nanotube

composites possessing high mechanical strength.

Carbon nanotube composites are generally made by mixing of starting materials in wet
environments. This mixing processes is difficult since nanotubes tend to cluster. The
clustering of nanotubes in matrices limits their utilization. For example, Thermal
conductivity of graphite along its planar direction is 1000 W/m K, while the Thermal
conductivity of SWNT and MWNT is 2400 and 1980 W/m K, respectively [4]. However,
the reported values for bundles of CNT resemble those of in-plane and cross-plane

graphite [5].

1.1.1.1 Colloids of Carbon Nanotubes and Their Characterization

Carbon nanotubes show strong intertubular forces causing big agglomerate, rope and
bundle formation, migitating their solubility in solvents [6]. These strong Van der Waals
interactions between nanotubes estimated to be around 500eV per micrometer of tube-
tube contact [7]. To get over this problem several approaches were used by researchers.
One approach is to use suitable solvents without addition of dispersants. Bergin et al.
investigated dispersability of SWCNTSs in range of solvents [8]. Some of the examples of
these solvents are DMF (dimethylformamide), NMP (N-methyl-pyrrolidinone) and DMA



(dimethylacetamide). They obtained nanotube dispersions containing only individual
nanotubes and small bundles in some solvents. Their best result was obtained with CHP
(cyclohexyl-pyrrolidinone), it reached a dispersability of 3.5 + 0.4 mg/mL. They have
measured the dispersibility of SWNTSs in a range of good solvents by measuring the
concentration of nanotubes remaining after centrifugation. They also found out that
successful solvents tend to have surface energies very close to surface energy of graphite
and this translates to surface tension (40mJ/m?). They also studied nanotube dispersability
using Hansen solubility parameters (dp, oH, op) and found that dispersive component of
Hansen solubility parameter is in correlation with dispersability of SWCNTSs. Besides,
DMF is one of the solvents found to be successful in dispersing nanotubes. It is also found
that DMF damage the structure of SWCNTs and it is very toxic [9]. Dispersion of
nanotubes in solvents without modification is promising but using exotic, toxic solvents
may limit their use. Especially, when dispersions are used in synthesis processes such as
solvothermal synthesis. Because all the components (starting materials) prior to synthesis

process should be dissolved or at least suspend in solvents.

Second approach to disperse carbon nanotubes is called “Covalent functionalization”.
Acid treatment is the most known technique used to change surface structure of carbon
nanotubes by attachment of carboxyl groups on nanotube surfaces. One example of this
treatment was done by Shieh et. al [10]. They found that acid treated CNTs were insoluble
in an aqueous solution at pH 0. They are soluble in those at pH 4 and higher with their
solubility monotonically increasing with pH up to pH 10. The solubility of carbon
nanotubes is reached by dissociation of carboxyl groups on nanotube surfaces (Figure
1.2a). Unfortunately, covalent functionalization deteriorates conjugated m system of
carbon nanotubes. Figure 1.2b shows an example of resultant nanotube structure after

acid treatment at 60°C for 3 h.
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Figure 1.2 Drawing of dissosiation of carboxyl groups on carbon nanotubes in water (a);
A TEM image which shows result of functionalization (b). Functionalization disrupts
CNT integrity, by [10].

The third approach used in dispersion of nanotubes is non-covalent functionalization. In
non covalent functionalization processes molecules attach to surface of nanotubes and
provide stability. Since there is only van der Waals attractions, = system of nanotubes
remain intact. Surfactants are one of the examples extensively used in dispersion of
carbon nanotubes. Surfactants have both polar and apolar head groups and thereby they
adsorb interfaces between immiscible bulk phases such as oil and water [5]. Surfactants
are classified according to charge of their head group: cationic, anionic, nonionic or
zwitterionic surfactants are present. One of the most investigated examples of surfactants
is SDBS in carbon nanotube system. Figure 1.3 shows the molecular structure of SDBS.

Figure 1.3 Molecular structure of SDBS.

One of the important aspects of surfactants in solvents is critical micelle concentration.
Below a certain concentration called “critical micelle concentration” surfactant molecules

present as individual entities in solvent. Above critical micelle concentration surfactant
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molecules form micelles in solvents. Arrangement of surfactants in solvents under the
presence of carbon nanotubes can be different. Figure 1.4 shows different interactions.
Below CMC, some of surfactant molecules are adsorbed on nanotubes (Figure 1.4a).
Increasing surfactant concentration causes saturation of surface coverage on nanotube
surface. Additional increase in surfactant concentration lead to formation of micelles in
the bulk solution. Since there is no room for adsorption on nanotube surface and air water

interface.
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Figure 1.4 Interaction of (SDS)-CNT in a liquid: (a) below CMC, (b) at the CMC, and
(c) above the CMC by Sa et al. [11].
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The adsorption of surfactants onto inorganic and organic surfaces usually depends on the
chemical characteristics of particles, surfactant molecules and solvent [5]. Therefore,
different surfactants show different dispersing abilites and even different arrangements
on carbon nanotube surfaces. For example, Fleming et al. showed that SDS forms ordered
hemicylindrical aggregates on nanotube surfaces [12]. Presence of aromatic rings on
surfactants provide good surfactant tube affinity. Therefore, surfactants like SDBS show
high dispersability. By virtue of its benzene ring SDBS adsorbs on carbon nanotube
surface by n-n stacking interaction. SDBS is known to be better in dispersing carbon
nanotubes than SDS. Since SDS does not have an aromatic ring. There may be different
arrangements of surfactants on nanotube surfaces. Figure (1.5a, b and c¢) shows different
probable arrangements of SDBS on nanotube surface. Figure 1.5a shows encapsulation
of a carbon nanotube by a cylindrical micelle. And Figure 1.5b illustrates formation of
hemimicelles on on nanotube surface and finally Figure 1.5¢ shows the random

adsorption of surfactant molecules.
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Figure 1.5 Different mechanisms of adsorption of surfactants on CNT surface: (a)
encapsulation of CNT by cylindrical surfactant micelle, (b) formation of hemimicelles
on carbon nanotube surface and (c) random adsorption of surfactant molecules on

nanotube surface by [13], [5].

Several surfactants were investigated by reasearchers. For example, Rastogi et al.
compared dispersion capability of SDS, Tween 80, Tween 20 and Triton X-100 [14].
They found that among four surfactants stated above Triton X-100 was found most

successful by virtue of its benzene ring.

Polymers or biomolecules such as DNA can also be used in dispersion of carbon
nanotubes. Polymers are large molecules and comprised of small units called monomers.
The property of monomers are important since they determines the nature of interaction
between molecules. Hence, solubility of polymers in solvents is determined by the nature
of monomers. In addition, adsorption behavior of polymers onto nanotube surfaces is
determined by the nature of the monomer as well. There are currently two main theories
on the mechanism of nanotube dispersion by polymers: wrapping and non-wrapping [15].
One of the early examples of using polymer dispersants for carbon nanotubes is done by
O’Connell et al [7]. They successfully dispersed SWCNTSs in water by using PVP and
PSS. They proposed that polymers wrap on nanotube surface. Yu et al. used PVP along
with surfactant CTAB and found that there is a synergy between PVP and CTAB [15].
Therefore, PVP and CTAB dispersion is better compared to dispersions of CTAB and
PVP alone. They stated that PVP stays as a separate entity in the solution rather than
wrapping nanotube surface. They also found that different molecular weights of PVP

have different dispersion capability. The most potent dispersing agent was PVP having



molecular weight of 10.000. They stated that minimum required distance needed for
nanotubes to not to be attracted is very close to hydrodynamic diameter of PVVP having
molecular weight of 10.000. Therefore, it is better in dispersing. Hasan et al. used PVP to
disperse SWCNTs in N-methyl-2-pyrrolidone (NMP) [16]. According to their study,
addition of PVP even without implementing ultrasonication debundling of SWCNTSs can
occur. In addition, their results indicate that the debundling process is diameter sensitive
and is more efficient for larger diameters. In another study, Manivannan et al. prepared
stable suspensions in water and in organic solvents by using PVP and attributed the
dispersion quality to the formation of hydrogen bonds between polymer and water
molecules where SWNTSs are wrapped by PVP through van der Waals forces [17]. Figure

1.6 shows natural and resonance structure of PV/P.

D
Resonance structure of PVP

A0

Figure 1.6 Natural and resonance structure of PVP.

Choice of solvent is also crucial in obtaining high quality dispersions. Rouse et al. [18]
used P4VP for dispersion of SWCNTSs. They found that increasing P4VP/SWCNT ratio
from 2 to 15 increased concentration of dispersed SWCNTs. They stated that P4VP is
tightly bound to the nanotube bundles, and therefore once absorbed the bundles cannot
further exfoliate. The stability of the polymer/nanotube (P4VP/SWCNT ratio = 2)
dispersions was found to decrease monotonically from ethanol to while ethanol
dispersions had stabilities of greater than 6 weeks, weeks, dispersions in octanol were
only stable for 1-2 days. They also tried to disperse carbon nanotube using P2VP.
However their attempts failed. They proposed that the failure is because of the pyridyl
nitrogen being sterically hindered from interacting with the nanotube by the polymer
backbone. Figure 1.7 shows some possible mechanisms of arrangement of PVP molecules
on SWCNT surface.



Figure 1.7 Possible arrangements of PVVP wrapping on SWCNTSs surface proposed by
O’Connell et al. [7]. A double helix (top), a triple helix (middle) and an internal-rotation

induced switch-back (bottom).

Carbon nanotubes can be in the form of large aggregates, small bundles or individual
entities in solvents. Individualization of nanotubes is crucial step in utilization of carbon
nanotubes. Moore et al. [19] studied the variation of the fraction of nanotubes remaining
after centrifugation with a surfactant, Sun et al. [20] stated that this information can give
information about amount of nanotubes dispersed, but not about dispersion quality. Level
of nanotube bundling can be evaluated by using AFM. This was achieved by analyzing
the bundle diameter and length distributions by AFM for samples deposited on SiO>
surfaces for a range of concentrations [20]. UV-Vis absorption spectroscopy is widely
used to assess the dispersion quality. Simply, UV-Vis analysis of suspensions before
centrifugation and after centrifugation gives a clue about concentration and quality of
dispersions. Because bundled CNTs have lower extinction coefficient than dispersed
CNTs. So if two solutions contain same amount of CNTSs, but one contains individual
CNTs and the other has agglomerated CNTs, the absorbance of suspensions in UV-Vis
region would be different. Namely, dispersed CNTs containing suspension would have
higher absorbance value. Sun et al. [20] used 4 metrics to assess the dispersion of CNTSs.
It was found that each of these dispersion-quality metrics scaled very well with the
measured zeta potential of the surfactant-nanotube dispersion. Therefore measuring zeta

potential can give a clue about dispersion state of nanotubes in suspensions.



Ultrasonication provides debundling of carbon nanotubes. Unfortunately, some
nanotubes remain agglomerated or in bundled form in suspensions even after high power
ultrasnication. To remove excess amount of additives and bundled nanotubes
centrifugation is implemented. After centrifugation supernatants show better stability.
However, material concentration becomes unknown after centrifugation which is crucial
for example, in composite making since net influence of CNTs and additives can be
evaluated only by knowing the quantities of these materials. Salzman et al. carried out
Raman Spectroscopic route to assess quantity of carbon nanotubes in suspensions [21].
UV-vis spectroscopy is a well-known and implemented technique in determination of
CNTs’ quantities in suspensions. If nanotubes are present as only one dispersing
component of suspension quantitative analysis is easy [22]. If UV-Vis spectra of known
quantities of carbon nanotube suspensions are used to plot calibration curves then CNT
content can be calculated by using UV-Vis spectrum of unknown suspension [23], But if
carbon nanotubes are dispersed in solvents with the aid of surfactants determination of
quantity of carbon nanotubes and additives becomes more difficult. Because CNTs and
additives can show overlapping absorbances. Attal et al. [24] used thermogravimetric
analysis and UV-Vis absorption spectroscopy to assess amount of surfactants and carbon
nanotubes in suspensions. They used dried supernatant for concentration determination
by TGA. They stated that sample inhomogenity, sample compaction during drying, and
oxide formation of the catalysts are critical factors that could cause substantial errors in
the obtained TGA data analysis. In UV-Vis analysis they used varying SDBS solution as
background while keeping SWCNTs-SDBS suspension concentration constant. Thereby,
they could determine surfactant concentration. They also used CTAB-SWCNTs
suspension spectrum and subtracted SWCNTs contribution from SDBS-SWCNTSs
spectrum. CTAB is useful because it does not absorbs in UV-Vis region. Finally they
determined concentration of SDBS by using a calibration curve. Shtein et al. [25]
improved this study and combined UV-Vis and TGA. They determined concentration of

components by TGA analysis of dried supernatant and dried precipitate.

1.1.2 Iron Oxides

Iron oxides are compunds of iron and oxygen. There are sixteen iron oxyhdrides and
oxides, a-Fe>03, a-FeOOH, y-FeOOH, B-FeOOH, y-Fe20s, Fes04 are the most known

examples.



1.1.2.1 Applications of Iron Oxides

Fes04 is a versatile materials can be used in various applications such as in in energy
storage devices, catalytic applications, magnetic storage, and biomedical applications:
targeted drug delivery and hyperthermia treatments a contrast agent for magnetic

resonance imaging.

To sustain our current living standards or to have a prospect about our future contaminant
removal is an important aspect of our civilization. Since pollutants in water will
eventually effect human health. Fenton reactions can be one of the good solutions. Iron
and iron compounds is used in fenton reactions in which organic contaminants in water
can be oxidized. Fenton reaction is the reaction taking place under the presence of ferrous
iron ions and H20.. As they combine they generate radicals which is shown in flollowing

equations:
Fe?* + H0;----> Fe®" + OH + OH"

Fe** + H202 ----> Fe** + H20 + H*

The conditions such as H.0> concentration, Fe?*/H?Q? ratio, pH and reaction time affect
efficiency of the reaction [26]. The optimal pH value of 3 is accepted for Fenton process
in which the quantum yield of ‘OH radical generation at this value is the most [27] Iron
oxides are used heterogenous catalysts because of their fenton oxydation system,

abundance, lower cost and easy separation [28].

For wastewater treatment FezOa, a-FeOOH, y-Fe203, a-Fe203 are widely used. However
Fes04 is gaining interest for use in heterogeneous catalysis reactions like fenton reactions
compared to other iron oxides. The reason behind is, spinels’ catalytic activity occures
mainly due to the octahedral cations and FesOs (as having a spinel structure) has
octahedral Fe®* cations exposed in crystallites [29]. Surface area, pore size and

crystallinity affect the acitivty of FesO4 and other iron oxides [28].

1.1.2.2 Structure of FesOsand Other Iron Oxides

Hematite (0-Fe203) and goethite (a-FeOOH) are the most favorable phases since the
arrangement of atoms in these compounds provide the lowest thermodynamic conditions.

The structure is similar to that of corundum, and consists essentially of a dense
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arrangement of Fe®* ions in octahedral coordination with oxygens in hexagonal closest-
packing. The structure can also be described as the stacking of sheets of octahedraly (six-
fold) coordinated Fe3* ions between two closed-packed layers of oxygens. Since Fe is in
a trivalent state (ferric Fe), each of the oxygens is bonded to only two Fe ions, and
therefore, only two out of three available oxygen octahedrons are occupied. This
arrangement makes the structure neutral with no charge excess or deficit [30]. In Fe3O4
oxygen atoms arranged in a hexagonal patterns and the Fe3* cations occupy both
octahedral and tetrahedral sites but Fe?* cations only occupy tetrahedral sites.
(Fe*Ytet[Fe?*Fe3*]octO4. Fe ions exist in both +2 and +3 valence states in the ratio of 1:2.
Fe304 show ferrimagnetic behavior. Figure 1.8 shows the arrangements of spin magnetic
moments of Fe ions. Spin magnetic moments of Fe*" ions in tetrahedral and octahedral
sites are parallel to each other; however their direction are opposite. Spin magnetic
moments of Fe3* ions cancel out each other and they don’t contribute to magnetization of
the solid. But, magnetic moments of Fe?* ions aligned in the same direction. This is

responsible for magnetization of Fe3O4[31].

-

0? Fal* Fe* Fedt
{Octahedral) (Octahedral) (Tetrahedral)

Figure 1.8 Schematic diagram showing the spin magnetic moment configuration for

iron ions in Fe3O4 by [32].

1.1.2.3 Synthesis of Iron Oxides: Solvothermal Synthesis

The properties of nanoparticles is dependent on particle size, morphology, degree of
crystallization, chemical composition and they are regulated by different synthesis
methods. There are various ways to synthesize FezOs: Co-precipitation, Thermal
decomposition, Sol-gel, Microemulsion, Sonochemical, Spray pyrolysis, Laser pyrolysis

or deposition [33]. Commonly liquid media (mostly aqueous) is readily used to produce
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iron oxide nanoparticles via co-precipitation of ferrous (Fe?? and Ferric (Fe*" ions
containing salt solutions, but the drawback of this route is difficulty in controlling particle
size and distribution [34], especialy if one wants to make monodisperse particles. Since
careful adjustment of the pH value is crucial [35]. Solution based synthesis such as
solvothermal synthesis is attractive since it promises easy adjustment of particle size,
shape and size/shape distribution, simply by varying the synthesis conditions.
Solvothermal synthesis is a heterogeneous or homogeneous chemical process taking place
in solvent with the aid of surfactants, chelating agents or mineralizers. The synthesis
conditions are regulated by the choice of the solvent, chemical composition and
concentration of the precursor, complexing agents, ionic strenght, reducing, oxidizing

agents.

Wulff’s facet argument is the most referred model in terms of defining crystal shape at
equilibrium conditions. Crystallographic shapes are determined by the growth rate of
different facets. Different facets have different surface energies. Particles are enclosed by
the facets that have the lowest surface energy. Octahedra is favored for face centered
cubic crystal structure (Fe3O4 and y-Fe2Oz) with a (111) planes surrounding the surface
[36]. However, the theorem is not enough to understand the shape evolution at any time,
since it considers the equilibrium state where thermodynamics of the system takes over
[37]. Morphology is also dependent on the driving force or chemical potential difference
in the crystallization process [38]. This phenomennon is related to the supersaturation of
the system [38] Having low chemical potentials favor polyhedral crystals formation
whereas high chemical potential or driving force favor formation of dentritic crystals [38].
Concentration of the iron source increases the the driving force, and hence have a vital
effect on morphologies of the products [39]. Different morphologies is the result of
different rate of growing facets under nonequilibrium conditions; for example sphere may
be the result of slow growing facets grow in a similar rate, which have the lowest possible
surface to volume ratio [36].

The iron source has a high influence on the properties of the final product such as crystal
morphology since it acts differently in different solvents. Ferrocene [40], Iron sulfate
[36], Fe(NOs)s -9H.0 [41], FeCl3.6H20 [42], FeCl> -4H20 [43] or mixture of different
iron chlorides (to provide Fe**Fe?* molar proportion to be 2) [44], potassium ferricyanide
[45], iron(l1l) acetylacetonate [35], [46] are the examples of iron sources utilized in

hydrothermal or solvothermal synthesis. The impotant thing to consider is precursors has
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their own disposition under the same or different conditions; for example Wang et al.
argues about partly controversial findings in the literature in some applications in which
ferrocene is used at relatively low temperatures, because the required temperature for the
ferrocene decomposition is higher than 250 °C [40]. Besides, iron sources have different
solubility in different solvents which may restrict their use in a particular solvent, and
different ions of the precursor and their concentration may have an effect on the particle

size and morphology.

Solvents has a great influence on particle size and morphology. Since solubility, and
solvent-solute interaction are important. They acts not only as a solvent but also as a
stabilizer and reducing agent. Solvents act differently under different temperature and
pressure (PT) regimes. For example, in one study, effects of IPA and water is compared.
When the pure water is used instead of IPA, the final structure end up with a few
octahedrons, with size varying in a large range and lots of irregular polyhedra [40]. Zhao
et al. have found similar results; they obtained octahedra and irregular particles as they

use water in solvent mixture [36].

In addition to other factors influencing synthesized prododucts’ properties, pH of the
suspension is also an important aspect. It influences chemical potential environment of

the system. Hence it affects thermodynamics and kinetics of the system.

Some of the findings in literature are reviewed here to provide a deeper understanding of
wet chemical synthesis of iron oxide nanoparticles. Sun et al. [35] obtained
monodispersed particles through the reaction of metal acetylacetonate and 1,2-
hexadecanediol in phenyl ether and benzyl ether. They firstly keep the reaction mixture
at 200°C, and subsequently They increased the reflux temperature to higher temperature
regimes depending on the solvents used. As the reaction temperature increased the
particle size also increased. They found out that directly increasing from room
temperature to reflux temperature yielded nanoparticles with varying size distribution.
Therefore, they proposed that the nucleation of FesOs nanoparticles under that
experimental conditions is not a fast process. X. Wu et al. [47] used hydrazine for the
reduction of iron salt and used hydrothermal synthesis. According to their findings If
Hydrazine is sufficient, FeOOH is formed by the reaction of iron salt at low temperatures
(10°C) under the presence of water. Increasing the temperature even to 40°C yield
partially FesO4 crystallization. If Hydrazine is insufficient no pure face could be obtained,

the product would be a mixture of Fe:Os and FesOa. Increasing the hydrothermal
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temperature to 160°C yield better crystallized FesO4 particles. Increasing temperature
increases the particle size. The particles synthesized at 160°C had wide size distribution
due to the Oswald ripening. They argue that the process involves dissolution and
recrystallization. This seems to be right since the FeOOH crystallites rod shaped or
irregular in shape. After the transformation they become nanoparticles having low aspect
ratio. J. Zhang et al. [48] used hydrazine to reduce iron ions in the precursor,
Ks[Fe(CN)6]. Water was used as solvent. The synthesis conditions were 200 °C for 12 h.
The shape of the crystal was regulated by the absence or presence of NaOH at different
quantities. Dentritic and irregular shape particles were obtained in the absence of NaOH.
They postulated that between 0.5-2 mol/l NaOH concentration is suitable for the growth
of FesO4 microoctahedrons. Otherwise mixed morphologies: particles, octahedrons, and
sheets could be obtained. Changing the reaction temperature while keeping the other
properties constant end up with mixture of dentrites and particles at 160°C and 180°C.
Fe304 couldn't be obtained at 160°C. Probably because iron forms tightly or loosely
bound complexes with anions or counter ions. The type of the counter ion may affect the
kinetics of the reactions. Also crystal growth can be regulated by the choise of proper
counter ion. At 200 °C well developed octahedrons could be obtained. Further increase
in temperature distorts the octahedron shape of the crystal (220°C). At constant
temperature (200 °C) the reaction yields sheets (1 h.), then they began to convert into
small octahedrons and octahedrons grow until 12 h. of synthesis. Zou et al. produced 2D
fractals [39]. They investigated the effect of temperature, presence of additives and
amount of precursor on the evolution of fractals [39]. They used PEG. Without the
presence of PEG-20000 irregular large particles were obtained. Hydrazine is also
important to obtain FesO4 crystals. Since oxidation of Fe?* to Fe®* is needed. They also
found out that below 200 °C they couldn’t obtain pure Fe3Os. The decomposition
temperature of ferrocene is considerably high (>240°C), therefore high reaction
temperatures are needed for that reaction to totally proceeed. If the precursor

concentration is low only FesO4 nanowires and some nanoparticles can be produced.

Magnetic properties can be tuned by changing the particle size, mophology [49] type and
crystallinity of the products. Besides, cationic distribution, vacancies, nonstochiometry,
spin canting prevail the properties [44], [50], [51], [52]. The crystal shape has an influence
on the magnetic properties such as magnetic dipole moment may take the long axis of the

material as the easy axis [53]. Magnetic properties including surface exchange and
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magnetic anisotrophy differs from bulk or between nanoparticles (having different sizes)
of the same material. The difference is due to the fraction of surface atoms in
nanoparticles that are not fully coordinated [54]. Reduction in particle size lead to novel
propreties such as paramagnetism. Presence of different facets on the surface of
nanoparticles should also influence the magnetic properties since the coordination
number of atoms on the surface varies. Y. Zheng et al. [55] obtained nanoparticles having
diameter of about 27 nm. The saturation magnetization of the particles is 3.69 emu/g at
300 K. They attribute this small value of saturation magnetization to the particle size and
the presence of surfactants on the crystal surfaces. X. Wu et al. used hydrazine hydride
aqueous solution without the aid of surfactants and obtained a saturation magnetization
14.5 emu/g for the samples prepared at 160 C for 12h. [47].

1.1.2.4 Core Shell Iron Oxide Nanoparticles and Iron Oxide Containing

Composites

Many materials are considered potential drug carriers Fes3O4 is a promising candidate
because drugs can be targeted by means of magnetic fileds [56]. A major advantage of
magnetic drug targeting over conventional methods is the possibility to turn off drug
delivery immediately which reduces the drug built up over time [56]. Surface structure of
iron oxides is not sufficient to allow for effective utilization of this materials. To
overcome this problem coating of iron oxides can be conducted which provide functional
groups on iron oxide surface such as COOH. Besides, core-shell particles are more stable
than pure FesO4 nanoparticles, and hence agglomeration and environmental degredation
of nanoparticles can be prevented [57], [58]. Charge density of lithium ion batteries are
the most chosen batteries for portable electronic devices since they exhibit high energy
density. The performance significantly relies on anode materials used. Transition metal
oxides show promising properties when used as anode materials. They exhibit high
theoretical capacity [59], [60]. Cyclic performance of anode materials can be enhanced
by using anode materials having porous and hollow structures [61]. Carbon coating on
iron oxide has been proved to improve the electrochemical performance of nanostructured
anode materials due to its high conductivity, good lithium permeability, and flexibility to

hold the structure integrity. [62].

Encapsulation of nanomaterials by carbon is an easy process by solvothermal synthesis.

by heating the aqueous glucose solution at 160—180°C which is higher than the normal
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aromatization and carbonization of glucose [63]. Severeral attempts can be applied to
synthesize core-shell iron oxide materials. Chen et al. [64] used FeCl3.6H>0, NaOH and
and dodecylamine to solvothermlly synhtesize FesOs nanoparticles. Then another
hydrothermal approach is implemented under the presence of glucose to coat iron oxide
nanoparticles. One step solvothermal or hydrothermal approach can be conducted to
synthesize FesO4@C core-shell nanoparticles [65].

Electrochemical capacitors or supercapacitors have been attracting interest due to their
high power density compared to conventional capacitors [66]. Electrochemical capacitors
can be divided into two kinds. Electrical double layer capacitors (EDLC) are one of the
two which achieve energy storage by double layer capacitance. Capacitance is
proportional to the surface area of the electrical double layer. Therefore, activated carbons
are readily used as electrode materials. The second electrochemical capacitors are called
pseudocapacitors which uses conductive polymers of metal oxides such as iron oxide on
the electrode surface. Ruthenium oxide (RuOz) is the most promising oxide for
pseudocapacitance but it is expensive. On the other hand Fe3O4 is promising because it is
cheap and abundant. Hybrid capacitors may also be obtained for improved capacitance

by incorporation of metal oxides in carbonaceous material [67].

1.1.3 Inorganic Nanotubes

Carbon nanotubes are the best known nanotubes first demonstrated by [1], but there are
also different possibilies to make nanotubes. For example, layered inorganic compounds
possess structures comparable with the structure of graphite [68]. Transition metal
dicharcogenides (sulphides, selenides and tellurides) are among those examples. Halides
(chlorides, bromides and iodides), oxides, hydroxides are important examples [68].
Materials such as perovskite titanates and spinels have also been reported [69]. Nanotubes

of elemental materials such as Tellurium nanotubes have also been reported [70], [71].

1.1.3.1 Inorganic Nanotube Synthesis

The underlying mechanisms of nanotube formation can be classified into two
mechanisms [72]: first, self organisation such as self rolling, ostwalt ripening, Oriented
attachment, and, Kirkendall effect. Second mechanism is done by using sacrificial

templates, nanowires and nanoparticles. Synthesis methods are diverse: mostly for
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synthesis of oxide nanotubes solvothermal and hydrothermal synthesis is used[69]. CVD,
electric arc discharge, laser ablation and sol gel are methods of synthesis [69].

Hydrothermal processing can be defined as any homogeneous (nanoparticles) or
heterogeneous (bulk materials) reaction in the presence of aqueous solvents or
mineralizers under high pressure and temperature conditions to dissolve and recrystallize
(recover) materials that are relatively insoluble under ordinary conditions [73]. If reaction

medium is different than water, the synthesis process is called solvothermal synthesis.

Water, ammonia, alcohols, glycols, ketones, ionic liquids, aromatic hydrocarbons are
among the materials used as solvents in solvothermal synthesis of nanomaterials.
Reaction medium have a big influence on resultant materials. Solvents with different
physicochemical properties have a pronounced effect on the crystallinity and morphology
of the final nanocrystals by influencing the solubility, reactivity, diffusion behavior, and
crystallization kinetics (crystal nucleation and growth rate) [74] [75]. Solubility of raw
materials is an important physicochemical and technological parameter which strongly
influences the rate of dissolution and degree of supersaturation, and therefore the rate of
nuclei formation [76]. Crystallization of nanoparticles is dependant on the dielectric

constant of the solvent to a large extent, but not exclusivelty [77].

Hydrothermal/Solvothermal route was widely used for synthesising nanotubes. There are
several examples of inorganic nanotubes. For example, Silver telluride nanotubes were
synthesized by hydrothermal process without a template or surfactant. The starting
materials are simple: sodium tellurate and silver nitrate [78]. In one study, tellurium
nanotubes were prepared by mixing tellurium powder, PEG, PVA and PVP. Mixture is
placed in teflon lined stainless-steel autoclave and heated in an oven at 160°C for 48 h.
[71]. Titanate nanotubes are among the examples. They are readily synthesized by means
of hydrothermal synthesis since it is easy to prepare conditions for the formation of

nanotubes.

1.1.3.2 Titanate Nanotubes

Semiconductor photocatalysis is a possible route to clean water, air and surfaces [79],
[80], [81].

The mechanism roughly explained as follows [82]:

Organic pollutant + O2 + hv>Epg — CO2 + H>O + minerals (1.2)
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TiO> is the most well known photocatalytic material. It attracted great deal of attention
because of its effectivity for organic pollutant removal. TiO> has a band gap of 3.2 eV.
The treshold for activation to trigger photodegredation can be achieved by treatment with
UV light. Unfortunately, only 6-8 % of sun light is in the UV spectrum. Therefore,
researchers trying to find a way to shift the band gap of TiO2. In addition, surface
properties of TiOzis also important in improving kinetics of photocatalytic activity. Since
photocatalysis involves reactions happening on catalyst surface. Titanate nanotubes are

attractive because they can exhibit exceptionally high surface area.
1.2 Objective of the Thesis
There is two separate objective of this thesis. They can be outlined as follows:

1. Production of carbon nanotube reinforced FezO4 nanocomposites in which carbon
nanotubes are homogeneously dispersed.
2. Production of Titanate or TiO2 nanotubes exhibiting enhanced visible light activity

during photocatalysis.
1.3 Hypothesis

In electrochemical double-layer capacitors activated carbon is used because of its low
cost and high surface area. But low electrical conductivity limits the use of activated
carbon. Carbon nanotubes are better candidates because they have better charge transfer
ability and electrical conductivity. In pseudocapacitors metal oxides could be used as
electrode materials. FesO4 has been investigated extensively because of its low cost and
abundance. Incorporation of carbon nanotubes in metal oxide matrix may increase the
power density of hybrid capacitors owing to a synergistic effect. The benefit of presence
of carbon nanotubes in metal oxide matrix stems from generation of interaction between
nanotubes and metal oxide, thereby components can be homogeneously distributed in the
structure. This interaction can be accomplished by presence of functional groups on
nanotube surface. Oxygen containing groups creates sites for metal oxide particles to
interact and crystallize during synthesis processes as shown in Figure 1.9.
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Figure 1.9 Drawing of a functionalized CNT and FezO4 nanoparticles attached on CNT

during synthesis.

There is an unavoidable problem resulting from the presence of oxygen containing
functional groups on nanotubes: nanotubes lose their integrity at the expense of
decoration with functional groups. Because during generation of surface functional
groups (covalent functionalization) carbon-carbon bonds break resulting in disruption in
7 conjugated system of carbon nanotubes. Since most of the atoms lie on the surface of
multi wall carbon nanotubes, effect of surface functionalization is pronounced.

Eventually unique properties of nanotubes diminish such as electrical conductivity.

Some challenges needs to be overcome to make homogenously dispersed pristine
(covalent attachment of moieties is prevented) carbon nanotube containing iron oxide
nanocomposites and coatings for electrode materials in energy storage applications.
Firstly, before synthesis of nanocomposites, MWCNTs should be homogeneously
dispersed in solvents with the aid of proper dispersants. SDBS was found to be suitable
in some range of solvents. Some of these solvents were investigated for the first time in
our study as far as we know with this surfactant combination in terms of carbon nanotube
dispersion. Butanol, IPA and Amyl alcohol was found to be suitable for maintaining

highly stable solvents. IPA was chosen and used in further processes.

Since our aim was to compare composite and MWCNTSs coatings. We have produced
MWCNTSs coatings. We have found that both SDBS-IPA and PVP-IPA systems could

be useful to obtain electrophoretic deposition of pristine MWCNTS.

Aggregated nanotubes can be separated by application of ultrasonication and with careful
choice of solvent and dispersant. But ultrasonication does not provide total exfoliation of
carbon nanotubes. A consecutive centrifugation is employed to sediment hard
agglomerates of nanotubes. However this arises a problem. Centrifugation eliminates the

information about the concentration of dispersant and MWCNTSs. This information is
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important because careful examination of composite properties requires the knowledge

of concentration or ratio of materials inside.

UV-Visible absorption spectroscopy and TG analysis were utilized methods in literature
to estimate quantity of materials in centrifuged carbon nanotube aqueous suspensions.

We have taken this knowledge and tailored for our organic solvent containing dispersions.

In addition, we have found that by UV-Vis examination of suspensions before EPD and
after EPD process, it is possible to estimate coating thickness while surface area of the

coating and densities of deposited materials are known.

Solvothermal synthesis was chosen for nanocomposite production. The challenge of
providing interaction between nanotube and nanoparticles (to provide homogeneous
dispersion of components) during synthesis was tried to overcome in a novel way.
Namely, rather than covalent attachment of functional groups on carbon nanotubes, we
have chosen to carbonize the surface of FesO4 nanoparticles. Thereby we have produced

core-shell FesOs@ nanoparticles.

We have chosen 2 dispersant (SDBS: surfactant, PVP: polymer) for nanotube dispersion
as explained above. These dispersants were also aimed to be used as potential coupling
agents for providing sites for attachment of nanoparticles during crystallization process

on nanotube surfaces.

Our first aim is to get a morphology like in Figure 1.9 after synthesis. But it turns out that
carbonized nanoparticles are super-particles having several hundred nanometers in
diameter which are combination of smaller nanoparticles as shown in Figure 1.10a and b.
We went on working on this nanoparticle system since it may also work on providing
homogenous dispersion. It should be noted that for carbonization of the oxide surface
glucose is generally used during solvothermal synthesis. We also introduced ascorbic acid
(alongside glucose) which is investigated but as far as we know haven’t been used in
literature at such high temperature regimes (200°C). We have found that ascorbic acid
also creates particles resembling those of done with glucose assisted synthesis.

In composite production preliminary experiments were provoking because as shown in
Figure 1.10c and d. we thought that there is an interaction between nanotubes and
nanoparticles. This pseudo interaction is believed to be the result of insufficient removal
of dispersants which are causing aggregation of both nanotubes and nanoparticles during

filtration by magnetic separation. Subsequent experiments revealed that if magnetic
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separation and removal-addition of water were consecutively applied on synthesized
products, nanotubes and nanoparticles eventually separate. This phase separation was

pronounced if the synthesized suspension is subjected to ultraconication.

Figure 1.10 Depiction of solvothermally synthesized FesO4@C nanoparticle (a), (b) is
SEM image of glucose assisted synthesis product (FezOs@C); (c) and (d) are depiction
and SEM image of result of preliminary experiments revealing a pseudo interaction

between nanotubes and nanoparticles.

This thesis also contains a second study conducted on synthesis and processing of titanate
nanotubes. Titanate nanotubes are subject of an intense research since they resemble
titanium dioxide and adopt its properties such as photocatalytic activity. The choice of
this material over titanium dioxide was its high surface area which may increase the rate
of reaction during photocatalysis. Titanate nanotubes may be used in self-cleaning
coatings. The most important concept in self-cleaning surfaces or coatings is the
breakdown of organic pollutants should be done in sunlight. Unfortunately, titanate
nanotubes activate by UV light irradiation. At sea level only 6 % of solar spectrum
contains UV light. Therefore, shifting the activation (redshift of electron energy band
gap) of titanate nanotubes under visible spectrum is needed.

In our study, we have synthesized titanate nanotubes in a simple and known way by means
of hydrothermal synthesis and tried different approaches and compared them in terms of
their effect on band gap values. Effect of calcination on integrity of nanotubes were
investigated before. There was also an approach about hydrogen peroxide treatment on

nanotubes to examine the change in crystal structure. Doping was also applied on titanate
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nanotubes. During the prepepration of this thesis as far as authors knew there was limited
or small amount of research conducted on sulphur doping of titanate nanotubes. So we
examined the effect of presence of sulphur in titanate nanotubes. Sulphur doping was
investigated on TiO2 nanoparticles before in literature. One of the novelties of our study
is trials of converting sulphur doped TiO. nanoparticles into doped nanotubes during
hydrothermal conditions. Besides, comparison of different treatments (calcination,
hydrogen peroxide washing and sulphur doping) on band gap values needs to be
investigated area of research. In addition, we looked for whether there is a synergistic
effect present by sulphur doping, hydrogen peroxide washing and calcination on band gap
values of titanate nanotubes. We have also examined the effect of different treatments on

band gap values by using techniques such as ESR.

We also investigated to production potentially functional photocatalytic coatings.
Butanol-triethanolamine mixture was found to successful on EPD of titanate nanotubes
on conductive substrates.
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CHAPTER 2

MATERIALS and METHODS

2.1 Suspensions Preparation for Synthesis of Nanocomposites and EPD

Figure 2.1 shows a drawing of sequence of events for preparation of carbon nanotube
suspensions. Firstly, MWCNTSs (Thomas Swann Co. 30 nm in diameter and 30 pm in
length) were mixed with excess amount of additives (2 g/L PVP or 2 g/L SDBS) in IPA.
Dispersant to MWCNTS ratio is more than enough. This information was obtained by
detailed analysis of suspensions having different ratios but the finds are not represented
in this thesis. Ultrasonication was conducted by using an ultrasonicator (Bandelin
Sonorex HD 3100) with a Ti6Al4V tip (KE76). Tip was immersed around 1 cm below
the liquid surface. Ultrasonication was conducted in an ice bath. The power output of
device was set to 20%. After ultrasonication, centrifugation was conducted (12000 RCF
(relative centrifugal force) for 30 min.) and suspernatant was decanted. Sigma Sartorius
3-18K centrifuge was used in the process of prepepration of suspensions. Centrifuged

suspensions were then used in synthesis and deposition processes.

Functionalized MWCNTs were also prepapred to obtain only MWCNTSs containing
isopropanolic suspensions. Functionalization was obtained by treatment of MWCNTSs
(0.1 g/L) with 3/1 volume percent mixture of H2SO4 (95 wt. %) and HNOz (65 wt. %)
solutions. After 3 hours of treatment under ultrasonic bath at 45°C, MWCNTSs were
filtered with water (Ph 7) and dried. Dried MWCNTs were mixed with IPA and
ultrasonicated with ultrasonic probe for 30 min. After centrifugation at 12000 RCF for 30
min. COOH MWCNTSs IPA was obtained.
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1) Mixing MWCNTs 2) Ultrasonication | 3) Centrifugation
and dispersants in IPA

of nanotubes e

Supernatant

{

Precipitate

Figure 2.1 Sequence of events for preparation of stable CNT suspensions.
2,2 Method of Quantitative Analysis of Suspensions and Coatings

UV-Vis spectroscopy was mainly used for the determination of concentration of additives
and carbon nanotubes in centrifuged suspensions (supernatants). PGeneral T80+ UV-Vis

spectrophotometer was used in experiments.

Many molecules absorb ultraviolet or visible radiation. Different molecules absorb
radiation in different wavelengths. Photon absorbing moieties are called chromophores.
When a molecule absorbs a photon its energy content increases and it is the sum of
electronic, vibrational and rotational energies (Figure 2.2). If energy of photons is enough
to cause transitions of electrons from ground state to high energy state, it is absorbed.
Since many transitions with different energies occur, peaks become broadened in UV-Vis

spectrum.

/ A

5 , E

o Rotational Vibrational

[Im| eectron§ves electronic levels
E

0

Figure 2.2 llustration of electronic level and discrete rotational and vibrational energy

levels above electronic states [83].

The absorption in radiation can induce different electronic transitions of electrons in the

valance shell of chromophores. Electrons can be in 6 bonding orbitals, & bonding orbitals
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and n non-bonding orbitals. Electronic transitions from ground state to excited state
absorbs photons. It is shown in Figure 2.3 shows electronic transitions. 6-6* transitions
does not fall to UV-Vis range since they are very energetic. For example, 6-6*(C-H)
transition takes place at 122 nm for CHas. In UV-Vis spectroscopy n-n* (These transitions
need an unsaturated group in the molecule to provide the n electrons) and n- «* transitions

generally occur.

Antibonding o

n— O— O ) )
z; " Antihonding "
+*
T {/];?—nr L T—TT
ol & € Man-bonding 1
€ Bonding
e Bonding o

Figure 2.3 Electronic transitions of 6, «, and n electrons [83].

Quantitative analysis of materials could be conducted using UV-Vis spectroscopy since

absorption at a specific wavelength may obey Beer-lambert Law.

Figure 2.4 shows the technique used for quantitative analysis of suspensions. Firstly,
suspensions were properly diluted and their absorbance spectra was obtained (Figure
2.4a). Secondly, UV-Vis spectra of carboxyl group functionalized centrifuged stable
MWCNTSs suspensions (COOH-MWCNTSs) were used. COOH-MWCNTSs dilution was
precisely adjusted to provide overlapping of former and latter UV-Vis spectra in visible
and infrared region (Figure 2.4b). Thirdly, spectra of dispersant containing MWCNTS
suspensions and only nanotube containing MWCNTSs suspensions were subtracted from
each other (Figure 2.4c). Resultant spectrum was used to assess additive concentration in
suspensions. A calibration curve was obtained from UV-Vis spectra of only additive
containing IPA solutions or suspensions at different concentrations at specific
wavelengths (223 nm for SDBS, 207 nm for PVP). Subsequently absorbance value of the

peak was used to assess the additive concentration (Figure 2.4d).
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Figure 2.4 (a), (b), (c) and (d) are UV-Vis analysis sequences of PVP or SDBS in
MWCNTSs suspensions.

MWCNT concentration in suspensions was determined by overlapping spectra. Unknown
concentration of WMCNTS can be calculated by overlapping spectrum of this suspension
(having unknown concentration of MWCNTS) with that of a suspension having known
information about concentration. In our experiments we calculated MWCNTSs
concentrations by using suspensions which are not subjected to centrifugations. Thereby
initial concentration of MWCNTSs (0.1 g/L) was known. Figure 2.5 shows depiction of

overlapping of suspensions.
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Figure 2.5 Method used to assess MWCNTSs’ concentration by using UV-Vis spectra.

(a) and (b) are depictions of spectra used in the analysis method.

Suspensions prepared by using PVP is denoted as PVP MWCNTS IPA, and the other one
is denoted as SDBS MWCNTSs IPA. Uncentrifuged suspensions can be identified by the
CF sign. Both PVP MWCNTSs IPA and SDBS MWCNTS IPA suspensions were subjected
to EPD processes, but only coatings obtained by PVP MWCNTSs IPA suspensions were
subjected to quantitative analysis by UV-Vis spectroscopy. The reason behind only
evaluating depositions obtained by means of PVP MWCNTSs IPA suspensions is not
deliberate. We randomly pick one suspension and assessed the properties to show this

technique is applicable.

EPD process of MWCNTs from PVP MWCNTSs IPA suspensions were obtained on
stainless steel substrates (Figure 2.6). The electrode distance was kept 1.5 cm. A direct
current of 50 V was applied on suspensions for 10 min. and 20 min., respectively.
Magnesium chloride IPA solutions (100 g/L) were prepared prior to deposition processes
and added to the suspensions in order to enable deposition and adhesion of MWCNTS on

substrate surface during deposition owing to presence of magnesium ions.
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Before
deposition

DC power
supply

Figure 2.6 EPD apparatus before and after deposition.

Before EPD, concentrate magnesium chloride containing suspension was properly diluted
and subjected to UV-Vis analysis. Subsequently, EPD was implemented to the analyzed
suspension. Same amount of dilution was subjected to the used suspension before UV-
Vis measurement. To determine additive concentration from the UV-Vis spectra of
suspensions, contribution of MWCNTS to the absorption was subtracted as explained in

Figure 2.7. Finally resultant spectra subtracted from each other. The obtained spectrum is

representing the additive in coating.

After
deposition

DC power
supply

3)

Removal of MWCNT's
contribution by
subtraction method

7) Subtraction of
spectra from each
other yields
representing

Absorbance

in coating

Wavelength

6)
Removal of MWCNT's

contribution by
subtraction method

ctrum of additive

Absorbance

Absorbance

Wavelength

Figure 2.7 Sequence of events used for the determination of concentration of

components in coatings.




A quartz cuvette was used in all experiments. Different quartz cuvettes of different brands
shows different absorbance values at especially low absorbance values. In addition two
identical quartz cuvette of same brand can show different absorbances at particular
wavelengths. To minimize the error. Only one cuvvete was used. Before measurements

background subtraction was done by filling the quartz cuvette with pure solvents.
2.3 Carbon Nanotube-lron Oxide Nanocomposite Synthesis

Iron oxide synthesis processes carried out under solvothermal conditions. Firstly, raw
materials were mixed during ultrasonication in a flask under nitrogen bubbling as shown
in Figure 2.8a, b and part c. While pure IPA (45 mL) is being kept and ultrasonicated in
flask, raw materials dropwisely added to the solution within first 5 min. of 20 min. mixing
process. The order of addition of starting materials is as follows: NaOH/Ethlylene glycol
solution, Ascorbic acid or Glucose/EG solution and FeSO4/EG solution. 60 ml of total
synthesis mixture contains 0,001 mole FeSO4 in 5 mL EG. NaOH concentration in
Ehylene glycol is 0.4 g/5 mL. Ascorbic acid and glucose concentration were regulated
according to Fe?* ion molar concentration. Ascorbic acid and glucose were always
dissolved in 5 mL of EG. Fe/Ascorbic acid or glucose mole ratios are 8, 1.25 and 0.625
in different experiments (They were conducted to understand the suitable amount of
hydrocarbon to convert nanoparticles into carbon-iron oxide core shell nanoparticles.).
Preperation of MWCNTs-iron oxide nanocomposites was carried out by using PVP
MWCNTSs IPA or SDBS MWCNTSs IPA instead of using pure IPA in synthesis mixture.
It should be noted that MWCNTS concentration in the mixture could be calculated by
UV-Vis analysis results. Thereby MWCNTSs/Fe3O4 ratio in the final product could be
calculated as well. Solvothermal synthesis was performed at 200°C for 12 h. Liquid

loading in synthesis autoclave is 70 V. %.
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1. Mixing of starting materials

a) under ultrasonication 2. Solvothermal

FeSO,/Ethylene Synthesis
Ultrasonic e Uesleplition 200°C 12 h. in

probe 0,278 g/5 mL furnace
NaOH/Ethylene —

glycol solution
0,4g/5mL

Nitrogen
generator

Ascorbic acid or
glucose/Ethylene
glycol solution
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bubblin || nanotube
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o e ) Teflon lined stainless steel autoclave
45 mL .
in furnace

15th minute after mixing raw materials under N, atmosphere

Ultrasonic
probe

; e Green Brown
nitrogen S | Solution= Solution=

flow - ' . Fe(OH), in 22 Fe(OH), in IPA

IPA and EG = = - 4 and EG

Water/ice .
bath — v bubbles

Figure 2.8 Illustration (a), and images (b) and (c) of mixing sequence before

solvothermal synthesis of nanocomposites.

Synthesis mixture contains excess amount of NaOH and NaSO4 and other impurities in
its structures. Removal of these impurities was obtained by magnetic separation as shown

in Figure 2.9. In each magnetic separation step dissolved impurities in IPA or water were
removed.
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Magnetic separation and removal
of impurities in products

Decantation of
the liquid

Figure 2.9 Magnetic separation and decantation of dissolved impurities in liquids after
synthesis.

2.4 Inorganic Nanotube Synthesis Processes

Titanate nanotubes were prepared from TiO2 nanoparticles. Therefore, firstly TiO:
nanoparticles were produced by sol-gel process. The synthesis sequence is shown in
Figure 2.10. Sulphur doped TiO2 nanoparticles were prepared by dissolving thiourea in
water before TTIP addition. Mole ratios of thiourea to Ti is 1 or 4. Doped TiO:
nanoparticles were denoted as 1S-TiO2 and 4S-TiOz according to thioure/Ti ratio. Both
doped particles were used for nanotube preparation but only 4S-TiO- derived nanotubes

were characterized.

Synthesis of pure or S doped TiO, nanoparticles

a) Sol-gel process b) Filtration, drying
and calcination

2) IPA-TTIP mixture
(2/1 V. %) dropwise

1) Filtration for
addition (60 mL)

removal of impurities

2) Dryi
1) Deionized water ) Drying

pH=1.5 (after HCI
solution addition)
(800 mL)

3) Calcination (450°C)
2h.

3) 24 h. mixing

For S-doped TiO,
powder preperation
thiourea was
dissolved in
deionized water
before TTIP addition

Figure 2.10 Method used in the synthesis of TiO2 nanoparticles by sol-gel process.
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Titanate nanotube preparation was carried out as shown in Figure 2.11. Sulphur doped

titanate nanotubes were prepared by using 4S-TiO> nanoparticles in synthesis.

1) Ball milling of 3) Centrifugation/filtration of

pure or S doped TiO, 2) Hydrothermal nanotubes with deionized 4) Drying and calcination of

powders in 10M synthesis (130°C/24 water, HCl solution (0.1 M) nanotube powders between
aqueous solution for h.) (80V. %) and with water again several 300°C and 450°C for 2h.
3 h. with zirconia ) ' times to reach pH7 under nitrogen atmosphere
balls eventually.

0,05 g/L solid loading

Figure 2.11 Method of hydrothermal synthesis of titanate nanotubes.

Berghoff BR-300
autoclave

H20. modification was conducted by washing synthesized and dried hydrogen titanate
nanotubes (they are acid washed they don’t contain sodium) with 3 wt. % H20> solution
as shown in Figure 2.12. It is believed that peroxo groups present on nanotubes provide
a vivid yellow-orange color to the mixture. After washing with water (centrifugation) this

color disappears.

a) TNTA mixing with
hydrogen peroxide
aqueous solution
(3 wt. %) for 4 h. at
25°C

b) Washing with
deionized water

c) Drying

d) Calcination

Figure 2.12 H>0, modification step of titanate nanotubes.

UV-Vis spectra of titanate nanotube suspensions were prepapred by addition of 1 g/L
TNT and 0,5 g/L TEA to 5 ml butanol and subsequently suspensions was sonicated in
Bandelin Sonorex HD3100 ultraconicator with a MS72 tip for 10 min. under 10%

amplitude. Suspensions were then filtered with a syringe filter having 0.45 um pores. UV-
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Vis spectrum of each TNT was obtained by removing contribution of TEA from sprectra.
For this purpose a spectrum of TEA in butanol was obtained and used in subtraction.

2.5 Other Devices Used in Characterization of Synthesized or Processed

Materials

Zeta potential analysis was conducted to assess the degree of stability of obtained

suspensions.

Particles tend to sink when a suspension is left to rest. If particles are small enough and
if they acquire enough carges on their surfaces, then suspension may stay stablefor long
period of time. Electrical state of charged surface is determined by spacial distribution of
ions around it [84]. It has traditionally been called electrical double layer, although it is
often more complex than just two layers. Quantitative analysis of stability of suspensions
can be done by determination of zeta potential values. Zeta potential is the magnitude of
repulsion between particles in suspension by means of electrical double layers around

particles. Figure 2.13 shows an illustration of electrical double layer.

Diffuse layer

Electrical double
layer

Stern layer

Bulk liquid
Negatively
charged
particle > 2eta
surface £ Potential ()
cation @
anion O

Distance from the particle
surface

Figure 2.13 Electrical double layer.

Generally, zeta potential measurements were carried out by measurement of mobility of
nanoparticles and subsequently conversion of mobility to zeta potential by using Henry
equation. Electrophoretic mobility, p (m?V-51) is the magnitude of velocity divided by

the magnitude of the electric field strength:
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m :% (2.1)

u is electrophoretic mobility measured by instrument, V is velocity of particles and E is

electric field strength.
Zeta potential is related to electrophoretic mobility through equation below:

__ 2etf(ka)

o (1.2)

e=is dielectric constant of the solvent, { is zeta potential, f(ka) is Henry function and 1 is

viscosity.

f(ka) is refered to as Henry’s function where a is the radius of the particle. « is refered to
as the Debye parameter and can be calculated from the electronic charge, Boltzmann’s
and Avagadro’s constants, the absolute temperature and the ionic strength. Double layer
thickness can be determined by using following equation:
o 7142
1 KT
. (L.3)

K |2000&2IN, |
g is the dielectric constant of the solvent, & is the vacuum permittivity (8.854 x 10712 A?
s* kg™ m™3), K is the Boltzmann constant (1.38 x 10-23 J K1), T is the temperature in
Kelvin (298 K), e is the elementary charge (1.602 x 1072 C), I is the ionic strength in

molarity, and Na is Avogadro’s number (6.022 x 102 mol™?).

The ionic strength, I, can be calculated from the pH value of suspension:
I=[H]|=10"" (1.4)

1/ x is approved as electrical double layer thickness (Debye length). The charged region
around a particle drops to about 2% of the surface charge at a distance approximately 3/k
from the particle. For ionic strength around 0.01 mol/L then 3/k is around 10nm and for
ionic strength around 10° mol/L then 3/x is around 280nm [85]. f(ka) value is
dimensionless. Huckel and Smoluchowski approximations modify Henry’s equation by
changing Henry’s function. For polar media Smoluchowski approximation is used and
f(ka) is taken 1.5 and in non-polar media Huckel approximation is used where f(ka) is
taken 1. Zeta potential is function of several factors. pH, concentration of particles, ionic
strength of the medium affect magnitude and sign of zeta potential. For example, In

particular small quantities (parts per million) of polyvalent ions (for example calcium
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(Ca?") ions), (iron (ll) ions (Fe**) or other impurities can significantly affect the
magnitude of zeta potential [86]. In this study zeta potential measurements were
conducted using Malvern Zetasizer Nano ZS. Folded capillary cells (DTS1070) are used
as measurement cuvettes. Measurements were conducted at 25 °C. Suspensions were
placed in folded capillary cells and waited for 120 seconds. It should be noted that during
the zeta potential measurements to prevent electroosmosis stoppers are generally placed
on folded capillary cells. But it aroused a problem in our experiments. Prior to each
analysis standard samples were measured. If the stoppers are placed on cells magnitude
of zeta potentials was found to yield wrond values. Therefore our measurements were
conducted without using stoppers. Even if magnitude of zeta potentials may be slightly
different from reality or may be repeatability is low due to contribution of electroosmaosis,
we believe that they allow for comparison between zeta potentials of different
suspensions in our experiments. Because In each experiement several measurements were
conducted for each of suspensions and we found out that the results of magnitudes of zeta

potentials are close.

FTIR analysis was conducted using Perkin EImer Spectrum 100. Prior to each analysis a
background subtraction was implemented. Perkin Elmer Spectrum 100 was used in all
experiments. Spectrum range was spanned from 4000cm™ to 650cm™.

A transmission electron microscope (TEM: JEOL 2100 JEM HRTEM) and 2 scanning
electron microscopes (Zeiss Evo LS 10 and JEOL 7000F) were used. Zeiss Evo Ls 10 has
a LaBg electron source. Fe3O4 and carbon nanotube samples were analysed using 20kV
and 15kV accelerating voltages by Zeiss, respectively. Titanate nanotubes were imaged
at low accelerating voltages. During the preperation of these thesis, the scanning electron
microscope had a problem which is limiting the resolution of the device. The ground
contact has very high resistance. This manifests itself as jagged adges in SEM images. To
get over the problem scanning speeds were considerably lowered and amount of
integration implemented on scanned lines increased (noise reduction level is increased).
As a result edges and images had possessed smooth appeareances (Figure 3.15b) and
resolution decreased as well. This jagged edges become pronounced at low accelerating

voltages.

Quantachrome Quadrasorp Sl was used Surface area and pore size analysis of materials.
For plotting adsorption desorption isotherms 72 adsorption points and 22 desorption

points were selected. Iron oxide nanoparticles were degassed at 60 °C for at least 16 h.
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Hitachi S116000 was used for TG analysis. During TG analysis 2cc/min. nitrogen flow
was maintained in each experiement. SDBS containing MWCNTS dried products were
analized in alumina cuvettes. PVP MWCNTS containing cuvettes were analysized in

aluminium cuvettes.

XRD analysis was performed in two devices. Titanate nanotubes characterization was
carried out in Pananalytical ‘xpert Pro. Iron oxide nanomaterials synthesis was
conducted in Rigaku Miniflex. Iron oxide XRD graphs contain low signal to noise ratio,
probably because of the limit of resolution of the device. In addition, XRD graphs of
carbon containing iron oxide nanoparticles exhibit worse signal to noise ratio. This is

believed to be result of carbon which is in amorphous state.

Along with SEM, TEM and XRD, synhtesized nanotubes are characterized by using
Electron spin resonance spectroscopy (Bruker EMX-131) to dedect defects in the

structure which may shed light on the photocatalytic behavior of nanotubes.

Some materials can exhibit paramagnetic behavior because of unpaired electron spins.
When an electron is placed in a magnetic field, there is two possible spin states of the
electron having different energies. In ESR magnetic field is varied, and a constant or
pulsed electromagnetic wave is also applied in the microwave range. An absorption
spectrum is obtained when the energy difference between to spin states of the electron is
equal to the radiation. This is called field of resonance. Absorption is not unique to
magnetic field of frequency of radiation. But, the term g factor (proportionality factor)

may Yyield important information.
g=h.v/ub.Bo (5.3)

g is proportionality factor, h is Plank’s constant, v is the frequency of the applied magnetic

field, ub is Bohr magneton and Bo is applied magnetic field.
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CHAPTER 3

QUANTITATIVE ANALYSIS OF CARBON NANOTUBE
DISPERSIONS

Nanotubes are known to entangle and form agglomerates due to VdW forces and because

of their high surface area. Figure 3.1 shows a pristine carbon nanotube bundle in low and

high magnifications.

1um
- Mag= 10.00K X Zone Mag = 60.25 K X

Figure 3.1 SEM images of agglomerates of carbon nanotubes in low and high

magnifications.
3.1 Colloidal Suspensions of MWCNTSs

Prior to determination of dispersion quality and quantitative analysis of contents in
suspernatants, sedimentation tests were conducted on supernatants. SDBS was
successfully used as a dispersant. SDBS was added to IPA, butanol, acetyl acetone and
amyl alcohol by ultrasonication followed by centrifugation. Subsequently, supernatants
were left for resting. Some suspensions show stability even for years. For example,
butanolic and amyl alcoholic suspensions are stable for more than a year. On the other
hand isopropyl alcoholic suspension are stable for months. Acetyl acetonic suspensions

are stable for about one week or two weeks. And finally ethanolic suspensions are not
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stable. Figure 3.2 shows from left to right ethanolic, isopropyl alcoholic, butanolic, amyl
alcoholic and acetyl acetonic SDBS containing MWOCNTs suspensions after

centrifugation. These suspensions had been left for sedimentation for more than a year.

Isopropyl y Acetyl
alcohol : acetone

Figure 3.2 Result of sedimentation for more than a year for different solvent containing
MWCNTSs and SDBS suspensions prepared by ultrasonication (bath sonication) and
centrifugation (2820 RCF). Initial SDBS and MWCNTSs concentrations were the same

(before centrifugation).

Pristine MWCNTs IPA suspensions were also prepared to observe sedimentation
behavior. Figure 3.3 shows 10 times diluted (initially 0.1 g/L MWNTSs containing)
suspensions and 10 times diluted SDBS-MWCNTSs-IPA suspension. Pristine MWCNTSs
tend to form visible agglomerates when diluted while SDBS aided MWCNTS dispersions

in IPA form solution-like homogeneous colloids.

MWCNTSs IPA SDBS-MWCNTs
1/10 IPA1/10

Figure 3.3 Pristine MWCNTSs IPA suspension after ultrasonication (left) and SDBS
MWCNTSs IPA suspension after centrifugation (right). Both suspensions were 10 times
diluted.
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In further experiments IPA containing suspensions were chosen. Because these
suspensions show high stability for months, cheap and less toxic. These suspensions were
quantitavively analized in order to assess material content in supernatants prior to

composite production.

Alongside SDBS several dispersants were also used for generation of homogenous
dispersions of MWCNTSs. PVP was found to successful (more successful than SDBS in
terms of quantity of MWCNT that it can disperse under same conditions). Same
preparation procedures were implemented on PVP modified MWCNTS suspensions in
IPA. Carboxyl group containing MWCNTSs were dispersed in IPA (COOH-MWCNTSs
IPA) without using a dispersant. COOH-MWCNTSs IPA suspensions were also stable for
long period of times as PVP and SDBS modified suspensions. Figure 3.4 shows dilute
Pristine MMWCNTSs IPA, PVP-MWCNTSs IPA and COOH-MWCNTSs IPA suspensions.
COOH group containing and PVP containing MWCNTS suspensions are stable and do
not exhibit turbidity.

MWCNTs IPA PVP-MWCNTs COOH-MWCNTs IPA
1/10 TIPA1/10 1/10

<.

i 4
: 5
‘ ot . e

Figure 3.4 From left to right 10 times diluted Pristine MWCNTSs IPA, PVP MWCNTSs
IPA and COOH MWCNTSs IPA supensions.

3.2 Determination of Quantity of Polymer Based Dispersant and Carbon

Nanotubes in Centrifuged Suspensions and in Coatings

3.2.1 UV-Vis Measurements

Determination of PVP and MWCNTs content in centrifuged suspensions were
counducted using UV-vis spectroscopy and TGA. Figure 3.5 shows UV-vis spectrum of
pure IPA and PVP solutions in IPA in different cncentrations. Dashed curve corresponds
to IPA. UV Cut-off wavelength for IPA is 205 nm - 207 nm. Around (especially below)
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this value quantification become very hard or impossible. Because device only accurately

measures quantity of materials between absorbance values of 0.1 and 2.

Baseline correction of PVP containing suspensions was done by subtracting UV-Vis
spectrum of IPA from UV-Vis spectra of PVP suspensions. PVP has an intense peak just
on the UV cut off wavelength of IPA (207nm). The intense peak of PVP is due to the
carbonyl functional group in ring structure (n—n*). n—n* transition generally takes place
at higher wavelengths, but inductive effect of adjacent nitrogen atom takes up electrons
from carbon in carbonyl group and hence lone pair of electrons in oxygen becomes tightly

bound to oxygen atom, as a result n—n* transition becomes energetic.

10 ---IPA

] ——PVP IPA 0.008 g/I
PVP IPA 0.01 g/l

——PVP IPA 0.015 g/I

PVP IPA 0.02 g/I

PVP IPA 0.025 g/|

PVP IPA 0.03 g/|

Absorbance
[=Y
Il

190 240 290
Wavelength (nm)

Figure 3.5 UV-Vis spectra of IPA and PVP IPA solutions at different concentrations.

Baseline correction was done by subtracting contribution of IPA from PVP solutions.

Figure 3.6 shows calibration curve of PVP in IPA.
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Figure 3.6 Calibration curve of PVP in IPA.

Figure 3.7 shows UV-Vis spectra of centrifuged diluted PVP modified MWCNTSs IPA

suspensions. Each spectrum contains two different peaks. Intense peaks belongs to PVP

40



and broader peaks are related to MWCNTSs. Quantification experiments cannot be done
by only using these spectra because MWCNTSs contribute to absorbence of peak of PVP.
We simply subtracted spectra only belonging to MWCNTSs from these overlapping multi
peak containing spectrum to obtain PVP spectrum. Attal et al. [3] made similar

experiments to determine surfactant content in aqueous suspensions.

1,4 —PVP-MWCNTs IPA 1/75
1,2 1 PVP-MWCNTSs IPA 1/40

1 E ——PVP-MWCNTs IPA 1/50

bsorbance
=)
£
)
Il

PVP-MWCNTSs IPA 1/100

0,6 1

Al

190 240 290 340
Wavelength (nm)

Figure 3.7 UV-Vis spectra of diluted PVP MWCNTSs IPA suspensions. They were
diluted between 40 and 100 times in this figure.

3.2.1.1 Carboxyl Functionalized MWCNTSs

Pristine MWCNTS suspensions are not totally suitable for use in UV-vis measurements
since agglomerates of nanotubes does not reflect the true shape of absorbance peak
especially at high concentrations and the spectrum curve may become distorted. Carboxyl
group functionalized nanotubes can be homogeneously dispersed in IPA. Carboxyl group
functionalized MWCNTSs containing IPA suspensions were prepared in similar way to
PVP modified MWCNTSs’ suspensions. FTIR analysis were performed in order to dedect
functional groups on modified nanotubes though it is slightly out of the scope. If pristine
MWCNTSs were analysized, we would see no dedectable peak in the spectrum. This also
applies to pristine MWCNTS IPA suspensions which contain peaks only corresponding
to IPA.

Figure 3.8a, part b are the overlapping FTIR spectra of pristine MWCNTs IPA
suspensions and COOH MWCNTs IPA suspensions, respectively. Unlike Pristine
MWCNTSs IPA, COOH MWCNTSs IPA suspension spectrum has two characteristic peaks

present only in that spectrum. 1650 cm™ peak corresponds to C=C stretching vibration

41



(Figure 3.8a) and 1250cm peak belongs to C-C stretching vibration (Figure 3.8B). Nitric
acid treatment causes nanotubes to have carboxyl groups. Functionalization couldn’t be
dedected directly because because of the ATR used, C=0 peaks are obscured. However,
dispersion efficiency of carbon nanotubes by means of functionalization enabled

dedection of carbon-carbon double and single bonds.
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Figure 3.8 (a) and (b) are FTIR spectra of Pristine MWCNTSs IPA (dashed) and COOH
MWCNTSs IPA suspensions at different wavelength ranges.

Figure 3.9 shows UV-vis spectra of COOH MWCNTS IPA in different concentrations.
The broad peak at 256nm is due to « plasmon absorption. Since all absorbance is due to
MWNCTs, it could be used in subtracting the contribution of MWCNTSs from UV-vis
spectra of PVP MWCNTSs IPA.
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Figure 3.9 UV-Vis spectra of COOH MWCNTSs IPA at different concentrations.

To obtain reliable results in estimation of PVP concentration (quantitatively), the values
of absorbance were initially kept in range of 0.1 and 2 for spectra. We also considered the
absorption due to the background. For example, the absorbance value at wavelength of
205nm for 75 times diluted suspension (PVP-MWCNTSs IPA) is actually just below
absorbance value of 2. In addition, if the absorbance is too low, device fails to accurately
measure the absorbance values, therefore we couldn’t dilute PVP-MWCNTS to relatively
low levels. Namely, 100 times dilution found to be too low and 50 times dilution is too
high (Dilution factors are specific to this PVP MWCNTSs suspensions only). We found
out that 75 times dilution give reliable estimations for this system since the results are in
correlation with TGA results. The dilution is not universal to all suspensions. The reasons
behind finding optimum dilution factor of 75 is because of the nature of the materials

(their light absorbing capability) and their ratio.

At low concentrations, contribution of MWCNTSs in absorbance is not accurately
measured giving overestimated results in terms of PVP concentration. On the other hand
relatively high concentrations end up with underestimated results. Figure 3.10 shows
overlapping spectra of dilute COOH-MWCNTSs and 75 times diluted PVP-MWCNTSs
suspensions. The third spectrum is the extracted spectrum after subtraction of MWCNTS’
contribution. The absorbance value corresponds to 1.95 g/L PVP. We have also
conducted same experiments on 100 times and 50 times diluted suspensions. Results
obtained from 100 times and 50 times diluted suspensions are 2.08 g/L and 1.84 g/L,
respectively. Dried supernatant weight is 2.0425 g/L. So 100 times diluted suspension
give an overestimated result. 50 times dilution is also wrong because it is an

underestimate.
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Figure 3.10 PVP-MWCNTs IPA, COOH-MWCNTSs IPA and resultant spectrum after
subtraction of latter from the former.

Estimation of carbon nanotube content can be done in different ways: Attal et al estimated
SWCNTSs content by subtracting the concentration of surfactant from the weight of dried
supernatant [24] Sun et al. [20] calculated carbon nanotube content by comparison of
spectra obtained before centrifuge and after centrifuge. Y. Ye et al. [87] determined
MWCNTs content by plotting a calibration curve belonging to MWCNTSs in
electrophoretic suspensions. Figure 3.10 shows overlapping spectra before centrifuge
and after centrifuge. When comparing the data, it is also found that at relatively low
concentrations device does not give reliable results. Namely, 25 times diluted centrifuged
and uncentrifuged suspensions overlap. This data is inaccurate since there exists a
sediment after centrifugation. On the other hand 5 times diluted PVP MWCNT IPA
suspensions overlap with 6 times diluted uncentrifuged PVP-MWCNTSs IPA suspension
(Figure 3.11). In addition, 10 times diluted and 12 times diluted corresponding Spectra of
suspensions also overlap. Using this data MWCNTSs content was found 0,083 g/L. This
result is close to TG analysis results which will be explained later. Giordani et al. [88]
stated that, concentrate suspensions containing aggregates of nanotubes has lower
extinction coefficients compared to low concentration dispersions. So the results obtained
by comparing overlapped spectra of centrifuged and uncentrifuged suspensions slightly
different from actual values of concentrations. They are slight underestimates.
Overlapping suspensions (before centrifuge and after centrifuge) overlap at IR and visible
range (because only contribution in this region is due to MWCNTS), but they gradually
diverge at UV region. The divergence is arising from the different PVP concentrations

present in diluted suspension.
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Figure 3.11 Overlapping spectra of PVP MWCNTSs IPA before centrifuge and after
centrifuge. CF indicates the suspension which is not subjected to centrifugation.

Therefore, concentration of MWCNTS is known at that spectrum.

3.2.2 Thermogravimetric Analysis

Thermogravimetric analysis was performed to interpret the results obtained by UV-Vis
spectroscopy. Namely, UV-Vis spectroscopy results may differ according to
concentrations of the suspensions. Therefore, UV-Vis results were compared with another
method to determine optimum dilution needed before UV-Vis measurements. Shtein et
al. implemented TG measurements both on precipitate and supernatant to determine CNT
weights [25]. We follow similar route to determine ratios between MWCNTSs and PVP in
precipitate and in supernatant as well. By knowing concentration of dried precipitate and
supernatant, it is possible to determine concentration of PVP and MWCNTSs. Figure 3.12a
shows TG curves of MWCNTSs, pure PVP, dried supernatant of PVP-MWCNTs IPA
suspension and dried precipitate obtained after centrifugation. MWCNTSs does not show
significant mass loss at this region under inert atmosphere. So mass losses of supernatant
and precipitate belongs only to PVP. Curves were shifted in order to accurately calculate
the concentrations. Because TG curves of PVP, supernatant and precipitate have different

mass changes and mass change rates at low temperatures.

7
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Figure 3.12 TG curves of pristine MWCNTSs (purple dashed horizontal line), PVP (red
continious curve), dried supernatant of PVP MWCNTSs IPA (dashed curve) and dried
precipitate of PVP MWCNTSs IPA (finer dashed curve).

DTG curves of PVP, precipitate and supernatant are shown in Figure 3.13a. Curves are
shifted and the values made positive to be distinguished easily. Lowest mass loss rate
regions at relatively low temperatures may be selected to overlap the curves at a suitable
temperature. After overlapping true ratio between PVP and MWCNTSs can be found.
Since mass loss rate at around 250 °C is almost horizontal to the x axis, this temperature
is selected as starting point. Correlated curves are shown in Figure 3.13b. Subsequently,

percentage of mass differences were used at 500 °C and concentrations were calculated.

The residual mass between 250 °C (we consider it as room temperature) and 500 °C is
5.4%, 9.8% and 79.7% for PVP, supernatant and precipitate, respectively. Using these
data and concentrations of supernatant and precipitate, individual concentrations were
calculated. The sequence of calculation is shown between Equation 3.1 and Equation 3.6

using the data of dried supernatant and PVP.
2.0425 g/L = concentration of supernatant obtained by measuring dry weight (3.1)

Since the TG curve of supernatant is shifted to higher values in order to overlap with that

of PVP the amount of shifting should be considered for TG of supernatant.
101,727 wt. % = 2.0425 g/l shifted concentration (3.2)
100 wt. % supernatant = 2.0078 g/L (3.3)

After correlation we assume that 2.0078 g/L is the sum of both concentration of PVVP and
MWCNTSs (Equation (3.4)).
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100 % Wpvp + 100 % WmwenTs = 2.0078 g/L (at 25 °C)

(3.4)

100% of nanotubes preserves their integrity at 500 °C. Therefore, there is no mass change

for nanotubes. But only 9.8 wt. % of supernatant is present.

5.49%Wpvp + 100%WmweNTs

1.809 g/L = 94.51% Wpyp

Wpvp=1.914 g/L

=0.198 g/L (at 500 °C)

Wmwents = 2.0078 — 1.914 = 0,093 g/L
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Figure 3.13 (a) Dervative TG curves of PVP, dried supernatant of PVP MWCNTSs IPA
and dried precipitate of PVP MWCNTSs IPA CF; (b) shows TG curves which were

shifted (except curve of PVP) to eliminate the mass loss below 250 °C.
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Same procedure was applied to precipiate and through mass balance PVP and MWCNTS
concentration in supernatant was calculated by using the dried precipitate concentation
(0,054 g/L).

Equations (3.9), (3.10), (3.11), (3.12), (3.13), (3.14), (3.15), (3.16), (3.17) and (3.18)

shows calculation sequence used in determination of concentrations.
0.0452 g/L = concentration of dried precipitate obtained by measuring dry weight (3.9)

Since the TG curve of precipitate was shifted to lower values in order to overlap with that

of PVP, the amount of shifting should be considered. Result is equation (3.10).
92.919 wt. % = 0.0452 g/L shifted concentration (3.10)
Dried supernatant 100 wt. % = 0.0484 g/L (3.11)

Unlike calculations conducted on dried supernatant and corresponding TG curves, we

tailored the dried precipitate concentration by increasing its amount.
100 % Weve + 100 % Wmwents = 0.0484 g/L (at 25 °C) (3.12)

100% of nanotubes preserves their integrity at 500 °C, and the residual mass of dried
precipitate is 79.77% of total at 500 °C.

5.49%Wpvp + 100%WmwenTs = 0.0386 g/L (at 500 °C) (3.13)
0.0386 g/L = 94.51 % Whpvp (3.14)
Whevpe = 0.0408 g/L in precipitate (3.15)
Wwmwents = 0.0484 — 0.0408 = 0.0075 g/L in precipitate (3.16)
Whpvp in supernatant = 1,959 g/L MWCNTSs (3.17)
Wwmwens in supernatant = 0.0925 g/L MWCNTSs (3.18)

Table 3.1 shows calculated concentration values using UV-Vis and TG.
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Table 3.1 Calculated Concentrations of PVP and MWCNTS in supernatants by using
Uv-Vis spectroscopy and TGA

Used component Material Concentration
Technique of technique in supernatant in supernatant
(9/L)
UV-Vis Dilute supernatant PVP in supernatant 1,95
Overlapping
UV-Vis suspensions before | MWCNTS in supernatant 0,08
CF and after CF*
TG TG of supernatant PVP in supernatant 1,91
and PVP
TG TG of supernatant | MWCNTS in supernatant 0,09
and PVP
TG TG of precipitate PVP in supernatant 1,95
and PVP
TG TG of precipitate | MWCNTSs in supernatant 0,09
and PVP

*CF is indication for uncentrifuged suspension

3.2.3 Zeta potential analysis of PVP-MWCNTS IPA suspensions

Zeta potential measuremetns conducted to materialize the dispersion state of suspensions.
PVP is known to wrap graphite surface and form globular clusters [12]. Wrapping on
nanotube surfaces provides colloidal stability via steric stabilization. In addition to this
enhanced dispersion could be achieved by centrifugation [19]. Presence of individual or
small bundles nanotubes in PVP-MWCNTSs IPA suspensions accounts for retention of
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stability for months. Besides, stability is key feature of a successful EPD or composite

making. Sun et al. [20] found out dispersion quality can be quantified with zeta potential.
Zeta potential is the measure of repulsion or attraction between particles (bundles or
individual nanotubes in our case) in suspensions and provide quantified information about
stability. Table 3.2 shows zeta potentials and FWHM values of suspensions. Prior to EPD,
suspensions were mixed with Magnesium chloride solutions, this suspensions are called
electrophoretic suspensions. Electrophoretic suspensions (will be used in coating
processes) are denoted as PVP MWCNTSs IPA xMgC: (4.87mM MgCl,), PVP MWCNTSs
IPA 2xMgCl, (9.64mM MgCl,) and MWCNTS IPA 4xMgCl2 (18.88 mM MgCly).

Table 3.2 Zeta potentials of PVP MWCNTs IPA and COOH MWCNTSs IPA
suspensions

Material pH Zeta potential (mV) FWHM (mV)
(Huckel approximation)

PVP MWCNTs IPA
Natural -35.9 132,69

PVP MWCNTs IPA
CF* Natural -34,9 165,72

COOH MWCNTs IPA

Natural -47,5 131,79

PVP MWCNTs IPA
xMgClz Natural 28,6 133,25

PVP MWCNTs IPA
2xMgCle Natural 19,7 122,51

PVP MWCNTs IPA
MMgCl. Natural 16,8 131,14

*CF is abbreviation for uncentrifuged suspension

Zeta potentials can be represented by using different approximations. There are generally
two choices: Huckel’s and Smoluchowski’s. Huckel’s approximation is known to be
valid in non-polar solvents containing particles having diameter lower than 100nm and
possessing thick double layers [89]. Length of carbon nanotubes is obviously higher than

100 nm, but IPA is a non-polar or semi-polar solvent, therefore we have chosen to
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demonstrate Huckel’s approximation’s results instead of Smoluchowski’s (valid for
aqueous suspensions). In addition, one can easily convert that of Huckel’s into
Smoluchowski’s by multiplying it with 2/3.

If the magnitude of zeta potential is greater than +15, it can be considered stable [90]. It
should be noted that steric stabilization may also provide stability at zeta potentials even
close to zero [91]. As produced CNTs have small and positive zeta potential in acidic
region with an isoelectric point in the pH range 5-8 [92]. PVP successfully provide a high
zeta potential value to MWCNTS suspensions in IPA. Sign of the charge is negative for
both PVP and COOH functional group containing nanotube suspensions. Though
uncentrifuged suspensions contain higher amount of PVP, zeta potential for PVP
MWCNTs IPA CF is -34,9mV which is slightly lower than zeta potential value of
centrifuged suspension (-35,9mV). Highest zeta potential values is obtained in COOH-
MWCNTSs IPA suspensions (-47,5mV).

Though small amount of charger salt addition to suspensions is beneficial, excess
amounts of salts decreases stability. As MgCl> content in PVP-MWCNTs IPA
suspensions increases magnitude of zeta potential decreases gradually from 28.6mV to
16.8mV. Sarkar et al. [93] stated that ionic concentration in liquid reduces the size of the
double layer region and consequently the electrophoretic mobility and hence zeta
potential. We also found out that electrophoretic suspensions are not stable for long period
of times despite the fact that they can be used in EPD (used immediately after vigorous
mixing). This may be due to the suppressed double layers which may allow adjacent
particles to get closer till Van der Waals attractions dominate.

Zeta potential measurement of carbon nanotubes are not totally accurate because carbon
nanotubes are rod-like particles. It is known that depending on the magnitude of zeta
potential Smoluchowski’s approximation results are up to 20% overestimate for rod-like
particles [94]. Huckel approximation also fails to predict actual values of zeta potential
since both Huckel and Smoluchowski approximations designed for spherical particles

[95]. So we assume that our results are slight overestimates.

Carboxyl functionalized carbon nanotubes is known to exhibit isoelectric points at very
low pH values [92]. The reason behind is the high density of negatively charged
functional groups on graphite surface. PVP containing suspensions are similar to COOH-
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MWCNTSs since they accumulate large amount of negatively charged groups on nanotube

surface.

PVP has pyrene rings in its structure as illustrated in Figure 3.14a. This ring structure
may attach on nanotube surface by n-n stacking interaction and create a polymer shell on
nanotube surface. Wang et al. [96] stated that in polar solvents electron spin density in
pyrene rings localized on nitrogen atom creating negatively charged oxygen containing
carbonyls exhibiting hydrophilicity. Neutral structure and resonance structure of PVP is
shown in Figure 3.14a. Zeta potential is determined by negatively charged oxygen
containing carbonyl group probably because nitrogen atom is shielded by polymer
backbone. In addition, sign of charge for Mg?* containing suspension is positive. Because
Mg?* ions may be attracted and stitched to negatively charged carbonyl groups of PVP

molecules and provide varying magnitutes of zeta potentials related to its concentration.

Figure 3.14b shows zeta potential distribution of suspensions. Values are obtained by
using Huckel’s approximation. Sun et al. [20] and White et al. [91] encountered
broadening and attribute this phenomenon to probable variation of surfactant molecules
adsorbed on tubes. Though we don’t use surfactants this variations of PVP adsorption
may also happen in our suspensions. Sun et al. also stated that angular distribution of
nanotubes may also contribute peak broadening [20]. Mobility of differently oriented
nanotubes is different, highest for nanotubes aligned horizontally to electrical field and
lowest for vertically aligned ones. Nanotubes eventually rotate and move horizontally to
the electrical field. Time taken for the rotation of molecules from low mobility state and
to high mobility state may be influenced by concentration of solids in the structure as
well. As a consequence high concentrations may noticeably contribute to peak
broadening. White et al. [91] also attributed peak broadening due to the presence of
SWCNTSs with many diameters and chiralities. In addition one factor may contribute to
peak broadening is high signal to noise ratio (process fault) resulting from high

concentration samples being measured.
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Figure 3.14 (a) is depiction of neutral structure of P\VP molecule and its resonance
structure. (b) is Zeta potential distribution of PVP or COOH MWCNTS containing

suspensions obtained using Huckel’s approximation.

3.2.4 EPD and determination of PVP and MWCNTSs quantities in coatings

Without addition of charger salt PVP-MWCNTSs IPA suspensions are not successful in
obtaining coatings on substrates. Materials can accumulate, but they don’t adhere to
electrode surface (Stainless steel grade: 316). It is known that presence of charger salts in
suspensions can improve adhesion of CNTSs to substrates [92]. Besides, they are known
to improve suspension stability at very low quantities [92]. For example, Oh et al. mixed
MgCl, and COOH-CNTs in ethyl alcohol and performed EPD [97]. It is proposed that
Mg"* ions form hydroxides at the surface of the negative electrode which assists the

interfacial bonding [98].

Zeta potential is an important factor in obtaining good deposits during EPD. EPD
obtained from low zeta potential suspension may end up with porous sponge-like deposits
[24]. Though PVP MWCNTs IPA xMgCl2 suspension has higher zeta potential value
than the other MgCl. containing suspensions. It was not used since it does not provide
enough adhesion to substrate surface. PVP MWCNTSs IPA 2xMgCl> suspension was used
in EPD processes because it has slightly higher zeta potential compared to PVP
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MWCNTSs IPA 4xMgCl2 and it is successful in adhesion as well. Presence of charger salt
reversed the deposition electrode compared to PVP MWCNTSs IPA suspensions and,

hence deposits formed on negatively charged electrodes.

2 different depositions were implemented in terms of duration of deposition. Deposition
voltage was not precisely determined. We have found that 50V electrical potential is
appropriate for deposition. It should be noted that 50 V potential can be considered
slightly high. But we need high deposition rate to benefit from the diminishing stability.
Figure 3.15a and b show SEM images of coating obtained after 10 min. EPD process. 10
min. coating has a smooth surface, but there is cracks on the coating as well (Figure
3.15b). We knew that deposition under high voltages may yield rough coating surfaces,
however as shown in SEM micrographs in Figure 3.15, 50V electrical potential may be

acknowledged as appropriate.

— e
_- #0.min. coated

Mag= 500K X

Mk W";V ‘L

. I, o , : ’
S p.Y
OAA frapincomsay), 27

100 nm

EHT=1500k/  WD=50mm  Signal A=SE1 Mag =100.00 K X

Figure 3.15 (a) SEM images of 70° tilted coating obtained by EPD of PVP MWCNTSs
IPA 2xMgCl. suspension on stainless steel substrate under 50V DC potential for 10
min. (b) is SEM micrograph of a crack on deposit surface.

Figure 3.16a shows tilted SEM micrograph of coating obtained after 20 min. deposition.

Unlike 10 min. coated sample 20 min. coating ends up rougher surface; this may be the

consequence of higher thickness of the coating which is causing greater mismatch in
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contraction in different parts of the coating during evaporation of the solvent. Both of the
coatings exhibit cracking. The number and the gap between the cracks is larger in 20 min.
coated sample (Figure 3.16b). In every crack nanotubes make bridging, but since the gap
between sides is wide, some nanotubes pull out from their sockets in 20 min. coated
deposit. It is believed that it is possible to avoid cracking by drying the green density in
controlled atmosphere. In addition, by using a solvent having lower evaporation rate
compared to IPA at room temperature would lead to crackless coatings even if they were

dried in an uncontrolled atmosphere.
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Figure 3.16 (a) is SEM images of 70° tilted coating obtained by EPD of PVP MWCNTSs
IPA 2xMgCl. suspension on stainless steel substrate under 50V DC potential for 20

min. (b) is SEM micrograph of a crack on surface.

It is possible to estimate the ratio and concentration of components in coatings by using
UV-Vis spectroscopy. Concentration determination of PVP in coating was performed by
subtracting UV-Vis spectra of 75 times diluted suspensions before EPD deposition and
after EPD. But, before subtraction contribution of MWCNTS needs to be subtracted from
UV-vis spectras. Figure 3.17a shows UV-Vis spectra of suspensions measured before and
after EPD and, overlapping spectra of COOH-MWCNTs with each PVP MWCNTSs

spectrum. Resultant spectra obtained after subtraction of MWCNTS’ contributions are
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shown in Figure 3.17b; since those extracted spectra represent PVVP concentration in
suspensions before and after EPD process, subtraction of these two spectra could give a
representation of UV-Vis spectrum of PVP in coating. Figure 3.17b shows extracted PVP
spectrum in coating and Figure 3.17c is the same spectrum in which y axis is narrowed.
The absorbance value is 0.077 at its peak. Considering 75 times dilution resulting
concentration of PVP in coating is calculated 0.178 g/L. Since 5.1 ml of suspension is
used, amount of PVP in coating is found 0.0009g. MWCNTSs concentration was
calculated by overlapping different spectra. It shoud be noted that we neglected

absorbance due to the presence of MgClo.

In visible and infrared region contribution to UV-Vis spectra is due to presence of
MWCNTSs only. By comparing overlapping spectra, it is possible to determine MWCNTSs
concentration of the other suspension. Figure 3.17d shows overlapping spectra of PVVP-
MWCNTs IPA CF suspension (centrifugation is not implemented) and spectrum of
suspension measured after 20 min. of EPD. MWCNTS’ concentration in processed
suspension is found 0.058 g/L. Initial concentration of centrifuged suspension was found
0.083¢g/L. Therefore, MWCNTSs concentration in coating is 0.025 g/L. Thereby, 0.00012g
of MWCNTSs is present in the coating. The initial ratio of PVP to MWCNTSs is ~23. On
the other hand, in the coating the ratio turned out to be 7.5. Ratio of MWCNTSs

considerably higher in coating compared to supernatant.
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Figure 3.17 (a) UV-Vis spectra of suspensions analyzed before and after EPD processes
and overlapping spectra of COOH MWCNTSs IPA with electrophoretic suspensions. (b)
is the spectra obtained after subtraction of MWCNTS’ contribution. (C) is representing
the PVP in the coating which is also shown in (b) as the red curve. (d) is overlapping
spectra of EPD suspension after EPD with that of uncentrifuged PVP MWCNTSs IPA

suspension.

By knowing amount of material coated on a substrate, surface area of coating and
densities of coated materials, it is possible to determine thickness of the coating. Exact
determination requires completely smooth and dense coating. But in our case it would be
a very rough estimate since our coating has high roughness. In addition, deposition took
place in two sides of the deposition electrode. But, deposition on surface which is not
facing counter electrode can be negligible since most of the coating obtained on counter
electrode facing side. Surface area of the coating is 0.83 cm?. Density of PVP and
MWCNTSs are accepted as 1.2 g/cm® and 2.1 g/cm?®, respectively. Considering these
values, resultant coating volume turn out 0.000807 cm?® and the thickness of coating is

estimated 9.72 pm.

We have also compared the UV-Vis spectroscopy result with SEM images of cross-
section of coatings. Figure 3.18 shows cross-section SEM images of coating deposited

for 20 min.
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Coating thickness of the sample is around 20 pm as evident in SEM images. There is a
difference between UV-Vis spectroscopy measurements and SEM measurements.
Estimation conducted via UV-Vis spectroscopy assumes that coatings do not contain
porosity. In reality, coating should contain certain amount of porosity. Therefore, in

reality SEM images should always exhibit thicker coatings compared to UV-Vis results.

Stainless steel
substrate

Stainless steel ; - Stainless steel =~
substrate substrate

Figure 3.18 Cross-section SEM images of PVP MWCNTSs IPA coatings deposited for
20 min. under 50 V. (a) is BSE image; (b), (c) and (d) are SE images.

3.3 Determination of Quantity of SDBS and MWCNTSs in Centrifuged

Suspensions, EPD and Their Characterization

In this study, SDBS was also used to disperse carbon nanotubes. Since the aim of the
reaseach is to make carbon nanotube iron oxide nanocomposites we had to investigate
different dispersants for carbon nanotube dispersion and also different coupling agents

for the synthesis of iron oxide coated carbon nanotube composites or vice versa.

3.3.1 UV-Vis Spectroscopy Analysis

Figure 3.19 shows UV-Vis spectra of SDBS in IPA. J. Geng et al. [99] observed that
SDBS has 3 peaks centered at ~194 nm and ~225 nm, and a third but weak band at ~260
nn. They used aqueous solutions, therefore the resultant peaks becomes slightly shifted
in our soultions but we see the 3 peaks as well. First peak is observed at 206nm. The
accuracy of this peak is low in terms of quantitative analysis since it is below the UV cut-

off wavelength of IPA. Geng et al. [99] used this peaks to observe critical micelle
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concentration of SDBS in water. However we didn’t observe such treshold in absorbance
to observe CMC values for SDBS IPA suspensions. So this peak is discarded in analysis.
The second peak is at 223-224 nm. These peaks were used in quantitative analysis since
the absorbance is related to concentration for this peak. There is a third broad and weak
peak at 256 nm. Attal et al. observed that peak and stated that this peak does not increase
its intensity with increasing concentration. On the other hand we have found that
quantitative analysis can be done by using that peak but it is not reliable (it will be
explained later). We also observed that with increasing concentration these peaks shift. J.
Geng et al. [99] stated that such a shift may be understood in terms of the formation of
micelles and the consequent changes in the electrons’ locations and distributions within
SDBS molecules.
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Figure 3.19 UV-Vis spectra of SDBS in IPA at different concentrations.

A calibration curve belonging to SDBS was plotted by using data of absorbance values at
223 nm (Figure 3.20).
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Figure 3.20 Calibration curve of SDBS in IPA. Curve is obtained by using absorbance

values at 223 nm for each suspension.
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Figure 3.21 shows UV-Vis spectra of same SDBS IPA solutions shown in Figure 3.21.
Since 256 nm peak increases its intensity with increasing concentration, it could also be
used for quantitative analysis as well. Unlike other peaks vibrational modes of this peak
can be clearly seen. In one excited electronic state there is 3 vibrational levels caused by

excitation of electrons in benzene rings.
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Figure 3.21 UV-Vis spectra of SDBS in different concentrations in IPA.

Calibration curve of 256 nm peak is shown 3.22. Since the R? value is indication of the

degree of linearity of curves.

0,35 - -
03 ] y = 1,7532x - 0,0053 ’
" R2 =0,9994
0,25 1
g ]
c 0'2 ]
© 4 n
2 ] .
o ] o
8015 | .
< 1 e
0,1 .
] .
0,05 1 o
0 . T T T T T T T T T T T T T T T T T T T T
0 0,05 0,1 0,15 0,2
Concentration (g/1)

Figure 3.22 Calibration curve of SDBS in IPA. Absorbance values at 256 nm were used.

UV-Vis spectra of SDBS and MWCNTS containing suspensions are actually sum of two
absorbance spectra, one is belonging to SDBS and the other is belonging to MWCNTSs.
When trying to find unknown quantities of a particular material, a characteristic peak and
a calibration curve for that peak is required. In our case, simple reading the absorbance

value of SDBS MWCNTSs IPA suspensions’ spectrum at 223 nm is not usable, because
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MWCNTSs contribute to the absorbance of SDBS because of overlap. Figure 3.23 shows
UV-Vis spectra of 75 times diluted SDBS MWCNTSs IPA suspensions, dilute spectrum
of COOH MWCNTs Ipa suspension and the resultant spectrum obtained after subtraction
of COOH MWCNTSs spectrum from SDBS MWCNTSs IPA spectrum. The peak value is
used for determination of SDBS concentration. SDBS concentration is found 1.56 g/L.
Dilution is important since at relatively low and high concentrations device fails to give
reliable results. Trial and error approach was done to assess the best estimate of SDBS
concentration by comparing and evaluating results obtained from differently diluted
suspensions. 50 times diluted SDBS MWCNTSs IPA suspensions end up 1.64 g/L and
using 100 times diluted suspensions the resultant SDBS concentration is 1.4 g/L. 50 times
diluted and 100 times diluted suspensions give underestimated or overestimated results
because concentration obtained from 75 times diluted suspensions match with

quantitative analysis results of TG analysis.
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Figure 3.23 UV-Vis spectra of 75 times diluted SDBS MWCNTSs IPA and COOH
MWCNTSs IPA. Third spectrum is extracted by subtracting the two spectra.

We also made quantitative analysis by using 256 nm peak of SDBS. Figure 3.24a shows
UV-Vis spectra of 10 times diluted SDBS MWCNTSs IPA (blue), COOH MWCNTSs Ipa
and resultant spectrum after subtraction. Figure 3.24b shows overlapped spectrum of
result of subtraction (dashed curve) and SDBS IPA spectra in different concentrations.
By using calibration curve SDBS concentration was found 0.76 g/L. Interestingly, 0.76
g/L is a contradictory result but almost half the value (ratio: 0.49) results obtained using
peak at 223 nm. The reason for that misleading result is due to an unavoidable
experimental fault. SDBS molecules absorbs small amount of UV, visible and infrared

light in the spectrum, we normally neglect it but its effect become pronounced in this
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application because 256 nm peak is very weak; therefore, neglected absortion due to
SDBS is considerably high in this peak reagion during quantitative analysis. Therefore
the result is misleading. This neglected absorbance is reflected in extracted spectrum in
Figure 3.24b, namely SDBS molecules normally absorp photons in all wavelengths, but

extracted spectrum starts to absorb photons at 280 nm.
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Figure 3.24 (a) UV-Vis spectra of 10 times diluted SDBS MWCNTSs IPA and COOH
MWCNTSs IPA. Green curve is result of subtraction of MWCNTS contribution from
SDBS MWCNTSs IPA’s UV-Vis spectrum. (b) Straight lines are UV-Vis spectra of

SDBS IPA and dashed line is extracted spectrum.

MWCNTSs concentration is determined by overlapping diluted suspension. Figure 3.25
shows overlapping spectra of suspensions of SDBS MWCNTSs IPA. 8 times diluted
uncentrifuged suspension spectrum overlaps with 5 times diluted centrifuged suspension.
At low concentrations device fails to accurately measure values. This manifest itself as
coinciding 25 times diluted centrifuged suspension curve and those of 50 times diluted

uncentrifuged suspension. Concentration of MWCNTSs is calculated 0.06 g/L.
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Figure 3.25 Overlapping spectra of SDBS MWCNTS IPA suspensions before and after
centrifuge. CF indicates the uncentrifuged suspensions.

3.3.2 TGA measurements

Determination of concentrations of surfactant and MWCNTSs was done by calculating the
ratio of MWCNTSs and SDBS in supernatant and precipitate. Dry weights of supernatant
and precipitate were also measured to be used in calculations. Figure 3.26a shows TGA
curves of SDBS, supernatant and precipitate. SDBS has a characteristic mass losses at
470 °C and at 750 °C. Since MWCNTs remain almost intact at around 500 °C, one can
expect that TGA curve of supernatant should lie at higher TGA values than SDBS.
However, in our case supernatant curve is under SDBS curve. The reason for this is
different contaminat and moisture contents in SDBS and supernatant. Figure 2.26b shows
derivative TGA curves. Different amount of masses leaves the systems and it causes
uncomparable curves, we have chosen an almost zero mass loss rate region in curves to
set a point to shift TGA curves or to acknowledge this point as onset of mass loss. 275 °C
was chosen for shifting curves and 825 °C was chosen to compare remaining massess of

the 3 curves.
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Figure 3.26 (a) TG curves of pure SDBS, dried supernatant of SDBS MWCNTSs IPA
and dried precipitate of centrifuged SDBS MWCNTSs IPA CF obtained in inert
atmosphere. (b) First derivative of TGA curves of SDBS, supernatant and precipitate.

Figure 3.27 shows shifted curves of supernatant and precipitate and SDBS (TGA curve
of pure SDBS is not shifted). Besides, starting point to mass loss is set to 275 °C.
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Figure 3.27 Shifted TGA curves of SDBS, supernatant and precipitate. Supernatant and
precipitate curves are shifted to overlap with that of SDBS curve at 275 °C and TG

value at 275 °C was set as onset of mass loss.

64



Sequence of calculation of SDBS and MWCNTSs concentration using TGA curves is
shown in Equations between (3.19) and (3.25)

1.71 g/L is actual dried supernatant concentration (3.19)
Dried supernatant = 1.68007 g/L (3.20)

This is the obtained value after shifting TGA curve. Because concentration at 275 °C is
acknowledged as onset of mass loss. Therefore TGA curve is shifted and it is reflected in

the representation of concentration.
Wspes + WmwenTs = 1.68007 g/L (25 °C) (3.21)

89.5% of nanotubes preserves their integrity at 825 °C (This information is obtained from
TGA curves of prsitine MWCNTS)

Remaining mass of supernatant at 825 °C:
34.21%Wspgs + 89.5Wwmwents = 0,627 g/L (at 825 °C) (3.22)

Subtracting (3.21) from (3.22) eleminates the weight of MWCNTSs

61.77 % Wspss = 0.979 g/L (3.23)
Wspges = 1.585 g/L (3.24)
Wnwents = 1.68 — 1.585 = 0.094 g/L (3.25)

Precipitate was also used to calculate MWCNTSs and SDBS content in supernant.

0.47 g/L = measured concentration of dried precipitate (3.26)
Wspas + Wmwents = 0.466 g/L (at 25 °C) (3.27)
Remaining mass of precipitate at 825 °C:

34.21%Wspss + 89.5%WmwenTs = 0.191 g/L (2.28)

Subtracting (3.28) from (3.29) eleminates the weight of MWCNTS:

0,274 g/L = 65.79 % Wspss (3.29)
Wspas = 0.407 g/L (in precipitate) (3.30)
WwnwenTs = 0,466 — 0,407 = 0,058 g/L (in precipitate) (3.31)

Initially suspension contains 2 g/l SDBS and 0.1 g/L MWCNTS.
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In supernatant Wspss = 1,593 g/L (3.32)

In supernatant Wmwents= 0,042 g/L (3.33)

Table 3.3 shows summary of calculated concentrations of MWCNTSs and SDBS in
supernatant. It is found that calculated SDBS concentrations are close to each other.
Results of different measurements are similar: 1.569 g/L for UV-Vis 1.585 g/L and 1.593
g/L for TGA analysis.
g/L. MWCNTSs results on the other hand deviates more than SDBS’s results. We think

Avarage of 3 different reasults for SDBS concentation is 1.58

that TGA results obtained by using curve of supernant does not give reliable result
because MWCNTSs/SDBS ratio in supernatant is very low compared to precipitate leading

to a misleading result. There is a big deviation in results in terms of MWCNTS.

Table 3.3 Calculated Concentrations of PVP and MWCNTS in Supernatant by using
UV-Vis spectroscopy and TGA analysis

Used component Material Concentration
Technique of technique in supernatant in
supernatant
(9/L)
UV-Vis Peak at 223 nm SDBS in supernatant 1.56
Overlapping
UV-Vis suspensions before MWCNTSs in 0.06
and after CF* supernatant
TGA TGA of SDBS in supernatant 1.58
supernatant and
SDBS
TGA TGA of MWCNTSs in 0.09
supernatant and supernatant
SDBS
TGA TGA of precipitate | SDBS in supernatant 1.59
and SDBS
TGA TGA of precipitate MWCNTSs in 0.04
and SDBS supernatant

*CF denoted suspensions analyzed before centrifugation.

Shematic illustration of interaction between SDBS and MWCNTSs in IPA is shown in
Figure 3.28. SDBS prbably forms hemicylindrical micelles on nanotube surface and

provide stabilization. Excess amount of SDBS forms micelles between nanatoubes.
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Formation of micelles in semi-polar or non-polar solvents by SDBS molecules is actually
controversial. Because intensive DLS particle size measurements does not give reliable
results to confirm that micelles are present. Obviously particles can be dedected in SDBS-
IPA suspensions by DLS, but we actually attribute this particles to contaminants

surrounded by SDBS molecules.
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Figure 3.28 lllustration of possible distribution of SDBS molecules and nanotubes in

suspension.

Zeta potential values for suspensions are shown in Table 3.4. SDBS MWCNTSs IPA
suspension has a +44.6 mV zeta potential value. Before centrifugation process suspension
stability was also assessed. The zeta potential value of suspensions of SDBS MWCNTSs
IPA before centrifugation is +54.4 mV. Compared to centrifuged suspensions
uncentrifuged suspensions have 10 mV higher zeta potential. The reason behind this
difference is because of higher amount of surfactant present in suspensions before
centrifuge. We also found that if initial concentration of MWCNTS was increased to 0.2
g/L and after ultrasonication/centrifugation, the resultant supernatant has higher zeta
potential value compared to initially 0.1 g/L MWCNTSs containing suspension. We also
investigated the zeta potential values of SDBS-IPA suspensions. Only 0.5 g/L SDBS

containing suspension show a zeta potential of +55.3 mV.
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Table 3.4 Zeta potentials of SDBS containing suspensions.

Material Zeta potential (mV) Zeta potential (mV)
(Huckel’s approximation) (Smoluchowski’s
approximation)
SDBS MWCNTSs IPA +44.6 29.6
SDBS MWCNTSs IPA +54.4 355
CF*
SDBS 0.2MWCNTSs +53.3 33.2
IPA**
0.5 ¢g/L SDBS IPA +55.3 34.6
Ex =

*CF denotes suspensions which are not centrifuged.
** |nitially 0.2 g/L MWCNTSs and 2 g/l SDBS containing centrifuged suspension.
*** (0.5 g/L SDBS containing IPA solution.

Figure 3.29 shows zeta potential distribution curves of suspensions. Figure 3.29a shows
distribution curves obtained using Huckel’s approximation and Figure 3.29b shows
distribution curves obtained using Smoluchowski’s approximation. Huckel’s
approximation give rise to wider zeta potential distribution compared to Smoluchowski’s.
Distribution curves are all broad. The reason for that is because of shape of nanoparticles.
MWCNTSs are high aspect ratio molecules. Only SDBS containing suspensions also
shows broad zeta potential distribution. This may be giving a hint about shape and length
of micelles. SDBS micelles are thought have high aspect ratio rather than having spherical

shape.
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Figure 3.29 Zeta potential distribution curves of suspensions. (a) contains curves

obtained by using Huckel’s approximation and (b) contains curves obtained by using

Smoluchowski’s approximation. (“Smo” is abbreviation for Smoluchowski’s

approximation)

Figure 3.30a shows coating obtained using EPD out of SDBS MWCNTS IPA suspension.

Figure 3.30b shows images of coatings obtained by using different suspensions. From left

to right the solvents used in electrophoretic suspensions are IPA, butanol, amyl alcohol

and acetyl acetone. Process and preparation parameters are the same for all coatings. The

thickest coatings obtained from acetyl acetonic suspensions.

Butanol

Acetyl
acetone

Figure 3.30 SEM image of coating obtained by means of EPD of SDBS MWCNTSs IPA
(@). (b) contains examples of MWCNTSs coatings from suspensions prepared with

different solvents.
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3.4 Results

1.

10.

Stable suspensions of MWCNTSs were prepared by using PVP and SDBS in organic
solvents. Ethanol does not provide stability when using SDBS as dispersant.

UV-Vis absorption spectroscopy was used to determine polymer dispersant and
MWCNTSs concentration in centrifuged suspensions.

UV-Vis analysis give slightly underestimated results in terms of MWCNTSs
concentration compared to TG analysis results.

PVP molecules provide negative surface charge to MWCNTSs probably due to
localization of electrons on carbonyl oxygen.

Zeta potential distribution curves of MWCNTS suspensions are broad due to high
aspect ratio of MWCNTSs.

EPD of PVP MWCNTSs IPA suspensions is not possible without a modification.
Because MWCNTs does not adhere to substrates. Presence of Mg?* ions was found
to provide adhesion of MWCNTS on substrate surfaces.

10 min. coating of MgCl, added P\VP MWCNTSs IPA suspensions has smooth surface.
On the other hand 20 min. deposition end up with a rough surface (50V DC potential
difference, 1.5 mm electrode separation.).

UV-Vis spectroscopy was found to be useful in calculating MWCNTs and PVP
concentration in coatings.

By evaluating density values of MWCNTSs and PVP, and concentration values of the
components obtained by UV-Vis analysis, it was possible to estimate coating
thickness.

SEM images of cross-section of 20 min. deposited coating revealed that thickness of
the coating is around twice the estimated value. Because estimation neglects porosity

in coatings.
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CHAPTER 4

NANOPARTICLE AND NANOCOMPOSITE SYNTHESIS

Solvothermal synthesis was used to produce iron oxide nanocrystals. Different approaches were
tried. We have both synthesized pure iron oxide nanoparticles and hybrids of iron oxide and
carbon nanotubes. In initial experiments hydrazine hydride was used to synthesis iron oxide
nano crystals and carbon nanotube iron oxide hybrids, but in latter experiments hydrazine was
discarded for several reasons; one is the high toxicity of hydrazine and the second is

unsuitability of hydrazine since it causes aggregation of MWCNTSs.

Literature information gives a clue about which route to follow to synthesis nanoparticles and
at the same time provide interaction between carbon nanotubes and nanoparticles being
synthesized in solvothermal environments. If carbon nanotubes are functionalized with
functional groups such as carboxylic acid groups, monomers attach and crystallize on the
functional groups on nanotubes. However functionalization is a tedious, time consuming
process and most importantly pristine nanotubes can’t preserve their integrity after
functionalization. Thus, in our experiments we searched for ways to produce carbon nanotube-
iron oxide hybrid materials by using pristine nanotubes. We investigated the effect of carbon
coating on iron oxide nanoparticles on producing iron oxide carbon nanotube hybrid
nanomaterials. At the same time we have used two dispersants to try to enable the crystallization
process. Especially PVP seemed promising since it has a carbonyl group on its aromatic ring.
This aromatic ring is stacked upon the surface of nanotubes therefore we assume that

crystallization process may take place on nanotube surface.

EG and IPA mixture was used as a solvent in synthesis process. IPA is chosen because it is
successful to disperse MWCNTSs with the aid of dispersants. IPA is a low polarity solvent, as a
result of this, solubility of chemicals such as ascorbic acid, iron sulfate and other ionic or polar
compounds is limited or negligibly low. Therefore, EG is selected to assist the synthesis for its
miscibility in IPA and it also can dissolve ascorbic acid and iron sulfate. The second reason for
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choosing EG is its high reducing ability. In EG, Fe?" ions stay reduced for long periods of time

(oxidation state of iron in FeSQOa is only 27).

During solvothermal synthesis FeSOs is dissociated and form Fe(OH).. If the liquid
environment contain dissolved oxygen then, evolved Fe?* ions oxidize to form Fe** and
consequently, Fe(OH)s emerges in time. We have avoided evolution of Fe(OH)s since it cannot
convert into FesO4 without addition of extra materials like ammonium acetate. To keep the
system as simple as possible to do not disturp the dispersion state of nanotubes we have avoided
addition of extra material in synthesis mixtures. Synthesis in our study occurs by reaction of
iron salt with NaOH and the evolved iron hydroxides transform into iron oxide during heat

treatment.

FesO4 requires molar ratio of Fe?":Fe3* = 1:2. Under inert atmosphere, the reaction taking place
is shown in (4.1) and (4.2). The conversion of Fe(OH)2 to FesO4 under anaerobic conditions is
called Schikorr reaction [100]:

FeSO4 = Fe?* = Fe(OH), (4.1)
3Fe(OH)2 = Fe304 + Hz + 2H20 (4.2)

4.1 Solvothermal Synthesis Of Iron Oxide Nanocrystals

4.1.1 Solvothermal Synthesis of Fe3O4

Figure 4.1 shows images soon after (5" min. of mixing) (a) and 15 min. after (b) mixing
FeS04.7H20 (solution in EG), NaOH (solution in EG) in IPA during nitrogen gas bubbling.
Just after addition of FeSO4.7H20, solution becomes dark green, confirming evolution of
Fe(OH).. As time passes green color transforms into brown during nitrogen bubbling continues.
It is believed that the change in color is result of gradual removal of oxygen from the system.
Traces of oxygen may impart a greenish color to Fe(OH)s.

During filtration process after synthesis of iron oxide nanoparticles, magnetic separation was
implemented to remove impurities. Synthesized products (particles) precipitate in time
clustering at the bottom by moving through the magnet. After magnetic separation of
synthesized suspension containing nanoparticles, solution of the suspension is transparent and
yellowish in color. Solution probably contains sodium hydroxide, water and sodium sulfate in

its structure, this combination give fair yellowish color to the solution. After synthesis with aid
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of ascorbic acid and glucose, the color of solution becomes dark red. This may be result of

aromatic and polymeric compounds.

First minute after mixing raw materials under N, atmosphere 15th minute after mixing raw materials under N, atmosphere

Ultrasonic
probe

- : Green f - . = | - Brown
nitrogen 3 | Solution= " - Solution=
flow < - Fe(OH),in o Fe(OH), in Ipa

Ipa and EG \ — — = and EG

Water/i
i S— bubbles s bubbles

Figure 4.1 (a) is the image taken just after mixing FeSO4.7H20 and NaOH (both are dispersed
in EG prior to mixing) and (b) is image taken 10 minutes after complete mixing of all raw
materials. Dark green color transformed into brown in time during nitrogen bubbling and

ultrasonication.

Figure 4.2 shows SEM images of synthesized iron oxide nanocrystals. All images are secondary
electron SEM micrographs. Figure 4.2a and b were taken at 30kx magnification and Figure4.2c
and d were taken at magnifications of 100kx and 150kx, respectively. The crystals formed have
octahedral geometry. Morphology can be clearly seen in Figure 4.2c and d. According to
Waullf’s argument, during crystal growth crystallographic shapes are determined by growth rate
of different facets. Different facets have different surface energies. Particles are covered by
facets that have the lowest surface energy. Octahedra is favored for face centered cubic crystal
structure (FesOa, y-Fe20z) with a (111) planes surrounding the surface [36]. It should be noted
that under equilibrium conditions this theorem works where thermodynamics takes over [37].
Smaller particles seem irregular in shape, a typical example is shown in Figure 4.2c as shown
in red circle. Diameter of this particle is 140nm and it is almost spherical. Big particles on the
other hand are in the shape of octahedrons, in Figure 4.2d red arrow indicates an example of an
octahedral particle having 348nm diagonal length. Length distribution of nanoparticles is not
homogenous. There are nanoparticles having diameters as low as ~50 nm and as high as 550

nm. Mean particle diameter is 175 nm.
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Figure 4.2 SEM images of Fe3O4 nanoparticles synthesized without using an additive at 200
°C for 12h. from FeSO4 and NaOH in organic solvents (IPA-EG mixture); (a), (b), (c) and (d)
are all micrographs of FesOa4, arrow in (c) represents a relatively small spherical particle and

arrow in (d) is indicating one example of a big octahedron shape particle.

Fe304 is magnetic, during removal of impurities from the synthesized mixture, decantation with
magnets gives a clue about the structure of iron oxide: products respond to magnet. XRD graph
of Fe3O4 is performed to assess the crystal structure of synthesized iron oxide (Figure 4.3). The
peaks at 2 theta degrees of 30° (220), 35° (311), 43° (400), 56° (511) and 62° (440) corresponds
to Fe30a4.
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Figure 4.3 XRD graph of Fe3Oa.

FTIR analysis was also implemented on FesO4 nanoparticles. Figure 4.4 shows FTIR analysis
of FesO4 nanocrystals. The nature of ATR (Diamond/Zinc selenide) used limits the detectability
of functional group present. Namely, Fe-O bond is expected to present at around 590cm™. Zinc
selenide ATR cannot read frequencies lower than 650cm™. Besides, Synthesized FeszO4 black,
dark grey in color, this coloration absorbs most of the photons and creates difficulty on
assessment of functional groups of black samples. Therefore, it is a featureless spectrum. To
make a comparison between ascorbic acid and glucose aided synthesis products, This IR

specrum is presented to exhibit the change in IR absorbsion of pure FezOs and FesOs@C

—

products.
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Figure 4.4 FTIR spectrum of Fe3Oa.

Surface properties of synthesized products were also investigated whether to determine there is
porosity present or not. Volumetric gas absoption desorption isotherm results is shown in Figure

4.5a. The isotherm is a typical type 2 isotherm (a typical isotherm shape of nonporous material).
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Desorption isotherm is shown in red. Figure 4.5b is BET plot of FesOs, extracted from the
isotherm above it. Specific surface area of FesO4 is 10.7 g/m?. Specific surface area of iron
oxide is low because it is composed of relatively large particles and does not contain pores on

crystal surfaces as shown in SEM images.
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Figure 4.5 (a) Volumetric gas absorption, desorption isotherm of FezOa, (b) BET plot of
FesO4 (10.7 g/m?).

4.1.2 Ascorbic Acid Assisted Solvothermal Synthesis of FesO4

Ascorbic acid is an excellent one electron reducing agent, it can reduce ferric (Fe3*) ion into
ferrous (Fe?*) ion [101] and hence can be used to synthesis FesO4. Besides, ascorbic acid used
as a coating agent or additive in several wet chemical processes [102], [103]. In our experiments
ascorbic acid is first dissolved in EG, then it is injected in NaOH and FeSQOs containing IPA-
EG mixture. 3 distinct experiments were carried out. Each time different amount of ascorbic
acid was added to the solution, they were syhtesized and characterized. The mole ratios between

iron sulfate and ascorbic acid are 0.625, 1.25 and 5 in each three different experiments.
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4.1.2.1 Ascorbic Acid Assisted Synthesis (FeSO4/Ascorbic Acid Mole Ratio =5)

SEM images of synthesized products are shown in Figure 4.6 at different magnifications.
Figure 4.6a, b and c are secondary electron SEM images. Figure 4.6c is backscattered electron
image. Octahedron shape is partially preserved in crystals. There are also particles having
spherical morphology. Mean particle size is 310 nm. Small particles possessing diemeters as
low as 90 nm and big ones having more then 600 nm in length are present in synthesized
product. It seems that compared to pure FesO4, ascorbic acid addition increased the particle
size. There is another aspect needs to be mentioned. In Figure 4.6¢ and d red arrows indicate
grooves on nanoparticle surfaces. This is believed to be result of chemical interaction between

ascorbic acid or remnants of ascorbic acid with crystallized iron oxide nanoparticles.
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Figure 4.6 (a), (b) and (d) are SE SEM images of FesO4 nanocrystals. (c) is BSE image
(FeSO4/Ascorbic acid mole ratio =5). Arrows indicate grooves on nanoparticle surfaces.

Figure 4.7 shows additional SEM images of synthesis products. Figure 4.7a and b contains
typical product particle morphology. As in the case of pure iron oxide, there are particle having
undistorted octahedral shape, on the other hand some particles have distorted octahedral shape.
Besides, spherical shape particles are also present. Surface of spherical particles are not smooth

as in the case of octahedral particles, because they are composed of smaller spherical particles
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(This will be discussed later). Figure 4.7c contains a typical distorted octahedron, as mentioned
above this is due to the presence of ascorbic acid. Since the amount of ascorbic acid is not
enough such distortion or spherical shape evolution aren’t reflected in all particles. Figure 4.7d
shows an example of irregular shape large particle. Figure 4.7e and f shows mentioned spherical

superparticles along with octahedrons.
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Figure 4.7 (a),(b), (c) and (d) are SEM images of Fe3O4 nanocrystals (FeSO4/Ascorbic acid

mole ratio =5). Particles have octahedral, spherical or distorted octahedral morphology.
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4.1.2.2 Ascorbic Acid Assisted Synthesis (FeSO4/Ascorbic Acid Mole Ratio =1, 25)

Increasing ascorbic acid content in synthesis mixture profoundly affects product morphology
and size. Figure 4.8ato Figure 4.8f are SEM images of synthesized products having 1, 25 FeSO4
and Ascorbic acid mole ratio. Particles are composed of smaller nanoparticles (Figure 4.6¢ and
e). There are particles having diameter of as low as 120 nm and as high as 2 um. Mean particle
diameter is 480 nm. Literature gives examples of this kind of superparticles obtained by
addition of glucose or other organic molecules. Under high temperature conditions ascorbic
acid decompose to give molecules of lower molecular weight and sp? hybridized carbon.
Carbon can crystallize and form a carbon shell on iron oxide surface. Figure 4.6f is
backscattered electron image performed to assess whether there is a coating on the surface, but
the images does not give any clue about the presence of carbon on the surface of nanoparticles.
The reason behind not seeing an elemental contrast in backscattered electron images is: the

carbon shell may be very thin (few nanometers in diameter).
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Figure 4.8 SEM images of ascorbic acid assisted synthesis result of FesO4 nanoparticles

(FeSOa4/Ascorbic acid mole ratio =5). From (a) to (e) images are SE images, (f) is a BSE

XRD analysis of products is shown in Figure 4.9. Though signal to noise ratio is low, it can be
deduced that the product corresponding to FezO4 since indexed (311), (511) and (400) planes
are corresponding to FesO4. The low signal to noise ratio is probably because of amorphous
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Figure 4.9 XRD graph of synthesized FesO4 (FeSOa4/Ascorbic acid mole ratio =1.25). Note
that signal to noise ratio is decreased compared to pure Fe3O4 because of amorphous carbon in

the structure.

Since XRD analysis does not give any clue about presence of phases other than Fe3Os. FTIR

analysis were performed as well.

Ascorbic acid assisted synthesis products show different coloration and it is a time dependent.
Namely, newly synthesized and purified ascorbic acid assisted synthesized FezO4 nanocrystals
has the same color as pure FesO4, but in time, they transform into a substance having dark
reddish color. Oxidation of Fe3Os may cause FesO4 to hematite transformation. Red color is
distinctive amongst iron oxide since a-Fe20z3 is red. XRD analysis revealed that FesO4 present
in synthesized red powder and in addition, the products show magnetic response. If there had
been a partial transformation to hematite, it couldn’t have been detected by methods used. But
there is an aspect needs to be considered. Ascorbic acid partially decompose at high
temperatures and remnants of it cover the surface of nanoparticles. Besides, residues of ascorbic
acid on the surface of particles may make an unknown reaction to make the material appear

reddish. More analysis needs to be done.

FTIR spectrum of ascorbic acid assisted synthesized product is shown in Figure 4.10. Top
spectrum is aged red colored powder and the spectrum at the bottom is the same material
analyzed immediately after synthesis. There is no difference in terms of IR absorption since

they exhibit same absorption peaks.

Fe-O stretching vibration band emerges around 570 cm™. Unfortunately, the range of FTIR
cannot reach that frequency. Broad and relatively intense band at 1598 cm™ corresponds to C=C
stretching vibration in aromatic rings [104]. Presence of this peak is a proof of presence of

carbon in the structure. Carbon layers may present on the iron oxide surface composed of
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stitched benzene rings (aromatic groups) as carbon nanotubes. The peak at 1371 cm™ may
correspond to O-H bending vibration [105] since carbon coating may have large amount of
functional groups on its surface. The peak at 1371cm™ may also correspond to C-OH stretching
vibration [105]. The band at around 1050 cm can be attributed to C-O groups [106]. Samples
degassed at 60 °C for 18 h. (prior to BET analysis) in a degasser, were also investigated in
FTIR. Degassed samples also show same peaks of samples characterized before degassing.
Therefore, the hydroxyl groups present on materials can be considered not physically absorbed
water.

Weak bands at 2900s cm™ and 2800s cm™ is due to the stretching vibration of C-H bond
(containing sp® hybridized carbon). Presence of this group may mean that ascorbic acid may
not totally transformed into carbon. Remnants of it probably contain sp® hybridized carbon.
Sreeja et al. [102] also used ascorbic acid during synthesis of iron oxide. Synthesis technique
of Sreeja et al. is slightly different from that of us since they coat iron oxide with ascorbic acid
and derivatives at mild temperatures (90 °C). Therefore, ascorbic acid preserved its integrity.
The importing thing in their finds is: after synthesis C=C and C=0 bands of ascorbic acid shifted
to lower values in synthesized products. They attribute this to chemical binding of functional
groups on iron oxide furface [102]. We have also encountered that shift. IR peak of C=C bond
in ascorbic acid is around 1655 cm™ (Spectrum of ascorbic acid is not shown), on the other
hand synthesised products have C=C vibration mode at lower frequencies (1598 cm™). We can
conclude that carboneceous species may have binded to the surface of iron oxide nanoparticles

after synthesis thus they have formed shell like structures on iron oxide nanocrystals.
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Figure 4.10 FTIR spectrum of ascorbic acid assisted synthesis product (FeSO4/Ascorbic acid
mole ratio =1.25). Top spectrum belongs to waited powder in air having red-brown color and

spectrum at the bottom is that of powder measured immediately after synthesis.
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Adsorption desorption isotherm and corresponding BET analysis of coated samples is shown
in Figure 4.11. Adsorption isotherm is typical type Il non-porous material. BET analysis
revealed that there is no significant change in surface area over Fe3Os. Specific surface area of
sample is 16.735 m?/g.
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Figure 4.11 (a) is Adsorption-desorption isotherm of FesO4 samples and (b) is BET graph of
FesO4 (FeSO4/Ascorbic acid mole ratio =1.25) (16.735 m?/g).

An example of magnetic response of synthesized materials in distilled water is shown in Figure
4.10a and b. Suspension is prepared and shaken, immediately after placing on magnet, all
nanoparticles settled down. Figure 4.12c¢ and d shows butanolic suspension on the left and on

the right side there is agueous suspension of particles synthesized with aid of ascorbic acid.
After resting for a considerably small period of time, it is revealed that suspensions are not
stable (4.10d). We conducted this experiments to understand whether the suspensions of this
synthesized particles are suitable for EPD or not without an addition of a dispersant. Figure
4.12e clearly shows red-brown color of synthesized iron oxide nanoparticles (with the aid of

ascorbic acid) in suspension.
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Figure 4.12 Suspensions of iron oxide nanoparticles (FeSO4/Ascorbic acid mole ratio =1.25):
(@) and (b) are before and after magnetic separation of aqueous suspension, respectively. (c)
contains butanolic and aquesous FesO4 suspensions after ultrasonication, (d) contains same
suspensions in (c) after rest for some time, (e) is a suspension containing same Fe304

nanoparticles revealing their color.

4.1.2.3 Ascorbic Acid Assisted Synthesis (FeSO4/Ascorbic Acid Mole Ratio =0.625)

SEM images of synthesized samples are present in Figure 4.13a, b, ¢ and d. Particle size of
samples is ranging from around 130 nm to 850 nm. Mean particle diameter is 590 nm. Particle
size gradually increase with increasing ascorbic acid content. Particles have spherical
morphology. Surface of particles is not smooth. This is arising because they are composed of
smaller nanoparticles. As in the case previously explained sample synthesized containing half

amount of ascorbic acid, synthesized products are black initially.
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Figure 4.13 (a), (b), (c) and (d) are SEM images of ascorbic acid assisted synthesis products at

various magnifications (FeSO4/Ascorbic acid mole ratio =0.625).

FTIR measurements of synthesized products reveal presence of carbon in the structure (Figure
4.14). Compared to synthesized products obtained with FeSO4/Ascorbic acid mole ratio =1.25,
peaks intensified reveling that carbon containing shell on nanoparticles thickens. The bands at
1088 cm™ and 1381 cm™ corresponds to C-OH stretching and O-H bending vibrations [107].
Qi et al. attribute this bands to incomplete carbonization of glucose along with presence of
numerous hydrophilic groups[107]. Band at 1624 cm™ is assigned to C=C vibration. Zheng et
al. [65] used glucose instead of ascorbic acid and obtained same absoption peaks and they
attribute 1624cm™ peak to carbonization of glucose. Similarly, it can be said that ascorbic acid
carbonizes during synthesis at 200 °C for 2h. The results indicate that there is a carbon in the
structure and contain hydroxyl functional groups on the surface. Zheng et al. [65] stated that it
may provide excellent dispersibility in aqueous solution because of presence of functional

groups, but our samples are not stable in water.
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Figure 4.14 FTIR spectrum of FesO4 nanoparticles synthesized with the aid of ascorbic acid
(FeSOu/Ascorbic acid mole ratio =0.625).

4.1.3 Glucose Assisted Solvothermal Synthesis of Fe3O4

Glucose assisted synthesis was performed similar to the studies of Zheng et al. [65]. As
implemented in the case of ascorbic acid assisted synthesis different amount of glucose was

added to synthesis mixtures. FeSOa/glucose mole ratios are 5, 1.25, and 0.625.

4.1.3.1 Glucose Assisted Synthesis of Iron Oxide (FeSO4/Glucose mole ratio =5)

SEM images of products are shown in Figure 4.12. As shown in Figure 4.15a distribution of
morphology of the products varies from octahedrons to spheres. Average particle size of
octahedrons is around 300 nm. Spheres are bigger. Mean particle size of spheres is 850nm.
Figure 4.15b shows a hemispherical particle. Figure 4.15c shows a typical superparticle
composed of smaller particles having diameters of around 50nm, size of this particular particle
is 630 nm. Figure 4.15d is an example of one of the particles having grooves in one side. Some
particles contain spherical pores and some contain slit like pores as this particle. Results clearly
reveal that FeSO4 glucose ratio of 5 is not enough to fully transform nanoparticles into
nanometer sized spherical superparticles. In comparison with ascorbic acid assissted synthesis
products, glusoce causes formation of big, even micron sized spherical particles on the other
hand ascorbic acid creates distorded octahedral particles and small spherical particles having

same size as octahedral particles.
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Figure 4.15 (a), (b), (c) and (d) are SEM images of synthesized FesO4 nanoparticles at
different magnifications (FeSOas/glucose mole ratio =5).

4.1.3.2 Glucose Assisted Synthesis of Iron Oxide (FeSO4/Glucose Mole Ratio =1.25)

Increasing FeSOa4/glucose mole ratio dramatically changes morphology compared to 4 times
lower amount glucose added synthesis products. Figure 4.16 shows SEM images of products.
Most of the particles are in shperical shape (Figure 4.16a), but there are few particles possessing
irregular shapes (indicated in yellow circle). It can be said that to transform the whole structure
into spherical particles mole ratio of FeSO4 to glucose should be almost 1.25. Actually, the

value should be slightly higher than this amount. Avarage particle size is 1060 nm.
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Figure 4.16 (a), (b), (c) and (d) are SEM images of synthesized FezO4 nanoparticles with the
aid of glucose at different magnifications (FeSOa4/glucose mole ratio =1.25). Yellow circle in

(a) indicates an example of irregular shape particle.

Figure 4.17 shows XRD graph of synthesized iron oxide nanocrystals. (311), (511) and (440)

peaks correspond to FezOa.
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Figure 4.17 XRD graph of FezO4 nanocrystals (FeSOs/glucose mole ratio =1.25). There is a

decrease in signal to noise ratio compared to pure FesO4 due to amorphous carbons’ presence.
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FTIR spectroscopy was implemented to assess the present functional groups. Figure 4.18 shows
IR spectrum of synthesized samples. Peaks at 1570 cm™, 1369 cm™, 1058 cm™, 894 cm™ and
796 cm™ are also present in samples synthesized with the aid of ascorbic acid. 1570 cm™ peak

correspond to C=C vibration, this peak is evidence of presence of carbon in the structure.
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Figure 4.18 FTIR spectrum of glucose assisted synthesis products (FeSOa4/glucose mole ratio
=1.25).

Nitrogen adsorption desorption isotherm of iron oxide nanoparticles is shown in Figure 4.19a.
Synthesized materials possessing type Il isotherm, revealing the products are non-porous. BET
isotherm is shown in Figure 4.19b. Specific surface area is 21.3 m?/g. Since nanoparticles are
not hollow they don’t show a significant specific surface area. Besides, particle size is high

which eventually is manifested as low specific surface area.
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Figure 4.19 (a) is Nitrogen adsorption desorption isotherm of Fe3O4 powders and (b) is BET
isotherm (FeSO4/glucose mole ratio =1.25 (21.3 m?/g)).

4.1.3.3 Glucose Assisted Synthesis of Iron Oxide (FeSO4/Glucose Mole Ratio =0.625)

Figure 4.20 shows SEM images of products. Increasing glucose content does not cause much
change in particle size, the main effect is on particle irregularity as shown in Figure 4.20a, b, ¢
and d, namely amount of particles possessing irregularity in terms of shape is pronounced in
this product. But generally particles are in spherical shape (Figure 4.20a). Examples of irregular
particles are indicated by red arrows in Figure 4.20 part ¢ and part d. The mechanism behind
particle irregularity is probably the consequence of having not enough time during synthesis for
these irregular shape particles to bind and form spherical particles. High glucose content is
believed to affect spherical particle formation kinetics. Average particle size is 900nm. This
result is smaller than previous product. So it can be deduced that increasing glucose to FeSO4
mole ratio slightly more than unity may lower particle size but induce irregularity for 12 h.

synthesis at 200°C.
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Figure 4.20 SEM images of glucose assisted synthesis products. (a) and (b) are relatively
lower magnification images and (c) and (d) are higher magnification images. Red arrows

indicate particles having irregular morphology (FeSOa/glucose mole ratio =0.625).

It is hard to interpret the XRD graph since signal to noise ratio is too low (Figure 4.21). There

are peaks indicating presence of iron oxide. More investigations needs to be done to interpret

the products’ identity clearly.

Intensity

Figure 4.21 XRD graph of synthesized product (FeSO4/glucose mole ratio =0.625).
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FTIR investigation results are identical found in previous product, revealing that synthesized
material contain carbon in its structure resulting from the decomposition of glucose (Figure
4.22). FTIR spectra of glucose assisted synthesis products having FeSOa/glucose mole ratio
=0.625 and 1.25 are almost identical. But the absorption peaks are slightly more intense in more

glucose containing one.
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Figure 4.22 FTIR spectrum of iron oxide nanoparticles (FeSO4/glucose mole ratio =0.625).

It should be noted that before solvothermal synthesis ascorbic acid addition gives a red-brown
hue to synthesis mixture of FeSO4 and NaOH and after 20 min. of mixing glucose containing

solution stays green.
4.2 Solvothermal Synthesis of Carbon Nanotube/lron Oxide Hybrid Materials

In this part we will discuss the results of mixing homogeneously dispersed carbon nanotube
suspensions and iron oxide precursors and composite or hybrid material production out of the
mixture. In other study, as explained in Chapter 3 homogeneous dispersion of carbon nanotubes
in IPA was obtained. Rather than mixing precursors in pure IPA we mixed them in carbon

nanotubes containing IPA suspensions and the results were investigated.

There are several attempts to investigate the behavior of carbon nanotubes and synthesized
nanoparticles. The main aim of this study was to make Fe:O.@C nanoparticles and then
investigating probable n-n stacking interaction between nanoparticles and nanotubes. Since we
also want homogenously dispersed particles showing no segregation during suspension

preparation steps prior to applications.

92



4.2.1 SDBS Modified MWCNTSs and Pure Fe3O4 Containing Nanocomposite Synthesis

We also evaluated the homogeneity of resultant nanoparticles after synthesis without ascorbic
acid or glucose addition in nanocomposite production. SDBS modified MWCNTS suspensions
were mixed with FeSOs and NaOH during ultrasonication and synthesis process was
implemented identical to previous synthesis processes. Since we calculated the concentration
of MWCNTSs in suspensions we could say that there is 0.027 g of WMCNTSs in 60 ml of reactant
mixture. Quantity of FezOs synthesized is 0.077 g in 60 ml. Therefore, MWCNTSs weight

percentage is ~25 in the composite.

After synthesis different solvents were tried during washing and decantation when magnetic
separation was being applied. Mostly water is used for washing, but also IPA and acetone were
also used, respectively. After precipitation of synthesis water added to the suspension and
suspension was shaken or ultrasonicated then put at the top of a neodymium magnet. We found
out that if suspension is only shaken there will be no separation between MWCNTSs and Fe3O4
anoparticles during magnetic separation no matter how many magnetic separations are applied,
but if suspension is ultrasonicated in an ultrasonic bath, the result is separation of nanotubes
during magnetic separation. Figure 4.23 show sequence of events happened during magnetic
separation after synthesis. The synthesis product was ultrasonicated in the third step after
addition of disstiled water. The result is separation of MWCNTSs from precipitated mass. The
blackness of the solution is the result of SDBS modified carbon nanotubes.

il 111 1

FegoﬁLSD#Sj-MWCNTs Fe,0,-SDBS-MWCNTS Fe,0,-SDBS-MWCNTS

| | I } |
t

After Synthesis After Fist addition of After second addition of
water water and ultrasonication

Figure 4.23 Consequtive washing with water during magnetic separation after synthesis of
Fe3O4 SDBS MWCNTS. Ultrasonication prior to magnetic separation causes phase separation

(Magnets are below the bottles).
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Figure 4.24 shows SEM images of synthesis products washed using water. Prior to decantation
of supernatant during magnetic separation, we haven’t applied ultrasonication. The result is
total sedimentation of products. Figure 4.24 part (a) is relatively low magnification SEM image
of products. Particle size distribution is broad. Mean particle size is 310 nm (extracted from
Figure 4.24a). Particle morphology is considerably different from pure FesO4 nanoparticles.
There are still particles octahedral particle morphology, but rectangular shape or near spherical
particle morphologies can also be seen. Figure 4.24b shows examples of such spherical
particles. In Figure 4.20c and d blue arrows show rectangular prism shape particles. Figure
4.24d is a good example showing nanoparticles and nanotubes glued together by the presence
of SDBS. It is known that if carboxyl groups containing carbon nanotubes are present in the
structure, the functional groups may act as sites for nanoparticles to crystallize, therefore
probably if functionalized carbon nanotubes were used structure would be different, namely,
particle size may considerably would become lower. Besides, we believe that pristine carbon
nanotubes does not influence particle morphology. The main factor in particle shape change is
believed to be consequence of presence of SDBS.
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Figure 4.24 (a) and (b) are low magnification SEM images of Fez0s SDBS MWCNTS, (c) and
(d) are high magnification images, clearly showing particles are glued by the presence of

excess SDBS. Arrows indicate rectangular prism shape particles.
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4.2.2 PVP Modified Carbon Nanotube and Pure FesOs Containing Nanoparticle
Synthesis

As explained above, rather than using SDBS, PVP was also used and the results are evaluated.
Figure 4.25 is SEM images of Fes04s PVP MWCNTSs. Compared to synthesis products obtained
by using SDBS, particle morphology seem to be not affected by the presence of PVP (Figure
4.25a, b and c). Pure Fe304 tend to crystallize into octahedrons under equilibrium conditions
and PVP containing synthesis products also show octahedral geometry. Interestingly particle
size increased compared to pure FezOas. Avarage particle size for pure FesO4 is 175 nm, on the
other hand mean particle size is 310nm for FesO4 PVP MWCNTSs. This result is identical to
FesOs SDBS MWCNTS, but it is almost twice the size of pure FesO4. There are also few
particles showing spherical geometry (Figure 4.25d). Inhomogeneity can be clearly seen in
Figure 4.25a. Because there are regions where nanotubes are clustered and there are also regions

were mostly iron oxide nanoparticles are present.
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Figure 4.25 SEM images of FesOs PVP MWCNTSs. (a) and (b) are relatively low
magnification images. (c) and (d) are higher magnification images revealing most of the

particles have octahedral geometry, but there are few particles possess irregular geometry.
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4.2.3 Ascorbic Acid and Glucose Aided Synthesis of PVP or SDBS Modified MWCNTS
and Pure FesO4 Containing Nanomaterials

Glucose and ascorbic acid not only changes particle morphology from octahedron to spheroids,
but also creates carbon layers on the surface. We investigated the resultant effect on composite

material production.

Ascorbic acid added synthesis MWCNTS containing products are shown in Figure 4.26a, ¢ and
d. Figure 4.26b is a SEM image at the same magnification with samples in Figure 4.26a. The
difference between two images is: former one was synthesized by adding PVP and MWCNTS.
There is a considerable amount of particle size decrease, but unfortunately, most of the
nanotubes seem washed away. It seems that, there is no molecular level interaction between
MWCNTs and FesOs@C nanoparticles. Figure 4.26d is photo of synthesis products after

mixing with acetone. In acetone both nanotubes and iron oxide nanoparticles sediment.
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Figure 4.26 (a) is SEM image of water washed ascorbic acid aided synthesis product. Most of
MWCNTSs are washed away during separation. (b) is synthesis product without PVP and
MWCNTSs addition, (c) is higher magnification image of Fe304-PVP-MWCNTSs
(FeSO4/Ascorbic acid =1.25), (d) is resultant sediment after washing with acetone.
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Using glucose instead of ascorbic acid lead to same result as expected. Neither Glucose nor
ascorbic acid addition provide an interaction between nanotubes and Fe3O4s@C nanoparticles.
Figure 4.27 shows sedimentation behavior of products with aid of magnetic forces during

washing with IPA. After several washing steps nanotubes tend to separate.

Figure 4.27 Glucose aided synthesis result of FesOs@C-MWCNTSs nanomaterials. PVP was
used for dispersion of MWCNTSs.

Instead of using PVP, products obtained by using SDBS is also investigated. Figure 4.28a and
b are secondary electron and backscattered electron images of FezOs@C-SDBS-MWCNTS
(FeSO4/Glucose=1.25), respectively. Washing step considerably influences the product
sedimenting during magnetic separation. Presented nanomaterial in Figure 4.28a and b are
washed with acetone instead of IPA or water. The result is total sedimentation of nanotubes,
SDBS and iron oxide. SEM images contains heterogeneously distributed mass of these three
components. Magnetic separation of this powder dispersed in acetone results in total migration
of sediment to the magnet (Figure 4.28c) and if the powder is dispersed in water, result of

magnetic separation is shown in Figure 4.28d. Phase separation occurs in agueous suspensions.
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Figure 4.28 Secondary electron (a) and backscattered electron (b) SEM images of products
(Fes04@C MWCNTS) prepared by mixing with acetone each time prior to magnetic
separation, (c) and (d) are samples subjected to magnetic separation dispersed in acetone and
water, respectively. Along with Fe304@C nanoparticles, SDBS and MWCNTSs migrate

towards magnets in acetone.
4.3 Results

1. Synthesize in ethlylene glycol and IPA mixture at 200 °C for 12 h. results in pure iron
oxide (FesOa4) nanoparticles having 175 nm average and octahedral geometry.

2. Ascorbic acid and glucose addition to synthesis mixtures cause formation of
superparticles consisting of smaller sub 100nm size spherical particles.

3. As Acorbic acid content increases particle size also increases. Particle size for system
having FeSO4/Ascorbic acid mole ratio of 5 is 310 nm. Particle size for system having
FeSOa4/Ascorbic acid mole ratio of 1.25 is 480 nm and finally for products initially
having FeSO4/Ascorbic acid mole ratio of 0.625 have 590 nm in diameter.

4. FTIR analysis revealed that ascorbic acid and glucose addition cause carbon to form on
probably the surface of iron oxide nanoparticles. Carbon tends to crystallized on iron
oxide surface.
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If FeSO4/Glucose mole ratio is 1.25, resultant particle size is 1060 nm. If
FeSO4/Glucose mole ratio is 0.625 is after solvothermal synthesis mean particle size
decreases to 900nm. But there is a trade of between particle size and regularity of
particles. FeSO4/Glucose mole ratio of 0.625 causes formation of irregular particles
compared to products obtained by using FeSO4/Glucose mole ratio of 1.25.

Probably increasing the amount of glucose increases the thickness of the carbon shell
on iron oxide nanoparticles.

Both glucose assisted and ascorbic assisted synthesis products are not stable in aqueous,
ethanolic, butanolic and isopropanolic suspensions.

. When FeSO4 mixed with NaOH instantaneously Fe(OH). is formed. Fe(OH): is not
stable and easily transfomrs into Fe(OH)s in air. Therefore a controlled atmosphere
needs to be used to prevent transformation during mixing. After mixing process, during
synthesis a good reducing agent needs to be used. EG is a good reducing agent, but may
not be enough. Glucose containing FezO4 solutions may end up with very low amount
of synthesized material after synthesis. Namely, transformed material quantity can be
low probably due to oxidation during mixing. On the other hand ascorbic acid act as a
reducing agent and the resultant products seem to be always in the same quantity.

PVP addition drastically lowers particle size.

MWCNTs and FesO4@C nanoparticles does not form interaction by n- = stacking.
Therefore, segregation may occur especially at ultrasonicated suspensions during

magnetic separation.
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CHAPTER 5

SYNTHESIS OF TITANATE NANOTUBES AND THEIR
CHARACTERIZATION

In this chapter synthesis, doping, coating and electronic properties of titanate nanotubes is
explained. In experiments, first TiO2 nanoparticles were synthesized by using Sol-gel method.
Synthesized nanoparticles were dissolved in highly alkali solutions and transformed into
titanate nanotubes under hydrothermal conditions. Resultant samples were neutralized by acid
washing and subsequent water washing. Some of them also washed with hydrogen peroxide to
increase the crystallinity of the products. Titanate nanotubes were also heat treated to assess the
best heat treatment conditions which is needed to increase crystallinity and providing integrity
of tubular structure. Then, stable suspensions of inorganic nanotubes were found by trying
different additives and solvents. Semi-stable suspensions were used to make functional

coatings on substrates. Finally, electronic properties of titanate nanotubes were investigated.

5.1 Sequence of Synthesis and Characterization of Titanate Nanotubes

5.1.1 TiO2Nanoparticles and Their Characterization

TiO2 nanoparticles were synthesized using Sol-gel method. Washed and dried powders were
calcined at 450 °C to convert amorphous structure into anatase form of TiO.. TEM images of
heat treated TiO2 nanoparticles is shown in Figure 5.1. Particle size is lower than 10 nm. There

is a uniformity in terms of particle size.
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Figure 5.1 TEM images of TiO, nanoparticles synthesized via Sol-gel.

We also doped TiO2 nanopartiles during Sol-gel process by adding Thioure. Thourea is source
of Sulphur. The molar ratios of Titanium/thioure are 1 and 4, respectively. Sulphur doped
samples are denoted as 1S-TiOz and 4S-TiOz. T. Ohno et al. used thiourea to prepare S-doped
TiO2 [108]. They mixed titanium isopropoxide with thiourea at a molar ratio of 1:4 in ethanol
during Sol-gel. The presedure was also used by E.M. Rockafellow et al. [109]. A. Zaleska et al
also implemented similar presedure [110]. They mixed thiourea, thioacetamide, mono-
ethanoloamine, acetonitrile and melamine with titanium isopropoxide and water allowed for
hydrolysis and 24 h. mixing at 80 °C. All the groups calcined their samples at 450 °C to obtain
anatase form of TiO2. Our study is based on the above groups’ presedures. Figure 5.2 shows
XRD graphs of doped and undoped calcined TiO2. All the synthesized and calcined products
are corresponding to anatase crystal structure of TiO2. There is an additional peak around 2
theta degree of 30°, which is not belonging to anatase. We believe that it is because of impurities

in the structure.
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Figure 5.2 XRD graphs of synthesized and calcined pure (TiO2) or S-doped TiO2 (1STiO,
4STiO2) nanoparticles.

Figure 5.3 shows (101) peak region of same XRD patterns in Figure 5.3. The peak positions are
shifted relative to each other, meaning that S-doping does not change d spacings. Crystallite
sizes are calculated using Scherrer formula as shown in Equation 5.1 and (101) peaks.

d=0.92/B1lcos © (5.1)

Crystallites sizes of TiO2, 1S-TiOz and 4S-TiOz are 20 nm, 15 nm and 11 nm, respectively. It

seems that thiourea addition lowered crystallite size.
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Figure 5.3 XRD patterns of TiOzand doped TiO2s between 2 theta degrees of 23° and 28°

(Curves were shifted for clarity on y-axis).
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5.1.2 Titanate Nanotubes and Their Characterization

Conversion of TiO2 nanoparticles were were carried out in highly alkali solutions. When mixed
with alkali solutions Ti oxygen bonds becomes disrupted and partially dissolved structure
emerge where nanomaterials can be considered in identity crisis. Under hydrothermal
conditions nanotubes may began to emerge since the sctrucure is far from equilibrium
conditions. We have produced different nanotubes and in addition, implemented different heat
treatment regimes onto nanotubes (Not all of them will be presented here). For example, we
transformed pure TiO2 nanoparticles into titanate nanotubes and 4S-TiO nanoparticles were

also used to produce nanotubes.

In heat treatment procedures, nanotubes were calcined at 300 °C, 350 °C and 400 °C,
respectively. Heat treatment processes were implemented in inert atmospheres since under inert

atmosphere tubular structures better preserve their integrity.

Synthesized nanotubes by using pure TiO> is denoted as TNT. TNTA abbreviation will be used
for TNTs which are washed with acid solutions. Therefore they probably contain sodium ions
only trace amounts. TNTaq indicates only water washed nanotube samples. Figure 5.4a and b
shows SEM images of TNTA. Aggregates of nanotubes create a macroporous structure as
shown in Figure 5.4a. Figure 5.4c and d are TEM images of TNTAs. Diameter of nanotubes is
around 10nm. SEM images cannot resolve individual nanotubes. It should be noted that SEM
images of this products is always different from TEM images. We think that this is because of
agglomeration behavior of nanotubes; for this reason, nanotubes seen as rodlike bundles having

very large diameters up to 60 nm. Unlike SEM, TEM can resolve individual nanotubes.

103



EHT = 500KV WD=50mm  SignalA=SE1 Mag = 5000KX

Figure 5.4 (a) and (b) are SEM images of acid washed titanate nanotubes (TNTA), (c) and (d)
are TEM images of TNTA.

Calcination temperature is an important factor since calcination provide higher crystallinity.
Different temperature regimes were investigated. We also found out that acid washing increase
susceptibility to high temperatures. Since sodium ions is exchanged by hydrogen ions, the
layered structure becomes weak. Presence of sodium on the other hand deteriorates
photocatalytic activity because sodium ions act as recombination sites for electron-hole pairs.
Figure 5.5a and b shows TEM images of acid washed TNTA samples calcined at 450 °C. All
nanotubes transformed into spherical or rod like nanoparticles. Therefore, lower temperatures

were chosen for calcination of nanotubes.
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Figure 5.5 TEM images of acid washed nanotubes calcined at 450 °C. Tubular structure
becomes disrupted at this temperature range. (a) contains rod like particles mostly and (b)

contains spherical ones.

We have found out that nanoparticles can stay in the form of nanotubes at 350 °C. Figure 5.6a
and b shows TEM images of calcined TNTA. It will be abbreviated as TNTA350N; since

calcination took place at 350 °C under nitrogen atmosphere.

As synthesized nanotubes are inherently oxygen deficient. We have investigated the effect of
oxygen deficiency of nanotubes on electronic properties. Therefore, Hydrogen peroxide
washing was implemented to provide oxygen. The simplest manifestation of oxygen deficiency
of as synthesized nanotubes is after calcination in inert athmosphere, the powder becomes grey
in color. However hydrogen peroxide washed and calcined samples are white. Besides, if
nanotubes are calcined in oxygen atmosphere, they become white too. Figure 5.6¢ and part d
are TEM images of synthesized, hydrogen peroxide washed and then calcined products. They
are abbreviated as TNTAH202350N. In terms of length and diameter there is no change
between TNTA350N. and TNTAH202350N:. It is found out that this temperature range is good
to preserve nanotubes integrity since there is no visible change between calcined samples and
TNTA. It is also understood that hydrogen peroxide does not give any harm to the tubular

structure.
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Figure 5.6 (a) and (b) are TEM images of TNTA350N (Calcined and acid washed
nanotubes), (c) and (d) are TEM images of H20, washed and calcined TNTAs.

Figure 5.7 shows TEM images of synthesized and calcined nanotubes obtained by using 4S-
TiO2 nanoparticles. Sulphur doped nanoparticles were subjected to same hydrothermal
synthesis and calcination processes. From Figure 5.7a, b anc ¢ contains nanoparticles, somehow
tubular structure became disrupted and fraction of nanotubes turned into nanoparticles. Figure
5.7d shows examples of nanotubes retained their integrity. This sample is labeled as
4STNTAS350N:. It should be noted that these micrographs were deliberately taken from places
where mostly nanotube morphology has changed. Therefore, we should say that not all

nanotubes transformed into nanoparticles.
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Figure 5.7 (a) and (b) are relatively low magnification TEM images of sulphur doped TNTAs,
(c) and (d) are higher magnification TEM images. Tubularity couldn’t be relatively

successfully preserved as in the case of undoped samples.

FTIR spectra of as synthesized and washed and calcined nanotubes are shown in Figure 5.8a
and b. Broad and intense band at 3300 cm™ corresponds to O-H stretching vibration. OH groups
also present in samples calcined at 350 °C. Peaks at 1637 cm™ correspond to H-O-H
deformation mode [111]. This confirms that -OH is present in nanotubes even in calcined ones
(350 °C). Band at wavenumber of 899 cm is Ti-O stretching mode which is assigned to non-

bridging oxygen atoms [112].

107



T(%)

——TNTaq

—TNTA
TNTAH202

—A4S-TNTA

3650 2650 1650 650
Wavenumber (cm™)

b)
H.O-H T.-g‘\ 99
=\ N
OH 95
93

——TNTA 350N2
TNTAH202350N2
4S-TNTA350N2

T(%)

3650 2650 1650 650
Wavenumber (cm™)

Figure 5.8 FTIR spectra of nanotubes: (a) contains spectra of synthesized and modified
nanotubes not subjected to calcination and (b) contains FTIR spectra of calcined samples (350
°C).

XRD analysis results are shown in Figure 5.9. Graphs were shifted for ease of comparison.
Prodcuts formed during hydrothermal treatment contains sodium ions before washing, which
are almost certainly accommodated between the octahedral titania layers, generating sodium
titanate structure [113]. Jin et al. reported that the product is Na,Ti>Os.H20 and the reaction
formula is[114]:

2 TiO, + 2NaOH = Na;Ti20s.H,0 (5.2)

The diffraction peak at 2 theta degree of 28° for TNTaq corresponds to (600) plane and assigned

to one of the peaks correponding to sodium titanate.

The diffraction peaks of 10°, 24°, and 48° can be assigned to hydrogen titanates. N. Xiao et al.
attribute this structure to H2TisOg-H20 [115]. Du et al. asssigned this to layered titanate H2TizO7
[116]. The Peak at 10°-11° corresponds to the 200 diffraction which is an indication of the

periodic layered structure. The intensity of 10°-11° of water washed samples is higher than acid
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washed ones. The interlayer spacing diminishes (higher 2 theta values) with increasing

calcination temperature as well. This peak is only pronounced in as synthesized nanotubes.

As synthesized nanotubes are low in crystallinity. Khan et al. used hydrogen peroxide to modify
nanotubes [117]. They showed that low crystallinity of nanotubes can be enhanced with H20>
treatment and after H>O, treatment they calcined their sample in air at 350 °C. Hydrogen
peroxide washing altered XRD patterns of products and hence crystallinity. Namely, Some
anatase peaks, such as (004), (105), (211) which were absent in as synthesized TNTs are present
in H202 washed samples. Unfortunately, we don’t encounter pronounced change. However
close inspectrion of the peaks reveals that some peaks are emerging and some are slightly
intensified compared to TNTA350N2. Khan et al. implemented H>O> washing at 40 °C and
calcined their samples in air [117]. We washed TNTAs with H20. at room temperature and
calcined our samples in inert atmosphere. We thought that the difference in two studies is
arising from these different procedures followed during washing. Khan et al. found more

pronounced peaks after H.O2 washing compared to our finds.

XRD graphs of nanotubes obtained from sulphur doped TiO2s (4STiOy) is also different from
the other samples. They are denoted as 4STNTA350N: since they were subjected to acid
washing and calcination at 350 °C prior to analysis. 4STNTA350N sample has clearly lower
crystallinity compared to TNTA350N2 and TNTAH202350N5.

If TNTAS are calcined at 450 °C even in inert atmosphere they transform into anatase TiOx.
TEM images had revealed that the transformed materials are not nanotubes. High temperature
provides high crystallinity, but tubular structure almost totally becomes disrupted. Small
intensity peak at 2 theta degree of 10° indicates that there is a small amount of layered structure
present in TNTA450N2. However it is negligible.
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Figure 5.9 XRD patterns of synthesized, washed and calcined nanotube samples. “A” letter

denotes anatase TiO», “T” denotes titanate and “ST” denotes sodium titanate.

We found out that there is an effect of hydrogen peroxide washing on titanate nanotubes. Color
of as synthesized acid or water washed nanotubes are white, but after calcination, the color of
titanate nanotubes become grey. It is well known that Ti®* impurities and oxygen vacancy
defects turn white TiO> yellow or blue [118], [119]. Further reduction with hydrogen gas will
even lead formation of black TiO2s. Hydrogen peroxide washed and calcined nanotubes appear

white.

TiO2’s most important aspect is its photocatalytic activity. Catalysis processes are surface
related. Therefore, we have conducted surface area measurements on nanotubes. Specific
surface area of TNTA sample is obtained by using BET theory as shown in Figure 5.10. Pecific
surface area of TNTA calculated as 549 m?/g.
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Figure 5.10 BET plot of TNTA sample degassed at 150 °C. Acid washed titanate nanotubes

has 549 m?/g specific surface area.
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Band gap values of semiconductors are important since it determines the wavelength threshold
for generation of electron hole pairs on semiconductor surfaces. For determination of band gap
values of titanate nanotubes, stable and optically clear suspensions were obtained. Firstly,
suspensions were subjected to particle size analysis using dynamic light scattering technique.
Prepared suspensions were subjected to same mixing and filtering processes. Figure 5.11 shows
particle size distribution versus intensity. Average particle size values for samples is shown
below the Figure 5.11. Average particle size is around 110 nm (+ 3.1 nm) for all samples
according to intensity based distribution. TEM images revealed that nanotube are 100nm in
length and 10 n in diameter. Therefore, it is revealed that in inspected suspensions nanotubes
form small bundles consisting of around 3 or 5 nanotubes. Average particle size values, particle
size distributions and intensities are almost the same for all samples. The reason behind particle
size measurement is to determine particle size after sample prepareation for UV-Vis and the
aggregation behavior of nanotubes. We have suspected that the environment around a
nanoparticle or formation of bundles and and agglomerates may affect UV-Vis absorption of
TNTs. It should be noted that volume based particle size distributions are close to the intensity

based distributions.
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Figure 5.11 Particle size analysis results for stable optically clear dilute suspensions which

were also subjected to UV-Vis absorption spectroscopy analysis for band gap calculation.

Triethanolamine was used as additive during preperation of nanotube suspensions. Figure 5.12a
shows UV-Vis spectra of different titanate nanotubes after subtraction of contribution of TEA
on absorbance. Tauc plot was drawn to determine band gap values for titanate nanotubes. By
using UV-Vis curves, plots of (ahv)? versus hv were drawn. o values are obtained by

multiplying absorbance values with 2,303 and dividing the resultant with 1, since the path
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length in cuvette is 1 cm. Figure 5.12b shows tauc plots of selected titanate nanotubes. The
extrapolated lines intersecting with x-axis showing band gap values of nanotubes. Band gap
values of TNTs are as follows: TNTA=3,4 eV, TNTAH202=3,33 eV, 4STNTAH202350N2=3,32

eV, 4STNTA350N =3,31 eV, TNTA350N =3,30 eV, TNTAH O,350N_=3,27 eV.
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Figure 5.12 (a) UV-Vis absoption spectra of titanate nanotubes. (b) Tauc plots of selected

nanotubes obtained from the above spectra.

Defect sites influences the catalytic acitivity of TiO2s. For example, Ti®* is one of the most
important surface defects in TiO2 [120]. It is known that TiOz is not practical in photocatalysis
applications but presence of Ti** may provide visible light activity [121]. Besides, it provides
reactive agents for many absorbates and this results in reduction of electron-hole pair
recombination rate [122]. Presence of Ti*" is result of missing bridging oxygens. One bridging
oxygen atom leaves two T3* sites. One of the other oxygen vacancy related defect is SETOV.

It is reportet that SETOVs are unfortunately act as recombination centers for generated electron
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hole pairs and photocatalytic behavior becomes bad [123]. lon addition, It should be noted that

surface defects can be induced by annealing under vacuum [121].

After calcination of our samples, resultant materials exhibit coloration (grey) whether they are
calcined under vacuum or inert atmosphere, which infers that the stoichiometry of TiO2 has
changed. However hydrogen peroxide washed TNTs remain white after calcination under inert
atmosphere. Deeper understanding and confirmation of defects in the structure is invesitaged
via ESR.

There is numerous amount of studies about TiO2 and titanate nanotubes using ESR since
different defects may act differently and they may all effect photocatalytic activity. A
symmetric ESR signal for SETOV (g= 2.003) and and asymmetric ESR for Ti®* (g= 1.98) was
observed in titanate nanotubes [124], we searched for this defects in ESR spectra. Figure 5.13
shows ESR spectra of calcined acid washed TNTs (TNTA350N>), acid washed and calcined
TNTs at 450 °C (TNTA450N>) and acid-hydrogen peroxide (H202) washed calcined (350 °C)
TNTs (TNTAH202350N?>). It can be clearly seen that the higher the annealing temperature is,
the higher the intensity of ESR peaks among TNTAs. This indicates that increasing anneling
temperature increases the amount of unpaired electrons and, hence corresponding defects. g
factor of 2.008 in TNTA350N2 and 2.005 for TNTA450N; and 2.006 for TNTAH202350N; are
all attributed to the single electron trapped oxygen vacancy defects. They are attributed to
SETOVs because g values are close to reported values for SETOVs and the signals are

symmetrical as encountered for SETOVSs in literature.

It is inferred from the Figure 5.13 that hydrogen peroxide washing provide compensation for
the oxygen vacancies on the surface of TNTs. Thereby, ESR intensity of sample washed with
hydrogen peroxide is considerably low compared to untreated ones. The intensity alteration is
also the reflection of structure of nanotubes. Considerable amount of oxygen atoms are present
on the surface not in the bulk. This results in a profound affect of hydrogen peroxide washing
on ESR intensity. It should be noted that crystallinity of hydrogen peroxide washed samples is
higher due to the compensation for the oxygen vacancies on the surface as confirmed from
XRD analysis.
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Figure 5.13 ESR spectra of TNTA350N2, TNTA450N2 and TNTAH202350N5.

ESR spectra of TNTA350N; (g factor: 2.008) and sulphur doped 4STNTA350N: (g factor:
2.018) are shown in Figure 5.14a. The only difference in samples is the presence of sulphur in
4STNTAS350N:.

As confirmed from XRD analysis of titanium dioxides, we haven’t experienced a shift in
diffraction peaks when comparing pure TiO2 nanoparticles and sulphur doped TiO>
nanoparticles. Shifts in the diffraction peaks are the indication of alteration in d spacings by
substitution of atoms. The ionic radius of S is larger than O, thus difficult to fit in into the TiO;
crystal [125]. Asiri et al. stated that according to their investigations nitrogen or sulfur doping
can substitute the titanium sites in small amounts without damaging the original tetragonal
structure of titanium dioxide [126]. Therefore sulphur atoms in our titanate nanotubes probably
resides in titanium sites and presence of sulphur atoms influence the local environment around
oxygen vacancy defects and shifts the g value of unpaired electrons. Figure 5.14b shows both
sulphur doped titanate nanotubes: 4STNTA350N> and 4STNTAH202350N2. The only
difference in samples is the hydrogen peroxide treatment (Figure 5.14b). The intensity of the
ESR peak significantly low in hydrogen peroxide washed sample as expected. Values of g for
both sulphur doped TNTs is 2.018.

Different g values for doped and undoped samples confirms the presence of sulphur in doped

titanates.
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Figure 5.14 (a) Electron Spin resosonance spectra of TNTA350N2 and 4STNTA350N.. (b)
ESR spectra of 4STNTA350N2 and 4STNTAH202350N5.

5.1.3 Colloidal Coatings of Titanate Nanotubes

EPD was used to deposit TNT coatings on conductive substrates. Acid washed titanate
nanotubes were used in deposition processess, they were not calcined. EPD from settling
suspensions leads to gradient in deposition during EPD, thinner at the top thicker at the bottom.
Therefore choosing right solvent and additive is important. Butanol was chosen as a solvent
and Triethanolamine was chosen as additive in TNT suspensions. Butanol is simple alcohol
having a backbone containing 4 carbon atoms. Butanols polarity is low which manifests itsself
as possessing a low dielectric constant (generally dielectric constant is needed to be high for a
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succesful EPD), but the benefit is its evaporation rate thereby, after deposition it slowly removes
from the coating, which may lower the probability of cracking. We also tried IPA but IPA does
not give stable suspensions.

TEA is a tertiary amine and used by some researchers to make stable suspensions of TiO2 and
to conduct EPD [127], [128]. We also used TEA in our previous study to aid dispersability of
TNTSs [19]. TEA has a nitrogen atom in the middle, bonded to 3 ethanol groups and it has a lone
pair. TEA acts as a lewis base. Unbonded electrons dislodge protons from OH or OH?* (OH?*
is formed after self protolysis of alcohol molecules) groups of alcohols on the surface of
particles in proton rich environment, rendering the particle positively charged (Fig. 5.15).

Therefore it provides electrostatic stabilization.

Figure 5.15 Schematic illustration of proton capture of TEA from butanol molecule.

Figure 5.16 shows the suspensions waited for 2 months. Immediately after resting, 0 g/L TEA
containing suspension settles in hours but, even after two weeks all other suspensions show
similar stability: white suspension at the top and a thin sediment at the bottom. At this stage the
sedimentation behavior seem to be contradictory with surface quality of coatings obtained with
respective suspensions explained below. But after waiting for around two months, 0.15 and 0.5
g/L TEA containing suspensions turn into a clear butanol at the top, a white slurry in the middle
and a sediment at the bottom revealing that they are not as stable as the other TEA containing
ones. For all the suspensions the pH is around 5. It is on isoelectric point of butanolic
suspensions of TiO2 and nanotubes (Suspensions and pure butanol have the same pH). Actually,
with the addition of TEA the isoelectric point shifted towards higher pH values. Even though
the 2 g/L or more TEA containing suspensions show high stability, immediately after resting
all exhibit thin sediments. This may be because of the presence of hard big agglomerates of
nanotubes which couldn’t be broken during mixing. The most stable suspension was found to

be 2g/L TEA containing suspensions.
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Figure 5.16 Image of 2 months waited TEA containing butanolic suspensions (4 g/L solid

content is fixed for all samples.).

EPD processess were done under 65 V direct currents. 65 V was chosen because actually
suspensions are prone to sedimentations. High voltages provide high rate of deposition.
Dwelling time for coatings are fixed to 10 min. Ultrasonicated suspensions were waited for 5
min. to allow for the sedimentation of some amount of agglomerates. Figure 5.15a is the
illustration of the set up for EPD process. Figure 5.17b shows coatings obtained from different
suspensions. For all suspensions solid content is the same (4 g/L), but TEA content is varying
from 0.15 to 4 g/l. Visual inspection of surface of coatings revealed that 0.15 g/L and 0.5 g/L
TEA containing suspensions lead to rough surfaces. On the other hand coatings obtained from
2 g/L and 4g/L TEA containing suspensions resulted in smoother surfaces. It should be
considered that optimum content of TEA is preferable for EPD because TEA may lead to

porosity or cracking during removal from coating during calcination.
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Figure 5.17 (a) Illustration of EPD cell, (b) images of as synthesized and acid washed

nanotube (TNTA) coatings obtained from different suspensions with varying TEA content.

Titanate nanotube coating on metallic foams were also implemented. Figure 5.16a shows an
uncoated metallic nickel foam. Figure 5.18b shows TNTA coating on nickel foam. SEM

images of TNTA coatings are shown in Figure 5.18c and part d.
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Figure 5.18 Optical microscopy images of uncoated metallic foam (a), TNTA coated metallic

foam (b); (c) and (d) are SEM images of coatings on metallic foams.

5.2 Results

Sulphur doping lowers the crystallite size of TiOs.

. Titanate nanotubes have around 10 nm in diameter and 100nm in length.

Doped or hydrogen peroxide washed or calcined nanotubes (up to 350 °C) have same
diameter and length as acid washed as synthesized titanate nanotubes.

. As synthesized titanate nanotubes contain oxygen vacancies and it is revealed after
calcination under inert atmospheres. The resultant powders become grey.

. Acid washed nanotubes exhibit high surface area (549 g/cm?).

Hydrogen peroxide washing slightly increases crystallinity of titanate nanotubes by
providing oxygen. Besides, H>O> washed and calcined nanotube powders are white instead
of being grey.

Band gap values for for titanate nanotubes reveal that hydrogen peroxide washing redshifts
the band gap (TNTA=3,4 eV, TNTAH20,=3,33 eV).

Calcination under inert atmosphere also redshifts the band gap of acid washed titanate
nanotubes (TNTA350N2=3,30 eV).

Hydrogen peroxide washed and calcined samples exhibit highest redshift
(TNTAH202350N,=3,27 eV).

119



10.

11.

12.

13.

Sulphur doped titanate nanotubes do not exhibit a pronounced redshift. Calcined Sulphur
doped titanate nanotubes show same band gap value as calcined undoped titanate nanotubes.
Probability of synergistic effect is investigated as well. Sulphur doped hydrogen peroxide
washed nanotubes does not show increased redshift (4ASTNTAH202350N2=3,32 eV,
4STNTA350N2=3,31 eV).

ESR studies revealed that titanate nantoubes contain single electron trapped oxygen
vacancies on surface which can be eleminated by hydrogen peroxide washing.

Presence of sulphur is partially confirmed by comparing ESR signals of doped and undoped
titanate nantoubes. Sulphur doped titanate nanotubes exhibit different value of g compared
to undoped ones.

Triethanolamine was successfully used to make stable or semi stable suspensions of titanate
nanotubes. It is also revealed that suspensions prepared with aged powders (1 year waited)

exhibit lower stability.
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CHAPTER 6

6.1

GENERAL RESULTS AND DISCUSSION

Carbon Nanotube Dispersion in Organic Solvents and Quantitative Analysis

In this sections analysis results were briefly explained and reviewed.

6.1.1 SDBS Containing Suspensions

1.

SDBS and PVP were successfully used to disperse MWCNTSs in IPA. Additive (SDBS,
PVP) concentration were kept 2 g/L and MWCNTSs’ concentration was (0.1 g/L).
Subsequently ultrasonication (1 h. ultrasonic probe) and high power centrifugation (12000
RCF for 30min.) give rise to highly stable supernatants as evident by sedimentation tests
and zeta potential measurements.

SDBS modified MWCNTSs suspensions were prepared in ethanol, IPA, butanol, amyl
alcohol, acetyl acetone and EG. Suspensions containing EG and ethanol does provide
stability while using SDBS as additive. Other alcoholic suspensions exhibit high stability
by which suspensions remain stable for months.

Stabilization mechanism of suspensions needs to be explained to clearly define the
mechanism of stability in MWCNTSs’ suspensions. Stabilization of solid nanoparticles can
be done in 3 different ways. One mechanism is electrostatic stabilization in which ions
surrounding surface of particles prevent particles from clumping together, they repel each
other because of the same charges they carry on the surface. Second is steric stabilization;
steric forces can be thought of spaghetti like entities surrounding particle surfaces and this
creates a barrier to agglomeration. There is also a possibility for combination of the
stabilization mechanism listed above, called electro-steric stabilization in which long chains
covering particles also carry electrical charges causing electrostatic stabilization. Third

mechanism is depletion stabilization. In depletion stabilization hindrance of particle
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attraction is done by entities between particles which do not adhere to the surface of
particles.

Dispersion power of surfactants is the result of their molecular structure. For example,
Rastogi et al. investigated 4 different surfactants [14]. They found that MWCNTSs dispersing
ability of follows this trend: SDS<Tween 20<Tween 80<Triton X-100. Triton X-100 is
better because it has a benzene ring in its structure. Benzene molecules interact with ©
conjugated system of nanotubes by n- 7 stacking interaction [129]. SDBS is a well-known
surfactant readily used in dispersion processes of MWCNTs and SWCNTs [130], [131],
[5], [132]. Because it contains a pyrene/benzene ring in its structure as well. Under the
presence of SDBS nanotube surface become adsorbed by surfactant molecules. SDBS form
hemi-micelles on nanotube surfaces. SDBS molecules probably tend to form cylindrical
micelles in bulk liquids. This is evident in zeta potential analysis results performed by us.
Only SDBS containing IPA suspensions exhibit zeta potential distribution curves having
broad FWHMSs. Broad zeta potential distribution curves can be a result of presence of rod-
like particles or cylindrical micelles in our case. Therefore, SDBS molecules probably form
hemicylindrical micelles on nanotube surfaces. This find can be reinforced by using static
light scattering measurements, because scattered light intensity is related to the shape of the
particle.

Presence of SDBS provides electrostatic stabilization on nanotube surface. SDBS as being
a surfactant composred of hydrophilic head group and hydrophobic tail. In hydrophilic side
Na* dissociates and leave a negatively charged head group behind in polar solvents.
Therefore, zeta potential of MWCNTs-SDBS aqueous suspension in natural pH values
should exhibit negative sign of charge. On the other hand surfactants behave differently in
non-polar media, namely zeta potential values of SDBS suspensions is positive in IPA.
Because sodium ions in head groups stay undissociated in IPA at relatively high
concentrations. Very dilute suspensions of SDBS-IPA may have a negative sign of charge.
UV-Visible absorption spectroscopy and TGA analysis were used to estimate the quantity
of SDBS in suspensions. Initially 2 g/L SDBS and 0,1 g/L MWCNTs containing
uncentrifuged suspensions turns out to contain around 1,6 g/L SDBS and approximately
0,06 g/L MWCNTSs in suspensions (obtained result by UV-Vis measurement).

. Though it is out of scope to better understand the dispersion behavior of SDBS, we also
prepared suspensions having different initial concentrations: 2 g/L SDBS and 0.2 g/L
MWCNTSs. After centrifugation (12000 RCF 30 min.), this suspensions contain SDBS
around 1.4 g/L and MWCNTSs around 0,1 g/L (They are denoted as SDBS 0.2MWCNTSs
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IPA). In SDBS MWCNTSs IPA, SDBS/MWCNTS weight ratio is ~ 32 and SDBS/MWCNTSs
weight ratio of SDBS 0.2MWCNTSs IPA is ~14. It should be noted that suspensions were

rested after centrifugation and measurements were conducted on suspensions which were

decanted on the top of this rested suspensions.

Zeta potential measurements conducted on these different supernatants revealed that SDBS
0.2MWCNTSs IPA has a zeta potential value of 53.3 mV and that of SDBS MWCNTSs IPA
has a value of 44.6 mV. Though SDBS 0.2MWCNTSs IPA contains less SDBS and higher

amount of MWCNTS, its stability is higher. The reason behind this phenomenon can be

explained as follows:

At low concentrations SDBS molecules accumulate on nanotube surface because of their
affinity. After saturation of nanotube surfaces excess SDBS molecules starts to form
micelles in the bulk solution. Increasing concentration of SDBS above a certain
concentration increases the size of micelles only. Big micelles exhibit lower electrophoretic
mobility compared to small ones. Therefore, Zeta potential values of SDBS MWCNTSs IPA
is 44.6 mV and that of SDBS 0.2MWCNTSs IPA is 53.3 mV.

It should be noted that pristine (unfunctionalized) MWCNTSs (0.1 g/l) IPA suspensions are

not stable. Non-functionalized pristine nanotubes does not totally sediment, but networks
of agglomerates of nanotubes can easily be seen with naked eye. This may be arising from
loose agglomeration of nanotubes having low density so they stay without sinking.

6.1.2 PVP Containing Suspensions

1. PVP was successfully used to disperse MWCNTSs in IPA, butanol and in EG. Ipanolic
suspensions were selected for further investigation. 2 g/L PVP and 0.1 g/L MWCNTSs were
mixed ultrasonically and centrifuged. After centrifugation the supernatant contains around
1.95 g/L PVP and 0,092 g/L MWCNTSs. It is revealed most of PVP and MWCNTS remain
in supernatant.

2. PVP-MWCNTSs IPA suspensions have -35.9 mV zeta potential, this value is better that
uncentrifuged suspension (-34.9 mV) revealing that agglomerates sediment out in
suspensions. Sign of charge is negative. Stability of this suspension is believed to be
obtained by steric stabilization. PVP molecules adsorb on nanotube surfaces due to the
presence of heterocyclic ring structure present in branches of polymer backbone. Wang et
al. [21] stated that in polar solvents electron density in heterocyclic ring localized on
nitrogen atom creating negatively charged oxygen containing carbonyls. This negatively
charged carbonyls is account for negative sign of charge of suspensions. Positively charged
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nitrogen should be shielded by polymer backbone and does not contribute to charge

generation.

6.1.3 UV-Vis Spectroscopy and Thermogravimetric Analysis

1.

UV-Vis spectroscopy is coupled with thermogravimetric analysis to determine the material
content in SDBS/PVP MWCNTS suspensions.
Dilution was found a critical factor to make accurate quantitative analysis by UV-Vis
spectroscopy. It is also found that quantitative analysis can be possible around UV cut off
wavelength of solvent, since generally devices accurately measure below absorbance value
of 2 and above 0.2.
PVP-MWCNTSs IPA and SDBS MWCNTSs IPA suspensions binary systems in terms of
solid material content, and unfortunately UV-Vis spetrums of these suspensions contain
overlapping peaks. These peaks may be used for quantitative analysis if they only represent
quantity of one material. Attal et al. [24] dealed with that problem and subtracted the
contribution of SWCNTs by using CTAB-SWNTSs suspension spectrum from SDBS-
SWCNTSs spectrum while the two spectra are overlapping in visible range. The resultant
spectrum belongs only to SDBS and by using a calibration curve they obtained the SDBS
concentration in suspensions. We followed similar route to determine surfactant and
polymer concentrations. They used CTAB for dispersion of SWCNTSs in suspensions used
for subtraction because CTAB does not absorbs photons in UV-Vis spectra. Because of it
all the information is due to SWCNTSs in CTAB-SWCNTSs’ spectra.
In our study we followed slightly different path. UV-Vis spectroscopy is suitable for stable
suspensions or solutions, therefore subtraction suspensions couldn’t be prepared by simple
ultrasonication of MWCNTSs in IPA. Although aqueous suspensions of CTAB-SWCNTSs is
stable, CTAB-MWCNTSs IPA suspensions are not stable. The reason behind this was
explained Clark et al. [132]. They stated that dispersion of MWNTS in an aqueous media is
strongly diameter dependent suggesting that information gathered by examining SWNT
dispersions may not be applied on MWNT dispersions.
To get over this problem we prepared carboxyl functionalized carbon nanotubes (COOH),
then we dispersed COOH MWCNTSs in IPA. It should be noted that UV-Vis spectra of
COOH MWCNTs IPA suspensions or pristine MWCNTS containing suspensions does not
exhibit any difference. We haven’t dedected peaks realted to COOH functional groups.
A technique which can be called overlapping method was used to determine quantity of
MWCNTSs in suspensions. Before centrifugation quantity of MWCNTSs is known in
124



suspensions if they are properly diluted, the obtained spectrum reflects a certain amount of
MWCNTSs. We also diluted supernatants till they overlap with uncentrifuged suspensions
and determined MWCNTS’ concentration. This method is simple but gives underestimated
results. Extinction coefficients of agglomerated suspensions are low compared to exfoliated
suspensions as Giordani stated [88]. This means that if spectra of two suspensions
containing same amount of MWCNTSs are compared in terms of their absorbance behavior,
spectra obtained from agglomerated suspensions would have low absorbance. In PVP
suspensions the underestimation turns out around 10% if thay are compared with TGA
analysis results.

6. Thermogravimetric analysis was implemented on dried sediments and supernatants.
Characteristic mass losses of SDBS and PVP at particular temperatures enabled calculation
of additive content in supernatants. Unfortunately, it is not easy since dried supernatants,
precipitates and pure additives show different mass losses at low temperatures. This
problem could be gotten over by shifting 2 of the curves on y axis at a particular temperature
suitable for that system to overlap all the curves at that temperatures. Then, calculation of
mass ratio was successfully done. Particular temperature to shift the curves is obtained by
using derivatives of mass loss curves. It is found that using precipitate can give better results
for determination of MWCNTS’ quantity since in precipitate MWCNTS ratio is high. This
was also encountered and explained in the work of Shtein et al. [25].

6.1.4 EPD and Estimation of Coating Thickness

1. EPD experiments were conducted using MgCl. added PVP-MWCNTSs IPA suspensions. It
is known that charger salts provide adhesion to substrates [93]. Three suspensions were
evaluated to determine the optimum amount of Mg?* ions for deposition. The better the zeta
potential of suspensions, the better quality of electrophoretic coatings [93]. By considering
this information 9 mM Mg?* ion containing suspensions were chosen for EPD experiments.
Under 50 V DC potentials 10 min coatings could end up smooth coating surface. UV-Vis
spectroscopy was successfully used to assess the quantity of PVP and MWCNTSs in
coatings. Thickness of the coating was calculated using density values of each component
and UV-Vis concentration results.

2. SEM images of cross-section wiev of MWCNTSs coatings reveals that coating thickness is
around 20 um. On the other hand UV-Vis spectroscopy results yield ~9um. The difference
probably arising from porosity in the coating. Estimation neglects porosity.
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6.2 Carbon Nanotube/lron Oxide Hybrid Nanoparticles

1. Many studies in making core-shell FesO4s@C nanoparticles contain various starting
materials during production. In composite making additives influence the dispersibility of
at least one of the components. For example FesO4 nanoparticles can be synthesized by
using Fe*" ion containing metal salts such as iron chloride (FeCls). 1/3 of iron needs to form
Fe?* ions to produce FesOs during synthesis. This can be achived by addition of other
materials such as ammonium acetate. Complex reaction forms FezO4 in solvothermal or
hydrothermal condition. The benefit of this technique is during the mixing process, there is
no need for inert atmosphere, but in composite making with carbon nanotubes presence of
additives may have a big influence on final properties.

In first trial and error approaches on producing carbon nanotube/FesO4 hybrids. Highly
dispersed carbon nanotubes were mixed with iron chloride solutions and then hydrazine was
added to the system. Immediately after hydrazine addition nanotubes phase separate which
can easily be seen even with naked eye. In latter experiments, we found that by using FeSO4
homogenous dispersion of carbon nanotube/Fe(OH)2 intermediate hybrid suspensions could
be formed before solvothermal synthesis. FeSOj4 interacts with NaOH or carbamide (urea)
and form Fe(OH)2. The choice of FeSOg is appealing because before synthesis suspension
contains Fe(OH)2, excess NaOH and small amount of NaSOs in the structure. The
evoulution of small amount of materials is reflected in homogeneity in carbon nanotube and
Fe(OH). containing suspensions when wieved with naked eye. There are two aspects needs
to be considered when using FeSO4. FeSO4 cannot be dissolved in semi polar or non-polar
solvents. However carbon nanotubes are mixed with raw materials of iron oxide while
dispersed in semi polar solvents. To overcome this problem FeSOg is dissolved in EG. (We
also found that PVP can homogenously disperse MWCNTSs in EG but SDBS does not work
well in EG.). Second problem is Fe?* ions tend to oxidize in air. Therefore when using
FeSO4, mixing and if possible synthesis should take place in inert atmosphere. We provide
semi-inert atmosphere by bubbling nitrogen during ultrasonic mixing of raw materials.

In addition EG is a well-known reducing agent. It prevents oxidation of iron hydroxide to a
certain degree. We also investigated the amount of EG needed to successfully produce iron
oxide nanoparticles out of FeSO4. Namely, 20 ml of EG is sufficient for 0,001 mole iron
sulfate to form iron oxide nanoparticles in 60 ml EG/IPA mixture. Immediately after
mixing, mixture of raw materials should be placed in Teflon lined autoclave and sealed,

otherwise Fe%* ions oxidizes.
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2. Crystal shape is governed by internal factors such as inherent crystal structure and external
factors such as temperature, time and surfactants [133], [134], [135], [136]. Fe3O4 has an
inverse spinel crystal structure. Under equilibrium conditions Fe3Os crystals form
octahedral nanoparticles to minimize the surface energy ((111) planes enclose all space).
In this study, solvothermal synthesis of FesO4 nanoparticles is achieved by treatment at 200
°C for 12 hours (without additive). The resultant nanoparticles are octahedral in shape and

around 175 nm in diameter.

3. Fe304@C nanoparticles were prepared by using glucose and ascorbic acid as carbon
sources. Under hydrothermal conditions in only glucose containing environments, glucose
polymerized into polysaccharides by intermolecular dehydration and then carbonizes to
form nanospheres [63], [137]. First attempts on encapsulation of materials with carbon was
done using noble metal particles in literature. Noble metals exhibit catalytic behavior and
carbon evolution proceeds around them, Wang et al. expand this to iron oxide containing
core-shell nanoparticles [138].

In our studies, ascorbic acid and glucose were used to coat iron oxide particles’ surfaces
during solvothermal synthesis. We used same temperature regime as Zheng et al’s [65]. In
their study, they processed raw materials at 200 °C for 12 h in one step.

4. Ascorbic acid is known to coat iron oxide surface at mild temperature conditions during
synthesis [102]. Ascorbic acid can also be used as an additive to provide carbon to the
structure. At high temperatures ascorbic acid carbonizes. In our study, FTIR analysis of
ascorbic acid aided synthesis of iron oxides nanoparticles revealed that ascorbic acid
decompose partially during synthesis and evolve aromatic compounds and amorphous
carbon on iron oxide surface. C=C vibrations at 1620 cm™ is an indication of carbonization
of ascorbic acid similar to results of glucose assisted synthesis [65]. FTIR analysis of
products obtained using ascorbic acid or glucose are almost identical in terms of present
peaks.

5. Mole ratios of FeSO4/Glucose and FeSOsAscorbic acid are 5, 1.25 and 0.625 were
evaluated. Presence of this organic compounds change crystal morphology and particle size.
Namely, under the presence of this compounds spherical superparticles consisting of
smaller spherical particles emerge. We also found that mole ratios of FeSO4/Glucose and
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FeSO4/Ascorbic acid 1.25 is around the threshold for total conversion of octahedrons into
spherical superparticles.

In ascorbic acid assisted synthesis, as the quantity of ascorbic acid increases the average
particle size increases (from 310 nm to 480 nm and 590 nm). Comparison of FTIR analysis
on two products having FeSO4/Ascorbic acid mole ratios 1.25 and 0.625 reveals that higher
amount of ascorbic acid intensifies C=C vibration peaks and hence it can be deduced that
carbon shell around particles thickens as ascorbic acid concentration increases.
FeSO4/Glucose and FeSOa/Ascorbic acid mole ratio of 5 is not enough to totally hinder
emergenece of octahedrons to form FesOs@C superparticles or microspherese having
spherical shapes. In glucose assisted synthesis spherical particles have average diameter of
850 nm. On the other hand, octahedron have around 300 nm in diameter. This is also
encountered in ascorbic acid assisted synthesis results.

Glucose assisted synthesis results are different form ascorbic acid assisted synthesis results.
If FeSO4/Glucose mole ratio is 1.25 average particle size is 1060 nm, on the other hand
FeSO4/Glucose mole ratio of 0.625 results in 900 nm of average particle diameter.
Specific surface area of samples revealed that they are non-porous materials, having around
10-20 m?/g specific surface areas.

It is also found that PVVP addition drastically lowers particle size in ascorbic acid assisted
synthesis results. Negatively charged carbonyl groups present in PVP molecules probably
act as nucleation sites for iron oxide nanoparticles and thereby particle size decreases
dramatically. This effect is also seen in carboxyl group functionalized carbon nanotubes
containing synthesis products in which presence of carboxyl groups drastically lowers
particle size.

Evaluation of productability of carbon nanotube/ Fes0s@C hybrid nanoparticles revealed
that carbon nanotubes does not form entagled networks inside and outside of naparticles to
form a wool yarn like hybrid nanoparticles as expected. During washing steps under the
presence of magnetic fields iron oxide nanoparticles move towards to magnets, on the other
hand MWCNTSs remain in suspensions. In our first trial an error approaches, we obtained
particles resembling wool yarns containing iron oxide nanoparticles covered by carbon
nanotubes, but extensive investigations revealed that nanotubes cover surface of iron oxide
nanoparticles with the aid of SDBS and PVP present in structure not by interaction with
Fe304@C surface and carbon nanotube surface. Unfortunately, during extensive magnetic
separation/filtration steps after synthesis. Containers containing synthesized products

generally placed on a neodymium magnet and after each sedimentation water or IPA at the
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top of the bottle taken away and pure IPA and water poured down to bottle. After several
washing steps, phases start to separate probably because of change in ionic concentration
of the suspensions. Namely, high amount of NaOH in synthesized suspension initially
causes sedimentation of both carbon nanotubes and iron oxide nanoparticles. As the
washing steps continues, carbon nanotubes stabilizes in suspensions while iron oxides are
attracted to magnets.

12. Carbon shell around iron oxide nanoparticles is probably rich in functional groups such as
hydroxyls. This hydroxyl groups may form hydrogen bonds between functional groups of
PVP and SDBS, but does not interact with pristine MWCNTSs.

13. We also know that production of FesOs@C/MWCNTSs hybrid nanoparticles possessing
interaction between components could be produced by using functionalized carbon
nanotubes. In our study we didn’t implement such method because our aim is to make
hybrid materials using intact nanotubes.

14. Pure Fe304 nanoparticles exhibit 175 nm average diameter if there is no additive present
during synthesis. However provided that PVP is added as a dispersant to the system particle
size increases. Interestingly, Ascorbic acid and PVP aided synthesis of MWCNTSs-Fe304
nanostructures reveals that particle size substantially decreases. Probably aromatic group
on PVP interacts with ascorbic acid or other derivatives during crystallization process and
Carbon/Fe304 particle size decreases. Initially we aimed to have this effect. However we
expected that PVP molecules attached on MWCNTS surface may provide crystallization
sites for carbonized FezO4 nanoparticles and hence MWCNTSs surfaces will be covered with
nanoparticles. Unfortunately, it seems that crystallization is not limited to nanotube surface
during synthesis.

6.3 Synhtesis and Characterization of Titanate Nanotubes

1. Synthesis of titanate nanotubes aroused interest in scientific community because if they
possess catalytic behavior they can be utilized in many pollutant removal applications since
they exhibit high surface area. Under alkali hydrothermal conditions between around 110
°C and 150 °C titanium dioxide decompose and rearrange to form layered titanates,
probably to minimize surface energy this layered titanates wrap on themselves forming
scroll-like or onion-like cylinders called titanium nanotubes or more realistically titanate
nanotubes. Jin et al. reported that the product is Na>Ti»0s.H>O and the reaction formula is
[114]:

TiO2 + 2NaOH = Na,Ti20s.H.0
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Limitation of use of titanate nanotubes is the presence of sodium ions between layers.
During photocatalysis electron hole pairs generate. The rate of combination of electron hole
pairs effect photocatalytic activity. Presence of sodium increases the rate of combination
therefore, it is not wanted.

Samples were synthesized at 130 °C for 24 h. After synthesis titanate nanotubes contains
high amount of sodium between titanate layeres. In this state, material is sodium titanate.
After extensive washing with water and subsequently with 0.1 M HCI most or all of the
sodium is removed from the system by intercalation with protons. In this state, material is
called hydrogen titanate.

Several nanotubes are characterized. Effect of water washing, acid washing or acid and
subsequent hydrogen peroxide washing on nanotube properties was evaluated. Influence of
calcination temperature on integrity and electronic properties was also investigated. Finally,
some nanotubes were produced from sulphur doped TiO2 powders, we also assessed the
properties of this doped titanate nanotubes.

XRD analysis of only water washed titanate nanotubes have a distinctive peak at 2 theta
degree of 28° (600) can be assigned to sodium titanates revealing that water washing does
not totally remove Na+ from nanotubes. Peak at 10° (2theta) is caused by diffraction of X-
rays between the layers of nanotubes. The interlayer distance between nanotubes is 0.78
nm. This peak is clear when encountered in as synthesized nanotubes. Since calcination
disrupts the integrity of tubular structure of nanotubes, presence of this peak is also affected
from calcination.

The diffraction peaks of 10°, 24°, and 48° can be assigned to hydrogen titanates. N. Xiao et
al. attribute this structure to H2TisOg9-H20 [115]. Du et al. asssigned this to layered titanate
H>TisO7 [116]. As synthesized nanotubes are low in crystallinity as confirmed by XRD
analysis. Khan et al. used hydrogen peroxide to modify nanotubes [117]. They showed that
low crystallinity of nanotubes can be enhanced with H2O> treatment and after H2O:
treatment they calcined their sample in air at 350 °C. The resultant material exhibit XRD
peaks absent in untreated ones. We implemented hydrogen peroxide washing at room
temperature. XRD patterns of Hydrogen peroxide washed and calcined samples revealed
that some peaks are beginning to emerge unlike “only acid washed” samples, but our results
does not contain intense peaks of TiO,. We found that the difference between our studies
and Khan et al.’s studies is the hydrogen peroxide washing/treatment temperature. They

implemented that treatment at 40 °C.
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XRD graphs of nanotubes obtained from sulphur doped nanotubes (4STiO,) is also different
from the other samples. Sulphur doped sample has clearly lower crystallinity compared to
“acid washed and calcined” (350 °C), and “hydrogen peroxide washed and subsequently
calcined (350 °C)” samples.

If calcination temperature is raised to 450 °C, nanotubes transform into anatase form of
TiO». 2 theta degree of 10 almost disappears at this temperature range.

TEM analysis revealed that calcination temperature of 450 °C is high. At this temperature
range nanotubes collapse and form small rods and particles of anatase TiO». Calcination
temperature of 350 °C is suitable to preserve tubular structure. When we compare TEM
images of as synthesized nanotubes (uncalcined) and calcined nanotubes at 350 °C, we see
there is almost no difference in terms of morphology and length.

Synthesized nanotubes are 100 nm in length and around 10 nm in diameter (according to
TEM observations). They exhibit scroll-like or onion-like structure.

H202 washing on nanotubes does not seem to negatively affect nanotube morphology.
Surface area of acid washed hydrogen titanate nanotubes revealed that nanotubes exhibit a
high specific surface area reaching 549 g/m?.

UV-Vis absorption spectroscopy was used to assess the band gap values of titanate
nanotubes.

Tauc relation [139] is used for determination of optical band gap of products:
ahv=A(hv-Eg)"

A is a constant, hv is photon energy, Eg is the band gap energy, n = /2 for allowed direct
transition and n = 2 for allowed indirect transition.

o =2.303A/d, where d is the path length of the cuvette and A is the absorbance determined
from the UV-visible spectrum [140] [141]. Avarage band gap is calculated from the
intercepting linear portion of (chv) vs. hv plot on hv axis where ahv is zero.

Titanate nanotubes are indirect semiconductors [142], [143]. Therefore, their band gaps
were obtained from this equation below:

(athv)Y?=A(hv-Eg)

UV-Visible absorption spectroscopy is only applicable to stable and transparent or
semitransparent materials. To achieve this goal triethanolamine (TEA) was used as
dispersant. 0.5 g/L TEA and 1 g/L TNT is mixed in butanol by ultrasonication. Filtration
with 0.45 um filter allow production of stable, transparent suspensions. UV-Vis spectra
only belonging to TNTs were extracted by subtracting contributions (absorbance) of butanol
and TEA.
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13.

14.

15.

Particle size analysis (Dynamic light scattering) were also conducted on nanotube
suspensions. Because band gap of semiconductors is also influenced by particle size. We
didn’t only rely on TEM measurements since ultrasonication can cause shortening of TNTs.
It is found that different TNTs exhibit same intensity profile and almost same average
particle size values (around 110 nm). This finding reveals that aggregation behavior of
TNTSs are almost same even they are as synthesized, calcined (350 °C) or H20. washed. It
should be noted again that the TEM images of TNTSs revealed that nanotubes are around
100 nm in length and 10 nm in diameter.

DLS is designed to accurately measure spherical particles. If rod-like particles are being
measured by DLS, particle size result is a spherical particle having same diffusion
coefficient as those rod-like particles. In addition, DLS results differ from TEM or SEM
results for another reason: DLS measures hydrodynamic radius. Particles or aggregates have
electrical double layers around them which influence DLS measurements. If individual
nanotubes were present in suspension DLS result would be probably between 30 nm to 40
nm. 110 nm of average particle size means: titanate nanotubes are present as small bundles
in these filtered suspensions. These small bundles probably consist of 3 to 5 nanotubes. We
suspected that nanotubes may exhibit different photon absorption and scattering behavior
due to difference in interaction with additive or solvent molecules and due to particle shape
when they stay individual or in bundled form. They are in bundled form and in each bundle
almost same amount of TNTs are present. Threfore we believe that comparison of obtained
values by means of UV-Vis absorption spectroscopy is believed to be relevant.

Calculated band gap values of TNTSs are as follows:

TNTA=3.4 ¢V,

TNTAHZOZ=3.33 eV,

4STNTAH, O,350N =3.32 eV,
4STNTA350N =3.31 eV,
TNTA350N,=3.30 eV,
TNTAH, O_350N =3.27 eV.

When as synthesized acid washed TNTs are compared with their calcined (350 °C under N>
atmosphere) ones. We encounter that calcination causes redshifting (TNTA=3.4 eV,

TNTA350N,=3.30 eV). Hydrogen peroxide washing provide almost the same band gap

value on as synthesized (without implementation of calcination) TNTs, but if hydrogen
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17.

peroxide washed TNTs are subjected to calcination band gap value reaches the lowest level

observed: TNTAHZO 2350N2=3.27 eV. We had also used 4S-TiO> powders to produce doped

TNTs called 4STNTs. We found out that calcined 4STNTSs is not different from calcined
undoped TNTs in terms of band gap values. To make a comprehensive statement over this
issue we also washed 4STNTs with hydrogen peroxide to look for whether there is a
synergistic effect present or not (between crystallinity and presence of sulphur).
Unfortunately, band gap value is even higher than “as synthesized and calcined nanotubes”.
We can conclude that synthesized and processed nanotubes in this study have band gap
values around 3.3 eV and the lowest band gap value could be obtained by samples which
are calcined at 350 °C and at the same time H>O, washed.

It should be noted that UV-Visible absorption spectroscopy is rarely used to determine band
gap values of semiconductors. Instead UV-Vis diffuse reflectance spectroscopy is utilized
since it measures the samples in powder form. Our measurements were conducted using
colloids. Solvents and additives may influence the absorption spectra and can vyield
misleading results.

ESR spectroscopy is conducted to acquire a deeper understanding of electronic structure of
nanotubes. ESR spectra of acid washed and calcined (350 °C under nitrogen atmosphere)
undoped nanotubes (TNTA350N>) exhibit only one symmetrical ESR signal which can be
attributed to SETOV. A symmetric ESR signal for SETOV (g= 2.003) and an asymmetric
ESR for Ti** (g= 1.98) can be observed in titanate nanotubes [124]. All investigated
nanotubes exhibit same SETOV signal. We also found that signal intensity increases as the
calcination temperature increases (under inert atmosphere). This implies that amount of
oxygen vacancies increases during anneling under inert atmosphere conditions. Hydrogen
peroxide washed TNTAs has significantly low ESR signals compared to TNTA350N> and
TNTA450N:. It can be deduced that H>O> treatment compensate for the oxygen vacancy
defects on nanotube surfaces, since the ESR intensity of peroxide treated nanotubes is very
low, we deduce that most of the oxygen vacancies resides on nanotube surfaces.

Sulphur doped samples exhibit different g values compared to undoped ones. Both
ASTNTA350N, and 4STNTAH20.350N, have g values of 2.018. On the contrary, for
example TNTA350N2 and TNTA450N2 have a g values of 2.008 and 2.005, respectively.
The shift in g values of sulphur doped samples is attributed to change in the environment
around paramagnetic centers. Namely, sulphur atoms substitude titanium atoms and this

effects paramagnetic behavior of the whole structure.
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18.

It is reportet that SETOVs act as recombination centers for generated electron hole pairs

and photocatalytic behavior becomes bad [123]. UV-Vis measurement results and ESR
measurement results are in correlation with each other. Although there is slight changes in
found band gap values, the most redshifted band gap is obtained in hydrogen peroxide
washed TNTAs. The lowest ESR signal for SETOV is also obtained at H.O, washed
TNTAEs.

6.3.1 Suspension Preparation and EPD of TNTs

19.

20.

It is important to prepare stable suspensions to enhance photocatalytic efficiency of titania
nanoparticles. Besides, suspensions stability also effects coating properties [128]. The same
is true for titanate/titania nanotubes and any other materials. Stability of suspensions is the
reflection of repultion of particles in suspensions via the ions or molecules surrounding
particles. lons dissociate and thightly or loosly bind to the surface of particles to construct
electrical double layers. Solvents abiliy to dissociate ions directly influences the
suspensions stability. Therefore, aqueous suspensions is a good choice at first glance since
water has a dielectric constant of 80. However we have also implemented EPD on
suspensions. EPD processes are generally conducted in alcoholic suspensions. Because
aqueous suspensions generate bubbles of oxygen and hydrogen on the electrode surfaces
during EPD above 4V. In our experiments we used butanol to prevent gas evolution during
coating processes. Unfortubaltely, butanol does not provide stability on its own. Therefore,
TEA was used as a dispersant in suspensions. TEA is a suitable choice for use in stable
alcoholic suspensions. Therefore, it was used successfully in some studies [128], [144].

Butanol was chosen for the preparation of TNT (Acid washed as synthesized TNTs: TNTA)
suspensions. Using only butanol does not provide stable TNT suspensions. TEA addition
to butanol provide stability. IPA was also investigated. Unfortunately, IPA does not provide
stability even if TEA is used in suspensions. It is found that for 4g/L TNT containing
butanolic suspensions, 2 g/L TEA is suitable to conduct relatively successful EPD. Success
of EPD processes is evaluated by visual inspection of surface roughness of coatings. 4 g/L
TNTs is too much to provide the whole material to sustain in dispersed state. Therefore,
after ultrasonication processes suspensions were rested around for 5 min. Some of the
particles were sediment and EPD processes conduced on supernatants. Considerable
amount of the solid sediment after 1 day of sedimentation, but 2 g/L, 4 g/L and 8 g/L TEA
containing suspensions still exhibit milky appearance. Excess amount of TEA in
suspensions reflects itself a gradually increasing yellowish color in coatings. Since presence
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21.

22.

of higher amount of foreign material other than TNTs may cause porosity during the
removal, 4 g/L or 8 g/L TEA containing suspensions were discarded. Removal of TEA by
heat treatment is possible while preserving nanotube integrity since TEA leaves the system
at around 300 °C.

Unfortunately, we found that character of TNTs changes over time in terms of suspensions
stability. Around 1 year after synthesis, same acid washed TNT powders does not provide
same stability even if they are mixed with TEA in butanol.

SEM images of coatings revealed that TNTSs are in agglomerated form.

6.4 Future Work

1.

Aromatic adsorbents effects the electronic structure of carbon nanotubes and it leads to
change in absorbance [145]. When comparing different surfactant/MWCNTS suspensions
having different ratio of components this absorbance may limit the precise identification of
quantities. Therefore its effect should be investigated to make a correlation.

Stages of surfactant adsorption on nanotube surface involves adsorption of surfactant
monomers (i), then monolayers (ii), hemimicelles (iii) and formation of micelles in bulk
solution (iv) [146]. This stages could be investigated in order to find lowest amount of
surfactant should be added to the suspensions while rendering highest amount of MWCNTSs
become individually suspended in suspension. Because presence of surfactants or additives
may adversely effect the properties of functional coatings or composites.

It is found that pristine carbon nanotubes does not at least sufficiently interact with
carbonized surfaces during hydrothermal conditions. This insufficiency may be hindered by
elimination of functional groups on carbonized surfaces of FesO4 nanoparticles. Therefore,
suitable reducing agents like hydrazine may serve for this purpose.

Unlike making one step synthesis two step synthesis can be employed. Synthesized and
calcined FesO4@C nanoparticles may be mixed with pristine carbon nanotube suspensions
to make functional nanocomposites.

Sulphur doping on nanotubes may be differently implemented. Proses may be implemented
as follows: synthesized undoped nanotubes may be treated with sulphur containing

compounds.
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